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Abstract

The use of optical sensor technology for non-invasietermination of key quality
pack parameters improved package/product qualitys Technology can be used for
optimization of packaging processes, improvement pybduct shelf-life and
maintenance of quality. In recent years, therebeen a major focus on,@nd CQ
sensor development as these are key gases useddifiesh atmosphere packaging
(MAP) of food. The first and second experimentahiers (chapter 2 and 3) describe
the development of HpH and CQ solid state sensors and its (potential) use fod fo
packaging applications. A dual-analyte sensor fesaved Q and pH with one bi-
functional reporter dye (meso-substituted Pd- epd?phyrin) embedded in plasticized
PVC membrane was developed in chapter 2. The des@I6GQ sensor in chapter 3 was
comprised of a phosphorescent reporter Byd)- tetrakis(pentafluorophenyl) porphyrin
(PtTFPP) and a colourimetric pH indicatonaphtholphthalein (NP) incorporated in a
plastic matrix together with a phase transfer agemtraoctyl- or
cetyltrimethylammonium hydroxide (TOA-OH or CTA-OHThe third experimental
chapter, chapter 4, described the development afidi O, sensors for rapid
microbiological determination which are important improvement and assurance of
food safety systems. This automated screening gesaiuced characteristic profiles
with a sharp increase in fluorescence above thelibadevel at a certain threshold time
(TT) which can be correlated with their initial mabial load and was applied to various
raw fish and horticultural samples. Chapter 5,ftheth experimental chapter, reported
upon the successful application of developedi CQ sensors for quality assessment

of MAP mushrooms during storage for 7 days at 4°C.
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Chapter 1: Literature Review

1.1 Smart Packaging Developments

1.1.1 Food Packaging Functions

Food packaging science is a discipline which apptenciples from four different
scientific areas, namely: a) material sciencepbjifscience, c) information science and
d) socioeconomics. The relationship between thesasaresults in a technology push
and a market pull, which means that new productscaeated through advances in
material, food and information science and are edslorward to seek market
acceptance and those market needs are createdebgyttamics of socioeconomics
which are to be satisfied by technology, respebtiflece et al., 2008).

Material Science

/

Technology push

Food Packaging
Technology

Food Science — 5 | Socioeconomics

Market pull

N\

Information
Science

Figure 1.1: Dynamics of packaging science and t@olgy (adapted from Leet al., 2008).

The fundamental aspects of all packaging mateimlshat in an economical
manner, they must contain, protect, preserve, mnf@throughout the entire distribution
process from point of manufacture to point of cansuusage) and provide convenience
(at many different levels) while acknowledging ttenstraints placed upon their usage
from both legal and environmental perspectivesth&se fundamental principles apply

to all forms of packaging materials and systemdpliows that irrespective of the



specific level at which the packaging is induslyiapplied, all must conform to these

same principles (Cruz-Romero and Kerry, 2008).

1.1.2 Active and Intelligent Packaging

As the world of consumer packaged goods becomesirenand the market
becomes saturated, food packaging is expectecatsfarm and adapt new packaging
developments, beyond their original task of prewentexternal influences such as
mechanical stress, microorganisms, oxygen, moistuffeodours and light (Dainellét
al., 2008; Yanet al., 2005). Quality and safety of perishable goodsinede improved
while enhancing and stabilising food compositior arutrition, leading to extended
shelf-life, information and consumer conveniencdvanced packaging must provide a
more compelling value position to the consumergaying its passive role and entering
a role which is considered active, as it staristeract with food and its environment in
a positive way (Dainellet al., 2008). Therefore various terms were created sorize
these new technologies, such as ‘active’, ‘intevatt ‘clever, ‘smart’, ‘intelligent’,
‘diagnostic’, ‘functional’, ‘enhanced’, etc. (Dailieet al., 2008; Kerry and Butler,
2008). Two main groups of technology that have besablished in the literature and
incorporated in new Framework Regulations on Foanht&ct Materials, are called
‘active packaging’ (AP) and ‘intelligent packagindP). They are designed to extend
shelf-life or achieve some characteristics thahoame obtained otherwise and to sense
and inform about the history of the package andityuaf the food (Kerry and Butler,
2008; Yamet al., 2005). In other words AP is the component whighaking some
action while IP is the component for sensing anarisly the information (Yanet al.,
2005). Yamet al. (2005) created a model where AP was mantled artumgbrotective
area of food packaging and IP around the areamhumication. This basically means
that AP enhances the protection function and thquemess of IP lies in its ability to
communicate (Fig. 1.2) (Yamt al., 2005). However, the term ‘smart packaging’ can be

considered an overall term encompassing both aethe intelligent packaging and
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packaging systems and some technologies such affiedodtmosphere packaging
(MAP) which cannot be allocated to one or the ofkam, 2005; Robertson, 2006).

Figure 1.2: Model of packaging functions (adaptedf Yamet al., 2005).

There are many published definitions for active ameélligent packaging which
differ from each other slightly. The following defiions are given by the Framework
Regulation EC (1935/2004) on Food Contact Matenatéch sets standards for food
contact materials based on scientific fundamentalsupport EU policies on food

safety.

A) ‘Active food contact materials and articlesean materials and articles that are
intended to extend the shelf-life or to maintainimprove the condition of packaged
food. They are designed to deliberately incorpocaponents that would release or
absorb substances into or from the packaged foddleoenvironment surrounding the
food.

B) ‘Intelligent food contact materials and articlesean materials and articles

which monitor the condition of packaged food or émeironment surrounding the food.

11



First introduced in mid 70s in Japan, active antblligent packaging gained
significant attention only in the mid 90s in Europed the USA. In this period many
patents were filed and market tests carried out wié outlook of strong growth of this
field in the future, especially for such promisiteghnologies as oxygen scavengers and
moisture absorbers (Dainedli al., 2008).

Active Packaging

Active packaging refers to the incorporation oftagr additives into packaging
with the objective of increasing food preservatamd hence the shelf-life (Kirwagt
al., 2003). This includes components capable of sgimgnoxygen; absorbing carbon
dioxide, moisture, ethylene, flavours and lightjeasing carbon dioxide, ethanol,
preservatives such as antioxidants and antimicrobidbstances; controlling and
compensating the temperature; anti fogging aggatspermeating films and microwave
susceptors (Kerry and Butler, 2008).

As active food packaging is used with many fooddpuets, its main beneficial
applications and their possible mechanisms aredig Table 1.1. However, before
applying this technique one must understand théerdiit ways in which food
deterioration occurs, including; extrinsic (storagemp, relative humidity, gas
composition) and intrinsic factors (pH, water aityiv nutrient content, antimicrobial
compounds, redox potential, respiration rate, lgiclal structure). These factors
influence directly the chemical, biochemical, plogsi and microbial spoilage
mechanisms and product shelf-life (Kirwetral., 2003).

12



Table 1.1: Active packaging devices (adapted fromrrK and Butler, 2008 and
Restucciaet al., 2010).

Type of
Application Principle or Mechanisms Foods
Enzyme baged (glu_cose oxidase, alcohol omdas_e)mdal based Ground coffee, bread, cakek,
(powdered iron oxide, catechol, ferrous carbonats-sulphur, .
) - " ’| snack foods, dried foodg,
Oxygen scavengers| sulfite salt-copper sulfate, photosensitive dyedation, ascorbig beverages. pizza. cured meats
acid oxidation, catalytic conversion of oxygen byatipum fages, pizza,
and fish
catalyst)
Carbon dioxide Iron powder-calcium hydroxide, ferrous carbonatdatiealide Coffee, fresh meats and fish
absorbers/emitters ' ’
. . Dry and dehydrated productf,
Moisture absorbers S|||pa gel, propylene_ glycol, polyvinyl alcohol, RV blanket, fish, meats, poultry, snack food,
activated clays and minerals
cereals
Activated charcoal, potassium permanganat, Kiese|dentonite, .
Ethylene absorbers Fuller's earth, silicon dioxide powder, zeolitepne Fruit and vegetables
Ethanol emitters Encapsulated ethanol Bread, cakes, fish
- . Sorbates, benzoates, propionates, ethanol, ozenesige, sulphur
Antimicrobial L o ; ) . ) .
dioxide, antibiotics, silver-zeolite, quaternary raonium salts,| Dried apricots
releaser .
spice and herb extracts
Antioxidant releaser BHA, BHT, TBHQ, ascorbic acid, tocopherol, bakirada, active Cereals
charcoal
Flavour absorbers B_akmg soda, active charcoal/ clays/ zeolitesjcccid, cellulose| Erun juices, fried snack foodg,
triacetate, Ferrous salt fish, poultry
Anti-fogging Biaxially orientated vinylon, compress rolled orientated HDPE Fresh ~ fruit - and  vegetable
packages
Light absorbers UV blocking agents, hydrobenzopheno Pizza, milk
Non-woven plastic, double-walled containers, hytmfocarbon Ready meals, meats, fish, poultdy,

Temperature control

gas, ammonium nitrate/ water, calcium chloride/ ematsuper
corroding alloys/ salt water, potassium permandaigterine

beverages

Temperature
compensating
films

Side chain crystallisable polymers

Fruit, vegetable

Gas permeable
breathable

Surface treated, perforated or microporous films

adyeo-eat salads

Microwave
susceptors

Metallized thermoplastics

Ready-to-eat meals
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Intelligent Packaging

As a result of the growing usage of active comptenfood packaging, the need
for monitoring certain packaging conditions ince=as Changes inside the pack,
including gas composition, humidity, microorganisrethylene, temperature, which are
associated with active packaging devices, needetambnitored, especially in the
process of development of these packaging devibeslitional monitoring systems,
such as Dansensor, gas chromatography (GC), matrdbtermination following the
1SO:4833:2003 standard method or sensory evaluatierdestructive, time consuming

and/or expensive in general.

A new technology, which can overcome these linotaj is based on indicators
and sensors that can be incorporated inside tHeapas to provide fast, non-destructive
and reliable determination of important packagiogditions. Indicators are devices that
indicate the presence, absence or concentratian afbstance or physical parameter
through direct visual colour change. The majoritynalicators were initially developed
to test package integrity focused on visual detectf Q. Indicators for freshness,

ripeness and time-temperature control are alsarggincreasing attention.

In contrast, sensors comprise receptor and trapsdcmmponents which allow
them to respond reversibly and quantitatively te #imalyte of interest. While the
physical or chemical information is measured byr#weptor, the transducer is a device
that is capable of transforming their signal inteeful analytical information. Gas
sensors, chemical sensors and biosensors havedbeeloped rapidly in recent years,
with optical Q sensors as the most developed technology. A nuaibestruments and
solid state materials for optical ;Gsensing have been described in recent years
(Papkovsky and Ponomarev, 1995; Trettesall., 1995). Progress has been observed

with some other sensors which are coming closeduostrial viability.

Intelligent packaging contains components that eengernal compositions or
transmit general information and informs researshenanufacturers, retailers and

consumers. It provides aspects of the history efgidick, provides information about the

14



function and properties of packaged food, assuiesk pntegrity, provides tamper

evidence, and assures product safety and quadieyT{able 1.2 for overview).
The following main types of intelligent systems dendefined (Robertson, 2006):

a) Product quality and value improving systems, sushirae temperature

indicators (TTIs), quality indicators, chemical agas sensors.

b) Conveniences enhancing systems, such as microwaweendss
indicators, thermochromic inks and radio frequel@ntification (RFID)

tags.
c) Tamper proof, anti-counterfeiting and anti-thetitteologies.

Category a: Quality indicators which determine temapure at certain time
intervals are a well evaluated technology and coromaky available. These TTI
devices accumulate the effect of exposure to teatpey over time and produce a
change of colour or other physical characterisiitere are two categories which can be
defined as ‘partial history indicators’ which dotrmespond unless the predetermined
threshold temperature is exceeded, and ‘full hystordicators’ which respond
continuously to all temperatures. One example dfilbhistory indicator is the TTI
CheckPoint" (VITSAB A.B., Malmd, Sweden). This enzymatic system is Hase
colour change from bright yellow to orange red ugmzymatic hydrolysis of a lipid
substrate causing a pH change (Hogan and Kerryd;2B0bertson, 2006; Taoukis,
2008). Other commercial systems are the full hjstodicator Fresh-Che&l TTI
(Lifelines Technology, Morris Plains, New JerseySA) based on a 1,4-addition
polymerization reaction of diacetylene crystalsatocoloured polymer and the 3M
MonitorMark™ TTI (3M Co., St Paul, Minnesota, USA) which is &dn diffusion of
a coloured fatty acid ester along porous wick (Rtdoa, 2006; Taoukis, 2008).

Another group of indicators provides informatioroabthe quality of a product; for
example, freshness or ripeness via microbial grawtbhemical changes. The number
of practical concepts is limited, but there is @eptial for freshness indicators based on
quality indicating metabolites, such as, @O, diacetyl, ammonia, organic acids,
ethanol, biogenic amines, hydrogen sulfide, foodh@gens. One example is the

15



Ageless-Ey&' oxygen indicator (Mitsubishi Gas Chemical Co., J8pahich changes
in colour from pink (no oxygen, 0.1% or less) tad(0.5% or more) in about 5 minutes
after contact with oxygen (Hogan and Kerry, 20@Rjt, this system is expensive which
makes it unattractive for industrial use. Otherregkes include C@indicators based on
colorimetric films changing subsequently from vio{@% CQ) to yellow (100% CQ)
(Mills and Skinner, 2010) and fizziness indicatdéos carbonated beverages which,
depending on the headspace pressure of €@nge their colour (Mills and Skinner,
2011). These indicators can also be used for ityeghecks of MAP and controlled
atmospheres (CAs) packages providing non-desteiteak detection. One indicator for
ammonia detection uses pH indicator bromocresoicbgseen incorporated in a
cellulose acetate matrix. A visual colour changeeported within approximately 5 min
when exposed to an ammonia step from 0 to 14.29 amina shelf-life of up to four
months when kept in dark and dry conditions. Thesseindicates the spoilage of the
product through visual colour change for convenigse in food packages (Pacqeit
al., 2006).

The ripeness indicator RipeSef$avorks by detecting aroma components released
by the fruit as it ripens. Originally developed fogars (Sharrock and Henzell, 2009) to
guantify the changes in ethylene via colour chanties allows the consumer to choose
fruit that best appeals to their taste (Pcatas., 2008; Robertson, 2006).

In addition to the indicators, different gases,leals and microorganisms can be
detected and quantified by sensorg.gas sensors are the most developed and already
commercialized by PreSense, OxySense, Mocon andceluBiosciences (Cork,
Ireland). These sensors are based on luminesceanchimng of phosphorescent
platinum(ll)-porphyrin complexes incorporated inlystyrene matrix giving signals in
the microsecond range and optimized ferg@nsing in the range 0-21%.0hey have
already been tested in many different food matricesluding meat (Smiddt al.,
2002a), fresh produce (Borchest al., 2012), cheese (Hempet al., 2012b), beer
(Hempelet al., 2012a). Other approaches being used successfgliyde resonance
energy transfer and phase fluorimetric detectioauffduteret al., 1999).
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Several CQ sensors are described in the literature as bedagilfle for food
packaging. One common strategy is to use 1-hydimeye-3, 6, 8-trisulfonate (HPTS)
and Ru-(dpp) in a sol-gel matrix applying the Dwaiminophore Reference (DLR)
scheme (Bultzingslowesmt al., 2002). This approach is compatible with estalelish
phase domain instrumentation for lifetime-basedectein (described in chapter
1.2.1.3).

Furthermore, sensors for the detection of chengoatpounds, such as ammonia
and humidity are available as well. One approach domonia makes use of
fluorescence energy transfer applying donor-accemmplexes immobilized in PVC
and a sol gel. This system comprises the use afarnme B which has a fluorescence
intensity which is proportional to the concentratiaf the analyte and when exposed to
ammonia it gets converted into a colourless, noorfiscent lacton (Preininger and
Mohr, 1997). An optical and inexpensive relativeridity (RH) optode was fabricated
using the water-sensitive luminescent dye [Ru(piteppz)f* immobilized in
poly(tetrafluoroethylene). This sensor was applieda, measurements in foods; its
operational range is reported from 4-100% RH argporse and recovery times are
shorter than 1.4 and 1.2 minutes, respectively.sEmsor is validated in the temperature
range 10-30°C; its stability is 2.5 years in diggmmous measurements (Bedastaal .,
2006).

Biosensors provide information about biological @ps and reactions. They
consist of bioreceptors, such as enzymes, antigeicspbes, hormones or nucleic acids
specific to target analyte, capable of detectingdfpathogens, such as Staphylococcal
enterotoxin A and B, Salmonella typhimurium, Salmién group B, D and E, E.coli
0157:H7, Campylobacter sp. and Listeria monocyteggiKuswandget al., 2011). One
commercially available product for pathogen detectis ToxinGuard” (Toxin Alert,
Ontario, Canada) based on the visual diagnostitesyf incorporated antibodies
printed on polyethylene-based plastic (Bodenhamm@f2). Furthermore, a time-
temperature biosensor has been developed basecthipless radio frequency circuit

that can be read with a hand-held scanner. Thiseantegrated with the barcode and
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simultaneously read with one scanner to keep tmekng refrigerated transports

(http://www.aditus).

Category b: Convenience represents a lifestyle ¢hatomers are willing to pay
additionally. One example of this is thermochromnks. They are printed on labels or
containers and if heated or cooled they give colodication on the optimal
consumption temperature. Microwave doneness irmlisafMDI) work on the same
principle, indicating when the product is heatedwsgh to be served. As the field
distribution in microwave ovens is complicated oyl effects are not always provided.
The observation as to whether or not the colouhefindicator has changed is also not

easy to observe, especially when the microwavtliglesed.

Traceability and supply chain management has b&emgty improved by the
introduction of RFID. Small tags are incorporated food packaging containing
information about the history of the product aneotuseful details about storage and
handling after manufacturing. Because RFID tagsstiteexpensive, they are mainly

used in secondary and tertiary packaging (Roberao6).

Category c: Theft and counterfeiting devices ineldwlograms, special inks and
dyes, laser label and electronic tags (Jotchan5)260 far have had limited use in food
packaging because of cost reasons, but are actdelyeloping. Tamper-evident
technologies have been developed based on permaneltur changes or words such

as ‘open’ becoming visible on labels or seals.
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Table 1.2: Intelligent packaging devices. The iathcs/sensors are ranked in order of

appearance based on their commercialization argeusaapted from Kerry and Butler,

2008).
Cat.| Indicators/ Packaging types
Sensors Determination of Principle (Products) Status Ref.
Mechanical, Chilled and frozen ) )
a) | 171 (external) Temperature chemical, products Commerc. ;\I/ag(gggs)leu
enzymatic (meats, poultry) o
Microbial growth, chemical
Freshness changes (dlac_:etyl, ammonig, . Perishable foods (Baratet
a) indicators organic acids, ethano|, Biochemical (fish, meats) Commerc. al., 2008)
biogenic amines, CQ ' ”
hydrogen sulfide)
Thermochromic Temperature Visual Containers (Vaginaet
b) | inks P (heated or cooled)] Commerc. |al. 2009)
- Packages integrity, GGand MAP (meats, (Mills,
a) | Oz CQindicators 0, Optochemical cheese) Commerc. [2005)
b) gﬂgzréJrYéz\ée Temperature Visual Microwave food | commerc. ;(IJ anorgil)let
(Michael
b) [ . . All packaging| Commerc. |and
RFID tags Identification, tracking Electronic (meats) McCathie,
2005)
(Lang and
Volatile metabolites Perishable  foodd Commerc. |Hubert,
a) _Rlpeness (d|e_1cetyl, ammonia, ethano|, Biochemical (pears, Kiwis, for pears Sharrock
indicators amines, C@ hydrogen apples) and
sulfide PP Henzell,
2009
. . . . Commerc. |(Papkovsk
Packages integrity| Electrical, optical,| MAP, CA (meats, 1
3) | O.gas sensors permeability, @ chemical cheese, salad) for research gto?)lé’b)
E.coli, Salmonella sp. Biological MAP, CA (meats,| Some (Tenryet
a) Biosensors Campylobacter sp., Listeria 9 chilled and frozen| establ. for y
reactions al., 2005)
sp., temperature products) research
Some (Preininger
establ. for|and Mohr,
a) Chemical sensorp  Humidity, ammonia, etc. Optoote MAP, CA (fish) research 1997,
Somaniet
al.,, 2001)
. . ) . Bultzingsld
Other gas sensdrdPackages integrity| Electrical, optical, (
a) (except Q) permeability, CQ, etc. chemical MAP and CA In develop. \é\’ggg al,
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1.2 Optochemical Sensors for Food Packaging

An optical sensor is a device that produces optieaponse to the analyte of
interest which can be read by an instrument or isyally detection. These sensors
usually comprise an indicator dye in solution oransuitable polymer matrix for
improved sensitivity and selectivity. Of practicee for intelligent packaging are solid-
state sensors which can be easily incorporatecherinside of the package and read

through the material.

An ideal sensor for food packaging should fulfihamber of requirements. For
example it should be inexpensive (i.e. ca. < 1rper crf); it should not require an
expensive piece of analytical instrumentation oecggly trained persons for the
measurement; it should be non-toxic and have ndesgdluble components that have
food contact approval; it should have a sufficignibng shelf-life under typical
conditions of use and it should be easily incortestan food packages (Mills, 2005).

Very important is the monitoring of the main compots of headspace gas,
especially @ and CQ, in MAP systems to optimize packaging conditiond anprove
shelf-life or relate their changes to food quailitgide the pack. Other quality parameters
signify food deterioration, particularly of micrabigrowth and enzymatic degradation,

and these include RH, pH and ammonia.

For example, the latter is a breakdown producishf muscle proteins and hence a
potential indicator for fish spoilage. The concatitn of ammonia in fresh marine fish
increases over time, depending on fish specieqdeature and other storage conditions
(atmosphere, water activity (g microbial cross-contamination, etc.). Increaseder
activity in packaged products promotes mould, yeadbacteria growth and is hence
unwanted. Sensors for RH detection find applicatiothe research area (such as beef
jerky) in order to optimize desiccant usage as @ivea packaging tool (ammonia and

RH sensors are described in chapter 1.1.2).
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1.2.1 02 Sensors

A number of detection methods for oxygen have leloped and used, such as
the Winkler method (Broenkow, 1969; Winkler, 1888)anometric methods (Martin,
1932), oxygen electrodes (Clark, 1956), GC (Biwal., 2009) and mass spectroscopy
(MS) (Boumsellek and Ferran, 2001). Their inhefenitations include intensive labour

and cost, long measurement time, no real time arsa&nd impractical sample handling.

Optical @ sensors possess certain advantages over tratlitietiaods and are able
to overcome some of their limitations. Quenchedih@&scence oxygen sensing exploits
the ability of molecular oxygen to quench lumineseeof certain dyes, and this can be
used for Q quantification by applying a non-interfering anghrdestructive technique.
Samples can be measured in kinetic mode, wheregoi@properties of luminophore
due to oxygen variations can be monitored or singsig-point measurements can be
carried out with no delay between measurement asdlts. In the 1980s, the first
guantitative method based on this principle wascmlesd, using either solid state
sensors (Lubbers and Opitz, 1983) or (mostly fotdgical applications) soluble probes
(Vanderkooiet al., 1987).

1.2.1.1 Quenched Luminescence 0 Detection

Luminescence is the emission of light by a substamal occurs from electronically
excited states (Lakowicz, 2006). Depending on thteine of the excited state, one can
distinguish fluorescence and phosphorescence. ditmeef is the emission of photons
from the singlet and the latter from the tripletiéad state. When a photon is absorbed
by a molecule it is excited from the ground st&g (o vibrational levels of excited
singlet states (S$...S,). This occurs in approximately 10seconds, if the energy of
the photon matches the energy difference betweernwb states. Subsequent internal
conversion passes the molecule to the lowest vilrat level of the first excited singlet
state (9) in ~10*? seconds. Fluorescence is the emission of lighttdugansition from
S to S (approximately in 18 seconds). Alternatively, molecules in the S1 state

undergo an intersystem crossing to the first triptate T. The emission fromto $ is
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termed phosphorescence. It typically occurs inisedond time scale and shifts to
longer wavelength (lower energy) relative to fllsmence. Due to the internal
conversion of the emitted light, both fluoresceraeel phosphorescence, is of lower
energy than the absorbed one, which is in liteeatlgscribed as ‘Stokes shift’ (Parker,

1968). The entire process is described by a Jakldregram (Fig. 1.3).

Singlet Excited States  Triplet Excited State

4 Vibrational Relaxation

S2

Internal Conversion

Intersystem Crossing

hv)

s1

TL

Energy (E

Absorption Fluorescence Phosphorescence

S0
Ground State

Figure 1.3: Jablonski diagram of energy transitisithin molecules

In addition to luminescence emission, excited stadéecules can undergo dynamic
(collisional) quenching by ©and it is therefore diffusion limited. At a consta
concentration of fluorophore and excitation intgnsithe molecule returns
radiationlessly to the ground state resulting reduction of the luminescence intensity
and lifetime (LT) according to the Stern-Volmer (SAguation:

lofl =10/t = 1+st*[02] = 1+K]*’Co*[02] Eqn 1.1

Where } and | are the intensities amglandt are the lifetimes in the absence and

presence of quencher,sKis the SV quenching constant angl ik the bimolecular
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guenching constant. Ocan be quantified by using the predetermined ratidn
function for luminescence intensity or LT:

[02] = (Io-1) / (K g*T0) = (to-1) / (t*16*K ) Eqn. 1.2

Besides the collisional quenching by, @ number of other quenching processes are
known including photobleaching, inner filter effe@nergy transfer and molecular
rearrangement.

For an ideal situation of homogeneous populatioduaiinophore molecules, a
linear SV plots reflect a single quenching procé$swever, many solid-state sensor
systems display heterogeneity of their luminesceanz quenching properties resulting
in a non-linear behaviour (Fig. 1.4). Due to a nembf quenching processes, these

sensors require more complex mathematical modealsdoribe.

T/T or Tp/T

[02]

Figure 1.4: Linear (solid line) and non-linear (dg line) SV plots.

1.2.1.2 0z-Sensitive Materials
Porphyrin dyes
When choosing optimal dye for,@ensing application several aspects should be

considered, such as absorbance and emission spqaeachability, photostability,

brightness, physical-chemical properties, avaitghbénd cost. The sensitivity of the dye
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is determined by the non-quenched luminescencniéeand the SV constant. The SV
equation shows that a dye with a longer lifetimethe excited state has a greater
possibility of being quenched by.Absorbance and emission spectra in the visibde an
red/near-infrared range allow one to use simpleoa@pttronic systems, whereas
excitation in the UV range is more damaging ancherto optical interferences. High
intensity illumination, exposure to ambient lightdalong term monitoring are key

factors for their photostability.

Phosphorescent metallo-porphyrins require lessrestpe instrumentation and have
attractive photophysical properties for practicak un sensor systems (commog- O
sensitive dyes and their properties are shown Blelr'a.3). Their chromophoric moiety
consists of an aromatic tetrapyrolic macrocycleaolltan accommodate central ligands
(metal ions, protons) and peripheral substituemspyrrole and meso-positions.
Modifications can involve the macrocycle itself igig rise to chlorins, porphyrin-
ketones, benzoporphyrins, aza-benzoporphyrins, veltich have distinct (longwave-
shifted) spectral and lifetime characteristics (wh, 1978; Kadislet al., 2010). These
features provide flexibility in tuning the opticébsorption, emission) and physical-
chemical (functionality, hydrophilicity, linkers)rgperties of porphyrin dyes and in
designing new reporter molecules for sensor apbics (Borisovet al., 2010b; Brifias
et al., 2005; Khalilet al., 2010).

Pt(Il) and Pd(Il) based porphyrins have been algtiegploited in phosphorescence
lifetime based @sensing, providing simple, robust and versatileays (McDonaglet
al., 2008; Papkovsky and O'Riordan, 2005; Stethal., 2010; Tianet al., 2010;
Wolfbeis, 2008). They produce longer lifetime vauban ruthenium based dyes (1-5
us), leading to a better sensitivity to oxygen queemg. Platinum based porphyrins
possess lifetimes in the range of 40-18€) while it is increased by ~10 times for
Palladium based porphyrins (400-1,Q06¢1).
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Table 1.3: Different porphyrins -PtTFPP, PtOEPKI,BR- and some of their properties.

Name Platinurr(ll) - Platinum(Il- Platinum(Il-
tetrakis(pentafluorophenyl) octaethylporphyrinket tetrabenzoporphyrin

porphyrin one

(in PS)
(in PS) (in PS)
Abbreviatior PtTFPF PtOEPK PITBF
Structur ™ sl
\@‘r‘ﬁf&\w-j
N N=(
( Py
N N
— g T
O Ih"'\-.
Exc./Em. 395, 508, 54/ 65( 397,590/ 76 431, 566, 617/ 7.
(nm)
Decay timi ~4€ ~61 ~5¢
(TO! HS)
Referenc (Amacet al., 2000 (Papkovsky an (Borisov et al., 2008

Ponomarev, 1995)

Soluble G, probes

Soluble oxygen probes usually consist of a hydidaphoxygen-sensitive
luminescent dye in solution (small molecule probes) linked to hydrophilic
macromolecular carriers such as proteins or PE@srecent years micro- and
nanoparticle based probes have been under actiweogenent, since this approach
provides greater flexibility with indicator dyesigher photostability and brightness.
Compared to thin film solid state sensors thesébgwoare directly exposed to the
sample, they are more susceptible to interferengesémple components, they

contaminate the sample and they cannot be reusethe®ther hand this type of probes
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allows flexibility, high throughput and automatiomith large number of samples
analysed at the same time (on a 96-well plate)s@hmobes have been successfully
used in a number of biological applications: sush raicrobial growth determination
(O'Mahony and Papkovsky, 2006), enzyme and cekdbasreening and respirometry
(Hyneset al., 2006), and in food quality application such agiadalrvC (total viable
count) determination in meat (O’Mahomy al., 2009), fish (Hempeét al., 2011) and
green produce (Borcheztal., 2012a).

Solid state sensors

Solid-state @ sensors consist of an oxygen-sensitive luminestygmembedded in
polymer material (usually hydrophobic which prowsddehe desired sensitivity,
selectivity and other operational requirements.yTére usually fabricated by dissolving
the components in organic solvent and applying ssersor ‘cocktail’ on a suitable
support material followed by a drying or curing ess. As these sensors need to
produce a fast response to the analyte of intethet,polymer matrix needs to be
permeable to oxygen. Many of such sensors have tegamted and a few of them are
produced commercially including the silicone rubl§stills, 1997), modified sol-gel
film (ormosils) (Basu, 2007), modified PVC (Papkkyset al., 1997), polymethyl
methacrylate (PMMA) (Mills and Thomas, 1997), P&{kovsky, 1995) and solvent
crazed polymer based,@ensors (Gillandert al., 2010). This sensor approach has the
advantage of not contaminating the sample, contisydepending on their shelf-life)
and disposable use (as their cost is very low), higth optical signals allowing
contactless and non-destructive measurements velneclmportant for food packaging

applications.

1.2.1.3 Measurement Formats

The main Q@ measurement formats are luminescence intensibppatwavelength,
ratiometric intensity measurements and a more stipaied luminescence lifetime

measurement (Papkovsky, 2004). Luminescence ifnyenstasurements on a single

26



wavelength are influenced by several factors sushluaninophore concentration,
scattering, detector performance and sample posigo (Demaset al., 1999).
Furthermore, a serious problem is represented loyopleaching of the luminophore
which reduces luminescent signals and accuracy ,oflédermination. Compensation
approaches include the use of luminophore with aaleq photostability or the
minimising of light exposure by reducing the intéyor duty cycle of excitation.
However, alternative methodologies can be consitesdeich are independent of these
factors.

Ratiometric intensity based probes typically camtan oxygen—sensitive indicator
and a reference dye incorporated in the same polyma¢rix. The two dyes should be
excitable at one wavelength and their emissiontspstiould not overlap much to keep
energy transfer between the dyes to a minimum.r&te of the emission intensities of
the indicator dye and the reference dye is usegu#mtify the Q concentration, based
on the pre-determined calibration. This improvesteasy performance and stability but
still cannot fully compensate for light scatteringflection and differential sample
absorbance influencing the measurement (Cywietsii., 2009).

Another approach consists of phosphorescence L&dbaethods for ©@detection
which have been widely used. Luminescence LJli§ an average time which the
luminophore stays in the excited state before érgith photon and it can be measured
by time domain (TD) or frequency domain (FD) meth@dakowicz, 2006).

In the time domain method the luminescence decaxasted by a short pulse of
light (shorter than luminophore lifetime) and itsndtics is measured, and LT

determined from the following equation:
li= loe™ = le”" Eqn. 1.3

lo and | are fluorescence intensities at times zero arebpectively, k is a radiative
rate constant and is the LT. As this approach is rather complicatedhore simple
method called Rapid Lifetime Determination (Fig5)lhas been established which
enables measurement of emission intensity sigials,) at two delay times {t t,)

and LT calculation:
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T = (t-t1) /In(D1/Dy) Egn. 1.4

P Excitation

Background Fluoressence

D, h\

t, At t; ot | Time

Intensity

v

Figure 1.5: Principle of time-resolved fluorometipd Rapid Lifetime Determination

method.

FD measurements require luminophore excitation \wtidulated excitation light
(single or square wave). The phase skt petween the excitation and emission signals
is measured and related to the lifetime of thealy/®llows (Demast al., 1999):

® = -arctan@*1), Egn. 1.5
o = 2*1*f, Eqgn. 1.6

where f is the frequency of excitation in Hz. Tmethod allows simple and more

robust measurement of emission lifetime, the ppilecof which is depicted in Fig. 1.6.
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Figure 1.6: Scheme of phase modulation method éBdit and Rollefson, 1953)

LT based sensing has the advantage of reduced psindlty to instrumental

fluctuations, luminophore degradation, sensor pwsitg and measurement geometry.

1.2.1.4 0; Sensing in Food Packaging

O, is the main cause of food spoilage by aerobic @oigganisms as they use for
growth. Furthermore, many enzyme-catalyzed reagtisnch as browning of fruit and
vegetables or degradation of flavours and rancidityfats are also caused by,.O
Generally, oxygen should be excluded but in certzses it is beneficial to have
elevated @ levels in packs, for example to maintain the redtued colour in meats, to
maintain respiration (in fruit and vegetables) atad inhibit growth of anaerobic
organisms (in some types of fish and in vegetabl€sg ability of continuous, non-
invasive and quantitative measurement gfuding optical sensor technology during the
shelf-life of a MAP product is therefore precioustdimber of different @ sensor
systems have been developed for food packagingcapphs.

Another system works with phosphorescent complex@g®rphyrin-ketones which
were designed for particular use of oxygen proBgsapplying PtOEPK in thin film
polymer coatings (PS) (Papkovsky, 1995) on a mimnap light scattering support (e.g.
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filter paper) (Ogurtsov and Papkovsky, 1998) a haacence LT based,®ensor can be
fabricated which is suitable for food packagingisTaépproach was first introduced for
food packaging by Papkovskst al. (2000) using FD measuring method and found
application in several food products, including mam packed raw and cooked meat,
smoked fish, MAP sliced ham and bread (Fitzgeatld., 2001), sliced ham products
(Papkovskyet al., 2002a), vacuum packed beef (Smidetyal., 2002a), MAP and
vacuum packed chicken patties (Smidtil., 2002b), muscle-based sous vide products
(O'Mahonyet al., 2004) and cheddar cheese (O’Mahetal., 2006).

Furthermore, this system was optimized with anradtesensor cocktail (using
benzoporphyrins incorporated into PS polymer méahaw.luxcel)) and an improved
scanning device called Optdthworking in the range of 0-30% with a resolution of
0.001%. Finally commercialized by Luxcel Biosciesiteand Mocon", this system
was used in various food quality studies, such askgging containment failures in
packaged cheese (Hemptlal., 2012b), to monitor residual oxygen in pre- andtpo
pasteurized bottled beer (Hempatlal., 2012a) and as quality parameter for green
produce (Borchentt al., 2012a).

A commercially available system called OxyB6t and is made of
[Ru(dpp}](ClOy4), in silicone rubber dot (5 mm diameter, 0.2 mm Kkhic
(http://www.oxysense These sensors withstand pasteurisation and arduped to
work in oil, water or air atmosphere. Oxysense esysperforms measurements in 0.1
seconds with reproducibility better than 1% (0.2%. @his system has already found
application in oxygen scavenging studiesdiial., 2008), in MAPed soy bread with and
without chemical preservatives (Pasadllal., 2008), during investigations of oxygen
indicators (Robertst al., 2011), etc.

1.2.2 pH Sensors

pH is usually measured in the laboratory for theta of freshness of food during
storage (e.g. meat (Young al., 2004), water (Dybkcet al., 1997)) and it is an

important parameter in food processing (as in bicias (Jeevarajaat al., 2002; Kensy
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et al., 2009)). For example, in beer brewing pH detersii@ezyme activity responsible

for protein and saccharide degradation in masig(Bet al., 2004).

Optical pH sensors offer the advantages of sintglianmunity to electromagnetic
interferences and they respond by changing theorélance or fluorescence parameters.
Typical absorbance based dyes are phenol red éWal., 2009), bromophenol blue
(Ferreira and Girotto, 2009) and cresol red (Truppd Turner, 2010, W al., 2010);
and fluorescent - fluorescein (Jnhal., 2010), pyranine (Wong and Fradin, 2011) and
azo dyes (Mohr and Wolfbeis, 1994). Measuremeant sihgle wavelength suffers from
dye photobleaching, drifts in optoelectronics anglasurement geometry. Ratiometric
detection can overcome some of these bottlenecksidnsuring at two wavelengths.
This has been reported for meso substituted Ri{IRd(Il) porphyrin dyes (Papkovsky
et al., 1996) and measurement with two different LEDsO(460 nm) providing pH
detection in the range of pH = 2.5 to 7.5 (Borcletral., 2010) (see also chapter 2).
Another approach uses FITC conjugated quantum d{@B) and fluorescence
ratiometric pH determination (515/600 nm). QD passeesistance to photobleaching,
high brightness, narrow emission bands and broaiiagion spectra (Jiget al., 2010).

Very little is reported on phosphorescent pH inticeand lifetime measurements
(Goncgalvest al., 2008, Turekt al., 2008). Luminescence of these dyes is often lodv an
guenchable by oxygen which needs to be accounte(Bfwisovet al., 2010a; Niuet
al., 2005).

pH-sensitive indicator dyes are incorporated inugiable polymer matrix which
provides proton permeability to produce solid-ste¢msors. Good attachment to the
support material and minimal sensor degradationlaaching of its component(s) are
critical. Polyamine and polypyrrole have been foasdsuitable organic material for pH
sensing aqueous solutions. These conducting potymehich consist of spatially
extended T-bonding, eliminate the need of orgageEsdPringsheinet al., 1997). The
pH sensitivity of polyaniline and its derivativesp&nds on the substituent and the size
of the acidic anion dopant in electropolymerizatibtowever, hysteresis observed in
UV-VIS measurements with polyaniline membranesriast their use as optical pH
sensors to a narrow pH range of 5 to 8 (Lindford &raska, 2002). Other applied
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polymers are: poly(hydroxyethylmethacrylate) (Feamu et al., 1997), aminated
polystyrene (quaternized) (Shakhskeeal., 1994)or aminoethylcellulose fibres (Posch
et al., 1989).

1.2.3 CO2 Sensors

CO; inhibits growth of many aerobic bacteria and meuld general, high level of
CO, extends product shelf-life. Also G@& absorbed by fats and water causing flavour
tainting, drip loss or pack collapse. In MAP a Inaka needs to be struck between the
commercially desirable shelf-life of a product ati degree to which its negative
effects can be tolerated. Therefore, detection ©f G important for food packaging,
shelf-life and freshness studies (Bual., 1992). Due to microbial growth the €O
concentration in packs can increase during storagesorrelation between GO
concentration and growth of microbes has been tegdor aseptically packaged soup
(Mattila et al., 1990).

The main techniques for G@neasurement include Severinghaus type electrode,
infrared (IR) spectroscopy, gas chromatography (Gfidss spectroscopy (MS) and
optochemical sensors. The Severinghaus, Génsor consists of a glass electrode
immersed in bicarbonate buffer and covered with yalrdphobic gas permeable
membrane, which detects pH changes (SeveringhaliBradley, 1958). Its limitations
are the use of liquid reagents, indirect detectiomonic form of CQ, interference by
basic or acidic gasses, slow response times ardrhgntenance costs. IR absorption
spectroscopy allows precise and direct,@@étection via absorbance at 2.6 andh8
however it suffers from strong interference by watapour and enclosure materials
(plastics) and requires rather sophisticated egeipirand fixed measurement geometry
(Schulzet al., 2004, Thrallet al., 1996). GC and MS techniques are also destructive,
slow (~20 minutes), have limited throughput andumex sampling and calibration
(Sipioret al., 1996).

Optochemical C@sensors have high application potential. Initiglych systems

relied on the principles of a Severinghaus eleerading a pH-optode instead of the
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electrode. They demonstrated simplicity, portajilitow cost, fast response and
flexibility, but possessed weaknesses similar eodlectrodes (Neurautet al., 1999).
This was overcome in 1992 by the approach propbgedl. Mills (Mills et al., 1992,
Mills and Chang, 1993, Millset al., 1997), in which the pH sensitive dye was
incorporated in a hydrophobic polymeric membrargetber with hydrophobic phase
transfer reagent (PTA) such as tetraoctylammoniyairdxide (TOA-OH). The PTA
forms ion pairs with the indicator molecules prevmmtheir leaching and also retaining
some water necessary for system operation (Befriek, 2006). To facilitate diffusion
of CO, and reduce response time, a plasticizer can bedatddthe polymeric membrane
(Schroder and Klimant, 2005).

1.2.3.1 Principle of Optical CO; Sensing

The majority of existing optochemical G@ensors are based on pH indicators.
When water is present in the sensing system, € be detected due to its high
solubility in water. Carbonic acid is formed andtgyalissociated into hydrogen

carbonate and carbonate ions (Mills and Skinnet120

CO4(g) <& COx(aq.) Eqn. 1.7
COx(aqg.) + HO < H.CO; Eqgn. 1.8
H,CO; < H" + HCOy Eqn. 1.9
HCO; & H' + CO* Eqn. 1.10

As water becomes acidic through this reaction,gHechange is detected and is

converted into C@concentration using calibration.

1.2.3.2 Sensing Schemes and Food Packaging

Several CQ sensors, based on different sensing schemes, liere developed,

characterized and described with the potentialdod application.
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Intensity based

Absorbance or fluorescence/phosphorescence basaslireeents usually rely on
measurement of changes in absorbance or luminesdatensity. One absorbance
based system incorporates m-cresol purple or cnesblin EC plastic film. These
sensors are water insoluble, have long shelfidsponse and recovery time of less than
3 seconds (Millst al., 1992). A pCQ sensor for marine sediments is described which
uses HPTS and TOA-OH in an EC matrix with a Teftmrter coating to eliminate
interferences by ionic species (protons). The gesisows a fast response in a range of
0.05 -7 hPa pC@with a detection limit of 0.04 hPa (Neuraweal., 2000).

One recent example of fluorescence based €#hsor uses internal referencing
scheme, thus reducing the drawbacks of single wagéh systems (see chapter 1.2.1.3).
The sensor comprises of sol-gel incorporation of §Rnd TOA-OH using two LEDs
with emission peaks at 405 and 450 nm, quantit&i@e determination was achieved in
the range of 0 — 30%. Response and recovery tinees 89 seconds and 1.8 minutes,

respectively, and limit of detection was 35 ppb (&&et al., 2010).

Dual Luminophore Referencing (DLR)

A DLR-type CQ sensor consists of two luminophores incorporatednie sensing
membrane. The indicator dye has typically a shtetilne whereas the reference dye
has a long lifetime and ideally is unaffected by,@&0d Q. To use one excitation light
source, photodetector and filter combination, tireihophores need to have overlapping
excitation and emission spectra. Each dye geneitatesin luminescence signal, which
can be represented as two sine waves (shown in1Ffg, resulting in superposed

amplitude and phase signals (total signal).
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Figure 1.7: Total sine wave signal, generated kpemuosition of the indicator and

reference dye signals (adapted from Bultzings|owee04).

The phase shiftping for the indicator dye is close to zero due tovigsy short
lifetime, andoyes for the reference dye is determined by the moaulgtequency f and
decay time. The resulting phase is a superpositidhese two signals and is expressed
as total measured sign@l,. If the indicator signal changes its amplitude doean
alteration of the C@ concentration, this affects the measured phasdt shi
(Builtzingslowenet al., 2002). This detection scheme is compatible wita tvell-
established phase-fluorometric oxygen sensor tdogypoand allows robust lifetime-
based detection of GQwith all the advantages of this method (see 132.1.

This DLR scheme has been applied to the deterromaif ions (Huberet al.,
2000), pH (Liebsclet al., 2001), amines (Mohet al., 2001) and C@(Bultzingsléwen
et al., 2002). Such C@sensor for the range up to 100% LCaxes fluorescent pH
indicator 1-hydroxypyrene-3,6,8-trisulfonate (HPT&hd long-decay reference dye
Ru(dpp)** immobilized in a hydrophobic organically modifiesilica (ORMOSIL)
matrix. By changing the PTA TOA-OH to CTA-OH it wgsossible to increase
measurable range to 100% ©®@ith a 13.5 degrees change of the phase shiftdet\0-
100% CQ. This is appropriate for modified atmosphere pgoka (Blltzingslowenret
al., 2002), however spectral characteristics of tlmsaeare not quite optimal.
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A commercially available DLR based system developgdPreSens with sensors
designed for the monitoring of dissolved £(@everages) within a concentration of 10-
250 hPa. Such sensors spots can be located in$idgass or plastic bottles and
measured non-destructively through the vessel applyfibre optic technology

(http://www.presens).

Inner Filter Quenching

Absorption of excitation light and/or fluorescenmethe sample called inner filter
effect was also used in solid-state £&@nsors (Leese and Wehry, 1978). When using
long-decay indicator dyes, the sensor material si¢@dbe Q impermeable to eliminate
O quenching (see chapter 1.2.1.1). One such systemists of a phosphorescent
platinum octaetylporphyrin (PtOEP) and a pH-sewsii-naphtholphthalein (NP) dye in
poly(vinylidene chloride-co-vinyl chloride-ethyl kbk@lose) (PVCD-EC) thin films or
microparticles having low permeability to oxygere (dargas-Sansalvader al., 2009).
These sensors showed fast response times (<9sddteibility and shelf-life of > 4
months. A low-cost handheld optoelectronic devidd & paired emitter—detector diode
arrangement acts as a colorimetric detector fasetlsensors (Carvajdl al., 2010, de
Vargas-Sansalvadet al., 2011).

Forster Resonance Energy Transfer (FRET)

As the number of luminescent pH indicators withddifetimes, suitable pKa
values for CQ detection on low cost instrumentation is limité(RET scheme can be
used to couple colourimetric pH indicators withelime based sensors (see chapter
1.2.1.3). In this case, the signal from a coloutimoepH indicator is converted into
lifetime information using the reporter dye. In thRET scheme of CQletection, a pH
indicator is interacting with a long decay refereye which is pH and GOnsensitive.

To produce efficient energy transfer, the emissand of the reference dye (donor)
needs to have high overlap with absorption bandhefpH indicator (acceptor) (as
shown in Fig. 1.8) and the two dye molecules belase proximity (usually between
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20A and 60A) to each other. Then interaction ocdesveen the electronic excited
states of the two dye molecules via dipole-dipokeds resulting in a transfer of energy
from the donor to the acceptor molecule without ssmoin of a photon (i.e.
radiationless). The acceptor pH-sensitive dye pscally combined with a PTA such as
TOA-OH to form ion pairs. Such ion-pairing sensesign usually shows robust optical
response to C£and allows tuning of sensitivity by changing thé-gensitive dye (pKa
value), the PTA (Bdlltzingsloweret al., 2002), readout modality (absorbance or
fluorescence) or spectral characteristics by selgcthe pair of pH indicator and

reporter dye. The interaction with G@3 described as follows:
A Q" xH,0 + CQ© AH + Q"HCO5 (x-1) H,O Eqn. 1.11

Where AH is protonated indicator form, Adeprotonated form, Q- quaternary
ammonium base. Thus, fets stabilized in the matrix by’ Qwhereas C@neutralises
Q" and forms a lipophilic hydrocarbonate ion pairhivitthe polymer matrix. High CO
levels produce more protonated neutral form AH Whias low absorption and FRET,

while low CQ, concentrations produce the opposite.
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Figure 1.8: Fluorescence emission spectrum of tbh@ppy(TSPS) complex (solid
line) and absorption spectra of Sudan Il in theesze (dashed line) and presence
(dotted line) of carbon dioxide (100%). The hatclaeda demonstrates the overlap of

donor and acceptor spectra (adapted from Bultzingshet al., 2003).
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The FRET approach allows the measurement of luroeme® intensity or LT (in
FD or TD), and exhibits all the advantages of ifetiine based sensing. Thus far, one
FRET sensor for measurement dissolved ,C@as described which uses
tetraphenylporphyrin (TPP) and NP in a poly(isobuethacrylate) (P(IBM)) matrix
and fluorescence intensity measurements (Amao alamura, 2004b). Its response
and recovery times were < 6 s, and no hysteresisolvaerved during the measurement
(Amao and Nakamura, 2004a; Amao and Nakamura, 200dia0 and Komori, 2005).
However, decay time based systems are more suifabl€€O, sensing and food
packaging due to less susceptibility to disturbfagtors. Fluorescent dyes, such as
sulforhodamine 101 (SR101) (Preininger and MohQ7)9or ruthenium complexes
(Bultzingslowenet al., 2003; Krameket al., 2009) have relatively short lifetimes of only
a few nano- or microseconds. Metallo-porphyrinsilexhonger lifetimes (see chapter
1.2.1.2) and promoting the conversion of an absadabased signal into a
phosphorescence decay time signal. Furthermoregleethsensitivity, selectivity and

compatibility with cheap light sources and deteximan be obtained.

1.2.3.3 Materials for CO; Sensing

Since optochemical Csensors have been introduced by applying an arster
system using a PTA incorporated into a polymerionmne for protection (Millst al.,

1992), several systems were developed. In genenabss consist of:
a) dye(s),
b) PTA,
c) polymer(s),
d) plasticizer and

e) support material.
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a) Typical indicators used are HPTS (Borigal., 2006; Bulltzingsloweret al.,
2002; Burkeset al., 2006; Cajlakoviet al., 2006; Cajlakoviet al., 2009a; Schroedet
al., 2007; Wenceét al., 2010; Wolfbeist al., 1988), NP (Amao and Nakamura, 2004a,;
Amao and Nakamura, 2004b; Amao and Komori, 200588t al., 2005; Carvajaét
al., 2010; de Vargas-Sansalvaamal., 2011), thymol blue (Alet al., 2011; Borisowt
al., 2007; Nakamura and Amao, 2003; Neurawgeral., 1999), bromthymol blue
(Borisovet al., 2007), m-cresol purple (Liebsehal., 2000; Millset al., 1992; Sipioret
al., 1996), phenol red (Cajlakovigt al., 2009b), cresol red (Mill&t al., 1992) and
recently Sudan Ill (Bultzingsléwent al., 2003). Depending on the sensing scheme
more than one dye can be used (Cajlakai@l., 2009a). Two dyes can also be
separated in two different polymer films (de Var@mnsalvadort al., 2009). For
example in the FRET or the DLR scheme the secominyphore is incorporated as
reference molecule (section 1.2.3.2 Sensing schenreparticular TPP (Amao and
Nakamura, 2004a; Amao and Nakamura, 2004b; Amad<anabri, 2005; Amacet al.,
2005), PtOEP (Carvajadt al., 2010; de Vargas-Sansalvadsdral., 2011; de Vargas-
Sansalvadoet al., 2009), Ru(ll)-complexes (Borisat al., 2007; Biltzingslowent al.,
2003; Burkeet al., 2006; Cajlakoviet al., 2006; Cajlakoviet al., 2009a; Cajlakoviet
al., 2009b; Liebsclet al., 2000; Schroedest al., 2007), Eu (Ill)-complexes (Nakamura
and Amao, 2003), sulforhodamine (SR 101) (Sigtoal., 1996) or nile red (Alet al.,
2011). Ideally, these dyes are insensitive to, @@d produce long lived emission for
convenient detection. The reasons for separatiem timay be to protect a dye from ions

or gas, or to create a spatial hindrance to avioskgroximity.

b) Phase transfer agents prevent dye leachingedash water in the system which
is necessary for system operation. To build ionmrspwiith the indicator, most of the
developed systems use TOA-OH as PTA. To tune thasumable range of GO
concentrations cetyltriammonium hydroxide (CTA-O@Bultzingslowenet al., 2002;
Burke et al., 2006) and tetrabutylammonium hydroxide (TBA-OBJiltzingslowenet
al., 2002) were used.

c) Ethyl cellulose (EC) is among the most frequenged matrix for C@sensors
(Ali et al., 2011; Amao and Nakamura; 2004a, Borigbwal., 2006; Cajlakovicet al.,
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2009b; Liebschet al., 2000; Mills et al., 1992; Mills and Chang, 1993; Milla al.,
1998; Nakamura and Amao, 2003; Neuraetea., 1999; Schroedest al., 2007; Sipior
et al., 1996) as this polymer shows good protection ptgseand CQ permeability.
Some other polymeric membranes with similar charéstics were used, for example,
PVCD in combination with EC (de Vargas-Sansalvagtaal., 2009), sol gel matrices
(Bultzingslowen et al., 2002; Wencelet al., 2010) or their mixtures with EC
(Bultzingslowenet al., 2003), P(IBM), hydrogel (Wolfbeigt al., 1988), Eudragit
RL100 (Cajlakovicet al., 2006), PDMS (Burkeet al., 2006), P(TMSP) and silicone
polymers (Borisowt al., 2007).

d) Plasticizers are additives gelling the polymiemproving processability and
flexibility of plastics by decreasing the viscositglass transition temperature and
elasticity modulus of the final membrane, withoultetion of the chemical
composition of the polymer (Rahman and Brazel, 2004ibutyl phosphate (TBP),
dimethyl phthalate, diethyl phthalate, dipropyl lpdlate, dibutyl phthalate, dioctyl
phthalate and diisodecyl phthalate plasticizersevused (Millset al., 1998). In the latter
study, plasticizer/polymer compatibility for EC-le@s sensing films was assessed
including its effects on sensor sensitivity, resggand recovery times.

e) A CQ sensor support material should facilitate sensordhng and have no
influence on the performance. Typical materialsgass (Amao and Nakamura, 2004a;
Borisov et al., 2006; Cajlakovicet al., 2006; Millset al., 1992; Nakamura and Amao,
2003; Sipioret al., 1996), Mylar (Borisowet al., 2007; de Vargas-Sansalvadsral.,
2009) and PET (Burket al., 2006; Ali et al., 2011) films. Not only the working
characteristics determine the choice, the interaggalication needs to be considered as
well. For example, an optimal support material dd,Gsensors for food packaging
would be the packaging material itself, with thens® exposed inside the package

headspace.

1.2.4 Multi-Parametric Systems

Multi-parametric-systems combine the measuremeat t#ast two parameters with

one sensor system, usually by incorporating sevBras in one polymer encapsulating
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media. Since @is omnipresent and plays an important role ducingmical, biological
or enzymatic reactions, ;Osensors are often employed in multi-sensors, sagh
O./Temp, Q/CO,, O/pH, G/CO/Temp, Q/pH/Temp.

For determination of different parameters, différeletection modalities can be
applied or the signals need to be differentiatedpactral or time domains. The use of
one sensor for more than one parameter will ineretheir practicality and cost
efficiency. A variety of different systems have beageveloped but none of them have

been used in food packaging so far.

An O,/Temp sensor can be realized using two metallopomét PtTFPP-lactone
which is highly sensitive to £but also to temperature and MgTFPP which is uotdte
by O, but responds to temperature (Gouterretaad., 2004).

An approach to eCO, sensing makes use of PtTFPP in PS fgrd&ection and
HPTS (ion paired with TOA-OH) in EC microparticlesorporated in a PDMS rubber
as second layer. Another sensing scheme uses DLRodchevhere the reference
molecule is composed of iridium(lll) curmarin coraplmicroparticles in a PAN-PAA
matrix (Borisovet al., 2006).

Dual sensing of @and pH is from material point of view more diffitas the Q
sensing requires usually materials that are higlelysitive to @ but impermeable to
protons and for pH sensing the contrary is the.CHsis problem was solved in a sensor
for natural marine sediments based on time-resoluadnescence pH/pOmapping
with a lipophilic fluorescein derivative and PtTFRRmobilized in a hydrogel matrix.
As the pH sensitive fluorescein is lipophilic enbugot to get washed out from the
polymer it is permeable to both,@nd ions (Schrédest al., 2006). Alternatively, two
different sensing modalities can be applied to detlee pH and @individually. An
approach has been recently developed based on metalo-porphyrins which is

described in detail in chapter 2.
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1.3 Microbial Sensors

Most natural foods have limited shelf-life and detete quickly. Food spoilage
can happen due to moulds, yeast or bacteria oralategradation and make the product
unsuitable for intake as it could cause seriounedses and death as a result. Enzymes
present in food also induce chemical changes andec#ss of flavour, colour and
texture, due to breakdown of tissue and other compis resulting in oxidation,

browning and ripening.

Endogenous microorganisms as well as dangerousgeik can also be present in
food products which can cause their spoilage ariduseharm to consumers. Therefore,
development on food safety is focused on deteaifamicrobial pathogenSalmonella,
Listeria, E.coli and other hazardous microorganisms. TVC determimgtrovides a
general estimate of the microbial population. Miab testing is done by many food
microbiology laboratories for the purpose of reuggalimportant information about the
status of a food product, whether it can be consuméhout causing food poisoning,

whether it was handled correctly, and whether @lagsor fresh.

1.3.1 Traditional Methods

Conventional microbial tests are based on aerolaie gount methods, which are
specified as the standard 1SO 4833:2003 methoderfdod industry (1SO:4833:2003,
2003). Briefly, food homogenate is produced usi@gylof a sample diluted with 90 ml
of a non-selective medium (1:10), and a seriesepffold dilutions are prepared and
aliquots and spread on solid agar plates. The plate incubated for 48-72 hours at
30°C and colonies formed are counted. This is ueedalculate the microbial load
(cfu/g) on the basis of the dilution factor usetstéad of using traditional agar plates,
direct culture-based methods use rehydrated mexiitaiced as sheets or films. These
films are covered with a fabric layer or a membrand subsequently rehydrated by a
liquid sample (e.g. food homogenate) and incub&dedevelopment of colonies on the

surface. Those colonies can also be counted by wsichromogenic medium (with a
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redox indicator), such as tetrazolium chloride, ahhproduces red colonies. These
methods rely on the formation of visible coloniesl anclude incubations of at least 48
hours and counting. Examples are Compact Dry TGléKaet al., 2005) from Nissui
Pharmaceuticals (http://www.nissui-pharm, 2009) 8iDA®COUNT Total made by
R-Biopharm (Salet al., 2006; http://www.r-biopharm).

Several alternative culture-based methods are ablailThe SimPlate® system
from BioControl (Ferratet al., 2010; http://www.biocontrolsystems) has 84 weéllslt
in to the plate and the medium contains a patefB@oary Detection Technology”
which is able to detect certain bacterial enzymads produce a colour change. The
bacteria can be determined by the assessment afotbar change pattern within 24
hours. TEMPO® from bioMerieux (Paulsert al., 2006; biomerieux, 2008), an
automated quality indicator system, employs a mumized most probable number
(MPN) techniqgue on a multi-well card to enumeratectbria in food samples. A
fluorescent indicator is present in the media fasyeand fast detection and calculation
of colony forming units (cfu/g) by a reader, 500ngdes can be processed within 24-48
hours. Soleris™ system by Neogen® Corporation (http://wa&wogen) also monitors
colour changes caused by bacterial growth, usisgezially designed vial containing
growth medium and colour indicators which respondpH or other biochemical
parameters. The system utilises an LED and a pthetector to monitor the vials and
record the time taken to produce a detectable catbange. A result for the initial
microbial count can be produced within 18 holitse RABIT® system by Don Whitely
Scientific (http://www.dwscientific) and BacTrac®y Sy-Lab (Hattulaet al., 2002;
http://www.sylab) both apply impedance-based methathen the microbial amount
increases in the growth medium the impedance inigihg, measured by a pair of
electrodes. The direct epifluorescent filter tegei (DEFT) by Perceptive Instruments
Ltd (http://www.perceptive) uses a polycarbonatéerfi which is stained with
fluorescent dye. Liquid sample is filtered throwaid then examined by epifluorescent
microscopy. The flow cytometric BactiFlow® ALS redime analyzer by AES
Chemunex (Vollmert al., 2011; http://www.aeschemunex) uses fluorescdmtlliag

technique. This method detects directly viablesgddlt is limited to liquid samples and
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to medium to high microbial populations. Results ¢& obtained within minutes or

hours.

1.3.2 Rapid Microbial Tests and Biosensor Systems

Some biosensor systems for quick determination afraarganisms in food
samples based on fluorescent dye technology ariéalalea MicroFosS" by Biosys,
Inc., developed by Ann Arbor, includes a computstimstrument with disposable vials
based on the detection of metabolic processesgaingsms. An optical sensor allows
screening results in as little as 7-18 hours, deéjpgnon microbial contamination

(Odumeru and Belvedere, 2002; http://www.foodsalfetgazine).

A microtitre-plate TVC test based on monitoring ledcterial respiration using
phosphorescent oxygen sensing probes and fluotteptada reader detection (Fig 1.9)
was described by O’Mahorgt al. (2006) and applied to analysis of aerobic bacieria
complex samples such as broth and food homogeri@®ésahony and Papkovsky,
2006).

0,
N
oil k
* Foodsample —> L
* Probestock —>| sample
* Mineraloil —> % +Probe

Fig. 1.9: Microtitre-plate assay format.

Initially (at relatively low cell numbers) the salapremains oxygenated and the
probe fluorescent signal stays flat and low as itjuenched by dissolved oxygen. As
bacteria grow the sample undergoes rapid deoxygenéeen as steep increase of
probe fluorescence) followed by leveling off whersslved oxygen is depleted

(unquenched probe). These prominent changes inepfhlmrescence are due to
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microbial growth and allow unambiguous identificati of positive samples and
guantification of their microbial load (TVC or setave) on the basis of measured
threshold times (TT). At this threshold the samptataining rapidly proliferating
micro-organisms starts to rapidly deplete the dvexb oxygen (producing typical
profiles as seen in Fig. 1.10). The TT is relatedhe initial microbial population and
can be used for microbial determination within 1t2irs after instrumental calibration.

Probe Signal -~

Y PP - Threshold

OnsetTime Time —

Figure 1.10: Typical profile of oxygen depletionariood homogenate.

These assays are validated in aqueous media wWidredit bacteria including E.
coli, M. luteus and P.fluorescence (O'Mahony and Papkovsky, 2006), and with the
enumeration of total viable counts in differentdamatrices such as meat (O’Mahasty
al., 2009), fish (Hempeét al., 2011) and salad (Borchest al., 2012) (see chapter 4).
This approach has been commercialised by Luxcati@mees" and Mocon Inc. and is

now sold as GreenLight™ system.
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Chapter 2: Development of a Oz /pH Multi-Parametric

Sensor

2.1 Introduction

Optochemical sensors have advanced remarkablémtegears, many of them are
used in different areas and applications (McDoneglal., 2008; Wolfbeis, 2008).
Sensor research is now shifting towards the dewedop of multi-parametric sensing,
particularly of core analytes such ag PH, CQ, temperature, humidity, ions, as well as
of more simple, robust, versatile and cost-effitiystems tailored to specific
applications (Sticket al., 2010). Internal referencing schemes, such asatemetric
absorbance/reflectance/fluorescence and luminescetitetime based sensing
represented by direct quenching, DLR or FRET fosnatre preferred detection
modalities for such systems (Stich al., 2010). Rapid development of imaging
techniques and low-cost optoelectronics providermation-rich data, miniaturization
and integration, while still retaining sensor aaoy; reliability and affordable costs
(Saxet al., 2009; Schrodest al., 2007; Wanget al., 2010).

On the chemistry side, the use of arrays of discestnsors and/or composite
materials with several indicator dyes has provditient for OJ/T, O.J/pH, GJ/T/ICO,,
O./T/pH and some other analyte panels (Séchl., 2010; Tianet al., 2010). However,
increased number of ingredients, wide bands of rabshe indicators which tend to
overlap in the usable spectral region (350-1000, mmss-sensitivity and multiple
practical restrictions, limit multiplexing potentiacompromise performance and boost

manufacturing costs of such sensors.

One way to overcome these bottlenecks is to applytiHlanctional reporter
molecules together with multiple detection modeditiHere, supramolecular structures

possessing long-decay luminescence, large speshifis, and internal referencing
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capabilities are particularly advantageous, progdyreater scope for multiplexing. We
demonstrate this concept with a dual-analytgp® sensor based on a single

phosphorescent porphyrin dye.

Porphyrins have attractive photophysical properfi@s use in sensor systems
(Borisov et al., 2010; Brifiaset al., 2005; Dolphin, 1978; Kadisé al., 2010; Khalilet
al., 2010; Papkovsky, 2004; Papkovsky and O'Riord&@52 Zhanget al., 2007),
especially platinum(ll) and palladium(ll) complexese known to exhibit strong
phosphorescence at room temperature and quantuds Y& >10%. Their aromatic
tetrapyrolic macrocycle can be modified by diffdr@eripheral substituents in pyrrole
andmeso-positions. These features provide flexibility uming the optical and physical-
chemical properties of porphyrin dyes. In particufaeso-substituted porphyrins have
been actively exploited in phosphorescence lifetiased @ sensing, providing robust

and versatile systems (Boriselval., 2011; Vasil’ev and Borisov, 2002).

Herein, we present new solid-state materials based the bi-functional
phosphorescent porphyrin dyes, which provide siamabus, reversible sensing of the

two principal analytes - dissolved @nd pH, and potential for further multiplexing.

2.2 Experimental

2.2.1 Materials

Pt-octaethylporphyrin Schiff-base (PtOEP-SB) andc&gdroporphyrin-1 tetraester
Schiff-base (PdCP-SB) were synthesized at the tiistiof Biomedical Chemistry,
Moscow as described previously (Papkovstyal., 1997). Tetrahydrofuran (THF),
chloroform, high molecular weight poly(vinyl chldg), bis(2-ethylhexyl) sebacate
(DOS), sodium sulfite were from Sigma Aldrich. TREAs TCPB, TBPB and TTB

were from Fluka. Standard gas mixtures f@lanced with B were from Irish Oxygen.
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2.2.2 Methods

2.2.2.1 Sensor Fabrication

Sensors were fabricated by dissolving 120 mg of Rwv@ 240 mg DOS in 3 g
THF, and adding PtOEP-SB or PdCP-SB dye and PTAafeosalt) in the required
guantities (Table 2.1). The cocktail was spotted2ipl aliquots on polyester film

Mylar® and dried to produce thin film sensors oD+hm in diameter.

Table 2.1: Sensor cocktail and coating composition.

Components Cocktalil Sensor Coating
[%]
Solven ~94,75% (w/w -
PVC 1.75% (wiw 30.6-32.55 (w/w
Plasticizer 3.5% (w/w 61.€-65.09 (w/w
PtOEP-SB or 0.25 mVv 0.36 (w/w'
PdCP-SB 0.1 mM 0.16 (w/w)
PTA 2.5-8 mM 2.3€-7.6 (w/w)

2.2.2.2 Optical Measurements

UV-Vis absorption spectral measurements (range-3300 nm) were carried out
on a HP8453 diode-array spectrophotometer (Agilefhosphorescence spectral
measurements (range 350 — 600 nm for excitation6®3¥d750 nm for emission) were
carried out on Cary Eclipse fluorescence spectreméVarian). Time resolved
fluorescence (TR-F) measurements were performadicnr® multilabel reader (Perkin
Elmer), using 340 nm excitation and 665 nm emiss§iters. Phosphorescence lifetime
measurements on the Victor reader were carriethptaking TR-F intensity readings at
two different delay times, 30 and ¥8 with a window time of 3@s and calculating the
lifetime according to following formulat = t-ty/In(Fi/F,) (O'Riordanet al., 2007).
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Measurements on a Cary Eclipse fluorometer wereemasing a built-in short
phosphorescence decay option and lifetime detetimmaby single or double

exponential fits.

2.2.2.3 Sensor Preparation

Measurement of optical responses of the dual-amaghsors to pH and,Were
conducted using 13 x 60 mm pieces of sensor merabrarserted diagonally in a
standard 1 cm quartz cell or placed in the wellsaoR4-well plate (Costar) and

submerged in an aqueous buffer.

2.2.2.4 pH Calibrations

pH calibrations were conducted by adjusting theoplthe buffer inside the cuvette
or micro-well to different pH values (using calited pH meter Jenway 3310) and
measuring after ~10 min equilibration changes insee absorption on the UV-Vis
spectrophotometer or changes in emission intemsitythe Victof reader. From this
data, sensor pKa values were determined by plottitensity vs. pH and to find the
inflection point that will point to the pKa valu&his is done at a certain wavelength
after correcting the intensity values. To redudéuence of the sensor matrix, control
sensors were prepared and a blank reading with@utvés performed. Sensor response

time to changes in pH was typically around 3 min.

2.2.2.5 Oxygen Calibrations

Oxygen calibrations were performed on Cary Eclippectrometer. The cuvette
with sensor and buffer of known pH was bubbled wgitlindard @N, gas mixtures (O-
21 kPa oxygen) produced and delivered by precigias mixing unit (LN Industries
SA). Temperature control was set at 30 or 37°C. rUpgas equilibration,
phosphorescence decay was measured and lifetifeedated from double exponential

fits with subsequent calculation of average lifetim
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2.3 Results & Discussion

2.3.1 Spectral Properties

The reporter dyes comprise the derivatives of hyldobic Pt-octaethylporphyrin
(PtOEP) and Pd-coproporphyrin-1 tetraester (PdCRichv contain an additional pH-
responsive moiety - Schiff-base group (SB) at oneserposition proximal to the
macrocyle (Fig. 2.1A). In unprotonated state theéyges display normal porphyrin type
of electronic spectra, with intense Soret and sdwamor visible absorbance bands, and
bright room temperature phosphorescence in theagidn which is readily quenched
by O,. Like for normal porphyrins, the spectra of Pd®P-&e slightly red-shifted
compared to PtOEP-SB (Fig. 2.1B), and the emis$ifetime is several-fold longer
(Table 2.2). At the same time, protonation of teegheral SB group is accompanied by
a major change in electronic spectra due to thendton of a delocalised carbocation
(Papkovskyet al., 1997). This process shifts absorption maximunmmfiegpproximately
398 nm to 443 nm, with the disappearance of poipkype spectra and
phosphorescence. The protonation is reversiblaudimnovery high pH can degrade the

dye), thus allowing sensing of pH by absorbangehmsphorescence measurements.
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Figure 2.1: A) General chemical structures of thH®HEP-SB (Me = Pf, Ri-Rg=
CH,CH3) and PdCP-SB (Me = Pd RyLR3Rs,R=CHs;, RyR4ReRs =
CH,CH,COOCH;) showing interaction sites for'Hand Q. B) Changes in absorption
spectra in methylene chloride upon the additionrifitioroacetic acid (1-PdCP-SB, 2-
PdCP-SB + TFA, 3-PtOEP-SB, 4-PtOEP-SB + TFA).

2.3.2 Oxygen & pH Sensing

For optochemical sensing of physiological €@ncentrations (range 0-25 kPa or 0-
250 uM) and pH (range 5-9) in a convenient format, tleporter dye has to be
embedded in a polymeric matrix which provides tlesickd sensitivity and selectivity
for the two analytes and robust optical respondésDpnaghet al., 2008; Wolfbeis,
2008). Hydrophobic polymers with moderatg @ermeability commonly used in,O
sensors (e.g. polystyrene and alike) are not vaitalde as they are impermeable to
protons. Likewise, many polymers employed in comee@l pH sensors show
inadequate @quenching (in ethyl cellulose Pt-porphyrins aremghed too much by
ambient @ producing low phosphorescent signals). After testseveral different
polymeric matrices, we found plasticized PVC togess the required characteristics,
and selected it as sensor matrix. Plasticizer abnseknown to affect @quenching in
polymers (Hartmann and Trettnak, 1996), therefdrewas maintained constant
(63+1.5% w/w). The availability of two phosphoresceyes with different lifetimes
and sensitivity to @facilitated the development ofpH sensitive materials and tuning

their characteristics. Possible self-quenchingamidiquid PVC membranes was also
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assessed to optimize dye concentration. Phasefdraadditive such as potassium
tetrakis(4-chlorophenyl)borate (TCPB) was introdliceo allow proton transfer
(McDonaghet al., 2008; Wolfbeis, 2008). Following the initial sefion, sensors of
different composition were prepared and studiedh wespect to their photophysical, O
and pH sensing properties and operational perfocmarsensors were made by
dissolving their components in organic solvent (THRd CHC4) and casting the

cocktail on polyester Mylar® film, to produce ph thick coatings (Table 2.1).

Table 2.2: Main characteristics of the PtOEP-SB RdGP-SB sensors.

Reporter Absorbance | Phase Transfer pK * Emission
Dye/sensor Maximum Agent Lifetime **
No [nm] [%] (w/w) [ps]

PtOEP-SB 398 (pH 8.0)
N1 443 (pH 2.0) 2.4 (TCPB) 5.9 32.8
N2 4.1 (TCPB) 6.5 31.0
N3 5.7 (TCPB) 7.0 n.m.
N4 7.6 (TCPB) 6.1 n.m.
N5 7.6 (TBPB) <4.0 n.m.
N6 7.6 (TTB) <4.0 n.m.
PdCP-SB 398 (pH 8.0)
N7 443 (pH 2.0) 4.1 (TCPB) 6.9 60.3
N8 5.7 (TCPB) 7.2 n.m.

* Phosphorescent measurements in 0.1 MRO,, 21 kPa G, 30°C; Standard deviations were
~0.2ps or 0.1 pH, respectively, (N = 3); n.m. — not meead.

** Quenched emission LTs.

When embedded in plasticized PVC membranes, thedyas showed similar
spectral characteristics (absorption and emissiamjle their sensitivity to @ was
different. Both sensor types produced the antiegpatpectral response in the useful
range of pH. Fig. 2.2A shows absorption spectradnges associated with dye
protonation and Fig. 2.2B - pH calibration produckg ratiometric absorption

measurements (443/397 nm). The nature and contientiaf PTA (and temperature)
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had a profound influence on sensor response torpHs, PtOEP-SB sensors increased
their pKa from 5.9 to 7.0 when TCPB content incegafrom 2.4 to 5.7 %, but then
decreased to 6.1 at 7.6 % TCPB. Two other phassfélareagents - potassium tetrakis
(4-tert-butylphenyl)borate (TBPB) and sodium tqtredlyl)borate (TTB) - produced
significantly lower pKa values. Similar dependemees observed for PACP-SB sensors
with slightly more basic pKa than for PtOEP-SB. Bdependence of calibration on the
nature and concentration of PTA can be due to reiffieaccess of protons to the dye
(also seen in other ion-selective membranes) (Hartnand Trettnak, 1996; Papkovsky
et al., 1997). Therefore, by selecting the indicator dypel PTA, pH sensitivity of the
sensor can be tuned, to cover the range of praatieaest (pH5-8 in this case). Based
on these results, PtOEP-® and N3 and PdCP-SBN7 and N8 sensors (Table 2.2)
were selected for further testing of their, Gensitivity and phosphorescent

characteristics.

According to the mechanism of protonation (Fig.)2tlhe changes in absorption
were accompanied by a marked reduction in phospbenee intensity signals (Fig.
2.2B). At low pH values in air-saturated buffer38C, the intensity of the PtOEP-SB
sensors decreased by almost 70%. Residual phosgkome was attributed to

incomplete protonation of the dye in polymer memibta

With respect to the sensitivity to dissolved, @he PtOEP-SB sensors showed a
moderate response. Phosphorescence lifetime sktisor with unprotonated dye in-O
free buffer was 84is at 30°C (92us at 24°C), and reduced by ~70% in air-saturated

solution.
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Figure 2.2: A) Absorption spectra of PtOEP-SB sensor at different pH, 28. The
bars show the bands of standard 400 nm and 450KiDs.LB) pH calibrations for the
PtOEP-SB sensor in ratiometric absorbandg @nd phosphorescence intensitm)(
scale, 0.1M acetate buffer, 24°C and 30°C, respalgtiC) G calibrations of the PACP-
SB (m) and PtOEP-SB &) sensors in phosphorescence lifetime scale, 23if€tirhe
values were produced from double-exponential BjsStern-Volmer Q calibrations for
the PtOEP-SB &) and PdCP-SBK) sensors, in 0.1M ¥PQ;, pH 8.5, 30°C.

The PdCP-SB sensors showed several-fold longeranuiped lifetimes (36Qs at
24°C and 34Qus at 30°C) and therefore stronger quenching hyRRosphorescence of
the PtOEP-SB and PdCP-SB sensors showed doublexexjel decay and a
pronounced non-linearity of Stern-Volmer calibrago(Fig. 2.2D and 2.2C). Such
behavior is similar to the other,@ensors based on Pt and Pd porphyrins (Hartmahn an
Trettnak, 1996; Papkovsky, 2004; Papkovsky and @d&n, 2005). Both sensor types
were deemed suitable for lifetime-based sensinghgsiological Q concentrations (0-

250 uM), while PdCP-SB sensors better suited for the @wange. Importantly, upon
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protonation the sensors showed practically no obsmg emission lifetime, variations

were within measurement error (2-3%).

2.3.3 Cross-Sensitivity & Signal Changes

Like for the traditional pH and £sensors based on similar principles (Leidag
al., 2009; Niuet al., 2005), operational performance of the new sensassseen to be
influenced by a number of factors. Temperatureahpsominent effect on both pH and
O, calibrations, while pH calibrations were also uafhced by ionic strength. These are
inherent features of the sensing schemes, whicl teede considered during sensor
operation. Sensor photostability was moderate:chieg under illumination with 150
W Xe-lamp was in the region of 4% per hour (Fig)2Although not as good as for
traditional Q sensors based on highly photostable dyes, th&eter is not critical for
the sensing schemes used. Response times to plDangre within the anticipated

range (2-3 min).

Normalized Intensity

0 10 20 30 40 50 60
Time (min)

Figure 2.3:Kinetics of photobleaching of PtOEP-SB sensor. tatian — 398 + 5 nm,
emission — 670 = 10 nm, 0.1M phosphate buffer, @1 33°C.
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2.3.4 Dual-Analyte Sensing Schemes

The above results show that PtOEP-SB and PdCP-®Bore perform very
satisfactory covering the ranges of high practsighificance (pH 6-8 and 0-20M
O,). In absorbance (or reflectance) modality, semesponse to pH is independent on
O,, while ratiometric measurement (400/450 nm) previdternal referencing with
stable calibration, reduced dependence on sengomnant, measurement geometry and
dye concentration. Likewise, in phosphorescenetiiife modality sensing of dissolved
Oy, with internal referencing and no cross-sensititit pH was secured. Thus, the two

analytes can be measured independently and conshuwith one sensor.

Practical realization of such dual,/0H sensor system can be achieved with
relatively simple optical schemes. Fig. 2.4A shaavsetup with one LED and one
photodiode with an optical filter to monitor phospéscence intensity and lifetime (in
time or frequency domain (McDonagh al., 2008; Wolfbeis, 2008)) signals from the
sensor. By applying known relationships (calibnasidor each analyte, compensation
algorithms which account for dual sensitivity oethmtensity signal), the two readings
can be related to pH andhG5ince the intensity signal is not referenceds #theme
requires fixed alignment and consideration of pgueskignal fluctuations (detector,
sample optical properties, dye photobleaching (Mdiyh et al., 2008; Wolfbeis,
2008)).
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Figure 2.4: Proposed optical setups for the dualyg® pH/Q sensing. A)
Phosphorescence intensity ,(GpH) and lifetime (@) measurements via one optical
channel. B) Alternating ratiometric absorption/eetion (pH) and phosphorescence

lifetime (O,) measurements.

The alternative scheme (Fig. 2.4B) involves two IsEdDining sequentially coupled
with ratiometric absorbance/reflectance based Bgnsof pH via PD1 and
phosphorescence lifetime based sensing gfvi@ PD2. This scheme does provide
interference-free, dual-analyte,/0H sensing with internal referencing being more
advantageous than the first one. It can be impléedenvith two common LEDs
matching the excitation and absorption maxima efreutral and protonated forms of
the dye (see e.g. Fig. 2.2A and http://www.roithiaeer).

2.4 Conclusions

This study demonstrates realization of a simplel-dnalyte optochemical sensor

for dissolved @ and pH with one bi-functional reporter dye - mesibstituted Pd- or
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Pt-porphyrin Schiff-base derivative - embedded lasticized PVC membrane. Such
sensor chemistry allows sensing of each analyiaternal referencing mode and with
no cross-sensitivity. Moreover, it leaves wide sp@avindows (500-650 nm and 800-
1000 nm) for further multiplexing with other indioa dyes including fluorescent
lanthanide chelates (Fat al., 2005) and inorganic phosphors (Cletral., 2008). This
approach can be applied to other types of sensterials (e.g. nanosensors (Borisov
and Klimant, 2008; Pengt al., 2010), magnetic particles (Mistlbergetral., 2010)),
analytes (temperature, GONHs, ions, enzyme biosensors based ox @d pH
transducers (McDonaglet al., 2008)), sensing schemes (de Silea al., 2009;
McDonagh et al., 2008; Wolfbeis, 2008); and also integrated witttical imaging

systems.
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Chapter 3: A CO: Sensor Based on PtPorphyrin Dye and
FRET Scheme for Food Packaging Applications

3.1 Introduction

Several analytical techniques for €@etection are available, which provide
accurate and reliable data, including the Sevednghtype electrode, infrared (IR)
spectroscopy, gas chromatography (GC) and masdrepetry (MS). Their main
drawbacks however are slow response time, high oty and cost, destructiveness,
limited throughput and the requirement of samplargd calibration (Severinghaus,
1958; Schulzt al., 2004; Sipioret al., 1996; Thrallet al., 1996).

Optochemical C@ sensors can overcome these limitations demomngdrati
simplicity, portability, low cost, fast responsedaftexibility (Neurauteret al., 1999).
The working principle is described in detail in pter 1.2.4. They show high potential
for food packaging and require the sensitivity tover the range 0-100% GO
(McMillin, 2008) which can be realized using indicadyes with relatively high pK
values. In contrast, for environmental applicatiand process control high sensitivity to
CO, is usually required. To achieve fast diffusion @0, and response time, a
plasticizer can be added to the polymeric memb¢&nkroder and Klimant, 2005).

With respect to signal readout from a £€ensor, basic qualitative and semi-
guantitative systems can use simple visual detectia colour change. However for
accurate gquantitative detection instrumental readousually required and in this case
photoluminescence based sensors offer a signiffpatential. Classical approaches rely
on fluorescence intensity measurements (Neuratigr, 1999), but these are affected
by drifts in optoelectronic system, dye photobléagh sample properties and
measurement geometry. This can be circumvented hey scthemes with internal
referencing (Otert al., 2008; Petroveet al., 2007; Wencelt al., 2010). Thus, in
ratiometric luminescence intensity scheme signaléwa different wavelengths are

measured, one is analyte-sensitive while the athanalyte-insensitive, and related to
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each other. This improves system performance aabilisgy but still cannot fully
compensate for light scattering, reflection andfedéntial sample absorbance

influencing the measurement.

Instead of measuring changes in fluorescence ityeffdsmao and Komori, 2005;
Biltzingsléwenet al., 2003; de Vargas-Sansalvaabal., 2009; Lakowiczt al., 1993),
the use of long-decay phosphorescent indicator dpesanalyte-dependent changes in
luminescence lifetime (LT) of the sensor (Neurawtesl., 1999) can provide accurate
CO, quantification with relatively simple instrumentat similar to the one developed
for O, measurement. Such systems are demanding for nmalugtrial applications,
particularly food packaging (Papkovslg al., 2005). The FRET scheme for €O
detection is based on sensor materials with micaose lifetimes, such as a long-decay
Ru(ll) complex as fluorescent donor (€fdsensitive) and a pH/C&3ensitive acceptor
dye co-immobilized in a host matrix together witiP&8A (Amao and Komori, 2005;
Biltzingsléwenet al., 2003; de Vargas-Sansalvaabal., 2009; Lakowiczt al., 1993).
To produce optimal FRET, the two chromophores shbelin close proximity and have
good overlap of acceptor excitation and donor ewomsspectra. In this case, LT based
detection with a single excitation source and ptdetector can be realized (Bur&teal .,
2006). However, systems accomplished with Ru(llinptexes have relatively short
lifetimes and lifetime changes (Kosehal., 1998; Neurautest al., 1999).

In this work, we describe a polymeric solid-stat€,Csensor which uses
phosphorescent Pt-porphyrin (PtTFPP) reporter adesgnsitive acceptor (NP) dye
pair, solution FRET scheme and LT measurements.s€éhsor material was optimized
for food packaging applications and underwent tedacharacterization with respect to
its CO, sensitivity, response and recovery times, stgbiitoss-sensitivity to oxygen
and temperature. Sensor behaviour upon storagepectional stability in packaged
foods were evaluated, and migration of sensor comg® into food was examined

using standard panel of food simulants.
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3.2 Experimental

3.2.1 Materials

PtITFPP dye was from Frontier Scientific (Carnforth). o -naphtholphthalein
(NP), poly(Isobutyl methacrylate) (P(1IBM)), ethyl eltulose (EC),
cetyltrimethylammonium hydroxide (CTA-OH), tetragietmmonium hydroxide (TOA-
OH), tributyl phosphate, acetic acid, lactic addgHCG;, NacCl, sucrose, olive oil,
ethanol, hexane, ethyl acetate, trifluoroacetid &€FA), toluene, acetonitrile were from
Sigma- Aldrich. Mylar® polyester film was from DwhRt. 1.5 ml HPLC vials with caps
were from Agilent (Ireland). Aqueous solutions wereepared using Milli-Q grade
water (Millipore). White trays for MAP with the diemsions 203 mm x 146 mm x 47
mm (L x B x H) made of polystyrene-EVOH- polyethyée were from Bachmann
Forming AG (Hochdorf, Switzerland) and Satina® seglfilm was from Cryovac
(UK). Oxygen, nitrogen and carbon dioxide gasesewsupplied by BOC (Cork,

Ireland).

3.2.2 Sensor Fabrication

Optimized CQ sensors were prepared by mixing 0.05 mM PtTFPP2a8fb w/w
P(IBM) dissolved in toluene with NP (13.44 mM an@ @M) dissolved in methanol
containing TOA-OH and CTA-OH (2.4% and 3.0% w/wspectively). The resulting
cocktail was applied with a micropipette inuRaliquots on Mylar foil and allowed to
dry overnight in a fume hood. Thus, uniformly caled sensor spots (approximately 8
mm in diameter and ~2m thick) were produced. Other G®ensor formulations were
produced using the same fabrication method ancerdifit concentrations of the

ingredients (specified in the text).
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3.2.3 Sensor Characterization

Sensor spots on Mylar support were cut out as 13x180 mm pieces and fitted
inside a quartz cuvette or in 13 mm x 13 mm piemed fitted in a metal flow cell
connected with PEEK tubing to a precision gas ngxianit (LNI Industries,
Switzerland). The flow-cell with the sensor was eied in an absorbance or
fluorescence spectrometer where optical measuremeate conducted. Absorbance
measurements were carried out on a HP8453 diodg-&fv-Vis spectrophotometer
(Agilent). Phosphorescence excitation and emisspectra and lifetimes were recorded
on a fluorescence spectrometer Cary Eclipse (VariBhosphorescence decay was
measured under the following settings: excitatioavelength - 390 nm, emission
wavelength — 647 nm, slits — 5 nm, and lifetimesreveetermined from single
exponential fits. For calibration, sensors weresliled sequentially with 0%, 1%, 2%,
5%, 10% and 100% of Ccorrespond to 0 kPa, 1 kPa, 2 kPa, 5 kPa, 10 KiakPa;
in the following text percentage values will be ey at constant temperature (4°C,
14°C or 24°C). After sample equilibration with ¢;@ standard phosphorescence decay

curve was recorded and then fitted.

3.2.4 Stability Studies

In shelf-life stability studies, sensors were stioa¢ -20°C, 4°C and 22°C (RT) for
the specified time, then brought to RT for 30 nmmeasured at this temperature and
compared with freshly made sensors. Each sensomeasured repeatedly at several
different storage times and then average signails wsed to construct profiles.

In the food trials sensors were exposed to reagdatomixed salads in white
polystyrene-EVOH- polyethylene trays (dimension320m x 146 mm x 47 mm (L x B
x H), volume: 750 ml). The commercially Florettdashpouch, contained the leaves
frisee, lambs, lettuce and radicchio, was purchaecth a local retailer. After
incorporation in packs (3 sensors and 30 g of smlahch pack) the packs were sealed
with Satina film under @= 21.55% and C®= 6.6%, 100% humidity and stored at
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3.5°C. During storage gas composition inside thekpavas controlled with a needle-
type Checkmate 99000, gas analyzer (PBI Dansensor). On days 0, 11 andriz6
pack was sacrificed, sensors were extracted and ¢haracteristics were analyzed

under standard conditions on the Cary spectrometer.

Migration of sensor components was studied as bestpreviously (O’Riordaet
al., 2005), using standard set of food simulants aralyais of migrating components
(PtTFPP and NP) by HPLC. Sensors were submergddrmi of each simulant and
incubated in a capped vial for up to three week878C on a shaker. From aqueous
simulants hydrophobic PtTFPP was recovered by etdra with equal volume of
hexane: mixing 60@l of each, agitating on a shaker overnight, sepagahe organic
layer and analyzing it by normal phase HPLC. Thearmolar NP dye was analyzed
directly by reversed phase HPLC.

An HPLC 1100 series system (Agilent) consisted ofgaaternary pump,
autosampler, and diode-array UV-Vis detector wasdu®tTFPP was analyzed on a
normal phase column SGMS-250 HILIC WPSD (4.5 mn®8 fnm, 2um) equillibrated
with hexane, in which i aliquots of samples were injected and eluted véth
ascending gradient of ethyl acetate (0-20% ovanitf. PtTFPP peak was identified by
spectral analysis and quantified based on the padk and calibration produced with

the standard.

Similarly, NP migration was assessed on a revepsse column ZORBAX
eclipse XDB —C18 (4.6 mm x 50 mm,Bn) (Agilent), in which 5ul aliquots were
injected in water/1% TFA (solvent A) and eluted twian ascending gradient of

acetonitrile;: 0-100% over 15 min.
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3.3 Results & Discussion

3.3.1 FRET Scheme of CO: Sensing

In the FRET scheme of GGsensing, PtTFPP is acting as a donor from which
emission energy (band at 650 nm) is transferredh& deprotonated form of NP
absorbing in the same region (Fig. 3.1). The NP, aylech has pK of about 8.0, is
combined with a PTA such as TOA-OH to form ion paas it has previously been used
in CO, sensors (Amao and Komori, 2005; de Vargas-Samdaia al., 2009). The
interaction with CQ is described as: ®" xH,O + CQ ¢ AH + Q" HCO; (x-1)H.0,
were AH is protonated indicator form,” A- deprotonated form, Q- quaternary
ammonium base. Thus, 8ets stabilized in the matrix by’ Quvhereas C@neutralizes
Q" and forms a lipophilic hydro carbonate in the pady.
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Figure 3.1:Overlap of the absorption spectrum of NP (dashee {iin 100% M and
solid line — in 100% Cg) with emission spectrum of PtTFPP (dotted line).

For this system acceptor absorption is high wheniNien-paired with TOA-OH
(A" which exists at low C® concentrations), while at high GONP converts into
protonated neutral form AH which does not absor6%( nm. Therefore FRET from
PtTFPP to NP is highest in the absence of, @@ decreases to negligible values at
high CQ concentrations. Such ion-pairing sensor designllyssiaows optical response

to CO, and allows tuning of sensitivity by changing pHisiéive dye or their pKvalue,
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the PTA (Bultzingsléweret al., 2002), readout modality (absorbance or fluoreseen

and spectral characteristics by selecting the tepdye.

3.3.2 Optimization of Sensor Composition

For the new FRET based G®ensing scheme PtTFPP was chosen as reference
dye. Ruthenium dye, although showing a good spectr@rlap with the indicator and
reduced cross-sensitivity to,Chas much shorter LT, smaller response t@ GO2 us)
(Biltzingslowenet al., 2002; Kosclet al., 1998), and higher hydrophilicity which may
result in significant leaching. Firstly, it was ®ssary to optimize sensor composition to
produce sufficiently high phosphorescent signaggjiicant LT changes which are easy
to measure and which occur within the desired, @dge (ideally 0% - 100%). Very
high concentrations of the dyes can interfere wehorter emission (PtTFPP) due to
excessive FRET or self-quenching. Whereas at lonceatrations, phosphorescent
signals, FRET efficiency and lifetime changes bee@mall and hard to measure. We
therefore prepared sensor formulations with difieencentrations of PtTFPP, NP and
guaternary ammonium base. Two different polyme(d), with and without tributyl

phosphate plasticizer and EC were assessed.

From this screening (results not shown), P(IBM) wasosen as preferred
encapsulation matrix, (one component matrix), bpdobic and producing
reproducible results. The use of plasticizers waandoned as they produced sticky,
semi-liquid structures, not very suitable for fomad packaging applications. We then
produced P(IBM) based sensors having different asitipn (Table 3.1) and examined
their spectral characteristics, response ta (D room temperature and constant=0
0%) and physical properties (appearance, liquieiy.).
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Table 3.1: Composition of optimal sensor formulatiGsensor 1) and sensors with
altered PtTFPP (sensors 1, 2, and 3), NP (sensdrarid 5) and TOA-OH (sensors 1, 6

and 7) content in dry material.

i’gig Sensor 1l Sensor 2] Sensor 3 Sensor 4 Sensor 5| Sensor 6| Sensor 7
sensor [mM] [mM] [MmM] [MmM] [mM] [mM] [mM]
PtTFPI 1.C 2.C 6.C 11 0.€ 1.C 1.C

NP 27C 27C 27C 74 444 27C 27C
TOA-OH 78¢ 76% 75¢ 83t 72% 39t 157¢

In the first place the response to £€an be seen as a colour change from blue to
colourless (Fig. 3.2). This feature is advantagdousemi-quantitative visual detection
of CO, leaks in packages. Notably, most of the changesensor absorption occurred

within 0% - 10% CQ range, at higher CQOevels no further color changes were seen

(flat response).

Figure 3.2:The colour change in Sensor 1 mainly takes pladaéerrange of 0 — 10%
CO,, but is depicted for the entire range up to 100%.C

Fig. 3.3A shows phosphorescence intensity signal$58 nm under 390 nm
excitation (correspond to PtTFPP, NP is non-lungeaf from Sensor 1 at different
CO, %. The phosphorescence intensity is increasinggiieh CQ concentrations and
higher PtTFPP concentrations. The sensors were edposed to alternating GO

concentrations (100% and 0% &Gt RT) while monitoring their phosphorescence
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intensity signal. Fig. 3.3B shows that they respmhih a reversible manner changing its
phosphorescent signal from 32.5 to 6.5 intensititsurSensor response time when
changing from 0% to 100% G@vas 1 min (99.9%) and recovery time - 4 min (99.9%
Smaller steps of COconcentration were seen to produce similar respadinses (not

shown). Signal drift during the measurement wasomirUnder intense constant
illumination the sensor showed a drift of 6.5% peur, which was quite acceptable for

the application.
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Figure 3.3:A) Changes in phosphorescence intensity (650 nm) in response to GO
concentration for three different sensor formulagioR= = 0.946, Re = 0.961, KA =
0.921 (exponential fit). B) Response and recovenetof sensor 1 to alternating of
100% CQ and 100% M

The observed changes in phosphorescence intengitgl can be due to FRET
and/or reabsorption of PtTFPP emission by NP. Tbetribution of FRET to the
guenching can be devised by measuring changes asppbrescence lifetime at
different CQ levels (reabsorption does not affect the lifetinfg)d indeed, this system
showed significant changes in the LT of PtTFPP @sponse to changing GO
concentration. Fig. 3.4A illustrates the changephinsphorescence LT for the different
sensors from Table 1 measured at 100% @@l 100% B One can see, that increased
PtTFPP concentration (sensors 1,2,3) had a smidttebn the sensor, causing a

moderate increase in LTs at 100% £&nhd 100% M but changing substantially the
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sensitivity. The NP (sensors 1,4,5) and TOA-OH &®8em 1,6,7) concentration
dependence of the response produced a bell sh#pethe optimum close to Sensor 1
composition. From Fig. 3.4B one can conclude thBt PP concentration of 1.0mM
provides the most appopriate sensitivity and phosgdtent signals. Based on these

results, sensor 1 formulation was selected for rdeteiled investigation.
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Figure 3.4: A) LTs of different sensor formulatiofsee sensor 1-7 in Table 1),
measured in 100% GGnd 0% CQ (T = 24°C) and B) Calibrations for sensor 1, 2 and
3.N=3.

3.3.3 Detailed Characterization and Stability Study of Sensor 1
Formulation

Sensor UV-Vis absorption and spectral changescatasing C@concentrations in
the gas phase are shown in Fig. 3.5. One can sealtsorption is dominated by NP
which produces a large reduction in absorbancéenrégion of PtTFPP emission (650
nm) by converting from the charged deprotonatethfmto uncharged protonated form:
A’ (coloured) + H < AH (colourless). The changes in absorbance atingrgQ
concentrations are concurrent with the changeshiosphorescence intensity of the
sensor. Soret absorption band of PtTFPP can alsedreas a small shoulder at 390 nm.
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Figure 3.5: Changes in UV-Vis absorption for Sensdormulation at different CO

concentrations. Inset showsgsfas a function of C&%.

For the long-decay emitting PtTFPP, we anticipatexss-sensitivity to &) which
can penetrate the polymer matrix and quench thespgitarescence lifetime.
Phosphorescence lifetime-based sensing of ®&s the main goal of this study. We
therefore conducted detailed lifetime calibratiohghe CQ sensor at several different
temperatures (4, 14 and 24°C) and c@ncentrations (0-21%). This allowed us to

reconstruct the 3-dimensional calibration map. f@seilts are shown in Fig. 3.6.
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Figure 3.6: Lifetime calibrations for Sensor 1. A) different G, levels (T = 4°C),
exponential fit: R@ = 0.983, Ré = 0.989, RA = 0.945 and R¥ = 0.981; B) At
different temperatures ¢G= 0%), exponential fit: R& = 0.998, R = 0.995 and Ré=

0.983; and C) C®3-D surface for different CO& O, concentrations (T = 4°C). All
points represents N = 3.

The majority of existing C@sensors are known to have limited shelf-life, #mel
reason of that is not very well understood (Ferear8Sanchezt al., 2007; Mills and
Skinner, 2010). We therefore investigated this ueatfor the new sensors under
different storage conditions. Firstly, batches ehsors were incubated at different

temperatures over several weeks in air atmosphadetested measuring their basal
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lifetime and CQ calibration every 3 days for the first 3 weekssnthonce a week.
Increased basal lifetime in pure nitrogen and Visaéor change can be used for the
assessment of sensor deterioration. Figure 3.7vslloat at RT the sensors are stable
for up to 8 days, but then quickly go off within €ays. At 4°C they were usable for up
to 2 weeks and then started to deteriorate butraueh slower rate (several weeks).
Finally, at -20°C no deterioration occurred andreaéer 50 days the sensors remained
usable.
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Figure 3.7: A) Storage stabilityof the FRET £€6ensors at RT, 4°C and -20°C. B)
Headspace gas composition in food packs durindokbet trial. X symbols show in both

figures the sensor characteristics during the toati(in ps).

Secondly, the sensors were brought in gas contéictfeod products (green salad
leaves), sealed under the definega@®@d CQ composition and monitored over 3 week
period (Fig. 3.7B). Gas composition inside the gaeskas monitored by means of a
needle-type Dansensor analyzer (residuala®@d CQ). At certain time intervals the
sensors were extracted from the packs and testedré&sults on day 0 and 11 showed
no loss in C@ sensitivity, and even on day 26 the lifetime slgnaeasured in pure N
was only slightly increased (see symbol X in FigZA). These results demonstrate that
exposure of the sensors to food and standard packagnditions (at least the ones
used in this particular trial) did not affect muitie sensors which remained operational

even after several weeks. This is a promising tefeul food packaging application
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which typically requires the same time scale. Ae tkame time, more detailed
investigation with other product types, packagimgl storage conditions is deemed

necessary.

Sensors inside the packs can have contact wittiothet Therefore, migration of
sensor components into food was evaluated. Fomptnigose a representative panel of
food simulants suggested by FDA/EU guidelines (Faiod Drug Administration, 2002;
European Economic Community, 1985 and 1997) wasentak which simulants the
sensors were incubated for a period of up to 3 weekile monitoring their
characteristics. The two main components of thesmen PtTFPP and NP- were
analyzed by HPLC to determine the amounts migratitgthese simulants (Table 3.2).
Prior to this analysis, retention times were deteeth for these materials and
calibrations were generated resulting in linear cfioms: Intensity[PtTFPP] =
3.4538*[Concentration ipg/ml] (R? = 0.9896, 3.4 min at 390 nm) and Intey[dlP] =
1.5517*[Concentration ipng/ml] (R2 = 0.9969, 7.5 min at 310 nm).

In all six aqueous simulants no traces of test tamoes were detected over the 21
day incubation period. Both components were tegtesitive in 95% ethanol, and
PITFPP was less prone to migrate than NP. In d@ivand 95% ethanol PtTFPP was
found to leak out progressively reaching a maxinairabout 70% (0.12-0.13g/ml) of
the total amount in the sensor on day 21. Siméauits were obtained for NP in 95%
ethanol, starting at a slightly higher level of 74%.08ug/ml) on day 7 and reaching
100% (21.65:9/ml) on day 21. In 50% ethanol it kept constardgrahe 21 day period at
about 50% (9.86-10.54g/ml). At the same time, according to the directiecoholic
food is usually represented by 10% ethanol, ansloh simulant no sensor leaching of
sensor components. It is worth noting that 95%rethevas used as positive control and
as a substitute simulant to assess the migratinfatty food since olive oil was not

possible to use in reversed phase cromatographysisia
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Table 3.2: Migration of PtTFPP and NP into diffdremedia over a period of 21 days.

The values in brackets represents the percentaitpe abmponent migrated.

Dye PtTFPP, ng/ml, %] NP, [ng/ml, %]
Incubation time

[days] 7 14 21 7 14 21
Simulants

EtOH, 95% 0.07 (41) 0.06 (35) 0.12(69)| 16.08 (74) 18.66 (86) 21.65 (100)
EtOH, 50% ND ND ND 9.86 (46) 10.57 (49) 10.15 (47)
EtOH, 10% ND ND ND ND ND ND
Olive oil 0.10 (59) 0.11(65) 0.13(73 NM NM NM
Acetic Acid, 5% ND ND ND ND ND ND
Lactic Acid, 3% ND ND ND ND ND ND
NaHCO3, 3% ND ND ND ND ND ND
NacCl, 3% ND ND ND ND ND ND
Sucrose, 20% ND ND ND ND ND ND
H,0 ND ND ND ND ND ND

ND- Not detectable, NM- Not measured

The risk of exposure to chemicals has been weluchented and LE values of
6400 mg/kg (oral intake of rats) are stated (wwwrokig.com). For humans, EU
guidelines (Commision Directive 2002/72/EC, 2008) rtbt give a specific migration
limit (SML) specifically for IBM monomer, howevemethacrylic acids have an SML =
0.05 mg/kg. The amount of P(IBM) in one sensornly &0 ng, hence the level of IBM
that can potentially migrate into food is too loavlde significant (even when assuming
that all P(IBM) converts into its monomer IBM). Dyare normally not used in food
packaging so there are no guidelines for SML ociipgations regarding daily tolerable
intake or LD50. The amounts leaching from the sems®5% (50%) ethanol and olive
oil were quite high, however such conditions do @otur in practice as the developed
sensors are not intended to have much contactfestth They are normally used in the

headspace and can be protected from food with-pe@seable membrane or coating.
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3.3.4 Sensor Fine-Tuning for Packaging Applications

Temperature sensitivity, although representing gomasue for sensor operation,
can be dealt with by conventional means. For exampmintaining samples at known
temperature or measuring temperature with a T-pootaebuilt-in contactless IR sensor
(Buydenset al., 2006). Sample Ocontent is another variable parameter which can
affect the signals from the GQ@ensor . For example in food products package@rund
modified atmosphere residuab ©an fluctuate over time (Fig. 3.7B) as a resulOgf
permeation through the package (Kétnal., 2005; Wanget al., 2010), uptake by the
product (Simpsoret al., 2009), microbial spoilage (Kinet al., 2011) or package
damage. The strong dependence of sensor respong® a@oncentration therefore
necessitates its parallel assessment and compmangairing operation of the GO
sensor. In particular, this can be realized asxdeia sensor, in which the G®ensor is
paired with the PtTFPP based §&nsor that can be measured with the same ingttume
Phosphorescence lifetime basegdd®nsing is a well-established approach and therefo
we produced PtTFPP-P(IBM) sensor and calibrateat itlifferent temperatures. The

calibrations are shown in Fig. 3.8, both in lifeéirscale and Stern-Volmer plots.
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Figure 3.8: Qcalibrations at temperatures of 24, 14 & 4°C. In&érn Volmer plots
show good linearity, R& = 0.9813, y = 0.3129x; ®2= 0.9818, y = 0.2534x; R2=
0.9827,y = 0.207x.

Based on these experiments, algorithms for theutalon of CQ levels in
unknown samples can be worked out for the tandes/@Gensor. As a result, from
lifetime readings from the two sensors and respeatalibrations (e.g. those shown in
Fig. 3.6C and 3.8), both,Gand CQ levels can be determined. At the same time, one
should keep in mind that performance of the.@@nsor deteriorates at high @vels
(above 10%), and C{zoncentrations above 10%, since in these conditatibration
functions become flat. Furthermore, the lifetime thle sensor stored at higher

temperature (RT) was significantly reduced.

Trying to extend the range of G@oncentrations that can beeasured accurately
and reliably, we produced sensors with CTA-OH adeitThe size and shape of the
ammonium cation may influence the sensitivity & #ensor depending on how strongly
the positive charge is shielded from the protonapteup. By applying a PTA with a
smaller or less spherical group (Bultzingsléwetral., 2002), for example using CTA-
OH instead of TOA-OH, the sensitivity can be redludi&e it was reported for CO
sensors consisting of 1-hydroxypyrene-3,6,8-trisudte (HPTS). Fig. 3.9A and B
depicts that the use of CTA-OH in the FRET sensomtilation (CTA-OH: 1230 mM,
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P{TFPP: 0.8 mM, NP: 564 mM in solid sensor) broadetihe range of measurable LT
values reduced the sensitivity to £€@his comes along with a lower sensitivity in the

- 2% region but a broader measurable, @&ge spanning up to 40%. The response and
recovery time to C@for this sensor were 3.5 min (99.9%) showing amaase of 2.5
min and decrease of 0.5 min with respect to sehstvhen stored at RT these sensors
remained stable for up to 2 days and then quicldgtveff within a few days. At 4°C the
sensors were usable for up to 9 days and then afegtadually until day 19. Finally, at
-20°C no deterioration occurred and even after 8 dhe sensors remained usable
(Fig. 3.9D). The CQ sensitivity possessed by the TOA-OH sensors ifalsia for
MAPed fruits and vegetables (0-10% with some exoap}, fresh pasta (0%), dairy
cakes (0%), dried/roasted foods (0%). On the dihed, high C@levels of above 50%
CO, normally used red meat, poultry, white and oighfiMcMillin, 2008; Parry, 1993;
Sandhya, 2010; Sivertsvié& al., 2002) are not possible to analyse with the ctirren
sensors. It is still desirable to extend the mesment range furter to 100% GO
however the current FRET system suffers from tlok Iaf suitable acceptor dyes for

covering the whole range of G@oncentration8-100%.
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Figure 3.9: A) Calibrations of the CTA-OH sensors different CQ and Q
concentrations, at 4°C; B) Calibration at diffetemnperatures 4°C, 14°C and 24°C, 0%
O.. (N = 3); C) Response and recovery time of,Génsor with CTA-OH to alternating
of 100% CQ and 100% I D) Storage stabilityof the G&ensor with CTA-OH at RT,
4°C and -20°C.

3.4 Conclusions

The new FRET based GGsensor (with TOA-OH) is described which shows
potential for food packaging applications on disie basis. When the sensors are
stored at -20°C their shelf-life exceeds 50 days decreases gradually at higher
temperatures to a few weeks at +4°C and less twarel at room temperature. Because
of its intended use in packaged foods the sensa tested for migration of its

components which was undetectable for both dyewater based simulants and
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detectable only in olive oil and high percentagerbl. These disposable sensors show
robust changes in phosphorescence LT of the PtTE&RP in response to GO
concentration, fast response and recovery timesnpa@ced to the absorbance or
fluorescence intensity based £€ensors, the long-decay FRET system is advantageou
since it enables stable calibration and simple aetdf the optical signal. The use of a
long-decay phosphorescent indicator dye, such ag&HR, and an absorbance pH
indicator dye, likea-naphtholphthalein, provides accurate readout o Géhtent with
relatively simple instrumentation. At the same tiehows significant cross-sensitivity
to O, and temperature, which can be compensated bylglanaéasurements with a
tandem @ sensor or a T-probe. By changing the PTA from TOW-to CTA-OH it is
possible to shift the sensitivity of the sensomfrbigh to low tuning it to the desirable
range. These sensors possesses slightly changemhsesand recovery times and shelf-
lifes at different storage conditions. They alsoduce a colour change, which can be

detected visually.
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Chapter 4: Development of Rapid TVC Tests for Different

Food Matrices Using Phosphorescent O: Sensitive Probes

4.1 Introduction

Food is generally a highly perishable product owiagts high @ (Abbaset al.,
2009), relatively high pH and the presence of atitolenzymes (Robertson, 2006).
Microbiological criteria for all packaged food prerts are subject to health and safety
regulations. In particular, shelf-life of food prerts is controlled by the Regulation
(EC) No 2073/2005 (Ireland) by applying the totatabic viable counts (TVC) method
which provides quantification of viable microorgamis in a sample. Traditionally, TVC
has been done by agar plating technique which ntyrnekes 24-48 h to generate
results (1S0O:4833:2003, 2003). This macro-methodoles multiple dilutions of
sample and manual or semi-automated readout (caumti grown colonies). When
dealing with rapidly deteriorating products suchras meat, fish or green produce, a
more rapid, simple and automated micro-method whicivides determination of TVC

in large number of samples is highly desirable.

A number of tests and systems for TVC determinataiternative to the
conventional agar plating method (1SO:4833:2003Haeen described. These methods
utilize different chemistries, detection principlesd instrumentation, and include
Petrifilm TEMPO® by bioMerieux (Blackburgt al., 2008), Simplate® by BioControl
(Townsend and Naqui, 1998), impedance based syskARBHT® by Don Whitely
Scientific and BacTrac® by Sy-Lab (Hattug al., 2002); and optical MicroFoss
(Odumeru and Belvedere, 2002) and oxygen respirgm(&@'Mahony et al., 2005;
Papkovsky, 2004).

In particular, optical micro-respirometry uses pitusrescence based oxygen
sensing probes, standard 96-well plates and floergsreader detection to monitor
growth of aerobic cells and micro-organisms vidrthespiration. Its initial food safety

application has been developed for raw meat (O’'Mated al., 2009), in which TVCs
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of meat samples are determined directly in crudendgenates prepared in peptone
buffered water (PBW) medium by standard stomacneghod. This screening assay
has been successfully validated with different sypé meat samples (raw beef, pork,
lamb and poultry) and also certified by the Amemic@rganization of Analytical

Chemists (AOAC) for use in food industry. It hasambeen adopted by a number of

meat producing companies and food safety labs.

Fresh fish by nature has a low microbial load batkrnally and externally. The
muscle tissues are usually sterile in healthy fighile large populations of bacteria are
present on the external surfaces, gills and imtestiThere may be as many aé1@
bacteria per cfon skin surfaces (Gram and Dalgaard, 2002; Rohijn&@00). As soon
as fish is caught and processed, a series of b@otgcal, chemical, physical, and
histological changes develop in the muscle tissderefniah, 1996). Significant
microbial spoilage and chemical changes in fishseaensory changes to a degree that
it becomes unacceptable to the consumer. Autolgiiemical and microbiological
processes produce undesirable sensory changeshinwhich include discoloration,
changes in texture, odour and flavour as well aseskand gas formation. Microbial
growth is the main reason for the development dflavours and odours rendering fish
products unacceptable or spoiled (Gram and Hus3§;1Robinson, 2000). The high
degree of perishability of fish has limited its samption in a fresh state to areas close
to capture. To preserve the freshness of fish mtsduespecially during prolonged
transportation and storage, and extend their difelfvarious packaging and holding
temperature techniques are used, including freeemgjing, refrigeration (Daviest al.,
2009), vacuum and modified atmosphere packaginglfin et al., 2008; Sivertsvilet
al., 2002). At the same time, prolonged storage aadsportation requires efficient
control measures, to ensure high quality and safefish products (whole fish and cut
pieces). In particular, their microbial load hascarefully controlled and maintained

below the acceptable threshold levels.

The fresh produce market has changed dramaticaler the last 2 decades,
reflecting the new consumer demands and technabgmmovations in harvesting,

production and packaging. Consumers are eating rfresh produce, purchasing a
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broader variety and demanding more convenienceuptsduch as ready to eat salads
(Dimitri et al., 2003). Since fresh produce is still alive andpm@sg post harvest, it
requires rapid processing, adequate packaging anttofled storage conditions. A
number of techniques can be applied to increasastigH-life and sensory quality and
reduce microbial degradation, including geneticiateon (Hayes and Liu, 2008),
chilling (Lee, 2008), rational choice of packaginmterials (Kimet al., 2005, Lee,
2008, Seglina, 2009), the use of biodegradablesfi{del Nobileet al., 2008),warm
chlorinated water treatment (McKelletral., 2004) and modified atmosphere packaging
(MAP) (Allendeet al., 2004; Jacxsergt al., 2001; Rojas Graét al., 2009; Wanggt al.,
2010). MAP, in combination with refrigerated temgtere, seems to be the most
efficient and well understood strategy to maintagnproduct quality and enhancing
shelf-life. Traditionally, reduced £41-5%) and elevated G@5-10%) levels are used to
reduce respiration, product transpiration and ethglproduction (Rojas Grad al.,
2009). In recent years, elevated, @vels (>70%) combined with elevated £0O
concentrations (10-20%) (Amanatidetual., 1999; Jacxseret al., 2001; Van der Steen
et al., 2002) have been applied to inhibit growth of nalty occurring spoilage
microorganisms, prevent undesired anoxic proceasels maintain freshness. Using
optimized packaging material it was possible tote@rissue browning and senescence
by matching the oxygen transmission rate (OTR) loé tpackage and oxygen
consumption by the product (Kiet al., 2005). On the other hand, to assure good taste,
visual appearance and low microbial load (totablacounts, TVC) of MAP green
produce, it is necessary to deploy adequate cosystéms. In particular, headspace gas
composition and TVC are the key quality parametérch can inform on the physico-

chemical and microbiological status of individuatgs, respectively.

In this study we applied the optical oxygen micesgirometry assay methodology
(Papkovskyet al., 2006) using a commercial GreenLibhtprobe to develop a similar
TVC test for fresh fish and salad samples. In sadbst, the probe produces a large
increase in phosphorescence upon the depletionissblded oxygen by growing
microorganisms, which occurs when a certain le¥eéspiration is reached (threshold).

For different samples fluorescent profiles are efgxto be similar in shape, but shifted
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with respect to each other according to theirahifivC load: samples with higher TVC

values break the signal threshold earlier, with TOMC - later. The samples are patrtially
sealed with mineral oil to reduce back diffusionatrhospheric oxygen. Using different
food matrices, we investigated matrix effects orsags performance, performed

optimization of assay parameters (dilutions, volantening) and generated calibrations
for each type of food matrix. The assays were atdid with a panel of unknown fish

and salad samples and benchmarked against convalrgigar plating TVC test.

4.2 Experimental

4.2.1 Materials

Samples of salmon, cod, whiting, plaice and madKédets were purchased from
local retailers in Cork. Salad samples were pravioy a local fresh fruit and vegetable
company based in Dublin, Ireland. Sterile PBW wappred fresh using the ingredients
from Sigma-Aldrich Corp. (St Louis, MO) and Milli-Qater (Millipore, Billerica, MD).
A Stomacher machine and sterile stomacher bags fwereSeward, Ltd (London, UK).
Sterile 96-well flat-bottom microplates with lid ©ha of clear polystyrene were from
Sarstedt (Niimbrecht, Germany). The Greenl§tixygen probe and mineral oil were
from Luxcel Biosciences (Cork, Ireland). Plate Agaas from Merck (Darmstadt,
Germany). White trays for MAP (203 x 146 x 60mm)dmaof polystyrene-EVOH-
polyethylene were from Bachmann Forming AG (Hochd@witzerland) and the
Satina® sealing film was from Cryovac (St Neots,)URxygen, nitrogen and carbon
dioxide gases supplied by BOC (Cork, Ireland) weckinto the MAP tray sealer (type:
VS100BS) from Gustav Miller & Co. KG (Bad Hombuf@grmany) connected through
a gas mixer (type: KM1003MEM) from WITT-GASETECHNIKGmMbH & Co. KG
(Witten, Germany).
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4.2.2 Methods

4.2.2.1 Respirometric TVC Assays

The assay was performed as follows: A Greenl[jiprobe was reconstituted in 10
ml of sterile PBW to produce stock solutidrood samples (10 g) were placed in a
stomacher bag together with 90 ml of PBW and homizgel for 1 minute. After this,
100 ul aliquots of the homogenate were transfetoethe wells of a 96 well plate.
Subsequently100 ul aliquots of probe stock and 100 pl of miheria (seal from
ambient oxygen) were dispensed in each well. Tlaepilvas then placed in the
fluorescent reader and monitored at 30°C usings#téngs recommended for each
instrument (see below) to determine threshold tif&) for each sample. The
Phosphorescence intensity threshold was set toOBeFU (fluorescence units) and
lifetime threshold - 32us. To summarize, the respirometric TVC assay iregusdix
simple steps according to the flow chart shown che®ne 4.1. Compared to the
previously described assay for raw meat (O’Mahenwl., 2009) the procedure has
been rationalized to three 100 pl pipetting steggpuiring just one micropipette. The
homogenization step and medium used are the sane @mventional agar plating
TVC method. Plate preparation time should be kepa tminimum (typically 15-20

minutes).
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1. Take 10 @f eachFood Sampleand 90 ml of sterile PBW,
homogenizén stomacher bag for 1 minute
!

2. Dispense 100 ul aliquots lmdmogenatesnto wells of a sterile 96WP

!

3. Reconstitute a vial @reenLight™ probe in 10 ml PBW and
dispense 100 pl into sample wells (negative cotigrasually included)
!

4. Dispense 100 pl ohineral oil to each well (seal from air oxygen)

l

5. Read the plate dfluorescent readerat 30°C for 2-12 hours
!
6. Analyze measured fluorescence profiles, determine (usiftgvare)

the TT values and cfu/g load for each sample

Scheme 4.1: Flow chart of the respirometric TVGagiss

The respirometric assay can be run on differerdgrfiscent readers, for example
Safire (Tecan), Victor2 (Perkin Elmer) and Omeg8@® readers which are spectrally
compatible with the probe and allow temperaturetrcbrand measurements in kinetic

mode in 96 well plates. To generate TT data withdfmatrices, we used the first 2 plate

readers with the following settings:

A) Safire (Tecan, Switzerland): measurement mofligorescence; excitation filter

— 380 nm; emission filter — 650 nm; gain - 60.
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B) Victor2 (Perkin-Elmer): emission filter - D642xcitation filter - D340, delay
time 1 — 30us, delay time 2 — 7(s, window time — 10@s, integration time —
1000ps.

4.2.2.2 Conventional TVC Test

Conventional TVC test on agar plates was performecbrding to the standard
ISO: 4833:2003 method, using PBW medium, incubatbr80°C and counting the
colonies of bacteria after 48 hours (1ISO:4833:2QU83).

4.3 Food Matrix: Fish

4.3.1 Experimental Design

During the initial set-up of the assay, positivatrols (medium spiked witk.coli)
and blanks (medium without probe) were includeckisure sufficient sensitivity and
proper operation of the instrument. At later stapese controls are not necessary. Plate
preparation time should be kept to a minimum (<n#fQutes). Where appropriate, the

same homogenates were also used in agar platingtdtCsee below).

To determine possible matrix effects, respiromatmgasurements were conducted
at several different dilutions of fish homogenate®0, 1:40, 1:80 and 1:160 dilutions.
Spiking with E.coli was also used to assess matrix effects on micr@p@akth and
calibration. In this case, frozen cod filet (haw I®VC as tested by agar plating) was
thawed for 3 hours at room temperature, homogeniz&BW, then spiked witk.coli

stock to produce concentrations between %*a0d 5+10 cfu/g, and measured as above.

To generate TVC calibration, sets of samples ofdifierent types of fish were
prepared and analyzed in parallel by the respiroméest (using 1:20 dilution of
homogenates) and by conventional 1ISO test. Thdtsasere plotted against each other

(TT vs cfu/g) and fitted with linear regression ¢tion to produce combined calibration.
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To validate the new TVC assay, a panel of freshm $@mples with unknown levels
of microbial contamination (salmon, cod, mackewhiting, N = 169) was obtained
from local retailers on different days, several pl® each day. Each sample was tested
by the new respirometric test and their cfu/g valueere determined by applying the
combined calibration. In parallel, the samples wamalyzed by the conventional TVC
test (1SO:4833:2003 method) and the results werepaped and plotted against each
other to establish correlation.

To test the ruggedness of the respirometric assaydifferent types of errors were
introduced: pipetting volume and probe concentrat{dable 4.1). Since standard
protocol involves 3 consecutive additions of 10/plumes (Probe + Sample + QOil), an
error in each was introduced applying a lower (TDgmnd higher (120 pl) pipetting
volume. An error in probe concentration was intrmetliusing a lower (50%) and higher
(150%) probe dilution compared to the standard itmmd. The effects of these errors
were tested at two differemontamination levels: fal0° cfu/g (low) and 10 cfu/g
(high), with negative controls (media only, <®4fu/g) included in each test. Samples
were taken from cod filets which were stored al2#% 2 days (high cfu/g) and at 4°C

(low cfu/g), and analyzed in 5 repeats (N = 5).

Table 4.1: Ruggedness test parameters.

No. Assay Variable Standard Protocol Test Parameters
1 Pipetting volume (1 100+100+210( 70+70+7( 120+120+12
2 | Probe concentratic (%) 10C 50 15C

In the storage trials, fish samples were kept &, 44°C and 24°C, and analyzed
periodically by the respirometric and conventio®C test: daily for 4°C and 14°C
tests and hourly for 24°C (due to fast deteriorgtio
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4.3.2 Selection and Preparation of Fish Samples

Fish samples (stored at 4°C, 14°C or 24°C) werertddy cutting 10 g squares from
the edges of each fillet containing skin on theswma One fillet per type of fish
represents a fish sample (one 10 g replicate) aaxlused per testing day, analyzed in
triplicate by the respirometric method and in dcgiée by conventional TVC. Negative
controls (PBW with probe) and blanks (PBW withoutlge) were also included.

4.3.3 Statistical Analysis

The possibility of the calibration relation betwe®dC (cfu/g) and TT (h) being
modulated by other factors such as species ofdistnial effects was investigated by

fitting a general linear model in the form:

th, = u+blog(TVC,, ) +a, + B, +y; logTvC,,)

Egn. 4.1
+3,l0g(TVC,, ) +4 +4; log(TVC, ) + &,

Wherethj stands for the threshold recorded onkite sample on theth trial for
the i-th species and similarly forVCjx. Hereu stands for overall mean TT valués,
(TVC) for the overall slope of the regression of &fid logTVC), a (Species) ang;
(Trial) for the main effect on the mean of thth species angtth trial respectivelyy;
(TVC:Species) and; (TVC:Trial) for the effect on the slope of tith species angth
trial respectively®;; (Species: Trial) for the interaction (combinedjeet on the mean
of thei-th species angtth trial, ¢;; (TVC:Species:Trial) for the interaction (combined)
effect on the slope of theth species angith trial; andej. (Error) for measurement
error. For estimation and hypothesis testing, nremsent errors were assumed to have a
Gaussian distribution with identical variance and mmutually independent. The
significance of effects in model (Egn 4.1) was noeed usingF-tests computed by a
three factor analysis of variance (ANOVA) (Zar, 2D0The acronyms in parentheses
are used to represent each effect in the ANOVAetaBhsed on the significant terms
identified by the ANOVA procedure, a reduced maafehe form:
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thy = 4+blog(TVC, ) +&;, Egn. 4.2

was fitted to the data by the least square methbd.fitted calibration model was
examined for adequacy by examining the residuasnated errors) for outliers and
constancy of variability. Outliers identified byidhprocess were removed for estimating
the final calibration model. The assumption of Gaasity of measurement error was
checked using a quantile quantile plot (Venablas$ Ripley, 2002). The quality of fit
was quantified by the Fstatistic.

The respirometric TVC assay\(Cg) was computed using the relation:
TVC, :th% Eqn. 4.3
Whereth is the observed TT. The quantitigsandb are obtained from the final
calibration model in (Egn 4.2). For validation, veempare TVCr values against
standardTVC values using agar plating across a range of waidagsamples i = 1,...,

169, by linear regression:
TVC, =c+mlIVC, +¢ Eqn. 4.4

For a perfect validation, we would expect 0 andm = 1 (the line y = x), but the
actual values are likely to be different due to glamg variability. However, we can
check for adequacy of the validation by checking§5%6 of the data values are within +
1.96 standard deviation (SD) of the ideal line, gh8D due sampling variability is
estimated from the residual error of the fittedresgion model in (Eqn 4.4) (Zar, 2000).

Analysis of ruggedness testing was performed uaingo factor ANOVA (Zar,
2000) where the factors were: 1) the level of sangphtamination (high and low cfu/g),
and 2) either the assay volume (70, 100 anddp6r the probe concentration (50, 100
and 150 ml). Significance of effects was measunedgtandard ANOVA F-tests (Zar,
2000). Statistical analysis was done using thedRage (cran.r-project.org).
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4.3.4 Results & Discussion

4.3.4.1 Analysis of Fish Matrix Effects and Optimization of Assay Conditions

To assess matrix effects in the respirometric gdssty samples with relatively low
level of contamination (f010* cfu/g range, verified by conventional TVC) were
initially measured at different dilutions of therhogenates. Representative respiration
profiles for one such salmasampleare shown in Fig. 4.1A. As with pure microbial
cultures (O'Mahony and Papkovsky, 2006) and rawt rhemogenates (O’Mahonst
al., 2009), the samples showed characteristic sigrh@iddiles. In contrast, negative

samples produce flat profiles, as their oxygen eatration is not changing.

From these profiles a good linearity between mesaksuiT values and sample dilution is
seen (Fig. 4.1B processed data). The thresholbeigpbint at which the fluorescence
signal shows a sharp increase above the basal @egksponding TT is compared with
the results of conventional TVC cfu/g results whatiow that sample matrix has no
significant effect on assay performance and thadif#ierent sample dilutions the

microorganisms proliferate at about the same mtpqnential growth).

6 -
2500 -+

DT =41 min

55 RZ=0.9994
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Figure 4.1: A) Typical profiles of food samplesgesalmon homogenate) measured at
different dilutions: 1:20, 1:40, 1:80 and 1:16(fr left to right) and negative control
(flat line), B) relationship between TT (at 400 FARd sample dilution. Doubling time

(DT) calculated from the slope is shown on the grap
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To mimic the responses at different initial micrabioad, homogenate of cod sample
with low levels of microbial contamination (< 46fu/g, 1:20 homogenate dilution) was
spiked with increasing concentrationstooli and measured. Fig. 4.2 shows that spiked
homogenateproduce consistent profiles in the assay and giymear relationship
between TT and.coli concentration (cfu/ml). In this matrix, doublinigne of E.cali,

the limit of detection and maximal monitoring timere determined: 25.6 minutes, 50

cfu/g, and 10-12 hours, respectively.

2000 + 10 +

TT=-1.5263log10(cfu/g) + 12.845
R?=0.9984

1500
5.00E+07

5.00E+06
5.00E+05
5.00E+04
= 5.00E+03
—— 5.00E+02
——5.00E+01
............. " o) . ees  essess Threshold

1000 -

Threshold Time {h)

500 -

Fluorescence Intensity Units

0 4 8 12
Time (h)

2 3 4 5 ] 7 8
E.coliconcentration (log10(cfu/g))

A) B)

Figure 4.2: A) Respiration profiles of cod homogersamples (~f0cfu/g) spiked with
different concentrations of E.coli. B) Resultingateonship between TT and E.coli

concentration.

From these experiments, 1:20 dilutions of fish hgemates was selected as
standard for further work, as it provides conveoemvith pipetting (standard 100 pl

aliquots throughout) and no undesirable matrixatée
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4.3.4.2 Establishment of Calibration

To establish the relationships between the TVC/¢fand TT (h) and generate
calibrations which can be used for the analysisaofiples with unknown microbial load,
we analyzed panels of samples of different fistesy(fresh salmon, cod, whiting, plaice
and mackerel). The selection of fish was made teicthe spectrum of different types
of tissue, i.e. white and red tissue, fresh andvaes fish, flat and thick body, low-fat
and oily fish. Each sample homogenate underwermtlphanalysis by conventional agar
plating TVC method and by the respirometric asgaycounting for potentially slower
growth rates of microorganisms present in fish dampplate monitoring time was
extended to 12-16 hours.

From the ANOVA analysis (Table 4.2) it was appartdt the only significant
source of variation in the calibration relation i¥C level. More specifically, the
calibration relation is not significantly differendicross species or trial or any
combination of factors. This justifies a simple nession model of Eqn 4.2, in where

other factors are not included.

Table 4.2: ANOVA Table of general linear model éadibration data

Source D.F. | Sum of Mean Sc F-statistic P-value
Squares

TVC 1 251.4: 251.4: 97.6¢ <0.000:
Specie 3 11.4¢ 3.82 1.4¢ 0.2¢
Trial 16 40.9¢ 2.5¢€ 0.9¢ 0.51
TVC: Specie 3 6.41 2.1¢ 0.8 0.5C
TVC: Trial 16 49.2} 3.0¢ 1.2C 0.3i
Species: Trit 18 29.8: 1.57 0.61 0.8
TVC: Species: Trie | 2 3.5¢ 1.8C 0.7C 0.51
Error 14 36.0¢

Fig. 4.3 shows the combined calibration for therféigh species (salmon, cod,

whiting and mackerel), after exclusion of the tofo toutliers. We see that the majority
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of points lie within the + 1.39SD band, as expectéowever, the Rvalue is moderate,
indicating the presence of substantial variabilitythe data. The relationship obtained
from the fitting and analytical equation for consien of measured TT values into cfu/g
is given in Fig. 4.4. It is worth noting that inslon of the two outliers significantly
changes the calibration relation (it becomes TTR240(cfu/g) + 18.69). By individually
treatment of these fish types thé &d the parameters of equation are as follows, for
salmon (TT = -2.94(cfu/g) + 21.35, R? = 0.72) anitimg (TT = -2.36(cfu/g) + 18.73,

R2 = 0.70) is a higher Fobtained and for cod (TT = -2.41(cfu/g) + 19.02,5R0.53)
and mackerel (TT =-1.49(cfu/g) + 13.00, Rz = 0.8%wer one.

15

° TT=16.86- 2.1log(cfu/g)
o Log(cfu/g)=-0.48TT+8.03
R2 =0.56

10
1

Threshold time (h)

5
1

TVC (log(cfu/g))

Figure 4.3: Combined calibration curve (solid life) the fish samples (N = 75; cod:
23, Mackerel: 8, Salmon: 23, Whiting: 21), TT (h®uwrs log (cfu/g). Dotted lines
denote one standard deviation (SD = 1.39) bandnarthe calibration curve.

As already mentioned fish is a quite difficult puatito work with. It is less known
about the chemical and physical changes what adigleveloping in his muscle tissue
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post mortem and how this is influencing the respetric method. In an earlier work
performed on different types of raw meat (beefkptamb and poultry) by the same
method (O’Mahonyt al., 2009), a combined¥ 0.86 was obtained, as compared fo R
= 0.56 for the fish.

At the same time, certain fish samples, particyldrésh plaice, were seen to
produce high scattering of results of the respifoim@ssay and worse correlation with
conventional TVC test (Fig. 4.4). We explain thisfdaice being a flat fish with a low
ratio of muscle tissue volume to skin surface, ltegyin a less predictable sampling of
surface bacteria than for the other fish specistede Likewise, the scattering of results
from frozen fish samples was significantly greatesn for fresh fish, although the
calibration equation was similar. This suggests$ ffeezing impacts the bacteria in fish
tissue and affects their normal growth during tesag. Particular reasons may include
freeze damage to microorganisms by the crushingspedring action of ice crystals as
well as lethality resulting from cell dehydratioffeets. The rate of freezing, storage
temperature and temperature fluctuations duringag® influence the extent of sub
lethal injury and death of microorganisms. Thawggore injurious to microorganisms
than freezing, and the effects vary according ecEs. Even simple thawing of a frozen
microbial population without intervening storagaisas slight to moderate reduction in
number of live organisms (Robinson, 2000). Dueh®large variance of results, plaice
and frozen fish samples were excluded from furtlketing in the respirometric TVC
assay.
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Figure 4.4: The relationship between the respiramélT values and cfu/g in the
standard TVC test for plaice'( y =-1.0597x + 9.1813, R? = 0.295) and frozen {sh
y =-2.1725x + 19.92, R? = 0.639) samples.

4.3.4.3 Assessment of Assay Ruggedness

The results of assay ruggedness test with respecpigetting volume are
summarized in Table 4.3. Using this data, ruggesimess tested against two factors: 1)
the level of sample contamination (high and lowgfuand 2) the pipetting volume (70,
100 and 12Qu). To examine the relative contributions of thésetors to measurement
variation, we modeled log(Response) as a functiothem, yielding the analysis of

variance (ANOVA) results shown in Table 4.4.
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Table 4.3: Experimental data for pipetting voluraggedness test.

Pipetting Volume error Pipetting Volume error Ptpet Volume error
Log10 sampleHigh CFU) Log10 samplelfow CFU) Log10 sampleNeg Contr)
Replicate | 7Qu | 100ul | 120ul | Replicate | 7Qul | 100ul | 120ul | Replicate | 7Qu | 100ul | 120ul

1 6.79| 6.96| 6.98 1 375 3.8 3.99 1| <3 <3 <3
2 6.79| 6.96| 6.97 2 366 3.7 3.93 2 | <3 <3 <3
3 6.79| 6.95| 6.97 3 357 366 3.84 3] <3 <3 <3
4 6.79| 6.94| 6.96 4 348 35 3.66 4| <3 <3 <3
5 6.79| 6.94| 6.96 5 311 3.3 3.66 5| <3 <3 <3
AV 6.79 | 695 6.97 AV 351 365 3.8 AV
SD 0.00| 0.01| 0.01 SD 025 0.1 0.15 SD
Table 4.4: Two factor ANOVA for sample volume ruggess experiment.
Facto Degrees o Sum of Mear F-statistic | P-value
freedom Squares Squares
Microbial load 1 78.8:¢ 78.8¢ 397¢ <0.001
cfulg
Assay volum 2 0.2¢ 0.14 7.4 0.00z
Error 26 0.52 0.0z

As expected, Table 4.4 shows that the main soufce&adability is sample
microbial load ¢fu/g), whereas variability due to pipetting volume awegidual error
appear to be negligible by comparison (relative meaquare of 0.1% and 0.02%
respectively). Further analysis showed a margirgtinificant trend (p-value = 0.04) in

measurements due to change in assay volume. Wehaitthe significance occurs due

to the very small value of residual error (duedplication).

Probe concentration ruggedness test produced siregalts (Table 4.5). The main
source of variability (Table 4.6) was again sampigrobial load ¢fu/g), whereas
variability due to probe concentration and residesabr appear to be negligible by
comparison (relative means square of 0.2% and O.&Kgectively). Further analysis

showed a significant trend (p-value = 0.003) in sueaments due to change in probe
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concentration. We note that the significance ocaus to the very small value of

residual error (due to replication).

Table 4.5: Experimental data for probe concentnatigggedness test.

Probe Concentration error Probe Concentration error Probe Concentration error
Log10 sampleHigh CFU) Log10 samplelfow CFU) Log10 sampleNeg Contr)
Replicate | 50% | 100% | 150%| Replicate] 50% 100% 150% Rdipate | 50% | 100% | 150%
1 7.12| 6.97 6.87 1 421 4.03 3.98 1 <3 <3 <3
2 7.12| 6.96 6.86 2 421 4.0 3.98 2 <3 <3 <3
3 7.11| 6.96 6.86 3 412  3.99 3.84 3 <3 <3 <3
4 7.10| 6.96 6.85 4 408 3.9 3.76 4 <3 <3 <3
5 7.10| 6.95 6.85 5 3.8 3.84 3.61 5 <3 <3 <3

AV 711 | 6.96 6.86 AV 407  3.95 3.83 AV
SD 0.01| o0.01 0.01 SD 0.1y 0.08 0.1|6 SD

Table 4.6: Two factor ANOVA for probe concentratimggedness experiment.

Facto Degrees 0 | Sum of Mear F-statistic P-value
freedom Squares Squares
Microbial load 1 68.5¢ 68.5¢ 733¢€ <0.001
cfulg
Probe Con 2 0.31 0.1t 16.37 <0.001
Error 26 0.2¢ 0.01
4.3.4.4 Assay Validation

Fig. 4.5 shows correlation between the two methédsliagonal line shows the
ideal correlation between the two methods (predicteobserved line). Although the
validation trend line produced by linear regressibrof all the data points does not
match this ideal line, one can see that 93.5% ¢é& g@aints (158/169) lie within *
1.96SD of the ideal line. This is close to the etpe 95%. One can see that
respirometric assay provides the accuracy of TV@rdanation in fish samples of

approximately + 1 log(cfu/g). For a simple, fastgh throughput screening test, this
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analytical performance is considered to be readgrgidnd (though not as good as for

raw meat samples).

10

y =1.80 - 0.76x

Respirometric TVC test (log (cfu/g))

= T T T T T
0 2 4 5] 8 10

Standard TVC test (log (cfu/g))

Figure 4.5: Assay validation with unknown fish saaspfrom different retailers. Solid
line was produced using linear regression fit ef thspirometric and standard TVC test
values. Dotted line shows the ideal case, y = »onFregression SD = 0.97 cfu/g.

Dashed lines indicate sampling variability rangkeél £ 1.96SD).

In addition, storage trials were carried out toeasin the natural spoilage rates of
fish at different temperatures. It is known thatteaia grow faster at high temperatures.
The Q10-rule implies that for every 10°C increaséeimperature the growth doubles,
i.e. Q10 = 2 (Dworkin, 2006; Tjoelket al., 2008). Of course this can vary depending

on bacteria and sample used. Representative datalfoon are shown in Fig. 4.6.
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Figure 4.6: Time profiles of microbial load (loggéf)) for salmon filets stored at
different temperatures: 24°@)( 14°C @) and 4°C Q4).

After linearization of the three curves slopes webserved which increase from
4°C to 24°C with a factor of Q10 = 2.5, particyfadC = 0.31, 14°C = 0.78 and 24°C =
1.97.

4.3.5 Conclusions

A simple, rapid and robust screening test for TUYCraw fish sample was
developed which relies on fluorescence based mespiometry in standard 96-well
plates. Assay conditions including pipetting volenseample dilution, matrix effects
were optimized to streamline the procedure and ywedeliable results. The test was
applied to five different fish types: fresh codlnsan, whiting, mackerel and plaice as
well as frozen fish (all used as crude homogenateBBW) for which individual
calibrations and combined calibration were generalde test showed good correlation
with conventional TVC test (1ISO:4833:2003), analsti performance and ruggedness
with respect to variation of key assay parametprebe concentration and pipetting
volume). Although linear regression fit was notfpet (R? = 0.56), vast majority of data
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points lay within 1.39SD. At the same time, pla@ed frozen fish showed lower
correlation with conventional TVC method which damexplained by generic structure
of these fish samples resulting in a less predietabmpling and higher scattering of
data. The respirometric test was then validatetl wipanel of unknown fish samples (N
= 169), where it correlated well with conventioalC test. Although correlation trend
line produced by linear regression does not matehideal line, 93.5% of points lie
within £ 1.96SD, i.e. very close to the anticipag8&sdso.

4.4 Food Matrix: Green Produce

4.4.1 Experimental Design

The experimental design was similar to the fistdgtand included the assessment
of matrix effects, followed by the calibration andlidation. A standard sample
preparation method was used, which involves prejparaf crude homogenates (1:10)
of salad samples in PBW on a stomacher, followedubiyer dilution steps: 1:2, 1:4,
1:8 and 1:16 and subsequent monitoring of thepirason profiles. Non-linear profiles
would indicate some kind of matrix effect of theolpe what is interfering the faultless
functioning of the method. For quantitative deteration of TVC in salad samples
(cfu/g), calibration was established by preparioghnbgenates of a representative panel
of samples and their parallel analysis by the Grgm assay (at constant 1:20 dilution)
and by standard agar-plating TVC method (1SO:483332 2003). Once the calibration
has been established (combined for different typlesalads/green produce), it was
validated by analyzing another set of salad samplesir TVC values were determined
using the above calibration equation. The resulliNg values were compared to those
produced by the agar plating test conducted inrallpablind experiment.

A total of 206 samples were assessed in this waideti into two groups of
calibration and validation. All measurements fag talibration trial and the parts of the
validation trial (packed at 5%, 21%, 45% and 60% Were conducted at days 1, 3, 7

and 10 after packaging; the additional five salafithe validation part were assessed
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only at day 3 and 7. After averaging the resultingeshold time of the triplicates for
each sample the TVC was calculated and comparetdeta@onventional agar plating
values (triplicates). The number of samples meaisimeeach type and batch of salad is
stated in Table 4.7.

Blanks (homogenates without probe) and negativéraisn(PBW with probe) were
also incorporated on the plate. To establish thiéreéion and validate the new assay,

the same homogenates of food samples were alsgradddy conventional agar plating.

4.4.2 Selection and Preparation of Salad Samples

All salad samples, freshly manufactured, packaged delivered in industrial
environment were provided by a local fresh fruid aregetable company based in
Dublin, Ireland. They were received in conventiopéstic pouches (90 g) packed
under 5% Q@ or in air. Ten different salad types were chosantlie development of a
new test for rapid TVC determination in variousdgmf green produce. These samples
were analyzed at different storage time to genexat@mbined calibration and assess the
performance of the new assay. For the validatiothefTVC assay determination, three
salad types - Italian leaf mix salad, Caesar safatliceberg lettuce packaged under 5%,
21%, 45% and 60% of Dwere selected. On day 1 some of the samples wpaeked
using a small scale packaging device operating withite Polystyrene-EVOH-
Polyethylene trays (dimension: 203 mm x 146 mm 60 (L x B x H), volume: 1000
ml) and Satina sealing film. Five further saladeygacked in air were also included in
the validation trial. A total of 27 batches of éifént salad types packaged under
different conditions were prepared and analyZBue samples were stored in a cold
room set at 4°C.
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Table 4.7: Batches of salad samples used for raM@ assay development and

validation.
Salad type (Q%) N
Italian Mix (5% 12
Italian Style (5% 12
Secret garden (a 12
Rocket (air 11
é Spinach and Rocket (e 8 ©
-(_% Caesar (5% 12 =
© Spinach (ait 3
Iceberg (5% 12
Irish Summer Leaf Salad (e 12
Aromatic Herb Salad (a 12

Italian Mix (5%
Italian Mix (21%
Italian Mix (45%
Italian Mix (60%
Caesar (5%
Caesar (219
Caesar (459
Caesar (60%
Iceberg (5%
Iceberg (21%
Iceberg (45%
Iceberg (60%

Validation

Aromatic Herb Salad (ai
Baby Leaf Spinach (a
Spinach & Rocket (ai
Sweet & Crunchy Salad (s
Wild Rocket (air

A M DM D DN OO O O O O NN OO NN
100
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4.4.3 Results & Discussion

4.4.3.1 Development of Rapid TVC Assay for Green Produce

To assess possible interferences of the food matrithe results of GreenLight
TVC assay, crude homogenates of salad samples averlgsed at several different
dilutions (1:20, 1:40, 1:80, 1:160) in PBW by mamihg their respiration profiles and
TT which reflect microbial growth. For the diffetedilutions of the same sample a
linear relationship between the threshold time (&mgl logarithm of dilution factor was
observed, as seen for the example in Fig. 4.7viees & crunchy salad (in the inset the
coefficient of determination is revealed for thbatsalads). At different dilutions these
samples showed a similar shape of respiration |psfvith a robust change (increase)
in the probe phosphorescent signal (intensity faftithe) correlating with the initial

number of viable bacteria (cfu/g).

Italian Mix 0.9743

Caesar 0.9568
Iceberg 0.9607
Spinach 0.9983
AH.Salad 0.9907
Spinach & Rocket 0.9907
Sweet & crunchy 0.999%
Wild Rocket 0.9990
T

Threshold time (h)

[=] = [S] w = (S I} ~ [o]
L L L & L L L I

[N
.

8 16

Dilution factor

Figure 4.7: The relationship between the TT andtidih factor for the sweet & crunchy

salad. The inset shows Ror the other salad types (linear regression.fits)

Taken together, this indicates that salad matrayes their components have no
significant effect on the GreenLight TVC assay, dnat low working dilution of the
samples (1:20) can be used. Green produce is ysdell in chlorophyll and has

absorption and/or fluorescence characteristics lapping with those of the
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phosphorescence based @obe GreenLight (Chea al., 2010). This can potentially
cause interferences with the respirometric meagugohnique used in the rapid TVC
test Other factors and ingredients of the sample (ame&rohatural pigments, matrix
effects) can also influence the measurements. @nother hand, the long-decay
emission of GreenLight probe and time-resolved phosescence lifetime based
detection provide high sensitivity, selectivity asidgnal to blank ratio, and this allows
reliable monitoring of dissolved oxygen and micedbgrowth/respiration in complex
samples such as food homogenates (O’Mahenyl., 2009). Nonetheless, when
developing a new TVC assay for a new group of pectgjuthese factors have to be

assessed carefully.

To produce a TVC calibration curve for ready-to-satids, we analyzed a total of
106 salad samples, which differ in their type arasliness and cover a broad range of
TVC levels and matrices. For each sample both thedlues (hours) and TVC counts
(cfu/g) were generated. Fig. 4.8A illustrates tloerelation of the results of the two
assays for the samples measured on 4 different @ can observe that TVC values
are increasing at longer storage time. From thigegment, the following analytical
relationship (equation) was determined which candesl for the determination of TVC

values in salad samples based on the TT valudseaEspirometric assay:
TVC(log(cfu/g)) = 0.544*TT(h) + 9.02. Eqn. 4.5

This new test is applicable to different types edidy-to-eat salads and potentially
to other types of green produce. This assay shadysmamic range of 3.5-8.3 log cfu/g,
good linearity between TT and log(cfu/g) valuesd asorrelation coefficient R=
0.6231. The SD for the 106 samples was SD = 0.88&92% of all points lie within
the 2SD band (being close to the anticipated 95%).

At the same time, not all the samples tested deld/esable data. Eleven samples
showed very high bacterial load producing respraprofiles with a very early signal
increase for which TT values cannot be determiiidee other samples were identified

as clear outliers and also disregarded when primgetse calibration data.
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Correlation of the results of the newly establisheoid TVC test for green produce
with the 1ISO TVC test (48 hours) is shown in Fig8Bl which exhibits a good
agreement between the two tests (plotted agaiekt@aer with x-axis: ISO method, y-
axis: respirometric method). The ideal correlatstiown as dotted line should have the
same TVC values on both axes. However, in the Igwaet of the correlation graph the
points are slightly below this line indicating thtte respirometric method slightly
underestimates the TVC values. On the other hankigh TVC values the results get
rather close to the theoretical line crossing ialadut log(cfu/g) = 7. Linear regression
fit gave the following equation: Respirometric T\@&¢enLight) = 1.28(1ISO TVC) —
2.08, with R = 0.7749 and SD = 0.689 and 91% of all points lithiw the margin of
2SD. We can therefore conclude that the new TV@yassrks reliably over the TVC
range 4-8 log(cfu/g), giving a linear relationsiifth TT and SD of less than + 0.7
log(cfu/g).
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Figure 4.8: A) Combined calibration of the respisdric TVC assay produced using for
10 different salad types, N = 106. Dashed linesotiest 2SD (1.37) band around the
calibration curve. Different symbols correspondiiferent storage time. B) Validation
of the respirometric method using 8 different saiguks, N = 100. Dashed lines indicate
+ 2SD (1.38). The dotted line is the ideal line.
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4.4.3.2 Quality Assessment of Packaged Salads

Profiles of microbial load over storage time foe tiinree lettuces determined from
the rapid TVC test and corresponding doubling tifi2) and R values are shown in
Fig. 4.9. Each salad type shows characteristi@lnitvC load and pattern of microbial
growth, with the same general trend - increasdtrfgover time. So, different ready-to-
eat salads exhibit characteristic bacterial coutiteh correlate with their type, age and
packaging conditions. The highest TVC values (lagf) > 7) were obtained for the
salads packed under air, while MAP salads show cestlurVC values, i.e. better

freshness and quality.

1SO log{cfu/g)
w

¥ R? DT, min
K Italian Mix 0.188x+4.6543 0993 403
; M caesar 0.152x+4.8055 0.9997 39.1
A lceberg 0.2277x+3.6161 0947 504

0] 2 4 6 8 10 12
Time (days)

Figure 4.9: Growth rate (log(cfu) vs time) of I&li mix, Caesar and Iceberg salad (N =

12 for each sample and day) with &d linear equation and doubling time.

While the Q was varied the COwas kept on a moderate/high level of 5%. Except
the Q concentration all the other storage parameters wept the same for the different
batches of salad. Comparing the results, Icebayg/simuch lower bacteria counts than
Italian mix and Caesar salad (Fig. 4.10). Iceb&mgswith a log(cfu/g) = 3.55 while the
others - with 4.69 (Caesar) and 4.96 (Italian megpectively. When focusing on the
results at day 10 for all the salads, it is notiobs that higher oxygen levels inhibit or
reduce the growth of microorganisms for eitherhaf ised samples. On the other hand,

samples packed at 5%, @evelop lowest TVCs. Caesar and Iceberg lettuustifite
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close results at 21, 40 and 60% lauilding a step to 5%, which is higher for Iceberg
(~11.5%) compared to Caesar (~6%). For Italian 2ii% G give highest TVC (9.5%

more) whereas 45% and 60% oxygen are very cloS&toxygen.

Caesar Iceberg
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Time (days) Time (days) Time (days)

Figure 4.10: TVC results for MAP packed Italian mBaesar and Iceberg salad (N = 3)
at different days (x-axis) and initial oxygen conirations (5%, 21%, 45% and 60%).

Changes in headspace gas composition,(&@-) in salad packs was monitored
over a period of 10 days with the Optech)(@d Dansensor (GPinstruments. They
showed a downward change in @nd an increase of GOIt is known that rapid
depletion of Q and elevation of C®Ocan promote undesired fermentation processes,
with production of ethanol and acetaldehyde leadiogproduct deterioration and
development of undesirable off-flavours and odqan der Steergt al., 2002) and
also microbial growth. The latter can be assesselbdking at the TVC data. Indeed,
clusters of data points in Fig. 4.8A which corresphdo salad samples of different age
reveal that TVC were increasing with storage tileclear separation is seen between
days 1, 3, 7 and 10.

For the different salad packs the TVC were asses$sading to the conclusion that
MA packs exhibit lower cfu/g counts than air packemliches, with 5% ©producing
the lowest microbial counts (in 5% GOThis can be partly explained by bacteriostatic
and fungistatic properties of G@vhich air does not have. Highep €ontent in packs is

normally avoided due to its metabolic use by aergpoilage microorganisms and plant
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tissue, but in the case of fresh fruit and vegetgioducts @ is needed for their
respiration. The levels of n such packs depend on many parameters inclutimg
type of packing material, the relation between wanume and vegetable mass,
illumination intensity, the type of product, pr@rhtion rate of aerobic bacteria (as we
observed for Caesar salad, Italian mix leaf salad laeberg lettuce). High £(80-
100%) was seen to reduce growth of the aerobicamicta of fresh-cut baby spinach
(Allendeet al., 2004), however other effects of high @n fresh-cut mixed salads were
also reported (Allendet al., 2002).

4.4.4 Conclusions

The new analytical system GreenLifft demonstrates good working
characteristics in the assessment of MAP greenugedThe simple, rapid and high
throughput TVC test with GreenLight probe was applied to a panel of salads to
generate combined calibration with a linear refstlop between measured TT and
log(cfu/g). This test was validated with unknowtagassamples (N = 100) proving that it
is widely applicable to this type of food. Eachashtype showed characteristic initial
TVC load and pattern of microbial growth. The low@&¥C and highest preference in
visual assessment were achieved for salads patkéd &. The simple, rapid and high
throughput TVC test with GreenLidtt probe exhibits good working performance with

a variety of different salad types.

4.5 Comparison of Different Food Matrices

The rapid TVC test for green produce was compacedimilar tests described
previously for raw meat (O’Mahongt al., 2009) and fish (see 4.4) samples. As can be
seen in Fig. 4.11, TVC calibrations of the threedianatrices, reproduced from the
corresponding analytical functions, are very sim(khifted against each other by less
than 1.0 log(cfu/g)). This leads to a conclusioattthe respirometric TVC detection

method is applicable to a wide variety of food prots and matrices. At the same time,
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for new products basic assessment of possiblexreffacts on calibration and possible
interference on the optical measurement is stilessary while the use of existing or

combined TVC calibration is not recommended ansl thay reduce the accuracy of the

assay.
gl Fish TVC = -0.48*TT + 8.28
Meat TVC =-0.42*TT + 7.83
Salad leaves TVC =-0.54*TT + 9.02
- 6
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Figure 4.11: Comparison of three different food ncas, salad leaves (dotted line), fish
(dashed line) and meat (solid line),using respitoimd VC method. Linear equations

are shown in graph.

4.6 Overall Conclusions

The respirometric TVC test provides general sinigglidhomogenization and
pipetting) and miniaturization, a dynamic range *10’ cfu/g), accuracy of + 1.0
log(cfu/g), high speed and automation. Highly conteated samples can be identified
quickly (2-12 hours depending on the level of camtation), positive samples can be
seen as the measurement progresses (real-timeoudigtat). Theoretical sensitivity of
the respirometric assay is 1 cfu/well (O'Mahony &aghkovsky, 2006), however, assay
volume (0.1 ml) and sample dilution during the hgewization (1:10) should be
factored in for food samples. Statistical varidpilat low cell numbers (1-10 cells),
possible matrix effects and data scattering redeesensitivity down to £0-10* cfu/g
(limit of detection, LOD), which is still very goaahd relevant to food testing and safety
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assessment. Samples producing flat profiles withghosphorescent signals are defined
as negative (below the LOD). Up to 96 samples @aarmalyzed on a plate in one run.
Its ability to assess highly perishable productshsas fish and green produce in < 12
hours shows good application usage for industryesting samples far quicker and

reliably and making safety and quality assessmarieage number of samples. The test
offers simple set-up (conventional microplates dhobrescent reader), significant

savings on labor, lab space and waste requiremamdisit overcomes many drawbacks
of conventional TVC testing. If required the seingly can be enhanced by using larger
assay volumes (e.g. performing the assay in 1.&nal15 ml vials) or reducing sample

dilution during homogenization.

Application of this technique to quality assessnma&ndifferent food products such
as fresh salads or fish showed high practicaltytibr shelf-life stability studies, MAP
process optimization and for assessing the effogieat antimicrobial active packaging.
Therefore, this system can find use in many foe@aech, safety and QC labs, for both

small and large users.
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Chapter 5: The Use of Optical Sensors for Monitoring
Headspace 0: and CO: in Packaged Mushrooms (Agaricus
Bisporus) during Chilled Storage

5.1 Introduction

Mushrooms QAgaricus bisporus L.) are very perishable horticultural products. yhe
do not have a protective skin cover which leadBighh moisture loss and a short shelf-
life of 1-3 days at ambient temperature (Mahagaml., 2008). Mushrooms are very
sensitive to humidity levels: high water levels dav microbial growth and
discoloration; and low water levels lead to lossveight (and thus economic value) and
undesirable textural changes. Their respiratioaesrare high and special care should be
taken to avoid anoxia which leads to rapid detation of tissue (Igbadt al., 2009). As
a result, mushrooms are usually marketed in tragpped with perforated stretchable
polyvinylchloride (PVC) film (Siménet al., 2005) with little or no atmosphere
modification being carried out. The perforationsy@nt anoxia and condensation inside
the packages; therefore selection of optimal paockagaterial, density and size of
micro-perforations and atmosphere within the padkscritical for maintaining

mushroom quality over time.

A modified atmosphere (MA) is created inside theckage and the specific
atmosphere created is dependent upon a varietyactors interacting, namely;
respiration rate of the mushrooms, gas permealwlitthe film, size and number of
perforations present in the packaging materialsdyet to package ratio, the breathable
film area and storage temperature (Mahaaai., 2007). For whole mushrooms, usually
in pack Q concentrations are kept at 1-5 %, but not lesa % to avoid anaerobic
respiration and growth of pathogens (Taal., 1999). In pack C®concentrations
should be maintain at relatively higher levels, batow 12 % to avoid physiological

injuries such as browning (Parentedlial., 2007). Micro-perforated films are used for
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achieving the appropriate gaseous composition in pa&ks of fresh horticultural
produce, especially for highly respiring produaists as mushrooms (Gonzalezal.,
2008). Mahajaret al. (2009) reported that the degree of perforatiofscedd final gas
contents inside the packages, with a level of patians between 2 to 8 holes of 0.25
mm diameter. Oliveirat al. (2012b) reported that 2 perforations (0.33 mmiantbter)
were optimal for 110 grams of sliced mushrooms GC] yielding 3.6% of @ and
11.5% of CQ at equilibrium. However, these parameters may fardifferent package

size, type of mushrooms, packaging and storageitommsl

Mushroom quality is determined by a combinatiorfaaftors, but among the most
important is consumer preference. An ideal mushr@owhite, unblemished, possess a
firm texture and is present in an immature state {he veil is totally closed). A loss of
mushroom quality can be expressed through the mmasmt of several parameters,
including; water loss, pH, texture, colour (L*, &%), microbial counts and polyphenol
oxidase (PPO) activity. Colour change is one imgurimeasurable parameter with a
proposed limit of acceptance Ibf = 80 (Gormley, 1975). Another parameter is mottled
brown discolouration caused by microorganisms, arily Pseudomonas tolaadi
(Simoén et al., 2005). PPO enzyme (Mohapattal., 2008) produces brown melanin
pigments when it makes contact with the mushroambstsate. This reaction leads to a
breakdown of mushroom fibers and causes furthaesiolg of mushroom caps. The
shelf-life of mushrooms may be prolonged by slowpm@duct respiration, thereby
delaying microbial activity and preventing excesswater loss (Mahajaet al., 2008).
Brennan and Gormley(1998) reported that chilled storage (4°C) of mmasms from
harvest to cooking helps to maintain quality byugdg the rate of bacterial growth and
enzyme activity. Low temperature storage, togethighn low O, and high CQ levels,

are known to reduce the respiration rate of fresBhmooms and extend their shelf-life.

Non-invasive measurement ot @nd CQ can be performed with optical sensors.
Both absorbance and fluorescence based sensof3, fdetection have been reported
with a high suitability for food packaging applicats. The response of absorbance
based sensors is typically indicated by colour gearenabling semi-quantitative, O

detection with no need for spectroscopic equipmi@tdton, 2002). Alternatively,
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luminescence based sensors provide quantitativede@ection by using an external
detector which allows a more precise evaluatiopawfkaging headspace. These sensors
usually consist of a phosphorescent dye incorpdretex polymer membrane which is
guenched by headspace. @ptical CQ sensors consist of a G@ensitive polymeric
membrane based on a pH-sensitive indicator dye uging changes in colour or
fluorescence which correlate with @@oncentration. These sensors were initially
described by Mills (Millset al., 1992) in which the pH sensitive dye was incoaped in

a hydrophobic polymeric membrane together with drbghobic phase transfer agent
(PTA). By changing the PTA from tetraoctylammoniumydroxide (TOA-OH) to
cetyltrimethylammonium hydroxide (CTA-OH) sensitiwvito CQ, in the range 0-40%
can be achieved (Borchesttal., 2012b). Current optochemical @®ensors are not as
developed as the phosphoresceats@nsors and require significant improvement of
their stability, accuracy and robustness. While angte ready for large scale industrial
applications, they are suitable for food researntd aon-destructive headspace gas
analysis in MAP packs. A handheld scanning dewsisjlar to the one used for,0O
detection, has not been developed so far foy €€sors. However; these sensors show
colour change due to a pH-sensitive indicator dyel, can be used for semi-quantitative
CO, detection. To the best of our knowledge, neithem@ CQ optical sensors have

been applied to study the headspace gas compositgactkaged mushrooms.

The aim of this study was to non-destructively namnithe changes in gas
composition with optochemical nd CQ sensors and assess their impact on relevant
microbiological and physicochemical quality paraenet of packaged fresh white

mushrooms during chilled storage at 4°C for up tays.
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5.2 Experimental

5.2.1 Materials

Button mushroomsAgaricus bisporus) were supplied by a fresh produce supplier
(Total Produce, Togher, Cork). Commercially usedieblmushroom trays were
purchased from Quinn Packaging (Dublin), cling fimas obtained from Bunzl Irish
Merchants (Dublin). Disposable,Gensor stickers and handheld detector Optech
were from Mocon (Minneapolis, MN) and Platinum(ltjetrakis(pentafluorophenyl)
porphyrin (PtTFPP) was obtained from Frontier Sifien(Carnforth, UK). Alpha-
naphtholphthalein (NP), poly(isobutyl methacrylate) (P(IBM)),
cetyltrimethylammonium hydroxide (CTA-OH), tetragietmmonium hydroxide (TOA-
OH), toluene, sodium phosphate buffer, polyvinyipiidone (PVP-40) and catechol
were purchased from Sigma- Aldrich. Mylar® polyedtkn was from Du Pont and 25
mL polystyrene screw cap tube were obtained frorst8dt (Germany). Whatman paper
(No. 1) was from Whatman Ldt (Maidstone, UK). Maxim recovery diluent, ringer
solution, brillianceE. Coli/coliform Selective Agar, Pseudomonas agar baseCid
supplement were purchased from Oxoid (Basingstok€),. Total count plates were
from Nissui Pharmaceutical (Co. Ltd., Japan) amdnscher bags were obtained from
Seward (UK).

5.2.2 Sample Preparation and Experimental Set-up

Whole mushrooms of similar size were packed witéimours post-harvesting.
Mushrooms were weighed (250 g = 1%) into commercialue tray
(polypropylene/recycled high density polyethyleR®{rfHDPE), mushroom punnet 250
g, P3-57, w: 11.9 cm x I: 16 cm x h: 5.8 cm). Ptiorover wrapping the mushrooms

punnets with cling film (oxygen transmission ra®©00/8000 criim?/24hr and carbon
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dioxide transmission rate: 40,000/60,000%n%24hr), two Q sensors were fixed to the
inside of the package wrapping film separated ~2 bmtween them and two GO
sensors having different formulations were fixedttte punnet sidewall. The micro-
perforation system for mushrooms is well estabtishe®o prevent excessive GO
accumulation and £depletion in packaged mushrooms; therefore, the @nd number
of micro-perforation were estimated from the resfpin rate and mathematical
modelling principle as reported by Mahajeinal. (2007) and later applied for whole
mushrooms (Mahajaet al., 2009). Accordingly, to achieve an equilibrium nfast
atmosphere inside the package, it was perforatéd two holes using a needle of 0.25
mm diameter. Packed mushrooms were stored in arcold at an average temperature
of 4°C + 0.51 for the whole duration of the triflwo trials were performed each
consisting of 15 punnets. For quality determinatopacks were opened on days 0, 2, 5
and 7.

5.2.3 Monitoring of 0z and CO:

The G content inside the packs were measured non-inelgsivith disposable ©
sensor stickers and OptéthPlatinum Q handheld detector. An optical contact was
created between the instrument and the sensor (BriQdistance) to produce the, O
reading (% of @ compensated for temperature and pressure vamjatidingle
measurement takes about 1 second and can be rkpsateany times as necessary. In

the first 2 days the Qevels were measured twice a day and once a teyaids.
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Figure 5.1: Standard colour score card used with @O sensors. A) Sensor
formulation containing TOA-OH was used for lower £€ncentrations, B) Sensor

formulation containing CTA-OH was used for highé&4{oncentrations.

Headspace CfQconcentration was determined with the colourince@0, sensors
(Borchertet al., 2012b) by comparing them to a standard coloarescard (Fig. 5.1).
Low concentrations were recognized immediatelydryssr formulation consisting PTA
TOA-OH (0-3%, Fig. 5.1A) whereas higher concentmagi were determined by the
second sensor formulation consisting PTA CTA-OH (apt0%, Fig. 5.1B). For each
sensor formulations a colour code card was useceroay the corresponding GO

region.

The performance of the optical sensor systems \ea$ied with destructive gas

analyzer Checkmate 9900 (PBI-Dansensor, Denmark).

5.2.4 Quality Parameter Measurements

For measurement of the microbiological and physicemical quality parameters,
5 mushroom packs, each containing 250 g of prodere opened on each measuring

day. Each sample was used for one measurement only.

115



5.2.4.1 Physico-Chemical Analysis

Product weight loss (W) in each package was determined by transferrieg th
mushrooms into a new tared tray and weighed onesc@lettler Toledo B303,

Switzerland). It was expressed as percentage ohified weight:

W, =——=1*100 Eqn. 5.1

W, is the initial weight of the mushrooms and ié/the weight of the mushrooms at

the sampling point.

Sensory evaluationof mushrooms throughout the storage was undertakea
panel of 10 internally trained members (6 malesfdles, aged from 20 to 35 years) of
the School of Food and Nutritional Sciences, UrsitgrCollege Cork (conforms with
ISO standard, 1998), using a 10 cm line scale @itt the extreme left and 10 at the
extreme right and rating scores subsequently infrom the left. Each panelist was
presented with one white plate containing threedeamy coded samples. The
parameters evaluated by the assessors on the rooshiuring storage were: overall
appearance (0 = extremely poor to 10 = excelles¢gree of browning (0 = no
browning to 10 = intense browning), veil developi@h= totally open to 10 = totally
intact), texture (0 = extremely soft to 10 = extedynfirm), sliminess (0 = not slimy to
10 = slimy), aroma (0 = non typical aroma to 10uH typical aroma) and overall

acceptability (0 = dislike extremely to 10 = liketemely).

Mushroom texture was measured using a texture analyzer TA-XT2i {Uex
Technologies, USA) equipped with a 35 mm diameyindrical aluminium probe. 13
whole mushrooms of uniform size were selected #ottural analysis (with stem
removed) and compressed by 50% of the sample higygising following settings: pre-
test speed: 5 mm/s, test speed: 5 mm/s, postfgestds10 mm/s, load cell: 5 kg. The

firmness of the whole mushrooms was expressed widies (N).
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The colour of the mushroom cap and extract was determineddbasethe CIE
colour parameters (L*, a* and b*) using a chromaen€¢CR-400,) connected to data
processor (DP-400), both from Konica Minolta, Jagamowning index (Bl) as reported
by Maskan (2001) was calculated using eq. (Eqr).&nd (Eqn. 5.3):

g = 100x=03) Eqn. 5.2
0.17
o atl7sl Eqn. 5.3
5.645L +a—-3.012b

Whiteness index (WI) was calculated using eq. (Ba). (TAPPI, 2007).

W =L-(D)+(3a) Egn. 5.4

Total colour differenceAE) and hue were also calculated as reported byz(Cru
Romeroet al., 2007).

An average of 10 measurements per mushroom sangpéetaken on the surface of
the mushroom cap. For the measurement of colotheomushroom extract, the extract
was prepared by mixing mushrooms without stems Ritiger solution in a ratio of 1:4
and stomaching (Seward, UK) for 2 minutes. The hgenates were centrifuged at
12,000x g (Model J2-21, Beckman Co., USA) for 15 minute4°€ and the supernatant
was transferred in a 25 ml polystyrene screw cap.tfhe colour was measured on the
surface of the clear solution. For each measuredentfour extracts were made and at

least 10 measurements were taken for each sample.

Spectrophotometric measurement of PPO activityvas introduced by Galeazi
al. (1981). In order to obtain a representative samplaumber of subsamples of the

outer skin of three mushrooms without stems wekertausing sterile scalpels from
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different parts of the mushrooms cap into a stetibenacher bag, pooled and thoroughly
mixed and 10 £ 0.02 g of the pooled mushrooms sasnpkre weighted into a beaker
and 20 ml of 0.5 M sodium phosphate buffer (pH 6d9ntaining 1 g of
polyvinylpyrroline were added. The samples were dgemized under ice using an
ultra-turrax homogenizer (T 25, IKA —Werke GmbH & G, Germany) at 8,000 rpm
for 1 minute. Subsequently the homogenates werérifteged at 12,00k g for 30
minutes at 4°C in a Beckman centrifuge (Model J2-B&ckman Co., USA). The
supernatant was filtered using a Whatman filtergpamd the filtrate was used as crude
enzyme extract and the enzymatic activity measumedediately. PPO activity was
assessed, based on oxidation of catechol. The s was measured at 400 nm by

UV-Vis Spectrophotometer

FT-IR analysis of the extract (as used for PPO activity) wasqrenkd on a Varian
660 FT-IR spectrometer using ATR Golden Gate (Spe&pectra were taken using 32
scans in absorbance mode at 4*asolution in a wavenumber range from 4000 to 500
cm™. To obtain IR spectrum of the sample, the spectfithe 0.5 M sodium phosphate

buffer pH 6.5 was measured and subtracted. Eachlsamas measured in duplicate.

The pH of mushrooms was determined by mixing 10 g of musm (without
stem) with 90 ml of distilled water and homogenigior 2 minutes in a stomacher and
taking 5 measurements per sample on a pH metetl@vi€bledo, Switzerland). Prior to

the measurements the pH meter was calibrated vattuard buffers of pH 4 and 7.

5.2.4.2 Microbiological Analysis

Microbiological analysesof mushrooms during storage at 4°C were performed
triplicate on each measurement day. In order t@iob& representative sample, six
mushrooms without stems were taken asepticallygusierile forceps and scalpels from
different parts of the pack, placed into a stestiemacher bag, pooled and thoroughly

mixed for 3 minutes using a stomacher (Seward, UR)g of the pooled mushrooms
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samples were weighted aseptically into a stomadtlagy in a vertical laminar-flow
cabinet and a primary 10-fold dilution was perfodmsy the addition (90 ml) of sterile
maximum recovery diluent (Oxoid, Basingstoke, URdllowing homogenization in a
stomacher for 3 minutes, homogenates were serdiliyfed 10-fold in maximum
recovery diluent, and 1 ml of each appropriatetdiiuwas inoculated on duplicated
plates in the centre of compact dry-total countgsig20 crf) (Nissui Pharmaceutical,
Co. Ltd., Japan) for enumeration of total mesophiierobic bacteria following
incubation at 30°C for 48 hours. Total coliformsdaB.coli were enumerated on
Brilliance E. Coli/coliform Selective Agar (Oxoid) following incuban at 37°C for 24
hours. OxoidBrilliance E. coli/coliform Selective Agar is a chromogenic medium fo
the detection and enumeration Bf coli and other coliforms (important hygiene
indicators) from food. Chromogenic agents in thedime were used to detect the 13-
glucuronidase activity dE. coli and the 3—galactosidase activity of coliforms|@idog

E. coli), allowing them to be clearly differentiated o ttulture plate (coliforms — pink,
E. coli — purple). Pseudomonas spp. was enumerated afi@y2incubation at 30°C on
Pseudomonas agar base (Oxoid) to which CFC (celgimiucidin, cephaloridine;
Oxoid) supplement was added. Bacterial numbers wereserted to log colony-

forming units per gram sample (cfu/g sample) ptoostatistical analyses.

5.2.5 Statistical Analysis

Statistical analysis was carried out using IBM SRg&ffistics software, version 20.
To determine differences between samples meastr@ifferent storage time, Duncan
tests were applied and significant differences vestablished & < 0.05. The degree
of correlation of quality parameters and gases (@ Q) was estimated using the

Pearson test; at the levelagnificance was set &< 0.05.
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5.3 Results & Discussion

5.3.1 02 and COz Headspace Concentrations
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Figure 5.2: Changes in,Gand CQ concentrations in the headspace of packaged
mushrooms during storage at 4°C measured with apsensors. Error bars represent

standard deviations of data from duplicate trials: (LO).

Changes in @ concentration in packaged mushrooms simulating nceraial
packaging practices are shown in Fig. 5.2. The eomation of @ decreased
significantly ® < 0.05) over the first 18.5 hours reaching a cotragion of 11.4%.
After this a slow increase in the;Qevels was observed but this increase was not
significant. Therefore, equilibrium of Qevels in the packaged mushrooms was reached
after 18.5 hours storage. This is lower than regbih the study by Oliveirat al.
(2012a), in which equilibration time was determiniede around 24 hours at 5°C. The
difference can be due to variations in product Weighumber of ventilation holes
present in package materials, storage temperatat®m weight/packaging volume,
mushrooms size and method of measurement. A tvge sespiration process, the first
being rapid and the second slower, has been ex&dysieported in the literature
(Halachmy and Mannheim, 1991; Taeoal., 1999; Oliveiraet al., 2012a). The initial

stage of fast respiration is probably due to thghldoncentration of £in the pack and

120



high temperature of the mushrooms (~12°C). It bexosiower at lower temperature
and availability of Q. The plateau was attained when equilibrium washed. At the
end of the storage (161.5 hours) the concentraifo®, reached the value of 11.2%.
Fonsecaet al. (2002) reported that during storage of mushroomweied Q
concentration is normally preferred in order towsldown respiration processes and
oxidative breakdown of complex substrates. Howevery low G leads to anaerobic
condition and this condition can promote the groatlsome pathogenic bacteria such
as Clostridium spp. (Tancet al., 1999). In this study, the concentration of €dayed
above 0% throughout the storage time (Fig. 5.2gretfore, avoiding anaerobic
conditions. In order to assess the quality pararseted correlate it to gas composition;
it is essential to determine continuously the gasmosition of the headspace during the

entire storage life.

CO, concentration increasedP (< 0.05) significantly from 0.04% (air
concentration) reaching equilibrium level of 10.&#er 41.5 hours and then remained
practically unchanged and not exceeding 12%. Teinal. (1999) reported that GO
concentrations of 12% and higher are known to cadosg of firmness and increase
browning in mushrooms. In mushrooms, £€dncentration has also been reported to
have an inhibitory effect on the respiration ra&ter(secat al., 2002).

= = = N
© ~ « ) [
L 2 2 2

Dansensor

)
2

15

0 3 6 9 12 15 18 21 0 3 6 9 12
Optical O2sensor Optical CO2 sensor

Figure 5.3: Correlation of readings from the ogti®oa(A) and CQ (B) sensors and
commercial DansensBdf instrument. Dashed lines represent the ideal ketive and

solid lines represents linear trendlines.
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For comparison purposes, the @as composition in the headspace of packaged
mushrooms was determined using a well-establishethad (DansensBY) and non-
invasive measurement using optical sensors (OpPfectystem). The correlation
obtained between the two methods showed a coeftioiecorrelation of R= 0.91 (Fig.
5.3A) with slightly higher oxygen concentration $610,) being determined when
measured using the Optéthsystem.

The correlation obtained for the @C@oncentration measurement between both CO
optical sensors and Dansern8bwas R = 0.89 (Fig. 5.3B). Despite the fact that £O
was determined semi-quantitatively using a visissleasmentia a colour score card
(Fig. 5.1), the prediction of CQwas found to be quite reliable.

Therefore, both @ and CQ in the headspace of packaged mushrooms can be
measured rapidly and non-invasively using opticahsers what is of horticultural
industrial interest. As these sensors were attathétke sidewall and lid of the package
they did not interfere with the product headspacary time when concentration of

gases was measured during shelf-life.
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5.3.2 Sensory Evaluation

Overall

Appearance
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Overall Degree of
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Figure 5.4: Changes in the sensory scores durimiggd of packaged mushrooms at

4°C. Each point is an average of 60 observatiorsga).

The results of the quantitative descriptive analydipacked whole mushrooms are
presented in a spider plot (Fig. 5.4), where eawher contributes to an attribute and
each line to the scores using 10 levels of clasgibn. Throughout the storage time (7
days) all 7 quality parameters assessed changsmbie intensity.

The sensory analysis of the packaged mushrooms eshawat the overall
appearance decreased (P < 0.05) significantly dwstarage. This attribute correlated
well with the degree of browning of the mushroonpedR = 0.982) which was
significantly higher P < 0.05) at day 7 compared to samples at day 0. Birgys an
important quality parameter responsible for qudlitys in mushrooms. Major changes
in both parameters, overall appearance and browntegsity, occurred within the first
2 days of storage. It has been reported that grefsiantly decrease in {concentration
causes a decrease in activity of oxidases, sudAP&3 and that the increase in £O

concentration increase the bacteriostatic effect mitroorganisms and various
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enzymatic reactions (Kader, 1986; Daniels et @85). The aroma of the packed
mushrooms changed significantly during the stortage, the intensity of full typical
aroma was lower at the end of the storage. No feignt changes in veil development
were observed in the sensory analysis of the patkagishrooms. The firmness of the
mushrooms determined by the texture analyser desdeduring storage at 4°C; the
mushrooms were significantly?(< 0.05) softer at day 7 compared to day 0. However,
the sensory analysis results of firmness did notetate to the measured firmness
determined by the texture analyser (chapter 5.3.4).

The sliminess of the mushroom caps increased gignity (P < 0.05) during
storage; the mushroom caps were slimier at day mipeced to day 0. It has been
reported that the increase in the microbiologicaints, especiallyPseudomonas spp.,
produces exopolysaccharides and form a biofilmhennbushrooms surface, making the
mushrooms slimier (Fett, 1995 ). The results shothat the intensity of the sliminess
increased over time, so as the microbial loadPssidomonas spp. (chapter 5.3.8). To
the best of our knowledge, this parameter was sed gpreviously in sensory analysis of
mushrooms and the sensory data on the sliminesbuédt correlated well with the
microbiological spoilage of the mushrooms.

A general significantR < 0.05) decrease in the overall acceptability watscad
throughout the storage time with a score of 5.&ioled at day 7 which was close to the
limit of acceptability (score 5) for the averagensomer. The overall liking of the
mushrooms decreased over time. Mohapetted. (2011) reported that the parameter of
overall acceptability was an appropriate indicabgr which other mushroom quality
indicators such as maturity and cap hardness dmittetermined.
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5.3.3 Measurement of Polyphenol Oxidase (PPO) Enzyme Activity
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Figure 5.5: Changes in the polyphenol oxidase #gtiduring storage of packaged
mushrooms at 4°C. Letters a and b above the datéspodicate significant differences

(P < 0.05).

The pattern of the PPO enzyme activity (Fig. 5/)veed a decrease in activity
during the storage, with significant decreasBs<( 0.05) on day 2. However, no
significant changes were observed after day 2. Brae al. (1999) reported that PPO
produced black, brown or red pigments (polyphenakysing fruit browning. The
presence of PPO in the mushrooms correlated weh sénsory results. High PPO
activity makes mushrooms prone to browning. Thdyedecrease in PPO activity is
unusual as it typically increases over time (Teh@l., 2007), even when analysis is
performed at different temperatures (Mohapatral., 2008). The results showed that
the decrease in enzymatic activity was correlabeitie increase of G{xoncentration in
the first 2 days. However, after 2 days storadke ldthanges in the enzymatic (PPO) and
CO, concentration were noticed. Enzymatic inhibitioifleet due to increased GO
concentration has been reported by Farber (199d) imciudes direct inhibition of

enzymes and decrease on enzyme reactions rate.
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5.3.4 Textural Analysis
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Figure 5.6: Changes in the firmness of packed noashs during storage at 4°C. Error
bars represent standard deviation of n = 13 rdpbgdetters a and b above the bars

indicate significant difference® 0.05).

A non-significant increase in the firmness of theshrooms was noticed up to day
5; however, after day 5 a significamt € 0.05) decrease in firmness on the mushroom
caps were noticed (Fig. 5.6). These results didcootelate with the results found in
sensory analysis: in which a significaft € 0.05) decrease on firmness decrease was
noticed on day 5 by the sensory panel. Tanal. (1999) reported an initial increase in
firmness, and this increase was correlated to gppresion due to growth related chitin
production in the mushroom tissue during the fi6stdays of storage at 4°C.
Furthermore, it has been reported that texture ggmmre also related to protein and
polysaccharide degradation, hyphae shrinkage, alentascuole disruption and
expansion of intracellular space (Zivanowt al., 2000). Mohapatraet al. (2011)
reported that variability in the sensory evaluatminthe cap hardness was affected
significantly by batch variability than by sensopgnel variability. Furthermore, a
correlation between texture and £€dncentration has been proposed; this being that a
CO, concentration increases, textural loss decre@yameset al., 1992). In this study,

the headspace gas composition correlated well s@tisory data; however, significant
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(P < 0.05) decrease in the firmness measured usiegtare analyser was detected after
day 5.

5.3.5 Colour Measurement
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Figure 5.7: Changes in the A) whiteness index (\B)) browning index (Bl), C) total
colour difference AE) and D) hue of mushroom cap during storage at &Err bars
represent standard deviation of n = 40; lettells and c above the data points indicate
significant differencesR < 0.05).
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Figure 5.8: Changes in the A) whiteness index (WB)) browning index (Bl), C) total
colour difference AE) and D) hue of mushroom extract during storagéd°at Error
bars represent standard deviation of n = 40; ktierb, ¢ and d above the data points

indicate significant difference® 0.05).

Changes in the whiteness index (WI), browning in@@}, total colour difference
(AE) and hue values are shown in Fig. 5.7 for thes eaqal in Fig. 5.8 for the extract. For
both WI decreased significantlf? & 0.05) throughout the storage. For mushroom caps,
the WI parameter is directly correlated to a high&rvalues that represents whiter
samples and reciprocal to the browning index. Qwee, the whiteness of mushrooms
decreased: mushroom caps were darker at day 7 cethpa samples at day 0 (Fig.
5.7A). Our results are in agreement with the restidported by Sapeesal. (2001) and
Oliveiraet al. (2012a) where L* values decreased in whole amgdlmushrooms stored
at 4 or 5°C, respectively. Sapetsal. (2001) reported a decrease of L* values for whole

mushrooms from 93.3 to 89.6 on day 8 of storagé"@twhich are in agreement with
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our results (decrease from 92.58 + 1.31 to 89.7658 on day 7 of storage at 4°C).
Both, WI and L* values of mushroom caps decreasggmificantly in the first 2 days of
storage and this changes correlated to signifigarease in C@and decrease in,O
concentration. Changes in WI and L* values were itnah after day 2 as a

corresponding equilibrium of gas concentratiorhia headspace was reached.

The Bl of mushroom caps (Fig. 5.7B) increased §icamtly (P < 0.05) up to day
5; however, no significant changes were noticedraftay 5. The Bl of the mushroom
extract (Fig. 5.8B) did not increase significantlp to day 5; however, significant
changes were noticed after this time point. Thalte®f changes in the Bl of mushroom
caps are in agreement with those of Mohapetral. (2010), who found that the BI
increased during storage from 11 at day 0 to Iiagt7.

The AE values, an indicator of total colour differenstowed that there were
significant differencesR < 0.05) in the colour of mushroom caps (Fig. 5. 4Dy
extracts (Fig. 5.8C) during storage. The smallervalue ofAE, the closer samples are
in colour. Values oAE between 0 and 0.2 indicate an imperceptible cdiifterence;
0.2-0.5 a very small difference, 0.5-1.5 a smédlétdnce, 1.5-3.0 a distinct difference,
3.0-6.0 for a very distinct change, 6.0-12.0 fograat change and values >12
representing a very great difference. Using thesgfication scale for total colour
difference reported by Cruz-Romesb al. (2007), it can be concluded that distinct
changes in colour were obtained for mushrooms dtoge to 2 days. Very distinct
differences in the colour of the mushrooms wereepled following 2 days storage. For
the extracts, thaE values obtained up to day 5 indicated that these very distinct
changes compared to samples at day 0, and a gfesemce in colour was observed
following 5 days storage. The changes in #ite values are in agreement with the
changes im\E values reported by Oliveigt al. (2012a) who found increasadt values
during the storage of sliced mushrooms.

In general, the hue angle of the mushroom cap atrdat decreased significantly

(P < 0.05) with increasing storage time, corresponding decrease in the intensity of

greenness and an increase in yellowness (Littl@5)19The results indicated that the

changes in colour indices of the mushroom cap amichat followed the same pattern
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(Fig. 5.7D and 5.8D), indicating that the measun&noé these colour parameters during
storage at refrigeration temperature can be medsarine mushrooms extract, giving a
more representative measurement of the colour efwhole mushroom instead of

specific point measurement on the individual mushr@btained in the mushroom cap.

5.3.6 Product Weight Loss & pH Measurement

Table 5.1: Changes in pH and weight loss (WL) dyiranstorage at 4°C of packed

mushrooms*
Day pH WL (%)
0 6.44 +0.03°
2 6.94+0.11° 0.86+0.14°
5 6.83+0.19°  1.45+0.09°
7 7.1940.06% 1.75+0.21°

a,b,c,d: different letters in the same row indicagmificant differencesq < 0.05).

*Values are means + standard deviation. pH (n=4))\af. (n=10)

The pH of fresh mushrooms was 6.44, in agreemetit prievious reported data
(Jaworskeet al., 2010; Oliveireet al., 2012b). The pH increased significant®/< 0.05)
over storage time (Table 5.1). Conversely, Oliveiral. (2012b) reported a slight pH
decrease in sliced mushrooms due to the producténorganic acids by
microorganisms. However, the pH increase in thugl\simight be due to the production
of aldehydes and ammonia due autolytic reactiorss dgamination of amino acids
(Eady and Large, 1971) by bacteria species sudPsaglomonas that possess amine
dehydrogenase, which predominantly are present ushnoom samples during

prolonged storage, accompanying bacterial decay.

Significant ¢ < 0.05) increases in WL were observed during tteeage of
packaged mushrooms and highest WL values were wdasewer the first two days of
storage (Table 5.15imonet al. (2005) reported a higher WL after 7 days storage, 2

or 2.5% for non-perforated or perforated PVC filmespectively. These findings were
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also dependent upon the relative humidity inside plackage and the water vapour
transmission rate of the packaging film used. Nerfgrated films usually present some
condensation due to water loss of the mushroonevefibre, micro-perforation is
recommended for packaging mushrooms. However, thmmber and size of micro-
perforation needs be to be optimized consideringp lecommended gas levels and
relative humidity inside the package. For slicedshmooms, a WL of 3.8% after 6 days
of storage at 5°C was obtained in packs of 110 d farperforation (Oliveiraet al.,
2012a). This increased WL was due to a greateaseirfo volume area which caused

increased transpiration.

5.3.7 Fourier Transformed-Infrared Spectroscopy (FT-IR)

3800 3400 3000 2600 2200 1800 1400 1000 600

Wavenumber (cm1)

Figure 5.9: FT-IR spectra of mushroom extract aiovs storage times: day 6-), day
2 (---), day 5 {-) and day 7 ¢-).

Three major bands have been identified in the nagshrextract spectra which
varied with storage time (Fig. 5.9). While the ffitwo were sharp and narrow bands in
nature at 1080 cih(indicative of S=O or OH-groups) and at 1640c(mdicative of
aromatics and alkenes), the third one was ratheacbiat 2980 crh (indicative of
aromatics and alkenes) (Silverstein and Webste98)Y1@nd exhibited a plateau with

some minor peaks on top (day 0 and day 7). The peddhts correlated with the
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polyphenol oxidase activity: day O > day 5 > day 2lay 7 from highest to lowest
activity. By using FT-IR some characteristic funci@l groups can be identified which
might be produced in the presence of enzymes byadew mushroom tissue
(hydroxylation and oxidation processes) (Mayer, ®00As this approach for the
guantification of enzyme concentration is quite nexw can speculate that the higher the
enzymatic activity present in mushrooms, the gretite number of functional groups
that might be present in the extract. Thus, the afs€T-IR has good potential for
assessing rapidly enzymatic activity of mushroomsing) storage and need to be
explored further.

5.3.8 Microbiological Analysis
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Figure 5.10: Microbiological changes occurring dgrithe storage of packed
mushrooms. Error bars represent standard deviafion= 4 replicates; letters a and b
above or below the data points indicate significifierences® < 0.05).

Initial microbiological counts and changes in TVi&eudomonas spp., and total
coliforms during chilled storage are shown in Fi§l0. On day 0 the TVC,
Pseudomonas spp. and total coliforms were determined to be 5.6 and 2.2 log cfu/g

sample, respectively. At the end of the storage (@a TVC, Pseudomonas spp. and

132



total coliforms were 7.0, 6.9 and 4.5 log cfu/g pmrespectivelyPseudomonas spp.
was the main spoilage microorganism at the endarhge (comprising 98.6% of the
total microbiological flora). A high percentagetbt strictly aerobid®seudomonas spp.
being present in mushrooms has been previouslyrtegpo(Simon et al., 2005,
Gonzalez-Fandost al., 2000). According to Dainty and Mackey (1992) eanmental
conditions with residual oxygen is theoreticallyfsient to support the growth of these
bacteria. The gas composition during storage rehahleeadspace equilibrium value of
11.4% and 10.7% for Hand CQ concentration, respectively. This concentration of
oxygen is enough to support the growthPséudomonas spp. The bacteriostatic effect
of CO, with increasing C@ concentration, thus during the first 2 days sterag
correlated well with the bacterial growth rate (F3gl0). This is in general noticed with
an increased lag phase and generation time durmgtly of microorganisms (Phillips,
1996). It has been reported that aerobic bacteuiel) asPseudomonas are inhibited by
moderate levels of C{{10-20%) (Farber, 1991).

5.3.9 Correlations of Headspace Gases and Mushroom Quality

Parameters

The correlation of different mushroom quality paeders and headspace gas
composition is shown in Table 5.2. Pearson coimlatnalysesof the quality
parameters and gases indicated a strong positimegative relation between GOr O,
and the most of the assessed quality parameters &suPPO, TV(Rseudomonas, total
coliforms, pH, WL; Colour indexes Bh Wlcap AEcap Hu€ap , Wlexwraci AEexwract @and
Huewracs and sensory parameters (overall appearance,elegl@owning, texture, veil
development, sliminess, aroma and overall accdtgpwith a significance level oP
< 0.05 (Table 5.2).
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Table 2: Pearson correlations of quality paramedacscolour indexes to headspace gas

(CO, & Oy) composition of packaged mushrooms stored at 4°C.

co, 0,
PPO -.692" 649"
TVC 884" -911”
Pseudomonas 735" -712"
Total Coliforms 704" ~757"
pH 841" -.834"
wL 886" -.862"
Texture -.037 .037
S: 0. Appearance -.941" 961"
S: L. Browning 978" -.947"
S: Veil development - 788" 815"
S: Texture -.688" 703"
S: Sliminess 750" -.690"
S: Aroma -813" 845"
S: 0. Acceptability -.875" .900”
Bl cap -.882" .909”
WI cap 843" -861"
AE cap -.871" 895"
Hue cap 652" -.643"
Bl extract -.230 .308
WI extract 574 -576'
AE extract -.739" 765"
Hue extract 637" -.632"

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
S- Sensory.

Due to mushroom respiration process,,@0ncentration increased over time while
O, concentration decreased. Therefore, a negativelatbon was observed for G@nd
overall appearance (R = -0.941= 0.000) and @and degree of browning (R = -0.947,
P = 0.000). However, a lower correlation was obseévetween gas composition £Qr
= 0.649;P < 0.01 and C@ R =-0.692;P < 0.01) and PPO enzyme activity. It has been
reported that increased concentrations of, @@ve an enzymatic inhibitory effect
(Farber, 1991) and this was observed in the firsta®s of storage (Fig. 5.2).
Furthermore, there was not significant correlati@tween the headspace gas {@@d

O,) content and instrumental texture; however, goodetations of these gases to
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texture obtained by sensory means of mushrooms wleserved (Table 5.2). Texture
loss was related to increasing £©oncentration (Briones et al. 1992). The large
negative correlation of CQand texture indicated that the increased, €@nhcentration
resulted in a texture loss. The colour indexeshef daps (except Hue) and the colour
index AE of the extract correlated very well to the change the headspace gas

composition (Table 5.2).

Table 3: Correlation of quality parameters of pagdamushrooms stored at 4°C.

Pearson Correlation
S: D.Browning/PPO 707%
S: D.Browning/TVC .883**
S: D.Browning/Pseudomonas .806**
S: D.Browning/S: O.Appearance -.945**
S: Sliminess/TVC .700**
S: Sliminess/Pseudomonas T49**
S: Texture/texture 634
S: O.Appearance/S: O.Acceptability .967*

**_ Correlation is significant at the 0.01 level (2-tailed).
S- Sensory.

Correlation of quality parameters are presentetlaible 5.3. A good correlation of
TVC (R = 0.700,P < 0.01) andPseudomonas (R = 0.749,P < 0.01) to the sensory
parameter sliminess were observed. The increadadsvaf sliminess may be due to the
production of exopolysaccharides producedPggudomonas spp. (Fett, 1995 ). TVC,
Pseudomonas and PPO activity correlated well to the degreebafwning of the
mushroom cap, indicating that possibly bacteria anziymes were responsible for the
browning. The sensory attribute overall appearammsealed a very strong positive
correlation to the overall acceptability (R = 0.967= 0.000) and degree of browning
(R = -0.945,P = 0.000). This result indicates that the degre&rofvning influenced
overall appearance and this attribute influencedaverall acceptability of mushrooms.

The instrumental firmness of the mushrooms didawotelate well to any of the other
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assessed quality parameters, however, the insttaimiimness texture correlated to

firmness obtained by sensory analysis (R = 0.6340.01).
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5.4 Conclusions

This study showed that headspace gases in thegauoksghrooms can be measured
using a non-expensive, simple non-destructive, distwrbing method through the
application of optical sensors. The concentratibl€@, and Q in package headspace
correlated well with a well-known destructive math(Dansensdl), and this is of
particular interest to the fresh produce indusBgod correlation of quality parameters
to headspace gas (@0OO,) composition of packaged mushrooms was observed.
Pseudomonas spp. was the main spoilage microorganism at thé eh storage
comprising 98.6% of the total microbiological flovghich also correlated well with
sensorial determined sliminess in mushroom caps.r&sults in this study showed that
an increase in CfOconcentration was directly correlated to partialiyibition of
enzymatic activity. Beside the traditional spechojpmetric method to assess
enzymatic activity, FT-IR has a good potential &ssessing rapidly enzymatic activity
of mushrooms during storage and need to be explumder. Furthermore, the new
method developed for colour measurement using a&ronam extract, giving a more
representative measurement of the colour of thelevimushroom instead of a specific
spot measurement on the individual mushroom obdainghe mushroom cap showed
great potential as an alternative colour measuremethod for product evaluation, as

this may make the measurement of colour more reptasve.
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Overall Discussion

Safety of food products need to be constantly imgdo leading to extended shelf-
life, information and consumer convenience and totget the food against an
increasing amount of hazards. In first instance theans to transform and adapt new
packaging developments, such as intelligent paockagind secondly to quick test food
itself before further processing. Intelligent pagika devices are able to monitor certain
conditions inside the pack in a more eloguent weanttraditional systems can do by
applying new sensor technology to measure theengad composition. This technology
is based on indicators and sensors comprising itgesporated into polymer matrices
dissolved in organic solvents. Of practical useiftelligent packaging are solid state
sensors which can be easily incorporated on thiglensf the package and be read
through the material. Their advantages againsitivadl methods, such as Dansensor or
gas chromatography is to provide fast, non-destreicnd reliable determination of
important packaging conditions. These optical sespots can be measured as many
times as necessary without any change of the irsidditions.

O, and CQ are beside the filling agent,Nhe most important gas components in
MAP. For example, a change i, ©Or CG, concentration can indicate the growth of
microorganisms (Mattilaet al., 1990) or packaging damage and can be important fo
freshness and shelf-life studies &ual., 1992) by relating their changes to food quality
inside the pack. Optical Ogas sensors are the most developed and already
commercialized by PreSense, OxySense, Mocon andelBiosciences. These sensors
are based on Iluminescent quenching of phosphorespitinum(ll)-porphyrin
complexes incorporated in polystyrene matrix giveignals in the microsecond range
and optimized for @sensing in the range 0-21%.0’hey have already been tested in
many different food matrices, including meat (Snyiddl al., 2002a), fresh produce
(Borchertet al., 2012), cheese (Hempel al., 2012b), beer (Hempedt al., 2012a).
Several CQ sensors are described in the literature as feasiol food packaging but

less of them have been technically applied. One noom strategy is to use 1-
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hydroxypyrene-3, 6, 8-trisulfonate (HPTS) and Rpp(din a sol-gel matrix applying the
Dual Luminophore Reference (DLR) scheme (Bultziag&net al., 2002).

Instead of using two single sensors, one forand one for C@ detection, a
measurement system of both gases at the same tichénahe same spot would be
revolutionary for food pakaging as it safes timpace and money. Such multi-
parametric-systems combine the measurement ofaat tevo parameters within one
sensor system, usually by incorporating severak dpeone polymer encapsulating
media. In my knowledge dual systems foradd CQ sensing for food packaging have
not been realized so far. Nevertheless, there amessensors available with the
potential for food packaging. One approach efG®, sensing makes use of PtTFPP in
PS for Q detection and HPTS (ion paired with TOA-OH) in Hficroparticles
incorporated in a PDMS rubber as second layer 8wt al., 2006).

As these cocktails are often quite complicated uke of only one dye would
simplify the mechanism and preparation. One dualyé® Q/pH sensor is described in
Chapter 2 comprising a typical ,Gsensitive dye PtOEP or PdCP. Through the
modification of the structure, &chiff-base group (SBhas been attacheat one meso-
position proximal to the macrocygl¢he dye became sensitive to protons by constant O
sensitivity. The sensor allows the detection of tiwe analytes with just one
phosphorescent reporter dye, with internal refarenschemes and no interfering cross-
sensitivity. This concept can be applied to othgres of sensor materials (e.g.
nanosensor@orisov and Klimant, 2008; Pergj al., 2010) magnetic particleéMistlberger
et al., 2010), analytes (temperature, GONHjz, ions, enzyme biosensors based graf
pH transducerg§McDonaghet al., 2008), and sensing scheméde Silvaet al., 2009;
McDonaghet al., 2008; Wolfbeis, 2008and integrated with optical imaging systems. In
the medium and long term this approach can be gt kise for the food packaging
industry, although it still requires more developn& improve performance and pH
range. As the majority of existing optochemical &&@nsors are based on pH indicators
this sensor system was developed to show similasitbaty to gaseous CO When
water is present in the sensing system, beinglihatsing PTA, CQ@ can be detected

due to its high solubility in water. Carbonic aégdformed and gets dissociated into
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hydrogen carbonate and carbonate ions (Mills andn®k, 2011). As water becomes
acidic through this reaction, the pH change is adetk and is converted into GO
concentration using calibration. As this systenksaof sensitivity to gaseous Gther
sensor schemes were tested, such as intensity mstdms, DLR, inner filter
guenching and FRET, being the latter one as mgebppate. A CQ sensor based on
this scheme make use of two dyes in one matrix wite being short lived and GO
sensitive (NP) and the other one being long livBtTEPP) but insensitive to GO
Chapter 3 describes the development of a FRET b@8edensor with robust changes
in phosphorescence LT of the PtTFPP dye in resptm€¥ concentration with fast
response and recovery time. The use of long-decatieg dye is advantageous
compared to the absorbance or fluorescence-baseds€ors since it enables stable
calibration and simple readout of the optical signgphosphorescence lifetime mode.
These sensors show potential for food packagindicgipns on disposable basis, but
further investigation is needed to extend the messent range up to 100% ¢®om
the current O to 40%.

Chapter 5 describes the use of two optical sertsodetect the two headspace gas
concentrations @and CQ in continuous mode on the example of mushroombehe,
the established optical &ensor developed in earlier projects by our teaththe in
chapter 3 described optical @@ensors has been applied to the inner atmospliiere o
fresh whole mushrooms. The @Qontent was measured semi-quantitatively by
applying a colour score card and ky applying a handheld instrument OptethGood
correlation with standard Dansensor method wasesaelifor these optical sensors, thus
proving their ability to determine accurately armhsinvasively the C@and Q content
in individual packs. @supports growth of bacteria and activity of enzgmdile CQ
inhibits growth, at high concentration they canidgpdamage the product. Therefore,
optical CQ and Q sensors are well suited for food quality assessniatentially, both
analytes can be measured with one device but dlyréns is only feasible for ©

concentration using the Optéthsystem.

The quality of some food products need to be detesthbefore they can be further

processed by the industry. Beside identificatiosécific pathogenic microorganisms,
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the determination of the TVC is important for gealequality estimations. TVC
determination provides a general estimate of trerahial population. Microbial testing
is done by many food microbiology laboratories hoe purpose of revealing important
information about the status of a food product, tiwee it can be consumed without
causing food poisoning, whether it was handledextly, and whether it is old or fresh.
With this information one can distinguish betweesod or bad products in order of
origin, age and handling. Conventional microbialtseare based on aerobic plate count
methods, which are specified as the standard 1S88:2803 method in the food
industry (1S0:4833:2003, 2003). They are time comsg and space, waste and
material intensive.

Some biosensor systems for quick determination afraarganisms in food
samples based on fluorescent dye technology ariéalalea MicroFosS" by Biosys,
Inc., developed by Ann Arbor, includes a computimstrument with disposable vials
based on the detection of metabolic processesgaingsms. An optical sensor allows
screening results in as little as 7-18 hours, deéjpgnon microbial contamination
(Odumeru and Belvedere, 2002). A microtitre-plaCTtest based on monitoring of
bacterial respiration using phosphorescent oxygesisg probes and fluorescent plate
reader detection was described by O’'Mahehwl. (2006) and applied to analysis of
aerobic bacteria in complex samples such as bmudhf@aod homogenates (O'Mahony
and Papkovsky, 2006), and in meat samples for tineneration of total viable counts
(O’'Mahonyet al., 2009). Compared to different meat samples we kbaweonstrated its
ability to assess other highly perishable prodscish as fresh fish and green produce
(chapter 4) to test such samples quickly (< 12 &paind reliably and perform safety and
guality assessments of large number of samples. f€se offers simple set-up
(conventional microplates and fluorescent readggnificant savings on time, labour,
lab space and waste. Application of this technitpueuality assessment of different
food products showed high practical utility for BHige stability studies and MAP
process optimization. Therefore, this system cad fise in many food research, safety
and QC labs.
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Further development of optical sensor technologexpected to continue with
emphasis on flexibility (multiple systems), easydiiing and integration into packaging

systems, improvement of performance and developofatgdicated instrumentation.
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Overall Conclusions

[ | Realization of a dual-analyte optochemical seneodfssolved @ and pH
with one bi-functional reporter dye, which is tewally applicable for food
packaging.

[ | The new FRET based GGQensor (with TOA-OH) shows potential for food
packaging applications on disposable basis indhge of 0 - 40% C9O

[ | The respirometric TVC test can be applied for duakssessment of
different food products such as fresh salads dn &&d showed high
practical utility for shelf-life stability studiesnd MAP process optimization.

[ | The concentration of C{Qand Q in package headspace correlated well with
a well-known destructive method (Dansed¥yr Therefore, packed
mushrooms can be measured using a simple non-d@gs;unon-disturbing

method through the application of optical sensors.
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Thesis Outcomes
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