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ABSTRACT OF THE DISSERTATION
Development of Novel Edible LuminescéWdnoparticleSensors
By SANAZ JALALIAN

Dissertation DirectoDr. RichardD. Ludescher

This project has developed a novel class of edible hydrocolloid food nanosensors which
are doped with luminescent chromophores and investigated whether they can be used to
provide information about the local food matritemperature, oxygen coentration, and

the presence of foekorne pathogens. The luminescence properties of the probes such as
phosphorescence and fluorescence provide the sensor sensitivity to the food properties.
Hydrocolloid nanoparticles were made from gelatin and stardh eéi@meters ranging

from 50 to ~200 nm and labeled with food grade luminescent probes. The chromophore
was covalently and necovalently attached to the nanoparticle and the photophysical
properties of the probe in the food system were studied. Tempersdmsors were
developed by using the phosphorescence sensitivity of a chromophore to temperature.
Experiments with two different probes, namely erythrosine B labeled gelatin
nanoparticles and phloxine B labeled gelatin nanoparticles have demonstratecthhat
probes can be effectively used as temperat
Hoff plots of In(br/lp) versus 1/T vary monotonically over a relatively wide temperature

range and thus provide a basis for estimating temperature from nmastseof



phosphorescence and delayed fluorescence. The tests indicated that the presence of some
ingredients such as tannin and anthocyanins in the composition of the food mdt prohi
the use of gelatin nanopale probes due to ecipitation of gelatimanopartles. The
luminescence quenching of the probe by oxygen was used to develop a nanoparticle
sensor for oxygen. The results of experiments on liquid and solid food samples indicate
that erythrosine Blabeled gelatin nanoparticlesan be used as adgtre to detect the
presence or absence of oxygen in some liquid foddscise control of oxygen
concentration in solutions will pose a challenge as has been observed in this study. The
probe did not work as an appropriate oxygen sensor in the tas#icdbfood samples

with low relative humidity The use of gelatin nanoparticles as a sensor to detect the
presenceof food-borne pathogens requires measurable change in the spectrum of
fluorescence resonance energy transfer between two chromophbiels was not

observed in the tests.
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1 INTRODUCTION

1.1 Summary

Thefood industry has always faced the complex challenge of controlling the quality and
safety of food during the food prodiart cycle. A recent advancement is the use of
sensors, which are designed to monitor certain characteristics of the food that are
indicative of food quality and safety. In addition to being accurate, food sensors should

be inexpensive, easy to use, and safe.

This projecthasdevelomd a novel class of edible hydrocolloid food nanosensors which

are doped with luminescent chromophores ianéstigated whether thegan be used to

provide information about the local food matrix such as temperature, oxygen
concentration, and the presence of fhadne pathogens. This will also establish the
potential of an entirely novel class of nanoscopitseey devices for the food industry.

The luminescence properties of the probes such as phosphorescence and fluorescence
provide the sensor sensitivity to the food propertidgdrocolloid nanoparticles were

made from gelatin and starch with diameters nagdrom 50 to ~200 nm and lakeel

with food grade luminescent probes.

These luminescent food grade nanoparticles exhibit many advantages due to their small
size such as being tasteless, dispersible, luminescent, high sigrshesiifec, etc. In this
project we have covalently and nowovalently attaced the chromophoreto the

nanoparticle and stiet the photophysical properties of the probe in the food system. By



applying the phosphorescence sensitivity of the erythrosin B to temperatutregvee
develogda sensor for temperature. The luminescence quenching of theljyrolggen

allows us to develop a nanoparticle sensor for oxygen. For developing a sensor to detect
food-borne pathogens, whave usal the phenomenon of resonance energy transfer

between two chromophores, which act as donor and acceptor.

1.2 Hydrocolloid Nanoparticles

Food hydrocolloid nanoparticles can be made from gelatin, starch, chitosan and alginate
with diametes rangng from ~50 to ~200 nm. Hydrocolloids are mostly used as drug
carrier systems (Weber et al., 2000) and other possible pharmaceuticabedlibal
vehicles. Gelatin nanoparticles have been massively studied. These nanoparticles have
been used for drug delivery systems such as cell uptake (Azarmi et al., 2006), polymeric
micelles as vehicles for drug delivery (Kataoka et al., 1993) andIgntchanoparticles

for controlled drug delivery (Muller et al., 2000). Several researchers have investigated
the use of gelatin as biomaterial to synthesize drug delivery systems such as doxorubicin
loaded gelatin nanoparticles for involvement of the gdnm crosslinking with
glutaraldehyde (Leo et al, 1997), encapsulatithge protein synthesis inhibitor
cycloheximide for possible therapeutic applications (Verma et al., 2005) and formulating

paclitaxel in nanoparticles which alters its disposition tigsues (Yeh et al., 2005).

Hydrocolloid nanoparticleshavebeenloaded with fluorescendyes such as fluorescein

isothiocyanate which covalently label at surface amino groups (Oppenheim & Stewart,



1979) Non-covalent attachment of the fluorescent dyesaBered and fluorescein amine

to gelatin nanoparticlebas also been achievé@oester et al., 20000ther examples
include fluorescein labeled dextran which is encapsulated in gelatin nanopatrticles for
intracellular DNA delivery in response to glutathigik@mmareddy & Amiji, 2005) and

retinoic acid labeled gelates ananticancer drug carrier (Kim & By,ri999)

Dziechciarek et al. (1998) studigbe development of starebased nanoparticles and
their structural, colloidal and rheological properties.oXe al. (2006) haveshown that

the folateconjugated starch nanoparticle system is a potentiséful system for the
targeted delivery of anticancer drug doxorubicin. Zhai e28107) studied theynthesis

and chaacterization of polyoxometalateadel starch nanocomplex and its antitumoral
activity. Effective insulin delivery using starch nanoparticles as a potentiatreesas
mucoadhesive carrier has been shown by Jain et al. (2008). Starch granules have been
noncovalently labeled with a wide raa@f fluorescent dyes such as congo red (Alder et
al., 1995), eosin Y (Seguchi, 1986), and acridine orange (Badenhuizen, 1965; Alder et al.,
1995). Alginate and chitosan have their role in biomedical, pharmaceutical and food
science fields such as charaetion andin vitro testing of alginate nanoparticles,
embedded with magnetite, which respond to externally applied magnetic fields for
targeted drug delivery (Ciofani et al., 2008Jginate nanoparticles for increasing and
sustaining the delivery ghe drug inside the cell (Chavanpatil et al., 2Q@nJdsponge

like alginate nanoparticles for delivery of antisense oligonucleotides (Aynie et al., 1999).
Some other studieBave investigategbreparation and characterization of antibacterial

properties dchitosan nanoparticle loaded with copper ions agd&nsbli K88 (WenLi



et al., 2008), stability of chitosan nanoparticleadedwith L-ascorbic acid during heat
treatment in aqueous solution anke antioxidant effect of ascorbic acid tha
continwusly releasg from chitosan nanoparticles in food processing (Jang and Lee
2008) andin vitro effects of chitosan nanoparticles on proliferation of human gastric

carcinoma cell line MGC803 cells (Qi et al., 2005).

1.3 Luminescent Nanoparticles and Their Alvantages

In the past decade, the synthesis of reczaleluminescent particles has been developed
rapidly (Kamat, 2002; Daniel and Astruc, 2004; Rosi and Mirkin, 2005). Lumwems
nanoparticles can be eithentrinsic which contain luminescent material Buas
nanocrystalline semiconductors (Murphy, 2002), individual organic chromophores such
as new nanometesized fluorescent particles -fiyrenemethylamine nanoparticles)
(Wang et al., 2005), and individual carbon nanotubes (Baron et al., 2005a, b) msi@xtri
which are labeled with luminescent chromophores such as an aromatic ruthenium
complex (He et al., 2002), gelatin labeled with the organic chromophores Texas red or
fluorescein amine (Coester et al., 2000), and zirconia doped with lanthanides (Ye et al

2005).

The luminescent nanoparticles developed in this project were labeled with organic
chromophores. Due to their small size, nanopatrticles are tasteless, odorless and will not
alter food texture. These small particles do not cream or settle apdatbeeasily

dispersed in solution or on food surfabecause their small size makes them susceptible



to Brownian motion which keeps them in solution. They can be easily dispersed in
emukions, liquids, sprayed on surfaces of foods or packaging matesraisixed into

food or food ingredients. Chromophores which are attached to nanoparticles are more
stable against chemical and photochemical degi@d and have longer shelf lives
(Wang, et al., 2005). Each labeled nanoparticle will provide a luminessegiea and
provide the information abouhe local food matrix. Nanoparticleswith a diameter
between 7130 nm have high surface/volume rattberefore for some hydrocolloid
nanoparticles such as gelatin nanoparticles, more surface amino groupsaeikebsible

to be labeled by fluorescent dyes, like fluorescein isothiocyanate or
Tetramethylrhodaminéothiocyanatevhich are amine reactive dyes due to having ITC
groups in theimolecular structure. Themall sizeof nanoparticles leads them to rapid
equilibrium with local food properties or local analyte concentration. Since nanoparticles
are in close contact with food matrix they can provide accurate information about the
local matrix properties. Luminescent npadticles areversatileyet selective and can
provide a wide range of framewosto attain divers analytical sensing functions.
Luminescent nanoparticles can provide specific signddgh include intensity ratios,
luminescent lifetimes, or energy transfmtensities,and once calibrated, can offer
explicit analytical indicators. The Uminescence signal is easily detectable with
inexpensive hantleld instruments such as those sold by Ocean Optics

(www.oceanoptics.cojm



1.4 Gelatin Nanoparticles

Among collodal systems those based on protaie very promising, since they are
biodegradable ananly weaklyantigenic (Azarmi et al., 2006). Gelatin is one of the most
versatile, naturally occurring biopolymers widely used in cosmetics, pharmaceutical
formulations as well as in many different types of food produGslatin is obtained by
acid or base hydrolysis of collagen (Kommareddy and Amiji, 2007). The properties of
gelatin depend othe gelatin manufacturing method (acidic or basic), its origin (bovine

or pig), the molecular weight, type and the number of amino acids (Coester et al., 2000).

Gelatin nanopatrticlesare easy to preparand their size distribution can be measured
easily. Due to having defined primary structineroteinbased nanoparticles offer

potential for surface modification, covalent and foowalent attachment.

Gelatin nanoparticles are extensively used as vehicles for drug delivery (Kaul and Amiji,
2004) gene delivery (Kommareddy and Tiwari 2005; Zwoirok, et al., 20@&5x
protein/pepile delivery (Li et al., 1998). Gelatin has a number of advantages as a
nanoparticle material: it is a natural macromolecule that is extensively availalde
nearly tasteless, colorlesmdinexpensiveit shows low antigenicity (Schwik and Heide,
1969; and many studies exitat addresgs use in parenteral formulation (Haessig and
Stapfil, 1969). Gelatin nanoparticles can be prepared by coacerngimse separation
technique (Oppenheim and Stewart, 1979), based on the simpleinvaeemulsion
(Cascone et al., 200%Bupta et al., 2004), or twstep desolvation method (Coester et al.,

2000). The molecular weight heterogeneity present in a solution of gelatin is clearly



responsible for the observed variation in the experimental conditions retprirgelatin
nanoparticle formation (Farrugia & Groves, 1999)h#is beershown that the phase
behaviorof gelatinis very complex and influenced by the temperature of the medium.
This affectsthe initial heterogeneity of the moleculaeightdistribution of the gelatin
sample and might explain the observed sensitivity to the experimental conditions in the
production of gelatin nanoparticles by addition of solvgiityseeCollen & Lencki,

1996)

This project adopted the modified tvetep desolvation to make gelatin nanoparticles
(Azarmi et al., 2006). The size of nanoparticles producethbywo-step desolvation
technique varief'om 20 nm to150nm, depending on many factors, such as tempegatu

pH, gelatin type, agitation speed, crosslink level, and desolvating agent (Jahanshahi et al.,
2008; Azarmi et al., 2006). Advantages of making nanopastgteéwo-step desolvation

is to produce nanoparticles which are more staddeheir tendency fo aggregation is

small andonecan easily attachhromophoreso the particles by either covalkeor non

covalent bonding (Coé&ar et al., 2000).

1.5 Luminescent Robes

1.5.1 ErythrosinB

ErythrosinB (CzoHelaNa2Os), FD&C Red #3is an Etype luminescenthromophoreand
a watersoluble dyewhich shows delayed fluorescence, because the first exited singlet

state (9 and triplet state (i) are close in energy (Parker, 196B)ythrosinB shows



98% ofconversion ofexcited molecules tthe triplet state and hasiplet high quantum

yield. Itis considered as an ideal probe for phosphorescence studies (Garland and Moore,
1979). The phosphorescenceeoythrosinB is due to the xanthene ring with four iodine
atoms. WhenerythrosinB is thermdly activated it goes through reverse intersystem
crossing from triplet state to singlet state and generates delayed fluorestkace.
correlation betweendelayed fluorescence pfl) to phosphorescence gfl ratio of
erythrosinB and temperature (T)has beeninvestigated in this study to explore its

possible usas a temperature sensor.

This probe is chemically stablend its phosphorescence is sensitive to oxygEnme
phosphorescence emissioherythrosinB is inthered or near infraredvhere biological

molecules absorb very little (Vanderkooi et 4B87), and its lifetime in aqueous solution

at room temperature is long, ~0.2 ms (Duchowicz et al., 188&)h increases to ~0.6

ms in an immobile glassy matrix (Simdwkasik & Ludescher, 2004ErythrosinB has

l ong wavel eng&dh S@DbGormpmiamd (& | arge stokes
( @xd 6 8 0lt hastshown sensitivity to oxygen in food polymers such as BSA (Nack

& Ludescher 2006), Blactoglobulin (Sundaresan & Ludesch@008), and datin
(SimonLukasik & Ludescher, 2004; Lukasik & Ludescher, 2006gure 1-1 shows

erythrosinB6s mol ecul ar structure.



1.5.2 Phloxine B

Phloxine B( 2 Nj, 4eidpb®iipd,5, @\ ftetrachlorefluorescein) D&C Red No. 28 is a
red dye found in drugs, cosmetics and foods (Inbaraj, @086). The phosphorescence
of ploxine B is due to the xanthene ring with four bromine atdfgu(e 1-2). When
ploxine B is thermally activated it goes through reverse intersystem crossinghieom
triplet state to singlet state and generates delayed fluoresdehicgine B has the
maximum phosphorescenemissionis at about 710 nm, absorption at about 500 nm and
shows delayed fluorescence at about 570A¢id dyes are watesoluble dyes employed
mostly in the form of sodium salts of the sulfonic or carboxylic aditiey are anionic
andattach stronglyand directlyto cationic groups in the fibePhloxine B isone of the
most widely use stains in fluorescence microscopy (Lh et. al., 1998 dye is an active
component of a photoreactive insecticide (Heitz, 19874%. used as an intermediate for
making photosensitive dyes and drugs siihég able to transfer the excitation energy to
molecular oxygen, which gives rise to singlet oxygemce phloxine B haa high triplet
guantum yield and shows temperataensitive delagd fluorescence it can be used as a

dye to monitor temperature changes.
1.5.3 Fluorescein and etramethylrhodamine

In order to make nanoparticle serssfar detection of bacteria in fopatve haveusal the
phenomenon of fluorescence resonance rggnetransfer (FRET) between two

chromophores which are attached to gelaanoparticleandwhich work as donor and
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acceptor on the same molecule. Tetramethylrhodasmae fluorescein aramongthe

most commoriluorophores used as labeling probesRBRET studies.

They are important xanthene dyes with a large range of technical applications due to their
high quantum vyield of fluorescence, and large absorptiaharvisible range(Neckers

and ValdesAguilera, 1993). Fluorescein isothiocyanate atedrametlylrhodamine
isothiocyanate react with amino groups such as aliphatic amines, amino acids, peptides,
and proteins to form highly fluorescent compounds (Babia, et al. 2001). They have been
widely used to label peptidesM¢hedlovPetrossyan2003), proteingKohl et al., 2002),

drugs and other biomolecules (Wang et al., 20Bdjorescein isothiocyanat€ITC) is a
derivative of fluorescein used in wiglanging applications. FITC is the original
fluorescein molecule functionalized with an isothiocyanate ingagroup ({N=C=S),
substitutingfor a hydrogen atom on the bottom ring of the struct&igufe 1-3). This
derivative of fluoresceimeacts with nucleophilescluding amine and sulfhydryl groups

on proteins(Kohl et al., 2002, Wang et al., 2004). FITC has excitation and emission

spectrum pak wavelengths of approximately 49% and 521m, respectively.

TMR-ITC is the base tetramethylrhodamine molecule with functional reactive group of
isothiocyanate at one of two hydrogen atoms on the bottom ring stringture Figure
1-4). TMR-ITC hasits excitationpeakat approximately 544 nm and maximum emission

peakat approximately 572 nm.
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1.5.4 Texasred

Sulforhodamine 101 acid chide is a redemiting fluorophore and it is now
commercially available under name Texas (EBdyure 1-5). Its molecularformula is
Ca1H290CIN206S,, andits molecular weight is 625.2. Texas red has maximum absorgtion
578 nm andluorescencesmission at 623im. It has been covalently bound tonpary

amino functions in proteins and other biological substrdtesto having free sulfonate
residueqTitus et al., 1982). Protein modifications using this compound are best done at
low temperatures. Once it is conjugated, however, the sulfonamidesr¢hBormed are
extremely stable, even surviving complete protein hydrolysis. Texas red is a mixture of
two monasulfonylchloride derivatives of sulforhodamine 101. Texas red bleaches more
slowly than fluorescein and tetramethyrodamimereover, thereesulfonic acid groups
causelexas redo beconjugate wittmore hydrophilic compounds containing free amino
groups This makes Texas red an excellent reagent for single or double labeling
proteirs in fluorescence studig¢$itus et al., 1982). In this pject we have used TMR

ITC and Texas red as donor and acceptor, respectively, to double label gelatin
nanoparticles and studied the FRET property of these dyes to detect the possibility of

hydrolysisof gelatin by food spoiling bacteria.

1.6 Basic Photophysis

The photophysical processes that occur following the absorption of a photon can be

shown graphically in a Jablonski energy level diagr&igure 1-6). This is perhaps the
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most important diagram in photochemistry for the understanding of photoexcited states.
Following the absorption of light, a molecule may be raised from the singletcysbate

So to singlet exited statetSEmission from $to S is called fluorescence (ratedx and
usually occurs with a lifetime of to 108 s. Some nomadiative deactivation processes

are also significant here such as internal conversion, intemsygiossing and vibrational
relaxation. Along with fluorescencery, internal conversion from:1S0 & (rate ko),
intersystem crossing fromy $0 T: (rate k1) and collisional quenching by oxygen (rate
ko[O2]), occur. Phosphorescence (rate)khappensvhen emission is from thexcited

triplet state Tto § with a longer lifetime of 18 to 1 s. Along with phosphorescence
(krp) Nonradiative decay from to S (rate ksg), collisional quenching ¢{Q]) and
reverse intersystem crossing from To S (Kkrsy, which gives rise to delayed
fluorescence, occur. Rate constaris krp, and k1 are fixed by the molecular structure

of the probe and are not influenced by environmental conditions (Turro, 1991).
Vibrational relaxation occurs very quickly (<1 x #0seconds) and is enhanced by
physical contact of an excited molecule with other particles with which energy, in the
form of vibrations and rotations, can be transferred through collisions. This means that
most excited state molecules never emit anygnieecause in liquid samples the solyent

or in gas phase samples other gas phase olekethat are present, stabk energy
before other deactivation processes can occur. Genexalyincrease in the molecular
mobility of the local environment arourile chromophore will enhance the vibrational
relaxation rate and the collisional constant (Ludescher et al., 2001). Molecules which

contain heavy atoms such as bromine and iodine oftengtenxahorescence properties
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because the presence of heatgyms enancedntersystem crossing and phosphorescence

guantum yield (Lakowicz, 2006).
1.6.1 Emission Intensity:

Emission intensity is proportional to the quantum yield. Quantum Vil the ratio of
emitted photons to absorbed photons. For fluorescence, the qugiefdn{i_) is the
ratio of the rate of fluorescence to the sum of all othesxa#ation processes from the

singlet state (Hurtubise, 1990; Lakowicz, 2006):

i, = os @
kRF + k|c + ksn + kQ[Oz]

In the absence of quencher, which is mositygen, Equation (13implifiesto:

. K

(e - )

kRF + kIC + kSTl

For phosphorescence emission, the quantum yjelll i§ the product of the quantum
yield for the triplet staté/ 1) and the probability of the emission that will take place from

thetriplet state ¢p) (Hurtubise, 199Q)
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o~ “ Ksn Krp
U, =u = 3
] T { kRF + k|c + ksn + kQ[O 2] H kRP +kTSO+kTSI + kQ[OZ] } G)

In the absence of quenchBquation (3simplifiesto Equation (4):

) K K
G = e o U T 7
RF IC ST1 RP TS0 TSL

} (4)

The quantunyield for delayed fluorescencei(,_) is the producof the quantum yield

for fluorescence and the probability of the intersystem crossing frota & and also

reverse intersystem crossing fromback to $ (Duchowicz et al., 1998).

“ “ Ksn Kra
Uy =U 5
> . Kretke +Ksp 1 Kgp +Krgp + kTS].} ©

The ratio of emission intensities ofldged fluorescence () and phosphorescence X

provides information about the rate constant for reverse intersystem crdssing (
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ey sy
I DF — kF kP — f kTSl (6)
Tk k CF
I {Ssmyp Krey
ke ' Ko

This ratio is highly temperature dependehte to the rate constant for intersystem

crossing which is characterized tiye Arrhenius equation (Pravinata et al., 2005):

(7)

where qErs is the energy gap between 8nd T, Therefore, Equation (6) can be

described by the following equation:

I ¢ a
DF — i kTSl ={ F }kTSlo exp( - qu—-lf-S) (8)

I RP RP

gErscan be calculated from the slope of a Vant Hoff plot of the natural log of the ratio of
delayed fluorescence intensitypf) to phosphorescence inwty (lp) versus inverse

temperature:

d[In(loe/Ip)]/d(L/T) = -p EJR 9)

The phosphorescence lifetime is the inverse of the total decay rate. Measuring the

intensity decay as a function of time can provide phosphorescence intensity.



16

t = (kp)* = (krp + krs1+ krso+ ko[O2]) ™ (10)

The phosphorescence intensity decay can be fitted with egth&ingle exponential
function (Eg. 11) or a stretched exponential functiqiEq. 12) dependingon the

complexity of the matrix and different lifetimef thetriplet probe.

lp=logexp [T (t/ U)] (11)

where | is intensity at time tl, is the initial intensity at time 1 andUis the lifetime.

In some cases intensity decays are-egponential and a stretched exponerttiaktion,
KohlrauschWilliams-Watts decay model can be used to analyze the lifetime distribution

(Lee et al., 2001).

lp=loexp [T (t/ 0) (12)
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where I is the intensity as a function of time following pulsed excitatigy,is the
initial intensity at time zero{Jis the lifetime, andb is the stretching exponent that

characterizes the distribution of the decay times.

1.6.2 Emission Energy:

Absorption and emission are distributed ovavide range of energies, and the energetic
interactions are sensitive to dipolar interactions between the polar chromophore and the
immediate environment (Ludescher et al., 2001). Rotational motions of small
fluorophores in fluid solution are rapid, typically occurring on a time scale of 40 ps or
less. The relatively long timescale of fluorescence allows ample time for the solvent
molecules to reorient around the excited state dipole, which can lower its energy and shift
the emission to longer wavelengthsligh temperatures caalso result in thermal
disruption of dipoledipole orientations and shift of the fluorescence emissions to higher
wavelengths (Lakowicz and Cherek, 1980). This process is called solvent relaxation and
occurs in 16°s in fluids. In vitrified solvents emission occurs prior ttaxation and the
spectrum of the unrelaxed fluorophore is observed. Under conditions of no relaxation and
complete relaxation, the fluorescence lifetimes are relatively constant across the emission

spectrum since a single excited state is being obsera#dWicz and Cherek, 1980).
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The energy of emission is typicallgss than that of absorption. Thus, fluorescence
occurs at longer wavelengtfFigure1-7). The phenomenon is known as the Stoi{a#t

and can be caused by energy losses due to relaxation to ground vibrational states, solvent
effects, excited state reactions, complex formationd aenergy transfer. (Lakowicz,

2006).

1.7 Fluorescence Resonance Energyrdnsfer

Fluorescence resonance energy transfer (FRET) is a physical phendirstrdescribed

over 50 years ago. Fluorescence resonance energy transfer has become popular in
biological and biophysical applications to qualitatively and quantitatively measure the
distance between molecular sites (Kenworthy, 20Gbrdon et al., 1998). The
mechanism of fluorescence resonance energy transfer involves a donor (D) fluorophore
in an excited @ctronic state, which may transfer its excitation energy to a nearby
acceptor (A) chromophore in a noadiative fashion through loagnge dipolaipole
interactionsas shown inFigure 1-8 (Lakowicz, 2006). This process occurs when the
emission spectrum of a donor overlaps with the absorption spectrum of the acceptor
(Figurel-9). In the majority of cases the acceptor is a fluorescent dye, although this is not
necessary (Berney and Danuser, 2003). The extent of resonance energy transfer is
determined by the distance between the donor and acceptdheamxtent of spectral

overlap. The range over which the energy transfer can take place is limited to
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approximately 10 nanometers (100 angstroms), and the efficiency of transfer is extremely
sensitive to the separation distance between fluorophoresdiStasice is called Forster

distanceand is denoted asoR

In order to develop a sensor to detect the secretion of proteases by some food spoilage
organisms we have used sensitivity of FRET to proteolysis of pep#désiorescent
donor attached to one of the amino acid residues of the peptide transfers energy to a
guenching acceptor attached to another residue after the resonance mechanism takes
place.Therefore, the quenched fluorescence can be detected in case afeledany

peptide bond between the donor/acceptor pair.

1.8 Hypothesis

Edible hydrocolloid luminescemtanoparticles which are sensitive to specific properties

of food can be used as sensors fargerature, oxygen and bacteria.

1.9 Research jectives
1.9.1 Objective 1:

1.9.1.1 Nanoparticle Sensor for Temperature

Develop a hydrocolloid nanoparticle sensor to detect temperature change in food. To
achieve this goal wkaveusal the phaphorescence sensitivity athromophoresuch as
erythrosinB to temperature to h®w the correlation between the ratio of delayed

fluorescenceo phosphorescenceof1p) and temperature.
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1.9.2 Objective 2:

1.9.2.1 Nanoparticle Sensor for Oxygen

This projecthas investigated the use afhydrocolloid nanoparticle sensor fetecting
the presece ofoxygen in foodbased orthe phosphorescenaguenchingproperty ofthe
chromophore ithe presence of oxygen.

1.9.3 Objective 3:

1.9.3.1 Nanoparticle Sensor fordteria

This project studied the feasibility of developiadnydrocolloid nanoparticle sensor for

detection of foodspoilage organismbased orfluorescence resonance energy transfer

between two chromophores which work as donor and acceptor on the same molecule.
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Figurel-1: ErythrosinB molecular structure (www.sigmaaldrich.com).
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Figurel-2: ErythrosinB molecular structureafww.sigmaaldrich.com
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http://www.sigmaaldrich.com/

Figurel-3: Fluoresceid TC molecular structure (www.sigmaaldrich.com).
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Figurel-4: Tetramethylrodamin€l C molecular structure (www.sigmaaldrich.com).



Figurel-5: Texas Red molecular structure (www.sigmaaldrich.com).
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Figurel-6 : Jablonski diagram (University of Victoria, Advance Imaging Laboratory).
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Figurel-8 : Jablonski diagram illustrating the FRET process (Hussain, 2012).
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Figure1-9 : Absorption and fluorescence spectra of an ideal danoeptor pair. Brown
colored region is the spectral overlap between the fluorescence spectrum of donor and
absorption spectrum of acceptor. (Hussain, 2012).
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2 TEMPERATURE SENSOR

2.1 Nanoparticle Sensor for Temperature

Goal: To avelop a hydrocolloid nanoparticle sensor to detect temperature change in

food.

To achieve this goal we used the phosphorescence sensitiatghodbmophoresuch as
erythrosine Band phloxine B to temperature to show the correlabbrihe delayed

fluorescence and phosphorescerat® (Ipe/Ip) with temperature.

2.2 Background

A temperature sensor is a device that collects data regarding the temperature from a
source and converts it to a form that can be understood either by an observer or another
device. Temperature sensdrave beemmade in many different forms arad different
materials anchave been used for a wide variety of purposes, from simple home and
personal use to very accurate and precise scientific use. This pragdévelogd a

novel class of edible hydrocolloid food nanosensors such as getatoparticlesard

starch nanoparticleshich are doped with luminescent chromophores and can be used to
provide information about the local food matrix such as temperature. The luminescence
properties of the probes such as phosphorescence and delayed fluorescenceharovide

sensor sensitivity to the temperature.
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The xanthene dyeare an extremely helpful group of luminescent and triplet forming
dyes for practical applications and theoretical studies. The rate of intersystem crossing for
triplet forming xanthene dyes isieasuredin different environments such as liquid,
amorphous solid and solitP(avinataet al., 2005, Nack Ludescher2006). This family

of fluorescein derivatives include=rythrosine B phloxine B, eosin and rose bengal.
These dyes are mostly in the foohsodium salts of their sulfonic or carboxylic agids

and they are watesoluble(Duarteet al 2012) They are anionic, and can be attached to
cationic groups in solid matrices and thus, they can be applied to all kind of natural fibers
like wool, cottn and silk as well as to synthetics like polyesters, acrylic and rayon
(Duarte et al, 2012) They can be also applied tood matrices like gelatin, BSA, milk
proteins, and amorphous sucros€SimonLukasik & Ludescher 2004 Nack &
Ludescher 2006 Sundaresar& Ludeschey 2008 and Pravinataet al., 2005).Starch
granules have been naovalently labeled with eosin Y (Seguchi, 198bhey arealso

used in plastics, inks, paints and leather.

ErythrosineB is an Etype luminescent chromophore whidiosvs delayed fluorescence,
because the first exited singlet state) (&1d the triplet state (T) are close in energy
(Parker, 1968)ErythrosineB has 98% of excited molecules convertinghetriplet state
and has high quantum vyield and is considerecdrasdeal probe for phosphorescence
studies (Garland and Moore, 1979). The phosphorescererythfosineB is due to the
xanthene ring with four iodine atoms. WherythrosineB is thermally activated it goes
through reverse intersystem crossingnirtriplet state to singleand generates delayed

fluorescence. If the ratio of delayed fluorescencsr)(lto phosphorescence p)I



39

monotonically changes with temperature, (if)can perform as a temperature sendar.
this casethe relationship betweendIp and T is obtained from the analysis of test data

as described in the following sections.

Phloxine B is a derivative dluorescein with noticeably bluish shade used

for disinfection and detoxificatioaf wastewater through photooxidatiorhe difference
between this molecule and fluorescein is the presence of four bromine atoms at positions
2, 4, 5 and 7 of the xanthene ring and four chlorine atoms in the carboxyphenyl ring
(Duarte et al, 2012)The phosphorescence of phloxine B is due to the xanthenwiting

four bromine atoms. When phloxine B is thermally activatedjoes through reverse
intersystem crossing fronthe triplet to the singlet state and generate®laled
fluorescence. Phloxin ithe maximum emission about 7hén, absorptionabout 500nm

ard shows delayed fluorescenagbout 570hm.

2.3 Material and M ethods

2.3.1 Preparation of gelatin nanopatrticles

Gelatin nanopatrticles were preparedtbg two-step desolvation method (Azarmi et al.

2006). 1.25 gf type Agelatin (100 Bloom) from Vyse Gelatin Company (Schiller Park,

IL), wasdisolved in 25 mL distilled waterMilli-Q wat er (18. 3 Mq) wa ¢
experments]. The aslution was stirred under constant heating until a clear solution was
obtained.25 ml acetne from VWR International was added to the gelatin solution to

precipitate the higher molecular weight gelatin (HWG) and yield more homogeneous
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gelatin nanoparticles. The removal of the low molecular weight gelatin in the supernatant
after the first desohtion step reduced the formation of aggregates during-tnssg

due to an enhanced stability of particles formed before dirdseg, and prevented
further secondary aggregation and flocculation of particles during storage. The solution
was ldt at rorom temperature for 3 hr.h€&n the supernatant was discarded atme
sediment ralissolved in 25 ml distilledvater under constant heating. Treusion was

stirred untila clear solution was obtained. HCL 1N from Sigilarich was added drep

wise to adjusthe pH of gelatin solution to 2.5. At the second stepolvation 75 mi
acetone was added dropse to form nanoparticles. At the end 50 €L of 25
glutaraldehyde solution from Sigrfddrich was added to crosslink the nanoparticles
andthe solution vasstirred for 12h. The remaining solvent was evaporated by a rotary
evaporator. The nanoparticles were transferred to a dialysis membrane tube having 1000
Da molecular weight cutoff and dialyzed against distilled water for 24 hr to remove
unreacted croskinking (glutaraldehyde) agent and other impurities. The nanoparticles
were then freezdried and stored in refrigerator for further experiments. The particle size

was measured by particle size analyzer 90 Plus (Bienan Instruments Corporation).

2.3.2 Preparation of Starch Mdnoparticles

Starch nanoparticles were prepared byader/oil (W/O) nanoemulsion. In this methpd
phosphoryl chloridevas used as arosslinker (Wang et al., 2004)0.5 g of soluble

starch was added to 5 ml distilled water and heated in a boiling-batteruntila clear
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solution was obtainedrhis aqueous solution was cooled to room temperasmne 100

mg of K:SOQw was added. Thaqueous phase was added énope to an oilphase
(containing 100 mL of gHsCHz, 100 mL of CHC4 and 4 mL of surfactant Spa80) with
constant stirring unti& microemulsion was formed. Thehe microemulsion was treated

by Sonifier cell disruptor W185 from Heat Systebisrasonics Inc (Faringdale, NY),

for 5 min in order to obtarmnanoemul si on. 36v8sOaddedLto thid POC
nanoemulsion and stirringascontinued for another 1 h. The nanoemulsion was washed
three timeswith acetone and then ethanaspectively, to obtain white soligtarch
nanoparticles. Solid starch nanopartickesedissolved in distilled water and then passed
through 0.2 &m WioeaemnmoiaanEparficle Sithdiameter anger than

200 nm. Then dissolved nanoparticles were dialyzed againdt di&illed water for 2

days using a dialysis membrane tubeith a 1000 Da moleculaweight cutoff. After
dialysis nanoparticles were freezi¥ied to obtain dry powder anithe dry powder of
starch nanopatrticles was kept in a refrigerator for further use. Inrifjead method,
polyoxometalates, instead 0804, wasadded and encapsulated in starch nanoparticles.
However, with removal of polyoxometalates, there were no white solid starch
nanoparticles precipitated upon washitg nanoemulsion with acetone anchaol.
Therefore, KSOQy was added as a substitute for polyoxometalates. Other salts may also

work but have not been tried.

Washingthe nanoemulsion with acetone and ethanol is important because they cause
precipitation of the nanopatrticles frothe W/O emudsion. They also help remowany

remaining phosphoryl chloride and dilute the acidity of the nanoparticles solution, which
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resultsfrom the reaction of phosphoryl chloride with water. Solid starch nanoparticles
can simply turn dark when dissolved in watanot well washed by acetone and ethanol.
The hgh acidity ofthe nanoparticlsolutiors may be a reasdior this observationThe
nanoparticles were transferred to a dialysis membrane tube having 1000 Da molecular
weight cutoff and dialyzed against distilled water for 24 hr to remove unreacted
phosphoryl chloride and other impurities like potassium sulfate. Removing the edreact
phosphoryl chloride can minimize overosslinking of nanoparticles, which would
decrease the solubility ahe nanoparticles in water during storage. The dry powder of

starch nanoparticles can tieenstored in refrigerator foa few months.

Solublestarch from potato, toluene, chloroform, sodium phosphate dibasic heptahydrate,
sodium phosphate monobasic anhydrous, sodium acetic trinydrate, potassium sulfate,
Span80, Trizma® base, phosphoryl chloride, harmane and quinine hemisulfate
monohydrate werpurchased from Sigmaldrich. Phoghoric acid (85%), hydrochloric

acid, glacialacetic acid, acetone and ethanol were obtained from Fisher Scientific.

2.3.3 Determining Nanoparticlesi&

Gelatin or starch nanoparticle solutsorwere diluted in distilled water1:400 and
transferred into small testing tubhd he diluted samplerastested using a 90Plus Patrticle
Size Analyzer from Brookhaven Instruments Corporation (Holtsville, NY) before
labeling to determine particle sizes. The diluted samples were measureahgiteaature

of 25°C and a scattering angle of 90°.
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2.3.4 Labeling Gelatin Nanoparticles and Starcandparticles

10 mgof freezedried gelatin nanoparticeisasdissolved in 10 ml DI water and stirred
under constant heating ungilclear solution was obtainedErythrosineB was dissolved

in spectrophotometric grade dimethylformamide to prepare a 10 mM stock solution.
ErythrosineB from the stock solution was added to 10 ml gelatin nanoparticle solution to
ma k e 1 @rytheodvheB solution. Thissolution was ®red overnight at room
temperature. Then therythrosineB labeled nanoparticles were transferred to a dialysis
membrane tube having 1000 Da molecular weight cutoff and dialyzed against distilled
water for 48 hto remove unreacted, free dykhe dialysisvater was changed every 6 to

8 hr. this procedure attachedyghrosineB to gelatin nanparticles. In order to attach
other luminescence probes to gelatin nanoparticles the same method was applied. For the
purpose of labeling starch nanoparticles withraihescence probe suchegthrosineB

and phloxine Basimilar procedure was followed.

The dialysis during the labeling process aims to remolabated free probeDetectable
phosphorescence and fluorescence signals of unreacted probes were obserakyinor

the first two batches of dialyswater and almost disappeared or became very weak after
24 hr of dialyzing,indicating that48 hoursof dialyzing can eliminate afree dyes from

thenanoparticlesolution.
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2.3.5 Preparing Sample for TemperaturertSor

1 ml of erythrosineB or phloxine B labeled gelatin nanoparticieastransferred into a
cylinder and diluted with Dwater with relative ratio of 10 to obtain apale pink
solution. Ths solution was used for thexperiments.Two types of samples were
prepared in order to study the application of nanoparticle sensors in liquid and solid

foods.

2.3.6 Liquid Samples

Prior to any experiments cuvettes were washed in the cuvette washer with soap; rinsed
with DI water, ethanol and acetone; and dried for few mgwte 40 €L of t he
pink solution of erythrosine B or phloxine B labeled gelatin nanopatrticles was added to 2
ml of any liquid food solution and placed in a clean standard 1cm x 1cm fluorescence
cuvette for luminescence measurement. Liquid foddtisms included buffer solutions

of pH 3 and pH 7, water, Tropicana orange juice containing no pidpld 2-1),
Seagr amoé s Tapledh2y kemonaald jece (rink from Brisk éble2-3), Redbull

energy drink Table2-4) and GatoradeT@ble2-5). Nitrogen was purged for 30 minutes
through the prepared sample in cuvette before starting and during the experiment to

prevent oxygen quenching of the triplet state.
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2.3.7 Solid &mples

Inthecase of solid sampl es, 20 €L of the dil
phloxine B labeled gelatin nanoparticles was dropped on the surface of approximately 1
to 1.5 cn? solid samples including Doritos cheese nachable 2-6), Tostitos scoop

nacho Table 2-7), Nabisco unsalted top sakincracker Table 2-8), SunTree banana

chips {Table 2-9), Lays classic potato chipFdble 2-10) and white pita breadTéble

2-11). Samples were dried by a heat gun for few minutes and fitted diagonally into a
standard 1cm x 1cm fluorescence cuvette for luminescence measurement. Nitrogen was
purged for 30 minutetroudh the cuvette containg the sample prior to the experiment

and during the experiment to prevent oxygen quenching of the triplet state. The effect of
relative humidity on the behavior of nanoparticle sensors in solid foods was investigated
by subjecting sme of the food samples to various levels of relative humidity as described

below.

2.3.8 Relative Himidity

Four saturated salt solutiomgth different relative humiditigsnamely lithium chloride
with RH=11.3%, potassium acetate with RH=23.4%, magnesium déalowith
RH=33.5% and potassium carbonate with RH =43% were used for gesirent. 10 gr
of each salt were added irgmall desiccatorsanda small amount of water was added to
the desiccators in order to make a saturated salt solution. All 4 desicowtoe

monitored everydayand water or salts were added as needed to facilitate making a stable
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saturated salt solution. Erythrosine B labeled gelatin nanoparticles were added to small
pieces of solid samples of cheese nacho, nacho, dried banana awdchgiat The
samples were dried by heat gun for 5 minutes. 4 aluminum containers were weighed.
Then 4 to 5 small pieces of one sampfer example potato chips were placed into the
aluminum containers and were weighed again and weights were recordeduimm
containers which contained potato chips were placed into the 4 different desiccators with
different relative humidity and equilibraefbr 3 days. The aluminum containers which
contained potato chips were weighed again after 3 days and weightee@nded. They

were placed into the same desiccataisere they stayed for another 2 days and weighed
again. The samples were weighed every 2 days until 3 constant weight measurements
were achieved consecutively. When the samples reached the targetitjhuthelr
weights were stabilized and they were ready for further tests. This test was performed on
Doritos cheese nacho (Table 7), Tostitos scoop nacho (Table 8), SunTree banana chips
(Table 9), and Lays classic potato chips (Table 10). Duration oflizaibn was

different for each sample.

2.4 Data Analysis

The emission spectra were analyzed by fitting a lognormal function to both the delayed

fluorescence and phosphorescence over the temperature ran@etof6® C.
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Where,lo is the maximum intensity value of the emission speciras the frequency in
cm? of the maximum emissionpis the line width parameter, afdis the asymmetry

parameter.

2.5 Instrumentation

Luminescence measurements were made using Cary Eclipse (Watiarments, Walnut
Creek, CA) fluorescence spectrophotometer equipped with a temperature controller and
multi-cell holder. This instrument, which collectiata in analog mode, uses a high
intensity pulsed lampA time delay was employed to avoid any flescence during the

lamp pulse. Temperature was controlled using a thermoelectric temperature controller
(Varian Instruments). The measurements were matieeiabsence of oxygen. Nitrogen

was purged for 30 min before addring the experimertb prevent oygen quenching of

the triplet state. Nitrogen flow was generatedplagsinghigh purity nitrogen through a
Supelco (Bellefonte, PA) carrier gas purifier. The standard 1cm x lcm quartz

fluorescence cuvette was capped with a lid having inlet and outletfogas lines.
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2.6 Luminescence Measurements

Emission spectra were measured as a function of temperature. Delayed fluorescence
spectra were collected over a 2 ms time window. Phosphorescence and delayed
fluorescence emission scans were performed over trge rah 526800 nm with an
excitation wavelength of 510 nm. The emission is characterized by a delayed
fluorescence band with peak at ~550 nm and a phosphorescence band with peak at ~690

nm.

The excitation and emission monochromators were both set at 2@minplass. Each
data point (collected at 1 nm intervals with a 0.1 s averaging time) was collected from a
single flash with a 0.2 ms total decay time. Emission spectra were fitted using the
program Igor (Wavemetrics, Inc., Lake Oswego, OR). All the measmsnvere made

in triplicate at least.

2.7 Results and Discussion

2.7.1 Nanoparticle &e

The dimensions of nanoparticles varied in different batches. However, most gelatin
nanoparticles were within the range of-Z40 nm and most starch nanoparticles were

within the range of 10@00 nm Figure2-1).
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2.7.2 Erythrosine BLabeled Gelatin Hnoparticles irSolution

Figure2-2 shows the emission spectra of erythrosine B labeled gelatin nanoparticles as a
function of temperature in water. Each spectrum shows thatiea of intensity with
wavelength. Erythrosine B labeled gelatin nanoparticles showed delayed fluorescence
spectra when collected over a 2 ms time window at temperatures ranging from 3 to 60°C.
The emission is characterized by a delayed fluorescenciiztth peak at ~550 nm and
a phosphorescence bandwidth peak at ~690 nm. The longer wavelength band is
phosphorescence from the excited triplet stai¢ \While the shorter wavelength band is
delayed fluorescence from the excited singlet statptffat hasbeen repopulated from
the triplet state by thermally activated reverse intersystem crossing (Parker, 1968). The
intensity of the phosphorescence band decreasbile the intensity of the delayed
fluorescence band increased with increasing temperatursh@sn in Figure 2-2.
Phosphorescence showaded shift around room temperature whicmainly attributed
to solvent dipolar relaxation (Lakowicz and Cherek, 1980). Solvent relaxation is the
reorientation of adjacent dipoles around the excited states of fluoropdnodesauses
shifts of the fluorescence emissions to longer wavelengths (LakeweZherek, 198).

These relaxation processes and the spectral shifts in fluid solvents near room temperature
are acomplished prior to fluorophoreemission (Lakowiczand Cherek, 1980).

Luminescence spectra composed of both delayed fluorescence and phosphorescence were

fitted using the sum of two lognormal functions. The intensity plot of erythrosine B

labeled gelatin nanoparticles showed a decrease in the intensity of phosphorescence and
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an increase in the intensity of delayed fluorescence as a function of temperatutigeov

temperature range of 3 to 60°BEidure2-3).

The Vanot Hoff plot of erythrosine B | abel
In(Ipe/lp) versus 1/T decreased as a function of 1/T as showsgure 2-4. The data

points exhibit an approximately linear trend; therefore, the linear hastthe data was
calculated in the form of Inft/lp) = m (1/T) + C. In this equation, m denotes the slope

and C denotes the-igtercept of the regression line. The correlation coefficient (R) is
0.9987 which is an indication of good fit. This plot shotve sensitivity of delayed
fluorescence to temperature and demonstrates that erythrosine B can serve as a

temperature sensor by using the relationship between intensity ratio and temperature.

The dfect of different pH values on erythrosine B labeled gelatnoparticles was also
studied.Figure2-5i s Vané6t Hoff plot of erythrosine
buffer solutions of pH 3 and pH 7 ewthe temperature range of 3 to 60°C along with the

best fit lines. This figure shows that the pH of solution did not significantly affect the
behavior of erythrosine B labeled gelatin nanoparticles and its sensitivity to temperature.
The regression linesvhich approximate the relationship between intensity ratio and

temperature in solutions with different pH are almost identical.

Erythrosine B labeled gelatin nanoparticles were added to different liquid food samples
including water, orange juice, gingdealemonadeRed Bull and Gatoradefigure 2-6
shows the Vanét Hoff plot of erythrosine B

ginger ale, lemonade, red bull, Gatorade, water, buffer solution pH 3 and buffer solution
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pH 7 over he temperature range of 3 to 60°C. This figure demonstrates that the ratio of
In(Ipe/1p) varied monotonically and decreased as a function of 1/T for all solutions. This
figure shows the sensitivity of delayed fluorescence to temperature and indicates that
erythrosine B can act as a temperature sensor in a variety of food solutions by using the
relationship between intensity ratio and temperature. Erythrosine B labeled gelatin
nanoparticlse are sensitive to temperature change, in different solutions witterdift

compositions Wen there is no oxygen presamthe solution.

In an attempt to find a simple correlation between intensity ratio and temperature, the
data were plotted in three different ways: dafllp) vs. 1/T Figure2-6), In(loe/lp) vs. T
(Figure2-7), and be/lpvs. T Figure2-8). The Vano6t Ho fHgurg2leatds s how
Figure2-7 exhibit some curvature but can be approximated by a straight line due to small
curvature.Figure 26 was selected as the preferred presentation of data for analysis.
Analysisoft he Vandét Hoff plot provides the cons
measurement of the delaypbdosphorescence luminescehased on the linear best fit to

the test data points obtained for each sample in the form ef/laf{l= m (1/T) + C. In

this equation, m denotes the slope and C denotes-ititergept of the regression line.

The sl ope m provides anrs [eesveen tmalawest topfet{ft he e n
and singlet state ($ The yintercept C can be regarded as a meastithe ultimate

intensity ratio (limit of intensity ratio as the temperature increases). Due to the practical
upper bound on the temperature values that are of interest in food sensory applications,

the measured intensity ratios are expected to remain wellvii@l Once determined for
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each liquid samplemm and C can be used to calculate the temperature at any given

intensity ratio according to the following equation:
Tcac=m/(In (Ibe/ Ip) T C

Table2-12 presents the calculated constants m and C for each liquid sample along with
theassoci at ed w)nTe mnge a pappmeferpk is frodh 061 to-3,880.
Parameter C varies from 12.10 to 12.74. Tdlatively narrow range of variation of these
parameters suggests that a single regression line may be appropriate for all liquid
samples. Constants m and C defining the best fit line to all data points shéwguie

2-6 are-3,806.8 and 11.917, respectively. The correlation coefficient vala@.89is an
indication of good fit. The calculated temperatureaQTwas compared with the actual
temperatre for each liquid sample in order to assess the accuracy of the estimation.
Table2-13 showsthe error in estimating the temperature in ligsénples resulting from

the use of a single regression line for all data points. The error is defined as,

AS4 4 8

where, Tt denotes the actual temperatuire this equation, 3. and Teac are in degrees

Kelvin (K).

According to this tablethe estimation error is relatively smadind comparable tthe
practical precision with which the temperature is generally measured and reddrded.
largest errors arm most caseassociated with the lowest temperatureX(3 This can be

attributed to thecondensation around the cuvette during the experimdote that a
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higher degree of accuracy can be obtained by using a bilinear approximation. In this case,
a single regression line (one set of m and C values) may be fitted to the data points at

temperatues below 10C and another set of m and C values may be used to approximate

the trend at temperatures above@.0

Labeled gelatin nanoparticles were tried in some other liquid samples such as apple juice,
pomegranate juice angreen teabut gelatin nanopécles were precipitated after few
minutes. This was due to the presence of tannin and anthocyanins in the composition of
those samples. Both tannins and anthocyanins in beverages are molecules containing
benzene rings with adjacent hydroxyl groups as showFigure 2-26 by the galloyl

group (Cole, 1986). These molecules are the major source of hydrogen bonds which are
the basis of complex formationtheeen gelatin and tannins or anthocyanins in beverages
(Figure 2-27) (Cole, 1986). Greater precipitation occurs with high molecular weight
gelatin (Van Buren and Robinson, 1969). Since gelatin nanoparticles used in the
experiments were made from high moleculgeight gelatin, they caused precipitation.

Tannic acid contains a mixture ofgolics which develop a strofgnd with gelatin.
2.7.3 Phloxine BLabeledGelatin Nanoparticles Liquid Samples

Emission spectra of phloxine B labeled gelatin nanoparticlegaier as a function of
temperature arshown inFigure 2-9. Phloxine B labeled gelatin nanoparticles showed
delayed fluorescence spectra when coliéctever a 2 ms time window and the
temperature range of 3 to 60°C. The emission is distinguished by a delayed fluorescence

bandwidth peak at ~567 nm and a phosphorescence bandwidth peak at ~710 nm. The
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longer wavelength band is phosphorescence from théedxiplet state (1) while the

shorter wavelength band is delayed fluorescence from the excited singlet stateat(S

has been repopulated from the triplet state by thermally activated reverse intersystem

crossing (Parker, 1968). The intensity of tHegphorescence band decreased and the

intensity of delayed fluorescence band increased with increasing tempef@guee (
2-9). The variation of delyedfluorescence and phosphorescemtensity of phloxine B
labeled gelatin nanoparticles as a function of temperature is shokigure 2-10. The

data points plotted on this chart correspond to the peak intensities shBigare2-9 (7

data points corresponding to the 7 temperature values used in the experiments).

Extrapolating the trend of variation of phosphorescence intensity with temperature, it

appears that the probe may be functional up to a temperature of 80°C. Bhiond

temperature, the intensity will be too low to allow easy measurement.

Vanodt Hof belppvk.d/T is shbwn ifrigrd2-11 along with tte linear best fit

to the data following thsame analysis procedure as foytlerosine B labeled gelatin
nanoparticlesreported earlier in this chapter. For reference, Vtha n 0 t Hof f
erythrosine Blabeled gelatin nanoparticleshown in Figure 2-4 is superimposed on

Figure2-11 (Figure2-12). It is noted that the two plots are nearly identical.

In order to observe the behavior of phloxine B labeled gelatin nanoparticles chfbqdi
samples, they were added to water, Gatorade, lemonade and gingEigafe.2-13

shows the Vanot Hof f pl ot arficlespirh dingex aley e

lemonade, Gatorade, water, over the temperature range of 3 to 60°C. This figure

pl o

B |
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demonstrates that ratio of Ipfllp) varied monotonically as a function of 1/T for all

solutions.

Unl i ke the Vanot Hof f B lalbeted gelatib hamadpartelds f or
these vanot hof f curves for phl oxine B sh
approximation of their behavior perhaps inappropriaseit introduces systematic error.

It is noted that the linearity of the relatiomshbetween intensity and temperature,
although desirable for calculation, is not needed for this probe to be useful as a

temperature sensor.

Two additional presentations of data as shown in Figtké and Figure -A5 were also
considered in order to se@ksimple correlation between intensity ratio and temperature
but did not reveal any advantage over the
shown in Figure 23 was used for the analys&.quadratic polynomial fit to the data

points was derivetb approximate the relationship betweendg(b) and 1/T as shown in

Figure2-13.

Analysis of the Vanot Hof f tng the tenperaduwvei d e s

from a measurement of the delayed phosphorescence luminescence.

s~

A A TAA T
In this equation, a, b, and c are the constant coefficients of the quadratic best fit

~

polynomial,l T— A- A- A
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o Eswas calculated usingraight lineapproximationTable2-14 shows the constants m,
C and t he esopakculaged fordoagachgdid sample.The range of parameter m

is from-3,356 t0-3,500. Parameter C varies from 10.54 to 10.90.

Table 2-15 shows the error in estimating the temperat(degrees Kelvin)in liquid
samples withphloxine Bresulting from the use of a quadratic best fit curvealbdata

points.

Since both erythrosine B and phloxine B have shown very similar behaviors, it is
expected that the effect of pH on the response of phloxine B labeled gelatin nanoparticles

is negligible; therefore, the pH test was not performed for pinoki
2.7.4 Erythrosine BLabeledGelatin Nanoparticlesn Solid &mples

Figure 2-16 shows the emission spectra of erythrosine B labeled gelatin nanoparticles as
a function of temperature on potato chips when collected over a 2 ms time window and
the temperature range of 3 ®0°C. The emission is characterized by a delayed
fluorescence bandwidth peak at ~550 nm and a phosphorescence bandwidth peak at ~690
nm which arethe sme as the values observed fawtlerosine B labeled gelatin

nanoparticles in solutiori-{gure2-2).

It is important to note that the behavior of erythrodnkabeled gelatin nanoparticles on

solids fFigure2-17) is similar to their behavior in solution.

The solid food samples used in the experiments were cheese nacho, nacho, banana chips,
cracker, potato chips and white brededgure 2-18 shows t he Vanot Ho

erythrosine B labeled gelatin nanoparticles on these samples over the temperature range
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of 3 to 60°C. As can be seen Higure 2-18, the variation of intensity ratio with
temperature is similar to the behavior observed in liquid samples. In the case of solid

samples a wider range of intensity ratios is noted comparégutd samples.

It is also noted that the Vanot Hoff cur ve
parallel shift compared to the other samples (same m but smaller C). The ratio of
In(Ior/1p) was smaller for these two samples indicating thatllayed fuorescence was
guenched. It isuspected that this different behavior might be caused by the higher water
activity of bread which quenched the delayed fluorescence, since the water activity for all
solid samples were between R4 except for kead which had a water activity of 0.9.
However; water activity tests (reported in a subsequent section of this chapter) indicated
that the water activity of the samples did not have any effect on the behavior of
erythrosine B labeled gelatin nanopartictas solid samples. Other factors may have
contributed to the different behaviors of erythrosine B labeled gelatin nanoparticles on
white bread and cheese nacho such as porosity, smoothness of the sample surface, sample
thickness, different compositions ithe sample and some seasoning on the sample
surface and interaction of these materials with labeled gelatin nanoparticles. This
different behavior can also be due to the interaction of proteins on the surface of the
sample and the way they bond to eacleosince the labeled gelatin nanoparticles were

applied on the surface of each sample

Following the same procedure used to analyze the liquid Tatde 2-16 presents the
calculated constants m and C for each solid sample along with the associated energy gap

( g@B. The range of parameter m is frouh 239 t0-3,730. Parameter C varies from
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11.90 to 13.88. The range of these parameters exhibits aweidation compared to the
range observed for liquid samples; therefore, a single regression line is not suggested for
all solid samplesTable 2-17 showvs the error in estimating the temperatgdegrees
Kelvin) in solid samples resulting from the use of linear approximation for each sample.
According to this table, the error estimating the temperature is relatively small over the

range otemperatureencountered in the experiments

It is further noted that a unified trend line or curve for both solid and liquid samples may

not be usefutiue to increased error measuringhe temperature.

2.7.5 Phloxine BGelatin Nanoparticle®n solid samples

Figure 2-19 shows the emission spectra of phloxine B labeled gelatin nanopasatsckes
function of temperature on potato chips which are similar ¢sdhobtained for liquid

sampleskigure2-9).

The intensity plot of phloxine B labeled gelatin nanoparticles as a function of temperature
is shownin Figure 2-20. Unlike the variation of d in liquid samples, the range of |
variation in solid samples is relatively small indicating a lower signalpeoed with

liquid samples.

Phloxine B labeled gelatin nanoparticles were added to different solid food samples of
dried banana, cheese nacho, potato chips and white iigade2-21s hows t he Van
Hoff plot of phloxine B labeled gelatin nanoparticles in dried banana, cheese nacho,

potato chips, and white bread over the temperature range of 3 to 60°C. It is noted that the



59

intensity ratio varies oveat smaller range compared to the data previously obtained for
liquid samples. The slope of regression lines for various data sets is bed&88rand

2155 and the yntercept varies from 7.80 to 9.10able 2-18). The difference between
these values and the values obtained for liquid samples is relatively significant suggesting

that separate calibrations are required for application in solution aswlids.

Table 2-19 shows the error in estimating the temperat(degrees Kelvin)in solid
samples with phloxine B resulting from the use of linear approximation for each sample.
The errors are generally largran those calculated for erythrosine B labeled gelatin

nanoparticles on solid samples.

2.7.6 Water Activity Test

Water activity test wereperformed on solid food samples (cheese nacho, nacho, banana
chips and potato chips) with four different water actigitiesing erythrosine B labeled

gelatin nanoparticleszigure 2-22 andFigure2-23s how t he Vanaot Hof f
nacho, nacho, dried banana and potato chips with water activities of 11.3% aw, 23.1%

aw, 33.5% aw, and 43.1% aw over the temperature range of 3 to 60°C.

These plots indicate that the change in intensity ratio due to changes in relative humidity
is generally negligible. Only dried banana sample showed a slightly increased response at
low temperatures associated with 11.30% aWwesetess demonstrated thatifterent

relative humidifies did not affect the behavior of erythrosine B labeled gelatin

nanoparticles on different solid samples
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2.7.7 Starch Ninoparticles:

Labeling the starch nanoparticles with erythrosine B and phloxine B was not successful.
After labeling the starch nanoparticle with erythrosine B and phloxine B they were
transferred to a dialysis membrane tube having 1000 Da molecular weight cutoff and
dialyzed against distilled water for 48 hr to remove unreacted, free dyes as explained in
Material and Mé&od. Duringthe dialyses most of the prob@grated to the water and

left very pale starch nanoparticles. These starch nanoparticles were not able to show a

good signal for this experiment.

2.8 Summary:

Experiments with two different probes, namely erysime B labeled gelatin
nanoparticles and phloxine B labeled gelatin nanoparticles have demonstrated that both
probes can be effectively used as temperat
Hoff plots of In(br/lp) versus 1/T vary monotonicallyer a relatively wide temperature

range and thus provide a basis for estimating temperature from measurements of

phosphorescence and delayed fluorescence.

Depending on the desired level of accuracy in temperature estimation, different data
processing appazhes are possible. A linear best fit to the data offers the most advantage
in terms of ease of use but may introduce a larger error compared with polynomial curve
fits. As shown in Table 12b, the use of a

plots obtained for different food sampléss yielded reasonable results.
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Both probes showed stability during the time of storage in the solution or in freeze dried
form in the refrigerator and responded well to the changes in temperature. Comparison of
the emission spectra for phloxine B and erythrosine B labeled gelatin nanoparticles
(Figure 2-16 and Figure 2-19) showed that the erythrosine B provided a better signal on
solid samples than phloxine B. This is due to the smaller molecular weight of phloxin B
(829.63 g mdl' vs. 879.86 g mét for erythrosine B). The smaller molecular weight of
phloxin B is a result of 4 molecules of bromine in its structure vs. 4 molecules of iodine

in erythrosineB.

The tests indicated that the presence of some ingredients such as tannin and anthocyanins
in the canposition of the food may prdbit the use of gelatin nanopaite probes due to

precipi@ation of gelatin nanopadies.
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[sample2a01/11/06 (Combined)| o
Effective Diameter: 89.3 nm : : : i[® mso
Polydispersity: 0.287 ; ; ; ;
Avg. Count Rate: 3.4 Mcps
Sample Quality: 9.9 I
Elapsed Time: 00:09:00
v
£
3 a0
o
=
il
0 = i
0.5 5000.0
Diameter (nm)
Fun Eff. Diam. [rm] Half Width frn) Sample Qualiy
1 an. 3 48.0 0.282
2 89.3 7.4 0.281 9.8
3 28,9 4.1 0.293 9.8
Mean 89.5 47.8 0. 286 9.8
Std. Emor 0.4 0.2 0004 0.0
Combined 89.3 47 .3 0.287 9.9
[sample red 12/19/08 (Combined)| [ =
Effective Diameter: 139.7 nm  MSD
Polydispersity: 0.167
Avg. Count Rate: 139.2 keps
Sample Quality: 8.2 4 M
Elapsed Time: 00:09:00
L
£
ER:)
o
=
25
50.0 500.0
Diameter (nm)
Fiun EFf. Diiam, (] Half ‘width [rmn] Palydispersit Sample Qualiy
1 1389 54.9 0.155 6.0
2 139.3 .6 0.177 .2
3 140.0 58.0 0.172 g.8
Mean 139. 6 57.2 0.168 7.7
Std. Ermor 0.2 1.1 0.007 0.8
Combined 139.7 571 01867 8.2

Figure2-1. Representativelata set for gelatin nanoparticle size which was measured by
90Plus Particle Size Analyzer from Brookhaven Instruments.
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Figure 2-2 : Emission intensity for delag fluorescence and phosphorescence of
erythrosine B labeled gelatin nanoparticles in water when collected over a 2 ms time
window over the temperature range of 3 to 60°C.
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Figure 2-3: The intensityplot of erythrosine B labeled gelatin nanoparticles in water
showed a decrease in intensity of delayed phosphorescgh@ndlan increase in the
intensity of delayed fluorescencef) as a function of temperature over the temperature
range of 3 to 60°C.
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Figure2-4: Vano6t Hoff plot of erythrosine B | ab
that the ratio In@e/Ip) decreased as a function of 1/T. The linear best fit to the data is also

shown inthis figure.
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Figure 2-5: Van o6t Hof f p | 8 tlabeled gelain gandparticlaai boffer
solutions of pH 3 and pH 7. It shows the ratio of del{k) varied almost linearly and
decreased asfunction of 1/T for both solutions.
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Figure2-6: TheVané6t Hof f pl ot of erythrosine B | a
juice, ginger ale, lemonade, RedlB Gatorade, water, buffesolution pH 3 and buffer
solution pH 7 over the temperature range of 3 to 60°C.
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Figure 2-7: Plot of log normal ratio of delag fluorescence intensity over
phosphorescence intensity versus temperature(°C ) for erythrosine B labeled gelatin
nanoparticles in water, Gatorade, lemonade and ginger ale over the temperature range of
3 to 60°C.
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Figure 2-8: Plot of delagd fluorescence intensity over phosphorescence intensity versus
temperature(°C ) for oérythrosinB labeled gelatin nanoparticles in water, Gatorade,
lemonade and ginger ale over the temperature range of 3 to 60°C.
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Figure 2-9: Emission spectra of phloxine B labeled gelatin nanoparticles as a function of
temperature in watevhen collected over a 2 ms time window and the temperature range
of 3 to 60°C. The longer wavelength band is phosphorescence while the shorter
wavelength band is delayed fluorescence
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Figure2-10: The intensity plot of phloxine B labeled gelatin nanopatrticles in water as a
function of temperature shows the decrease in intensity of phosphorescence and increase
in delayed fluorescence as a function of temperature over the temperature range of 3 to

60°C.
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Figure2-11: Vandét Hoff pl ot of phloxine B | abel ed
the variation of In@/Ip) ratio versus 1/T.
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Figure 2-12 Vanot Hof f pl ot of erythrosine B | :
superimposed o a n 6 t  H ophloxingBllabeled gelatin nanopatrticles in water
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Figure 2-13: The Van o tphlodinefBflabgiet getatin mdnoparticles in water,
Gatorade, lemonade and ginger ale over the temperature range of 3 to 60°C.
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Figure 2-14: Plot of log normal ratio of delag fluorescence intensity over
phosphorescence intensity versus temperature (°C) for phloxine B labeled gelatin
nanoparticles in water, Gatorade, lemonade and ginger ale over the temperature range of
3 to 60°C.
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Figure 2-15: Plot of delay fluorescence intensity over phosphorescence intensity versus
temperature (°C) for phloxine B labeled gelatin nanoparticles in water, Gatorade,
lemonade and ginger ale over the temperature range of 3 to 60°C.



77

1000 -
800 -
—3cC
£)
S 600 - —10c
E —20c
2 400 - 30c
k=
—40c
200 —50c
O T T T T T T 6OC
520 570 620 670 720 770
Wavelength (nm)

Figure2-16. Emission spectra of erythrosine B labeled gelatin nanoparticles as a function
of temperature on potato chips. The longer wavelength band is phosphorescence while
the shorter wavelengthand is delayed fluorescence when collected over a 2 ms time
window and the temperature range of 3 to 60°C.
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Figure 2-17:The intensity plot of erythrosine B labeled gelatin nanopartictepotato
chips shows a decrease in the intensity of phosphorescence and an increase in the
intensity of delayed fluorescence as a function of temperature over the temperature range

of 3 to 60°C.
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Figure2-18& Van 6 t Hof f pl ot of erythrosine B | ab
nacho, nacho, cracker, dried banana, potato chips, and white bread over the temperature
range of 3 to 60°C.
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Figure2-19: Emission spectra of phloxine B labeled gelatin nanopatrticles as a function of
temperature on potato chips. The longer wavelength band is phosphorescence while the
shorter wavelength band is delayed fluorescence wheectadl over a 2 ms time
window andthe temperature rangd 3 to 60°C.
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Figure 2-20: The intensity plot of phloxine B lated gelatin nanoparticles on potato
chips shows a decrease in the intensity of phosphorescence and an increéhse in
intensity of delayed fluorescence as a function of temperature over the temperature range
of 3 to 60°C.
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Figure2-21: Vanot Hoff plot of phl oxi nbandBa, | abel
cheese nacho, potato chips, and white bread over the temperature range of 3 to 60°C.
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Figure2-22 Vanot Hoff plot for cheese

aw, 23.1% aw, 33.5%w, and 43.1% aw over the temperature range of 3 to 60°C using

erythrosine B labeled gelatin nanoparticles.
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Figure2-23: Vano6t Hoff plot for dried banana an
11.3%6 aw, 23.1% aw, 33.5% aw, and 43.1% aw over the temperature range of 3 to 60°C
using erythrosine B labeled gelatin nanopatrticles.
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Figure2-24¢. Vano6ét Hoff pl ot f or c h eetadoechipswithho, n:
water activities of 11.3% aw and 23.1% aw over the temperature range of 3 to 60°C using
erythrosine B labeled gelatin nanoparticles.
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Figure2-25: Vandét Hof f pl acho, dfied banand anc potato amipsonitho |,
water activities of 33.5% aw and 43.1% aw over the temperature range of 3 to 60°C using
erythrosine B labeled gelatin nanopatrticles.



Figure2-26: Galloyl group, a major constituent of tannins (Cole, 1986).
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Figure2-27: Polyphenol peptide hydrogen bonding (Cole, 1986).
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Ingredients:

MNMutrition Facts
Serving Size 8 fl oz (240 mL)

Servings Per Container about 4
|

Carbonated water,

high fructose corn,
Amount Par saniing

syrup, citric acid,

Calories 90
2o lally valw’ natural flavors,
Total Fat (g 0%
Sodium 25mg 1% potassium sorbate
Total Carbohydrate 24y 8% and sodium benzoat
Sugars 24g
Protein Og (to protect taste),
I
Mot significant source of calories from fat, caramel color.

saturabed fat, trans fat cholesternl, dissary
fiber, witamin A witamin €, calcdum and kron,

*Fercant Daily Valuas ara basad on
& 2,000 calorie diet,

Table2-22Seagrambés ginger ale (http://www. seagr



Serving Size: 8 fl oz » 240 mL
|

Amount Per Serving
Calories 0 Calories from Fat 0
% DV
Total Fat 0g 0%
Saturated Fat Og 0%
Trans Fat 0Og
Polyunsaturated Fat 0g
Monounsaturated Fat Og
Cholesterol Omg 0%
Sodium 25mg 1%
Potassium 45mg 1%
Total Carbohydrate 0g 0%
Dietary Fiber 0Og 0%
Sugars Og
QOther Carbohydrate 0g
Protein 0Og 0%
%’llfgiﬁf?; PSR {©DietFacts.com

Table2-3: Brisk lemonade Drink.
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RED BULL Energy Drink e Improves perfarmance
aspacially during fimes of ir d Bas o =13}

L] LTI
& reachien spead ® St

Nutrition Facts
Sem’ing Size 1 Can

Amount Per Sarving-
Calories 110

%% Daily Valua®™
Total Fat Og 0%
Sodium 200 mg B
Total Carb. 28 g Q%
Sugars 27 g

Protein l=ss than 1g

|
Migcin 100% Vitamin B& 250%
Witamin B12 B0% Pantothenic Add 500
Mot a significant source of sat. fat, cholest.,
fiber, vitamin A, vitamin C, calcium and Iren,

* Parcent Daily Values are based on a
2,000 calerie diet.

= CARBONATED WATER, SUCROSE,
GLUCOSE, SODIUN CITRATE TAURINE,
GLUCLIRONOLACTONE, CAFFEINE,
INSTOL, HIACIAKSDE, CALCILIR.

PANTOTHENATE. PYRIDOXINE HCL
WITAMIN B12, ARTIFICIAL FLAVORS,
COLORS,

DISTRIBUTED BT

REDY BULL MLA., INC.
SAMTA MONICA, CA S04
0P, 3003

MABE IH AUSTRIA VU URI=VLT-N Vitalizes body and mind.
8.3 FL OZ (250mL) S

Table2-4: Red Bull Energy DrinKhttp://healthpsych.psy.vanderbilt.edu).
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Nutrition Facts
Per 355 mL / par 355 mL

mount f Teneur % Daily Value f % valeur gquotidenne

|Ca|ories { Calories 90

rat.' Lipides 0 g 0%
ISodium f Sodium 160 mg 7%
Fntassium { Potassium 40 mg 1%
Icarbohydrate / Glucides 23 g 8 %

Sugars / Sucres 21g

Erotein { Protéines Og

INGREDIENTS: WATER, LIQUID SUGAR, GLUCOSE-
FRUCTOSE, CITRIC ACID, NATURAL AND ARTIFICIAL
STRAWBERRY FLAVOUR, SALT, SODIUM CITRATE,
MONOPOTASSIUM PHOSPHATE, COLOUR.

Table2-5: Gatorade G Series (http://www.chemistryland.com).



Table2-6: Doritos Cheese Nachbttp://www.fritolay.com).
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