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Abstract

Electron paramagnetic resonance (EPR) spectroscopy is a widely used tool to
unambiguously detect free radicals in food and related matrices. It is a fast, sensitive, and non-
destructive technique. The broad analysis range of EPR includes detection and identification of
free radicals via direct or indirect methods (e.g., reactive oxygen and reactive nitrogen species),
oxidative stability analysis (e.g., lipid oxidation and antioxidant assays), detection and
quantification of irradiation-derived radicals (e.g., cellulose derived radicals) in various foods,

and structural characterization (e.g., membrane mobility).

The first objective is to use EPR spectroscopy as a non-destructive technique to
characterize the changes in a bacterial membrane. Bacterial cell characteristics, such as size,
morphology, and membrane integrity, are affected by environmental conditions such as thermal
treatment. In this objective, the effect of heating on the cell morphology and membrane mobility
of E. coli were evaluated by the combined analytical techniques of EPR, dynamic light scattering
(DLS), and transmission electron microscopy (TEM). The change in membrane integrity was
quantified via the mobility of 16-doxylstearic acid (16-DSA) spin probe, a stable nitroxide that
can align with the membrane, using EPR spectroscopy. Two order parameters S1 and S2 defined
on x- and y-axes, respectively, decreased with increasing temperature indicating loss of
membrane integrity (0.78 and 0.65 at 65 °C for S1 and S2, respectively). The size of E. coli cells
increased from 2.3 pm to 3.0 um with heating up to 50 °C followed by a shrinkage with further
heating up to 70 °C. Our findings suggested the analysis of cell size, morphology, and membrane
mobility can be used in parallel to provide a deeper understanding of structural changes related
to bacterial thermal resistance. Therefore, the combined approach proposed in this study is
helpful to characterize survival behavior and inactivation kinetics of microorganisms.

The second objective is to use EPR spectroscopy for the detection and quantification of
irradiation-derived radicals in cellulose-rich foods. Dried sweet potatoes (SP), which are often
irradiated and consumed as human and pet foods, can provide a crystalline cellulose-rich
environment to stabilize the irradiation-specific free radicals. SP samples were prepared at two
moisture contents (48.3 and 9.7 % by drying at 150 °F for 24 or 48 h) and irradiated at 0, 5, 10,
20, 30, and 50 kGy. The irradiation-derived radicals were analyzed using EPR spectroscopy at



X-band. The signal characteristics (intensity and peak shape) were evaluated at different sample
locations (skin and flesh), as a function of the sample preparation method (grinding, sieving, and
pelletizing). The flesh of irradiated SP showed complex EPR spectra with multiple satellite peaks
of cellulose radicals (333.5 and 338.8 mT) and a split peak of dextrose radicals (337.4 mT);
while skin spectra were distinctive of cellulose radicals. In this study, the effects of sample
composition and preparation method on the formation and analysis of irradiation-specific
radicals were detected using EPR spectroscopy. However, the quantification of free radicals in
multiline spectra due to complex food matrices is challenging.

The third objective of this dissertation is to improve the quantification of free radicals and
the performance of EPR analysis by implementing a peak enhancement method. Peak
enhancement is an artificial intelligence tool applied for the analysis of complex spectra to
improve resolution in various spectroscopy data. The complex EPR spectra were analyzed as a
function of irradiation dose by calculating total areas under all peaks (TPA) and areas of
irradiation-specific satellite peaks (SPA) using GRAMS software. TPA increased with
irradiation dose at a rate of 573.4 AU/dose (R?=0.98) and 14.7 AU/dose (R?= 0.65) for low-
and high-moisture samples, respectively. High-field SPA was shown to be more sensitive to
irradiation dose as compared to low-field SPA, however with high variability for both. The
resolution of satellite peaks was further improved by peak enhancement procedure: higher
linearity (R? of SPA increased from 0.98 to 0.99 for low moisture and 0.77 to 0.94 for high-field
of high moisture SP) and lower variability (coefficient of variation of low field SPA of high-
moisture SP samples were less than 25% at all doses). The technique proposed in this study can
be used to detect and quantify irradiation-specific cellulose satellite peaks and glucose split peak
in EPR spectra in both low- and high-moisture plant-based foods rich in sugar and cellulose,
such as dried sweet potatoes.

The fourth objective of this dissertation is to use EPR spectroscopy for the detection and
quantification of irradiation-derived radicals in other matrices such as chicken jerky treats and
pig ears. Chicken jerky treats (CJT) and pig ears (PE) are irradiated foods that were
commercially analyzed with gas chromatography (GC-MS). These lipid-rich products produce
irradiation-specific 2-dodecylcyclobutanone (2-DCB), a radiolysis product of palmitic acid
during irradiation. EPR spectroscopy and solid-phase microextraction (SPME)-coupled gas

chromatography were used to estimate the irradiation history of these products. In addition, the



factors such as IS concentration, matrix properties, and analyte concentrations that are important
for the sensitivity of GC-MS analysis were investigated. Two irradiation levels (10 and 50 kGy)
and different internal standard (IS) concentrations (8 and 80 ng/g sample for CJT; 8, 80, and 800
ng/g sample for PE) were studied to evaluate the interaction of IS and 2-DCB as a function of
their concentrations and matrix properties to improve the precision and accuracy of SPME-
coupled GC-MS analysis. IS and 2-DCB were quantified by calculating the area under IS peak
(ISA) and the area under 2-DCB peak (DCA), respectively. EPR spectra of non-irradiated PE
and CJT exhibited a singlet line. After irradiation, irradiated PE had a signal centered at g =
1.996 + 0.003 due to isotropic CO>" radical, while the signal intensity of singlet line in CJT
increased. Although the irradiation-specific peak in PE and the increased signal intensity of the
central peak in CJT can be used for irradiation detection, they could not be resolved to quantify
irradiation doses. For GC-MS analysis, ISA of CJT irradiated at 50 kGy was significantly higher
(p<0.01) than that of 10 kGy at IS concentration of 8 ng/g CJT. ISA remained unchanged at high
IS concentration. Similar results were obtained for PE samples. The significant increase in IS
areas with increasing 2-DCB concentration suggests an interaction and competition phenomena
between IS and 2-DCB at low IS concentrations. The results of this study showed that EPR
analysis can indicate the irradiation process, it was limited for dose identification in CJT and PE.
Choosing the correct IS concentration can solve the problems and improve the accuracy and
precision of the GC-MS analysis.

This study showed that when used for membrane characterization, EPR analysis can
provide information on the structural characterization of biological membranes under external
stresses. In addition, it can be used as a hon-destructive technique to detect and quantify
irradiation-derived radicals in cellulose-rich foods. The peak enhancement method proposed in
this study can improve the quantification of irradiation-specific cellulose satellite peaks and
glucose split peak in EPR spectra of plant-based foods. In contrast, EPR spectroscopy can serve
for the detection of irradiation process in lipid-rich products, however, it needs more studies for
dose identification analysis. The EPR methods used in the present work can be used and further
be developed to understand thermal inactivation kinetics on microorganisms and establish
guidelines for the irradiation detection and the irradiation dose quantification in cellulose-rich

plant-based products.
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Abstract

Electron paramagnetic resonance (EPR) spectroscopy is a widely used tool to
unambiguously detect free radicals in food and related matrices. It is a fast, sensitive, and non-
destructive technique. The broad analysis range of EPR includes detection and identification of
free radicals via direct or indirect methods (e.g., reactive oxygen and reactive nitrogen species),
oxidative stability analysis (e.g., lipid oxidation and antioxidant assays), detection and
quantification of irradiation-derived radicals (e.g., cellulose derived radicals) in various foods,

and structural characterization (e.g., membrane mobility).

The first objective is to use EPR spectroscopy as a non-destructive technique to
characterize the changes in a bacterial membrane. Bacterial cell characteristics, such as size,
morphology, and membrane integrity, are affected by environmental conditions such as thermal
treatment. In this objective, the effect of heating on the cell morphology and membrane mobility
of E. coli were evaluated by the combined analytical techniques of EPR, dynamic light scattering
(DLS), and transmission electron microscopy (TEM). The change in membrane integrity was
quantified via the mobility of 16-doxylstearic acid (16-DSA) spin probe, a stable nitroxide that
can align with the membrane, using EPR spectroscopy. Two order parameters S1 and S2 defined
on x- and y-axes, respectively, decreased with increasing temperature indicating loss of
membrane integrity (0.78 and 0.65 at 65 °C for S1 and S2, respectively). The size of E. coli cells
increased from 2.3 pm to 3.0 um with heating up to 50 °C followed by a shrinkage with further
heating up to 70 °C. Our findings suggested the analysis of cell size, morphology, and membrane
mobility can be used in parallel to provide a deeper understanding of structural changes related
to bacterial thermal resistance. Therefore, the combined approach proposed in this study is
helpful to characterize survival behavior and inactivation kinetics of microorganisms.

The second objective is to use EPR spectroscopy for the detection and quantification of
irradiation-derived radicals in cellulose-rich foods. Dried sweet potatoes (SP), which are often
irradiated and consumed as human and pet foods, can provide a crystalline cellulose-rich
environment to stabilize the irradiation-specific free radicals. SP samples were prepared at two
moisture contents (48.3 and 9.7 % by drying at 150 °F for 24 or 48 h) and irradiated at 0, 5, 10,
20, 30, and 50 kGy. The irradiation-derived radicals were analyzed using EPR spectroscopy at



X-band. The signal characteristics (intensity and peak shape) were evaluated at different sample
locations (skin and flesh), as a function of the sample preparation method (grinding, sieving, and
pelletizing). The flesh of irradiated SP showed complex EPR spectra with multiple satellite peaks
of cellulose radicals (333.5 and 338.8 mT) and a split peak of dextrose radicals (337.4 mT);
while skin spectra were distinctive of cellulose radicals. In this study, the effects of sample
composition and preparation method on the formation and analysis of irradiation-specific
radicals were detected using EPR spectroscopy. However, the quantification of free radicals in
multiline spectra due to complex food matrices is challenging.

The third objective of this dissertation is to improve the quantification of free radicals and
the performance of EPR analysis by implementing a peak enhancement method. Peak
enhancement is an artificial intelligence tool applied for the analysis of complex spectra to
improve resolution in various spectroscopy data. The complex EPR spectra were analyzed as a
function of irradiation dose by calculating total areas under all peaks (TPA) and areas of
irradiation-specific satellite peaks (SPA) using GRAMS software. TPA increased with
irradiation dose at a rate of 573.4 AU/dose (R?=0.98) and 14.7 AU/dose (R?= 0.65) for low-
and high-moisture samples, respectively. High-field SPA was shown to be more sensitive to
irradiation dose as compared to low-field SPA, however with high variability for both. The
resolution of satellite peaks was further improved by peak enhancement procedure: higher
linearity (R? of SPA increased from 0.98 to 0.99 for low moisture and 0.77 to 0.94 for high-field
of high moisture SP) and lower variability (coefficient of variation of low field SPA of high-
moisture SP samples were less than 25% at all doses). The technique proposed in this study can
be used to detect and quantify irradiation-specific cellulose satellite peaks and glucose split peak
in EPR spectra in both low- and high-moisture plant-based foods rich in sugar and cellulose,
such as dried sweet potatoes.

The fourth objective of this dissertation is to use EPR spectroscopy for the detection and
quantification of irradiation-derived radicals in other matrices such as chicken jerky treats and
pig ears. Chicken jerky treats (CJT) and pig ears (PE) are irradiated foods that were
commercially analyzed with gas chromatography (GC-MS). These lipid-rich products produce
irradiation-specific 2-dodecylcyclobutanone (2-DCB), a radiolysis product of palmitic acid
during irradiation. EPR spectroscopy and solid-phase microextraction (SPME)-coupled gas

chromatography were used to estimate the irradiation history of these products. In addition, the



factors such as IS concentration, matrix properties, and analyte concentrations that are important
for the sensitivity of GC-MS analysis were investigated. Two irradiation levels (10 and 50 kGy)
and different internal standard (IS) concentrations (8 and 80 ng/g sample for CJT; 8, 80, and 800
ng/g sample for PE) were studied to evaluate the interaction of IS and 2-DCB as a function of
their concentrations and matrix properties to improve the precision and accuracy of SPME-
coupled GC-MS analysis. IS and 2-DCB were quantified by calculating the area under IS peak
(ISA) and the area under 2-DCB peak (DCA), respectively. EPR spectra of non-irradiated PE
and CJT exhibited a singlet line. After irradiation, irradiated PE had a signal centered at g =
1.996 + 0.003 due to isotropic CO>" radical, while the signal intensity of singlet line in CJT
increased. Although the irradiation-specific peak in PE and the increased signal intensity of the
central peak in CJT can be used for irradiation detection, they could not be resolved to quantify
irradiation doses. For GC-MS analysis, ISA of CJT irradiated at 50 kGy was significantly higher
(p<0.01) than that of 10 kGy at IS concentration of 8 ng/g CJT. ISA remained unchanged at high
IS concentration. Similar results were obtained for PE samples. The significant increase in IS
areas with increasing 2-DCB concentration suggests an interaction and competition phenomena
between IS and 2-DCB at low IS concentrations. The results of this study showed that EPR
analysis can indicate the irradiation process, it was limited for dose identification in CJT and PE.
Choosing the correct IS concentration can solve the problems and improve the accuracy and
precision of the GC-MS analysis.

This study showed that when used for membrane characterization, EPR analysis can
provide information on the structural characterization of biological membranes under external
stresses. In addition, it can be used as a hon-destructive technique to detect and quantify
irradiation-derived radicals in cellulose-rich foods. The peak enhancement method proposed in
this study can improve the quantification of irradiation-specific cellulose satellite peaks and
glucose split peak in EPR spectra of plant-based foods. In contrast, EPR spectroscopy can serve
for the detection of irradiation process in lipid-rich products, however, it needs more studies for
dose identification analysis. The EPR methods used in the present work can be used and further
be developed to understand thermal inactivation kinetics on microorganisms and establish
guidelines for the irradiation detection and the irradiation dose quantification in cellulose-rich
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Chapter 1 - Introduction - Use of EPR spectroscopy for biochemical

and physical studies for food functionality and stability

Abstract

Electron paramagnetic resonance (EPR) spectroscopy is a highly used tool for the detection of
free radicals in food systems. It is a fast, sensitive, and non-destructive technique. The broad
analysis range of EPR includes detection and identification of free radicals via direct or indirect
methods (e.g., reactive oxygen and reactive nitrogen species), oxidative stability analysis (e.qg.,
lipid oxidation and antioxidant assays), detection and quantification of irradiation-derived
radicals (e.g., cellulose derived radicals) in various foods, and structural characterization (e.g.,
membrane mobility).

In this review, we provide fundamental information about EPR spectroscopy and an overview of
its applications in biochemical and physical studies for food functionality, toxicology, and
stability. Moreover, we discuss the limitations and challenges of EPR spectroscopy using some
example studies from literature and underline EPR spectroscopy s advantages over traditional

methods.

Introduction

Working principle of EPR

Electron paramagnetic resonance (EPR) spectroscopy, also referred to as electron spin resonance
(ESR) spectroscopy, is based on the interaction of unpaired electrons with the magnetic
component of microwave radiation. The EPR spectroscopy detection is based on the spin of an
unpaired electron and its magnetic moment. Every electron has a spin number, i.e., s= 1/2. The
spin has two magnetic moments that are -1/2 and +1/2. These magnetic moments align
themselves either parallel (ms=-1/2) or anti-parallel (ms= +1/2) to the direction of the field in the
presence of an external magnetic field (Bo) (Chauhan et al., 2009). Electrons in these states have

different energies: lower or higher energy states than their natural state, where they have non-



zero spin angular momenta and their magnetic moment randomly orient (Hagen, 2013). The
difference between these two energy states (AE) is defined as the Zeeman effect and can be
explained with Planck’s law as follows:

AE=E,—E_=hv (Egn 1)
where E+ and E. are energies of two Zeeman states, h is Planck’s constant, and v is the frequency
of microwave radiation. The difference between these two energy states (AE) increases with

increasing magnetic field strength (Figure 1-1).

Energy

v

Magnetic Field

Figure 1-1 The energy states of the electrons under an external magnetic field

When the magnetic field strength matches the energy difference between the energy states, the
microwave radiation is absorbed (Rana et al., 2010). Therefore, energy level difference (AE) can
also be defined with magnetic field strength as follows (Rana et al., 2010):

AE = gB.B, (Ean 2)
where g is the g factor, Bo is the magnetic field strength, and e is the electron Bohr magneton. g-

factor is a proportionality constant that defines the magnetic moment of an atom. For example,



the g factor of a free electron is 2.0023; however, it changes due to interactions with other
paramagnetic species in the sample (Hagen, 2013).

The absorption signal is collected with constant radiation frequency and varying magnetic fields
(Egn 2). Similar to other spectroscopic methods, the absorption spectrum (upper spectrum in
Figure 1-2) is obtained. The first derivative of the absorption spectrum (lower spectrum in Figure
2) is usually used to present EPR data. This first derivative is obtained using a phase-sensitive
detector in EPR spectroscopy. The maxima of the absorption spectrum correspond to the point
where the signal crosses the zero on the x-axis in the first derivative spectrum. This point is
usually referred to as the center of the signal (Weil & Bolton, 2007).

Absorption spectrum

First derivative spectrum

Magnetic Field Strength

Figure 1-2 Absorption spectrum (upper spectrum) and the first derivative of absorption spectrum
(lower spectrum)

EPR parameters

The position and shape of a peak in an EPR spectrum are linked to the nature of free radicals. In
fact, the g-factor is characteristic of free radicals and is frequently used for compound
identification in EPR experiments (Desrosiers, 1996).

The correlation time (tr) is the time scale that a molecule stays in the same orientation (Nordio,

1976). In a fast-tumbling analysis, the EPR spectrum has sharp Lorentzian lines due to short



correlation time (e.g., Tr < 107 5). In fast-tumbling spectra, hyperfine splitting constant, line
shape, and peak-to-peak height are other parameters frequently studied in EPR studies (Figure 1-
3). Hyperfine splitting constant is the separation between two consecutive peaks and can be used
to provide information about mobility of a spin probe, polarity, and fluidity of the environment
(Desrosiers, 1996). Peak-to-peak height is the intensity difference between the minima and
maxima of a peak and is correlated to the free radical concentration of a sample (Desrosiers,
1996). Line shape or line width gives information about the molecular motion of unpaired
electrons in the sample. For example, the sharp line shape and small line width in fast-tumbling

spectra are due to fast tumbling (short correlation time).

Hyperfine Splitting

g-factor

v
Peak-to-peak height

Figure 1-3 Commonly used EPR parameters for fast-tumbling analysis

In a slow-tumbling analysis, the EPR spectrum cannot be explained with simple superposition of
Lorentzian lines because of broadening of peaks due to longer correlation time (e.g., Tr > 107 s)
(Freed, 1976). Although the spin motion of electrons in the slow-tumbling region is not as fast as
in the fast-tumbling region, it is still faster than the rigid spectra (Freed, 1976). In a slow-
tumbling spectra, hyperfine splitting constant and peak-to-peak height are not easily
distinguished as in fast-tumbling spectra due to complex spectra (Figure 1-4). In addition, line

shape distorts and line width increases. In these spectra, the hyperfine splitting constant



correlates with the motion and orientation of the paramagnetic species. In some mediums, an
external molecule is required to study slow and fast-tumbling spectra. The details will be

discussed in the next section.

g-factor

-

Hyperfine
splitting
constant

Figure 1-4 Commonly used EPR parameters for slow-tumbling analysis

Spin trapping

Free radicals such as hydroxyl and superoxide radicals are very reactive and usually have short
lifetimes to detect. The spin trapping technigue is widely used to overcome this problem
(Jackson, 2019). The spin trapping agents are diamagnetic compounds (EPR-silent) that interact
with free radicals and transform them into more stable radicals (i.e., spin adducts) with longer
lifespans (Bagryanskaya et al., 2015). The most commonly used spin trap agents are nitrone
compounds such as N-tert-butyl- a-phenylnitrone (PBN), a-(4-Pyridyl 1-oxide)-N-tert-
butylnitrone (POBN), and 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) for detection of many
radicals such as oxidation radicals (Rana et al., 2010). Some of the examples for PBN use in
literature are detection of lipid-oxidation radicals in pork patties (Bolumar et al., 2016), detection
of lipid-oxidation radicals in sunflower and extra virgin olive oil (Fadda et al., 2021), detection
of lipid-oxidation radicals in semi-solid palm oil (Raitio et al., 2011), and oxidative stability of
beer (Lund et al., 2012). Meanwhile, DMPO are used for antioxidant molecules of coffee

(Brezové et al., 2009), antioxidant molecules of Tokay wine (Stasko et al., 2006); detection of



hydroxyl radicals in white wines (Marquez, Pérez-Navarro, et al., 2019), and detection of

hydroxyl radicals in red wine induced by ultrasound (Zhang et al., 2015).

Spin labeling

Spin labels are widely used to gather structural and dynamic information (e.g., polarity, mobility,
and distance measurements) based on the interaction of the spin label with its surrounding
molecules (Klare, 2012). However, not all systems (e.g., proteins) have unpaired electrons.
Therefore, an external molecule, which has an unpaired electron and a functional group, is
introduced to the sample. The introduced molecule, called a spin label, covalently attaches to a
functional group of the target molecule and makes them EPR-visible (Klare, 2012). The
commonly used spin labels are nitroxide spin labels such as 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMPO), di-tert-butylnitrocide (DTBN), and phosphatidylcholine [PC(10,3), 1-
palmitoyl- 2-palmitoyl(50-doxyl)-sn-glycero-3-phosphocholine]. They are sensitive to
environmental conditions (e.g., polarity and viscosity) and are not harmful to biological systems
(Krzyminiewski et al., 2014; Sahu & Lorigan, 2015). Among all spin labels, TEMPO was widely
used in the studies of model molecule distributions in solid lipid nanoparticle dispersions (Pegi et
al., 2003), dose-dependent changes in irradiated wheat, rice, and sunflower seeds (Paktas &
Siinnetgioglu, 2007), radical quantification in medium-chain triacylglycerol oil (Velasco et al.,
2005), and curcumin (Morales et al., 2015).

The terms “spin probes” and “spin labels” are used interchangeably in the literature. Though the
principle of spin probes is similar to the spin labels, they do not bond with the target molecules;
they make a non-covalent interaction. The spin probes are often used to characterize
microenvironments (e.g., mobility and fluidity) such as liposomes, micelles, and cells (Abdel-
Rahman et al., 2016; Kong et al., 2018; Serio et al., 2010). Nitroxides, stable free radicals that
contain a nitroxyl group with an unpaired electron, such as 5-, 12-, and 16-doxyl-stearic acids (5-
DSA, 12-DSA, and 16-DSA) are extensively used to study the membrane fluidity of liposomes
(Melnyk et al., 2016; Subongkot & Ngawhirunpat, 2015), physical properties of the plasma
membrane (Sgherri et al., 2014), microstructure and microenvironment of amylose-spin probe
inclusion complex (Kong et al., 2018), physicochemical properties of aqueous dispersions of
nonionic amphiphilic castor oil (Nakagawa, 2009), mobility, and membrane integrity of bacteria
(Serio et al., 2010; Tonyali et al., 2019). 5-DSA,12-DSA, and 16-DSA are stearic acid



derivatives that contain a 4,4-dimethyl-3-oxazolinyloxy (DOXYL) group with a nitroxide radical
at the 5, 12" and 16" carbon of the acyl chain (Kong et al., 2018; Subongkot & Ngawhirunpat,
2015). Meanwhile, researchers previously utilized another nitroxide compound 4-phenyl-2,2,5,5-
tetramethyl-3-imidazoline-1-oxyl nitroxide (PTMIO) study distribution and stability in emulsion-
based delivery systems (Yucel et al., 2012) and partitioning and reactivity in nano-structured
lipid particles (Uhl et al., 2020).

Different EPR types

The recording of EPR spectra can be performed at different frequencies such as X-band (8-10
GHz) and Q-band (35 GHz). Q-band EPR spectrometers have higher resolution since the
magnetic field magnitude of a Q-band is almost four times the magnetic field magnitude of the
X-band. Therefore, peaks with close g-factors, especially in multicomponent food matrices, can
be resolved easier in Q-band EPR spectrometers. Moreover, the sensitivity of the Q-band is
higher than X-band due to higher frequency. However, Q-band EPR spectrometers have sample
size limitation (i.e., less than 5 mg) due to the small sample cavity. The small sample amount can
cause problems with replications due to possible sample homogeneity issues. Furthermore, the
signal intensity is correlated with sample amount; therefore, EPR spectra of samples analyzed
with Q-band have lower signal intensity than the spectra of samples analyzed with X-band. In
addition, more X-band spectrometers are available in laboratories than Q-band spectrometers.
Therefore, many researchers use X-band EPR spectrometers (Guilarte et al., 2016).

The EPR system that analyzes the interaction of a sample with unpaired electrons to the external
magnetic field at a constant frequency by changing magnetic fields is called continuous-wave
(CW) EPR spectroscopy. Meanwhile, in the pulse EPR system, the sample is analyzed by
exciting a range of frequencies simultaneously with a constant power microwave pulse of a given
frequency and magnetic field. Pulse EPR has lower sensitivity than CW EPR due to the large
bandwidth of the pulse. In addition, pulse EPR performs better at low temperatures due to short
relaxation, while CW EPR can be used at room temperature to collect data. CW EPR is limited
with time resolution, while pulse EPR spectroscopy can improve time resolution by studying the

interactions individually with pulse sequences (Schweiger & Jeschke, 2001).



Structural characterization

Membrane mobility analysis

The cell membrane has a complex and dynamic structure and plays an important role in cell
functionality such as permeability and transportation. Therefore, the condition of mobility and
fluidity of a cell membrane are generally analyzed to study cell viability. Recently, membrane
mobility analysis has been conducted using flow cytometry. However, this method is challenging
and time-consuming due to permeabilization and washing steps. Furthermore, the sensitivity
might be compromised with cell aggregations (Rieseberg et al., 2001). On the other hand, EPR
spectroscopy can provide a non-destructive and disturbing alternative to study membrane
mobility using a reporter molecule (i.e., spin probe). After its introduction to the system, the spin
probe can align itself with phospholipid molecules in a lipid layer of the membrane and interacts
with the membrane (Subongkot & Ngawhirunpat, 2015). The mobility of the spin probe is
studied using the parameters of the EPR spectra. The line width and hyperfine splitting constant
increase when the mobility of a spin probe is restricted; whereas, the line width is narrow and the
hyperfine splitting constant is small when the spin probe moves freely or is partly restricted
(Klare, 2012). These changes can be evaluated by using a parameter called order parameter
(Rottem et al., 1970). The order parameter is the ratio of hyperfine splitting in the sample to the
hyperfine splitting if the spin label was immobilized in a rigid environment (Equation 3). The
components of the equation are read from the EPR spectra (Figure 1-5). The order parameter
indicates orientational order and is 0 in the fast tumbling spectra and 1 in the rigid spectra
(Glover et al., 1999). Values between 0 and 1 represent the intermediate motion of the spin
probe. Researchers have widely used lipid-soluble fatty acid spin probes, such as 5-DSA and 16-
DSA, to study the different layers of membranes (Nakagawa, 2003; Sgherri et al., 2014), the
change in the membrane structure under the external stress such as essential oils (Serio et al.,
2010), azole treatment (Sgherri et al., 2014), and heating (Tonyali et al., 2019), change in the
physical state of human cell membranes under an external oxidative stimulus (Kveder et al.,
2004), effects of oxidation on the membrane properties of retina photoreceptors in the presence
of an antioxidant (Duda et al., 2017), characterization of amylose inclusion complexes (Kong et

al., 2018), the effect of liquid oil on the distribution and reactivity of a hydrophobic solute in



solid lipid nanoparticles (Yucel et al., 2013), and solute distribution and stability in emulsion-

based delivery systems (Yucel et al., 2012).
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Figure 1-5 EPR parameters to calculate order parameter

Protein analysis

Proteins are important biomolecules in food and related matrices since they have various
functions such as emulsification in the food industry, transportation in cells, and acting as a
messenger (Li et al., 2021). Therefore, gathering information about the physical properties of
proteins such as structure and conformational dynamics, is vital to understand their functions
(Sahu & Lorigan, 2018). Nuclear magnetic resonance (NMR) spectroscopy is used for structural
characterization of proteins, it is often limited by the size and complexity of proteins or micelle
systems (Sahu & Lorigan, 2018). EPR spectroscopy can serve as a suitable technique to collect
structure information (e.g., side-chain dynamics and inter-molecular distances) of proteins.
Moreover, it is not limited to molecular size, and does not disrupt the structure of the target
molecule (Li et al., 2021).

Site-directed spin labeling (SDSL) is a site-specific version of spin labeling and is frequently
used for proteins and other biomolecules (Klare, 2013). The most common technique of SDSL is



to substitute native non-disulfide-bonded cysteines with other amino acids such as alanine or
serine (Sahu & Lorigan, 2018). Then the target protein is mutagenized with a unique cysteine
residue and reacted with a sulfhydryl-specific nitroxide reagent to obtain a stable spin label
sidechain (Sahu & Lorigan, 2015). An advantage of this method is that size of the target
molecule is not a limitation since spin labels are site-specific (Klare, 2013). Therefore,
researchers applied the SDSL technique to conduct protein studies such as structural
characterization of the transmembrane protein KCNE1 (Coey et al., 2011), characterization of
the secondary structure of an inner membrane from M. smegmatis (Yu et al., 2021), effects of
iron on frataxin protein and its variant (Doni et al., 2020), side-chain dynamics of the lysozyme
enzyme of Bacteriophage T4 (Nesmelov & Thomas, 2010), characterization of a receptor in
Escherichia coli (Klug et al., 1997), the structural characterization of membrane proteins such as
sodium/hydrogen antiporter in bacteria membrane (Hilger et al., 2007) and fibril-forming residue
protein (Aziz et al., 2010; Drescher et al., 2008). In protein studies, many researchers analyzed
secondary, tertiary, and quaternary structures of proteins using the SDSL method. This analysis
is based on the reorientation motion of the spin label (e.g., methanethiosulfonate spin label
(MTSL)), which is similar to membrane mobility analysis. The line width is typically monitored
after the spin label attaches to a protein. For example, the restricted mobility of MTSL causes an
increase in line width and hyperfine splitting constant.

Some researchers expanded the use of the SDSL technique to measure molecular size or the
distance between different molecules. These measurements are based on magnetic dipolar
interactions of two spin labels, which are labeled to the same protein for intramolecular distance
or labeled to two proteins for intermolecular distance (Klare, 2012; Sahu & Lorigan, 2018). For
example, intramolecular distance in T4 lysozyme (Altenbach et al., 2001; Kazmier et al., 2011),
a maltose-binding protein (Nickolaus et al., 2020), an RNA-binding protein (Emmanouilidis et
al., 2021), and membrane proteins (Zou & Mchaourab, 2010) while the intermolecular distance
between B-lactoglobulin molecules (Kieserling et al., 2021) were studied. Continuous-wave EPR
spectroscopy can provide distance and structure information of proteins when the distance
between two spin labels is below 2 nm (Klare, 2012; Sahu & Lorigan, 2018). However,
researchers faced some challenges such as difficulty in preparing proteins in their natural
environment and decreased sensitivity due to high protein concentration using these methods
(Zou & Mchaourab, 2010). Jeschke & Polyhach, (2007) suggested optimization of solvent to

10



extend relaxation times and/or use of optimum excitation bandwidths, which are at higher
frequencies than X band (9—10 GHz) to increase sensitivity. Other researchers followed different
approaches such as reconstitution of membrane protein in the presence of unlabeled proteins, use
of large lipid/protein molar ratios, use of restricted spin label probes, and use of Q-band pulse
EPR measurements to overcome these issues (Cunningham et al., 2015; Endeward et al., 2009;
Georgieva et al., 2008; Polyhach et al., 2012; Zou & Mchaourab, 2010).

Irradiation Detection

Introduction to food irradiation

Irradiation (mostly gamma rays) has been used as a preservation technique in a variety of food
products since 1957 (Farkas & Mohécsi-Farkas, 2011). Commercially available irradiated food
products include spices, herbs, fresh fruits and vegetables, meat and poultry products for human
consumption, as well as chicken jerky treats, pig ears, dog chews, bones, and sweet potato treats
for pet consumption (Miller, 2005). The Food and Drug Administration (FDA) approved the use
of irradiation in both human and animal food products below a predetermined threshold value
(irradiation dose) specific to product type as shown in Table 1-1 (FDA (The Food and Drug
Administration), 2001, 2015). The irradiation dose is the amount of applied irradiation energy
per unit weight of food product and is given in Gray (Gy) units.

11



Table 1-1 Allowed irradiation dose for different types of human food and pet food products
(Code of Federal Regulations, 2018).

Food Product Maximum Dose Limit (kGy)
Control of microbial pathogen on seeds for sprouting 8
Microbial disinfection of herbs and spices 30
Control of foodborne pathogens in frozen/ uncooked Frozen: 7
poultry Uncooked: 4.5
Control of foodborne pathogens and extension of shelf Frozen: 7
life in frozen/ refrigerated meat products Refrigerated: 4.5
Control of Salmonella in eggs 35
Feed ingredients, animal treats and chews 50
Control of foodborne pathogens in fresh or frozen 55
molluscan shellfish
Control of foodborne pathogens in chilled or frozen raw, 6

cooked, or partially cooked crustaceans or dried

crustaceans

The maximum irradiation dose is determined based on the type of food as well as the required
outcome. For example, irradiation doses used for inhibition of sprouting (e.g., in potatoes and
onions) are typically below 1 kGy, while irradiation doses used for pest control (e.g., in papayas)
and commercial sterilization of spoilage microorganisms (e.g., E.coli in ground beef) are
between 1-10 kGy and 10-50 kGy, respectively. Much higher doses (i.e., up to 100 kGy) can be
used for special foods, such as astronaut food for complete sterilization (Miller, 2005).

Although the irradiation process is accepted as safe within limits, some health concerns persist
about this process. The worries such as the formation of radiolytic compounds (e.g., 2-
alkylcyclobutanones (2-ACB)) with irradiation causes labeling requirements for irradiated
products (Crews et al., 2012). In the last decade, the problems with irradiated pet food products,

such as pig ears for dogs in the U.S., jerky pet treats for dogs and cats in the U.S., and cat foods
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in Australia raised health concerns again (FDA, 2014). Although the actual reason for these
problems is still largely unknown, it shows a need to develop reliable methods to differentiate the
irradiated products, quantify the irradiation doses, and monitor whether the food commodity
complies with the regulations or not (Ahn, Sanyal, Park, Lim, & Kwon, 2014).

The techniques suitable for characterization of the irradiation history of products commonly
target the formation of certain chemical markers specific to the irradiation process. For example,
hydrocarbon and 2-ACB analysis by gas chromatography, damaged DNA analysis by DNA
comet assay, and silicate minerals analysis by thermoluminescence are some techniques used for
irradiation detection (Ahn et al., 2014; Chauhan et al., 2009). However, these methods have
challenges such as tedious sample preparation steps or detection limits (D’Oca & Bartolotta,
2018).

Analysis of irradiation-specific lipid radiolysis products using gas-chromatography
mass spectrometry (GC-MYS)

2-ACB formation is unique to the irradiation process; therefore, 2-ACB can be used as
irradiation markers in lipid-rich foods. Among 2-ACBs, 2- dodecylcyclobutanone (2-DCB),
radiolysis product of palmitic acid, and 2-tetradecylcyclobutanone (2-TCB), radiolysis product of
stearic acid, have been extensively studied (Blanch et al., 2009; Campaniello et al., 2019; Gadgil
et al., 2005). These radiolysis products are cyclic compounds with the same number of carbon
atoms as their precursor fatty acids with an alkyl group (Campaniello et al., 2019). Since the
formations of these products are only triggered by irradiation, their concentrations can be
correlated to irradiation dose in foods (Taghvaei et al., 2020). Many researchers supported the
hypothesis that 2-DCB is a radiation-specific compound based on the absence of 2-DCB in non-
irradiated foods such as prawns (Chen et al., 2011), turkey, duck, beef, pork, and chicken meat
(Campaniello et al., 2019), dried filefish (Kwon et al., 2007), pork (Li et al., 2017), and dairy
products (Zianni et al., 2021). An increase in 2-DCB concentration with increasing irradiation
dose was observed in the range of 0.5-5 kGy for dairy products (Zianni et al., 2021), 0.5-7 kGy
for ground beef (Gadgil et al., 2002; Zhao et al., 2012), 3-10 kGy for filefish (Kwon et al., 2007),
1-5 kGy for chicken and 1-2 kGy for eggs (Tewfik, 2008).

13



The irradiation detection using 2-DCB in lipid-rich foods is proposed in the European Standard
of EN 1785 (European Committee for Standardization (CEN), 2003). This reference procedure
contains fat extraction using Soxhlet, clean-up step, and detection of 2-ACBs by gas
chromatography-mass spectrometry (GC-MS). Therefore, this method requires a large solvent
volume and time-consuming extraction and clean-up steps (Gadgil et al., 2005). Recently,
researchers proposed a headspace solid-phase microextraction (SPME) method since SPME is a
fast and solvent-free alternative to Soxhlet extraction (Campaniello et al., 2019). In addition,
analytes even at low concentrations can be extracted from headspace and concentrated on the
fiber (Blanch et al., 2009). Previously, 2-DCB detection using SPME is conducted in chicken
jerky treats with glycerol (Taghvaei et al., 2020), chicken, turkey, duck, beef, and pork
(Campaniello et al., 2019), ground beef patties (Caja et al., 2008; Soncin et al., 2012), dairy
products (Zianni et al., 2021), chicken fat (Taghvaei et al., 2021), and dry-cured ham (Blanch et
al., 2009). Some researchers pointed out that 2-DCB was detected in the irradiated samples even
at doses as low as 0.5 kGy in meat samples, beef patties, and cured ham (Blanch et al., 2009;
Campaniello et al., 2019; Soncin et al., 2012). These researchers identified 2-DCB in irradiated
samples; however, a few of them conducted quantification analysis in ground beef patties
(Soncin et al., 2012) and chicken fat (Taghvaei et al., 2021).

The efficiency of the SPME method depends on many external parameters such as fiber type,
extraction time, incubation temperature, and internal parameters such as food composition and
food additives (Caja et al., 2008; Taghvaei et al., 2020). Previously researchers attempted to
optimize the external parameters for their samples in the studies such as the fiber type,
incubation temperature, and extraction time for irradiated ground beef (Caja et al., 2008);
incubation temperature and extraction time for irradiated ground beef patties (Soncin et al.,
2012); fiber type and extraction time for dry-cured ham (Blanch et al., 2009); fiber type for
chicken jerky treated with glycerol (Taghvaei et al., 2020). Meanwhile, a few studies
investigated the effect of internal parameters such as the effect of glycerol addition to chicken
jerky treats (Taghvaei et al., 2020), the effect of matrix composition (e.g., fat, salt, and moisture
content) of dairy products (Zianni et al., 2021) and meats (Campaniello et al., 2019) on 2-DCB
extraction. Some researchers introduced an internal standard (IS) into the SPME method to
address the matrix effect. IS, also, accounts for analyte loss during sample preparation, which

improves the precision of 2-DCB quantification.
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Although there is an increasing number of 2-DCB studies using the SPME method in the
literature, these studies are limited to lipid-rich products. However, the irradiation process is
approved for many food commodities, including fruits and vegetables lacking lipids. Hence,

there is a need for an irradiation detection method to analyze these samples.

EPR spectroscopy to characterize irradiation as a suitable technique

EPR spectroscopy is suitable for detecting irradiation and potentially quantify the irradiation
process since it can directly analyze irradiation-specific free radicals. Currently, the application
of the EPR technique for irradiation history detection is standardized by the European

Committee of Normalization (CEN). However, the food systems are often complex
multicomponent systems; therefore, each food matrix (i.e., plant or animal-based) leads to
different types of irradiation-induced radicals (Tomaiuolo et al., 2018). Therefore, the standard
methods are based on the origin of irradiation markers: cellulose (EN 1787,2000), crystalline
sugar (EN 13708,2001), and bones (EN 1786,1996). For example, cellulose-derived radicals give
a triplet peak signal with one center peak (g = 2.0050) and two satellite peaks (located left and
right of the center peak with a hyperfine splitting constant of 3 mT) (Raffi et al., 2000).
Meanwhile, the European Standard of EN 13708 (2001) proposes that the peak located at ¢
around 2.0035 is due to crystalline sugar. In addition, this method mentions that EPR spectra of
crystalline-sugar derived radicals contains multiple peaks since fruits and vegetables have
various sugars (e.g., fructose and glucose).

The EPR spectra can also be analyzed for quantification of free radicals. The peak-to-peak height
is correlated to the amount of free radical in a sample. Furthermore, the amount of free radicals is
proportional to irradiation dose (D’Oca & Bartolotta, 2018). Indeed, EPR spectroscopy is the
standard method of analysis for quantifying the irradiation dose with alanine dosimeters, which

are typically used as a reference for the calibration of dosimetry systems (Morsy, 2012).

Cellulose-derived Radicals

The samples with plant origin exhibit a specific EPR spectrum after irradiation. Currently, the
European Standard of EN 1787 (2000) proposes an EPR spectroscopy method to analyze
irradiated food commodities that contain cellulose. The method is validated using pistachio
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nutshells, paprika powder, and fresh strawberries by interlaboratory studies (European
Committee for Standardization (CEN), 2000). Many researchers investigated irradiated samples
using this method. The EPR spectra of irradiated plant origin foods consist of a triplet peak with
a signal intensity ratio of 1:2:1 (Aleksieva & Yordanov, 2018; Raffi et al., 2000). The triplet is
structured with a center peak (g=2.0050 £ 0.0020) and two satellite peaks. The satellite peaks are
the outermost peaks with a hyperfine coupling of 3 mT and are located on the left and right of
the center peak. This specific EPR spectra is a signature of irradiation-specific cellulose-derived
radicals and hence, used for irradiation process identification in cellulose-containing foods.
Similar EPR spectra were reported for oranges (Jo et al., 2018), apples, pears, peaches, and
apricots (Yordanov & Aleksieva, 2009), sea algae (Ahn et al., 2014), sweet potatoes (Tonyali et
al., 2020), gingers (Yamaoki et al., 2010), peanuts (Momchilova et al., 2019), and spices (Ahn,
Sanyal, Akram, & Kwon, 2014).

The singlet and the center peak of the sextet signal overlap with the center peak of an irradiated
sample signal. For this reason, the European Standard of EN 1787 (2000) accepts the presence of
cellulose satellite lines as evidence for irradiation treatment. However, researchers who studied
the decay constants and saturation characteristics of signals concluded that the central line in
irradiated samples is composed of both native (weak singlet or sextet) and irradiated (part of
triplet) signals (Korkmaz & Polat, 2001; Raffi et al., 2000).

The European Standard of EN 1787 (2000) mentions that cellulose-derived radicals are detected
in solid and dry parts of foods (European Committee for Standardization (CEN), 2000). Free
radicals are not stable in an aqueous environment such as the flesh of fruits; therefore, early
studies focus on lower-moisture content environments such as seeds of dates (Ghelawi et al.,
2001), stones, seeds, and shells of pistachio, apricot, walnut, and hazelnut (Raffi et al., 2000),
and seeds of melon, pumpkin, and sunflower (Sin et al., 2006). The European Standard of EN
1787 (2000) states that identification of cellulose-derived radicals is evident of irradiation;
however, lack of signal does not prove that the sample is unirradiated (European Committee for
Standardization (CEN), 2000).

Since not all fruits and vegetables have stones, seeds, or shells, some researchers attempted to
extract the free radicals from the food matrix or decrease the moisture content of the samples to
study cellulose-derived radicals. De Jesus, Rossi, & Lopes, (1999) observed cellulose-derived

radical signals in kiwi, tomato, and papaya after applying an alcoholic extraction method to
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remove water, soluble fraction, and solid residue from fruit pulp. Later, Delincée & Soika,
(2002) had a similar observation for strawberries and papayas. Other studies attempted to
stabilize and concentrate the radicals by drying them. Some researchers air-dried leafy greens
(Prasuna et al., 2009) and senna (Sezer et al., 2019). Others oven-dried carrots, cluster beans, and
beetroots (Prasuna et al., 2008), pears, apples, peaches, apricots, avocado, kiwi, and mango
(Yordanov & Aleksieva, 2009), while others freeze-dried orange flesh and peels (Jo et al., 2018),
and sweet potato flesh and skin (Tonyali et al., 2020) to improve the signal intensity and stability
of radicals. Yordanov & Aleksieva, (2009) compared air-dried and oven-dried irradiated fruit
samples and observed that the shape of the spectra was not affected by the temperature.
However, they mentioned that the oven-dried samples had lower signal intensities compared to
air-dried samples. Another research team compared alcoholic extraction of irradiated spices to
conventional drying methods and noticed an increase in the intensity of the cellulose-derived
radicals peaks in alcohol-extracted samples (Ahn et al., 2014). Jo et al., (2016) applied a
combination of alcoholic extraction and oven drying to orange flesh and peels. They mentioned
that the extracted and oven-dried samples had higher signal sensitivity than freeze-dried samples
since relative total fiber content increased with the removal of alcohol-soluble fruit components
during extraction.

The stability of free radicals can also be affected by external conditions such as temperature and
humidity of storage conditions (D’Oca & Bartolotta, 2018). Therefore, researchers studied signal
intensity and peak shape over a storage period of 10 days to 2 years. As a result, the
differentiation of unirradiated from irradiated walnuts for over 2 years for doses above 0.9 kGy
(Tomaiuolo et al., 2018), oranges for over 6 weeks for doses above 2 kGy (Jo et al., 2018), and
blue plums and peaches for over a year for doses above 10 kGy (Yordanov & Pachova, 2006)

was possible.

Crystalline Sugar-Derived Radicals

Non-irradiated fruits have a singlet, which can become complex spectra after irradiation. This
can be due to the different kinds of sugars (e.g., fructose, glucose, and disaccharides) present in
the fruits. The European Standard of EN 13708 (2001) describes an EPR spectroscopy method
for detecting irradiation in food samples that contain crystalline sugars. The method is validated
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using dried figs, dried mangoes, dried papayas, and raisins by interlaboratory studies (European
Committee for Standardization (CEN), 2001). The European Standard of EN 13708 (2001) states
that the presence of multicomponent EPR spectra is evident of irradiation; however, the absence
of the specific spectrum does not prove that the sample is unirradiated (European Committee for
Standardization (CEN), 2001).

Guzik & Stachowicz, (2016) mentioned that the distinction of irradiation treatment is very
simple due to the multipeak spectrum of irradiated samples compared to weak single EPR lines
of non-irradiated samples. Various complex and multipeak EPR spectra can be obtained
depending on the type and composition of sugars in irradiated foods. Therefore, the radicals
generated from these sugars under irradiation are combined under the name “crystalline sugar
derived radicals” and the EPR spectrum is identified as “sugar-like” spectrum (Aleksieva &
Yordanov, 2018). This “sugar-like” spectrum is different from the spectrum of starch derived
radicals. The starch-derived radicals have a single broadened peak with a split-peak at g factor of
2.0056 + 0.0003 (Bertolini et al., 2001; Dyrek et al., 2007). Studies on dried figs and raisins
(Bayram & Delincée, 2004), rhizome and gardenia fruit (Song et al., 2009), and skins of raisins
and figs (Yordanov & Pachova, 2006) showed that the signal centered around g = 2.0035-2.0040
is attributed to crystalline sugar-derived radicals, which is in agreement with EN 13708 (2001).
One of the major limitations of sugar radicals is the crystallinity of the environment of the sugar
radicals. Researchers did not observe sugar radical signals in irradiated dried apricots (Bayram &
Delincée, 2004) and irradiated evodia fruit (Song et al., 2009), although these fruits are rich in
sugar. They explained that the sugar should be in crystalline form to stabilize free radicals in
order to produce an EPR signal. This agrees with The European Standard of EN 13708 (2001).
Similar results were reported by Yordanov et al., (2006) for freeze-dried blue plum, apricot,
peach, and melon. The result was attributed to the restricted movement of sugar molecules in
reduced water amount and low-temperature conditions. The sugar molecules could not transport
to the surface of the fruits where the crystallization might take place during lyophilization. Guzik
et al., (2015) observed that the signal intensity from irradiated pineapple was higher than that of
irradiated fig in a comparison study of irradiated fruits where the fig is richer in sugar content
than pineapple (Guzik et al., 2015). The researchers concluded that the signal intensity is
correlated with crystalline sugar rather than the total sugar content of the fruit (Guzik et al.,
2015).
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Since the sugar-derived radicals needed to be in crystalline form to exhibit an EPR signal, their
stability is usually long. In one of the early studies, Stachowicz et al., (1995) showed that the
seeds of figs and dates carried sugar-like EPR spectra for over a year. Later, Yordanov &
Pachova, (2006) observed that the EPR spectra of figs are the superposition of signal of sugar-
like radicals coming from pulp and signal of radicals coming from seed. While different decay
constants support this hypothesis, the identification of irradiation treatment is possible up to 100
days. The EPR spectra for radicals derived from irradiated white sugar, glucose, and fructose
were recorded for 11 months, although the signal shape of irradiated fructose changed noticeably
during this period. It was attributed to the transformation of fructose radicals (Yordanov &
Georgieva, 2004). “Sugar-like” EPR spectra were observed for peony roots for 30 days after
irradiation (Yamaoki et al., 2015). Yordanov & Aleksieva, (2007) recorded “sugar-like” EPR
spectra from papaya, melon, cherry, and fig dehydrated by osmosis stored at low humidity and
dark for over 7 months and suggested that The European Standard of EN 13708 can be
successfully used to differentiate irradiation in these samples for prolonged times. Recently,
Karakirova & Yordanov, (2020) collected an EPR signal from irradiated sugar stored over 6
years; although the signal intensity differed with storage conditions (i.e., in a quartz tube or a
plastic bag).

The multiline spectra of irradiated fruits are the results of overlapping signals of different sugar-
derived radicals. Recently, researchers studied various monosaccharides such as mannose (Guzik
et al., 2019; Guzik & Stachowicz, 2012), glucose and fructose (Yordanov & Georgieva, 2004),
disaccharides such as lactose and trehalose (Karakirova et al., 2010), L-sorbose (Guzik &
Stachowicz, 2016), and polysaccharides such as amylose and amylopectin (Yamaoki et al., 2010)
to identify signals individually. Guzik & Stachowicz, (2012) mentioned that EPR spectra of
irradiated mannose contains three major broad peaks overlapping a doublet signal and a quartet
signal. Yordanov & Georgieva, (2004) obtained multiline spectra with the center peak located at
g factor of 2.0035 + 0.0002 from irradiated sucrose. Meanwhile, irradiated lactose has a four
peak EPR spectrum. These peaks have a signal intensity ratio of 1:7:7:1 with a hyperfine
splitting constant of 1.3 mT (Karakirova et al., 2010; Truby & Storey, 1959). Researchers
described that the spectra of fructose-derived radicals have a main peak located at a g factor of
2.005 and minor peaks with a hyperfine splitting constant of 1.6 mT from the main peak

(Yamaoki et al., 2010; Yordanov & Georgieva, 2004). Similarly, glucose-derived radicals have a
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main peak located at a g factor of 2.005 with a hyperfine peak separated by 1.7 mT (Yamaoki et
al., 2010; Yordanov & Georgieva, 2004). Another monosaccharide that researchers studied under
irradiation is L-sorbose. The EPR spectra of L-sorbose radicals exhibit four broad lines with a
signal intensity ratio of 1:3:3:1 (Guzik & Stachowicz, 2016). These hyperfine peaks are

separated from each other with 1.8 + 0.2 mT.

Carbonate-derived Radicals

The European Standard of EN 1786 (1997) states an EPR spectroscopy method for detection of
irradiation in meat and fish samples that contain bone. The method is validated using beef bones,
trout bones, and chicken (European Committee for Standardization (CEN), 1997). In addition,
they expanded the EPR method to all meat and fish species that contain bones since irradiation-
derived radicals are based on hydroxyapatite, which is the principal component of bones.

Bone constitutes a large amount of hydroxyapatite [Caio (PO)4 (OH)z2 ], while the remaining
fraction is collagen (D’Oca & Bartolotta, 2018). Before irradiation, bone-containing samples
have a singlet EPR signal with a g factor around 2.005. This signal is attributed to organic
radicals derived from the bone marrow of calcified tissue (D’Oca & Bartolotta, 2018). In
addition, some researchers reported a sextet signal in non-irradiated samples, a signature signal
of Mn?* ions (Bercu et al., 2012, 2017), meanwhile, others studied EPR-silent samples before
irradiation (Chawla et al., 1999; Duliu, 2000; Engin & Demirtas, 2004).

After irradiation, samples with bone tissue consist of two kinds of paramagnetic species, one
from bone collagen and another one from carbonate-derived radicals (Chauhan et al., 2009). The
latter is more stable as they are trapped in the hydroxyapatite matrix. The carbonate-derived
radicals (CO2,, COs’, COs*) have an asymmetric signal with a g factor around 2. Among them,
CO- is the widely used indicator for irradiation with the signal located around g=1.9970, while
COs* (g=2.0034) is generally attributed to be important in the cases of food products that are
heat-processed before irradiation (Callens et al., 1998; Stachowicz et al., 1995; Strzelczak et al.,
2001). Thus, these radicals were used to identify irradiation in a wide range of foods such as
cuttlefish (Duliu, 2000), crayfish (Bercu et al., 2017), lamb leg and rib (Chawla et al., 2002),
chicken legs (Chawla & Thomas, 2004), sea mollusk and pearl oyster (Strzelczak et al., 2001),
egg shells (Engin & Demirtas, 2004), shellfish (Bhatti et al., 2012), crab carapace (Abdou et al.,
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2019), and cow bones (Rudko et al., 2009). In addition, researchers mentioned that the
irradiation-specific carbonate radicals are derived in crustaceans (e.g., crayfish and crab) and
invertebrates (e.g., oyster, mussel, cuttlefish etc.) from their calcium carbonate-rich cuticles and
shells. Similarly, carbonate-derived radicals from bones such as lamb bones, cow bones, and
chicken legs are due to hydroxyapatite region and trapped in crystalline bone structure.

The European Standard of EN 1786 (1997) states that the detection limits and stability of
carbonate-derived radicals highly depend on the degrees of mineralization and crystallinity of the
hydroxyapatite region of the bone-containing sample (European Committee for Standardization
(CEN), 1997). Indeed, the early studies showed that the signal intensity of carbonate-derived
radicals was affected by various factors, such as bone density and the crystal and mineral
structure of bone (Chawla & Thomas, 2004; Stachowicz et al., 1993, 1995). These studies
showed that the EPR spectra shape was similar for bones obtained from different parts of animal
carcasses, however, with different signal intensity. This observation was attributed to differences
in chemical composition (i.e., smaller hydroxyapatite region leads to lower signal intensity) and
degree of crystallinity of the bones (i.e., higher the crystallinity, higher the signal intensity)
(Chawla et al., 1999; Gray & Stevenson, 1989).

The carbonate-derived radicals in bone samples such as cow bones were not affected by heat
treatment (i.e., boiling) (European Committee for Standardization (CEN), 1997). For example,
radicals in freshwater crayfish remained unchanged after isothermal annealing at 200 °C for six
hours (Bercu et al., 2017) and in cow bones tissue after annealing up to 210 °C for 30 minutes
(Rudko et al., 2009). In addition, Tomaiuolo et al., (2019) applied oven-drying, freeze-drying,
and sample ashing to irradiated mechanical separated meat in order to obtain EPR spectra
without the interference of other radicals such as lipid-radicals. The researchers identified six
characteristic peaks from bone fragments in irradiated mechanical separated meat after removal
of signals from protein and lipid radicals without disturbing the signal from bone fragments. In
comparison, Chawla et al., (1999) noticed a decrease in signal intensity upon boiling or
microwave cooking in the irradiated lamb hind leg bone. The same research group later noticed
that pressure cooking of irradiated lamb bones significantly decreased the signal intensity of the
EPR signal without changing the signal or peak shape (Chawla et al., 2002). The signal intensity
changing with heating treatments was mainly attributed to the thermal decay of organic

components.
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Later studies focused on the dose-response relationship (Engin & Demirtas, 2004; Yarkov et al.,
2000). Engin & Demirtas, (2004) suggested egg shells for a dosimeter in irradiation-related
incidents since the dose-response relationship of egg shells is linear within the range of 3 Gy-10
kGy. The signal intensity of CO> radicals derived from the mineral part of the cuttlefish bone
increased with irradiation dose up to 10 kGy (Duliu, 2000). Similarly, the signal intensity of
CO- radicals derived from porcine, bovine, and chicken linearly increased with irradiation dose
(0-10 kGy) (Yarkov et al., 2000). Chawla et al., (2002) showed that the irradiation dose
significantly increased the signal intensity of carbonate-derived radicals in lamb leg and lamb rib
bones in the range of 0-10 kGy. The concentration of carbonate-derived radicals from irradiated
calcite minerals of crab exoskeleton and their EPR signal intensity increased with irradiation
dose up to 30 kGy (Abdou et al., 2019).

The signal intensity of carbonate-derived radicals was analyzed for shelf-life studies. A reduction
in signal intensity was observed for irradiated cuttlefish stored at room temperature for three
months (Duliu, 2000), irradiated lamb leg at ambient temperature in a screw cap tube for 7
months (Chawla et al., 1999), and irradiated crayfish stored at room temperature for 16 months
(Bercu et al., 2017). However, these researchers were able to distinguish samples for irradiation
treatment since the EPR signal, even after storage, carried the characteristics of carbonate-

derived radicals.

Lipid Oxidation
Lipid Auto-oxidation

Lipid auto-oxidation is a free-radical chain reaction that causes the deterioration of fats and
lipids. Thus, it can cause undesired changes in the functional, nutritional, and sensorial attributes
of foods (Aydin et al., 2021). The reaction has three critical steps: initiation, propagation, and
termination.

In the initiation, a hydrogen atom is abstracted from a lipid molecule to generate a lipid radical.
The propagation step starts with lipid radicals reacting with oxygen to generate peroxyl radicals-
the peroxyl radicals, then, abstract hydrogen from other lipid molecules. Therefore, reactive free

radicals are continuously generated. Finally, the radicals come together to form non-radical
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species in the termination step (Belitz & Grosch, 2009). A simplified representation of the

reactions is given below in Figure 1-6.

Initiation: RH +O2 — Re ++OH

Propagation: Re + O — ROO-
ROO*+RH —» ROOH +Re
RO+ + RH — ROH +Re
ROOH — RO« ++OH

Termination: Re+ Re —— stable product
Re+ROOs  — stable product
ROQO+ + ROOs — stable product

Where RH is a lipid, Re is an alkyl radical, ROO- is a peroxyl radical, *OH is a hydroxyl radical,
RO- is an alkoxy radical, ROOH is a lipid peroxide, ROH is a lipid alkoxide. The end products
formed in the termination are non-radical stable products (Belitz & Grosch, 2009).

Figure 1-6 A representation of a lipid oxidation reaction.

Irradiation-triggered lipid oxidation

Prooxidants are factors or compounds that initiate or accelerate lipid oxidation reactions.
Prooxidants accelerate the reaction rate either by interacting with unsaturated fatty acids to form
lipid peroxides (e.g., interference of lipoxygenase enzyme) or by promoting the formation of free
radicals (e.g., irradiation treatment). Irradiation causes the formation of hydroxyl radicals (*OH)
from water molecules. Hydroxyl radicals are very reactive free radicals; therefore, they abstract
hydrogen (H) from lipid molecules (RH) and generate lipid radicals (R¢) (McClements &
Decker, 2017).

Measurement of lipid oxidation

The lipid oxidation products vary with time, oxidation status, mechanism, and lipid source. For
example, a single lipid can have different unsaturated fatty acids and can participate in various

reactions depending on the presence/absence of prooxidants and antioxidants. As a result, many
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decomposition products are formed. Therefore, the analysis of lipid oxidation is a complicated
and challenging task.

Primary lipid oxidation products are compounds that are formed during initiation and
propagation. Some of the analytical assays used for the analysis of primary lipid oxidations are
conjugated double bonds and peroxide value determinations (Velasco et al., 2005). Removal of
hydrogen from polyunsaturated acid forms conjugated double bonds compounds. The amount of
conjugated double bonds compounds is measured using spectrophotometric methods. However,
this method is not accurate for complex food systems since other compounds can also absorb the
same wavelength with conjugated double bonds compounds causing interference. Another
method to study the primary products is the peroxide value determination. This peroxide value
determination is based on the oxidation of an indicator compound (e.g., iodine) by peroxides.
This titration method is not very sensitive due to the high detection limit (McClements &
Decker, 2017). One of the disadvantages of studying primary products is that they are not
volatile and do not directly affect the flavor or aroma of the food. Therefore, they cannot be
detected with sensory analysis. Moreover, they undergo the termination reactions after initiation
and propagation, and their formation rates are slower than their decomposition rates at the latter
stages of lipid oxidation.

Secondary lipid oxidation products are decomposition products of hydroperoxides. These
products can be analyzed using the 2-Thiobarbituric Acid Reactive Substances (TBARS) assay,
GC-MS, and anisidine value assay (Velasco et al., 2005). In anisidine value assay, the reaction
between compounds with carbonyl groups (i.e., a functional group of C=0) and anisidine is
measured spectrophotometrically. TBARS assay is based on the reaction between thiobarbituric
acid (TBA) and compounds with carbonyl groups. TBARS assay might cause overestimation
since TBA reacts not only with secondary reaction products but also other non-lipid carbonyl-
containing compounds such as carbohydrates and amino acids (Barriuso et al., 2013). The
volatile compounds (e.g., hexanal) can be measured using GC-MS; however, this method
requires long analysis time and precise condition adjustments (Eldin, 2010). In addition, the
methods for measurements of secondary lipid oxidation products do not provide information on
intermediate products and radicals, which are important for understanding reaction mechanisms
and kinetics (Merkx et al., 2021).
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EPR measurements for lipid oxidation

Contrary to previous methods, EPR spectroscopy relies on the detection of free radicals produced
during lipid oxidation reactions instead of end products and, therefore, can provide information
on lipid oxidation reaction steps. Lipid radicals are highly reactive, with half-times of 10 — 10®
seconds (Barba et al., 2020). In addition, they become unstable under elevated temperatures and
high moisture environments. Roman et al., (2010) used EPR spectroscopy to detect, identify, and
determine the lifetime of lipid radicals derived from rapeseed oil. Zhu & Sevilla, (1990) studied
autoxidation kinetics of triglycerides at temperatures ranging from 95 to 200 K. However, a more
common approach to monitor the formation of unstable free radicals is by forming stable spin
adducts with spin traps in liquid environments; the technique also known as spin trapping
(Barriuso et al., 2013; Eldin, 2010; Feng et al., 2020; Raitio et al., 2011). Researchers used the
spin trapping method to study the inhibiting effect of PBN on lipid oxidation of fish and
sunflower oil (Velasco et al., 2005), oxidative stability of salmon viscera oil and cod liver oil
(Falch et al., 2005), oxidative stability of extra virgin oil (Papadimitriou et al., 2006), the effect
of temperature on palmitic acid (Chen et al., 2017), the early stages of lipid oxidation in dried
microencapsulated oils (Velasco et al., 2021), oxidative reactions in semisolid palm oil (Raitio et
al., 2011), and effect of antioxidants on oxidative stability of peanut oil (Zhao et al., 2020). Spin
trapped lipid radicals are identified with their characteristic hyperfine couplings and g factors
(Aydin et al., 2021; Feng et al., 2020; Velasco et al., 2005). However, lipid identification based
on hyperfine couplings is sometimes problematic due to line broadening issues. Restriction of
rotational mobility of spin adducts might cause line broadening (Raitio et al., 2011; Velasco et
al., 2005). Raitio et al., (2011) suggested the line broadening in palm oil samples was due to
viscous oil medium environment. While, Velasco et al., (2005) and Falch et al., (2005)
mentioned that the reason for line broadening was due to restricted mobility caused by the high
molecular volume of PBN-lipid radical adducts.

Other parameters that affect the lipid analysis using EPR spectroscopy are the solubility of spin
traps, stability of spin adducts, interaction of spin traps with other molecules, medium properties,
etc. For instance, degradation of spin traps in the presence of reducing agents (e.g., ascorbic acid)
or interaction of spin traps with antioxidants instead of target radicals would cause inaccurate
results (Barba et al., 2020; Roman et al., 2010). Meanwhile, the presence of spin traps in the

sample medium can interfere with the oxidation reaction by changing the course of the reaction
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pathway and rate. Velasco et al., (2005) had a similar observation in their study with rapeseed
oil, sunflower oil, and fish oil. PBN had an inhibiting effect on lipid oxidation in the samples due
to the interaction of PBN with peroxyl radicals. Similarly, Cui et al., (2017) mentioned that
storage of samples with spin adducts alters the free radical concentration in the system since the
spin traps might prevent lipid oxidation of the sample. Therefore, they suggested that spin traps
should be introduced to the system right before EPR scans for accurate determination of free
radical concentration. However, the lipid oxidation prevention effect of spin traps could cause
loss of sensitivity and accuracy of the analysis.

The induction period (IP) is defined as the time at which the concentration of spin adducts had a
sharp increase after a slow increase (Fadda et al., 2021). Researchers used EPR spectroscopy to
study IP in rapeseed oil, soybean oil, sunflower seed oil, corn oil, peanut oil, palm oil, and fish
oil (Jiang et al., 2020); peanut oil (Silvagni et al., 2010); olive oil (Papadimitriou et al., 2006);
and sunflower oil and extra virgin olive oil (Fadda et al., 2021). These researchers collected the
signal intensity of spin adducts as a function of time and estimated IP from bilinear regression of
slow increase period and sharp increase period. Some research groups compared the EPR method
to one of the traditional methods for the detection of lipid oxidation such as electrochemical
measurements of oxygen depletion in pork meat (Carlsen et al., 2001), rancimat and
chemiluminescence in linseed oil and borage oil (Szterk et al., 2011), rancimat in antioxidant
added peanut oil (Jiang et al., 2020). These researchers found a correlation between the EPR
method and other methods and suggested that EPR spectroscopy is a fast and sensitive method
for evaluating IP.

After investigation of lipid radicals and the induction period, researchers shifted their research
area to the oxidative stability of oils in the presence of antioxidants. Antioxidants scavenge free
radicals formed in the lipid oxidation reactions, as shown in Figure 1-7.

ROO*+AH — ROOH + A-
RO« + AH — ROH + A-

Where AH is an antioxidant, ROO¢ is a peroxyl radical, ROe is an alkoxy radical, ROOH is a

lipid peroxide, ROH is a lipid alkoxide.
Figure 1-7 Interaction of antioxidants with lipid radicals in lipid oxidation
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After the donation of a hydrogen atom, Ae can further react with lipid radicals or other A
molecules to form non-radical products at the termination stage of lipid oxidation (McClements
& Decker, 2017).

Researchers used EPR spectroscopy to study the effects of antioxidants on lipid oxidation in
many studies such as citrus peel extracts such as orange, lemon, mandarin, etc. added sunflower
oil (Aydin et al., 2021), sunflower and rapeseed oil systems supplemented with herb extracts
such as thyme, basil, oregano, and sage (Koztowska & Zawada, 2015), tocopherol added corn,
canola, and soybean oil (Cui et al., 2017). During these studies, some researchers observed that
the signal intensity and the spin adduct formation were affected by the addition of antioxidants.
For example, Cui et al., (2017) did not obtain an EPR signal from the tocopherol added corn,
canola, and soybean oil until after antioxidant concentration decreased to 50-65% of its initial
concentration. The antioxidants in their study inhibited the formation of spin adducts by
competing with spin traps to react with lipid oxidation radicals, i.e., peroxyl and alkoxyl radicals
(Cui et al., 2017). Similarly, Jiang et al., (2020) found out that the addition of synthetic
antioxidants such as dibutyl hydroxytoluene and butylated hydroxyanisole decreased the signal
intensity of spin adducts in edible oils (i.e., peanut oil, corn oil, palm oil, rapeseed oil, fish oil,
sunflower oil, etc.). Merkx et al., (2021) stated that PBN addition disturbed the oxidation
reaction mechanism after observing the degradation of the spin adducts (i.e., ROO-PBN) to
alkoxy radical (RO¢), benzaldehyde, and 2-methyl-2-nitrosopropane (MNP) under the heat
treatment (e.g., 180 °C). The authors mentioned that after degradation MNP formed spin adducts
with alkyl radicals (Re). They attributed the hyperfine coupling constants of 14.5 G and 3.2 G to
PBN spin adducts (PBN-R) and assigned the second hyperfine interaction with hyperfine
coupling constants of 2.1 G to MNP adducts (MNP-R). The researchers suggested the use of
both NMR and EPR spectroscopy to study peroxyl radicals (ROQe).

Measurement of reactive oxygen species (ROS) and reactive nitrogen species (RNS)

in other biological systems

Reactive oxygen species (ROS) (e.g., superoxide and hydroxyl radical species) are oxygen-based
free radicals generated during metabolic functions such as lipid oxidation (Khan & Swartz,
2002). These radicals play a role in intercellular signaling and frequently interact with lipids,
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proteins, and DNA. They are constantly formed in the daily routine of cells and are needed at
certain levels. Excess amount of ROS is capable of damaging biomolecules (e.g., nucleic acids
and lipids) and cell structure and can cause cell dysfunctionality and diseases such as cancer and
neurodegenerative diseases (Khan & Swartz, 2002; Mrakic-Sposta et al., 2014; Suzen et al.,
2017). The damage that an excessive amount of ROS causes to the cellular structure is called
oxidative stress (Mrakic-Sposta et al., 2014).

Reactive nitrogen species (RNS) (e.g., nitrate, nitrite, and nitric oxide) are nitrogen-based free
radicals derived from biological functions. These molecules participate in the regulatory redox
mechanism, cellular signaling, and immune response (Locatelli et al., 2009). However,
overproduction of these molecules might damage key systems (e.g., DNA and proteins) in
biological systems and can cause neurodegenerative and chronic inflammatory diseases (Nash et
al., 2012). The damage that an excessive amount of RNS causes to the cellular structure is called

nitrosative stress (Nash et al., 2012).

Traditional Spectrophotometric Assays

The commonly used methods to study ROS and RNS are based on the scavenging activity of
antioxidants against these radicals. Antioxidants scavenge and inhibit ROS and RNS production
following one of the two mechanisms: electron transfer (e(-)) mechanism or hydrogen (H) atom
transfer mechanism (Zang et al., 2017). In the e(-) transfer mechanism, an electron in an
antioxidant is transferred to a free radical. In the H atom transfer mechanism, antioxidants donate
their H atom to radicals to scavenge them. All antioxidant capacity assays used in literature are
based on one of these mechanisms. DPPH (2,2-diphenyl-1-picrylhydrazyl), FRAP (ferric
reducing antioxidant power), and ABTS (2,2-azinobis-(3-ethylbenzothiazole-6-sulphonate)
assays follow electron transfer mechanism. Meanwhile, other assays such as TRAP (total peroxyl
radical trapping antioxidant parameter), TEAC (trolox equivalent antioxidant capacity), and
ORAC (oxygen radical absorbance capacity) work with hydrogen atom transfer mechanism
(Apak et al., 2016).

These antioxidant assays rely on a UV-vis spectrophotometer to measure color change. Thus, the
antioxidant concentration in the sample is correlated to the color change and is expressed as an
equivalent of a standard external material (e.g., Trolox, ferulic acid, or vitamin C). However, this

correlation is not always reliable, as in some cases the change in absorbance is not due to the
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concentration change but other effects such as discoloration due to extraction solvent (Polak et
al., 2013). Moreover, many of these assays use different reagents, wavelengths, and solvents
which cause variation between them (Li, 2017). For example, an antioxidant can show different
radical scavenging activities in different solvents following the same assay (Li, 2017).

Use of EPR spectroscopy for analysis of ROS and RNS

In contrast to the indirect approach of UV-vis spectrophotometric assays, EPR spectroscopy
provides a direct approach by correlating the signal intensity to free radical concentration. In
addition, it eliminates the transparent sample limitation of the UV-vis spectrophotometer since it
can analyze cloudy samples as well (Jawad et al., 2007). Many researchers use commercially
available semi-stable free radicals (e.g., galvinoxyl radical and DPPH) to study antioxidants in
sage extracts (Nutrizio et al., 2020); curcumin (Barzegar & Moosavi-Movahedi, 2011); red
beetroots (Esatbeyoglu et al., 2014); microemulsions loaded with phenolic antioxidants
(Chatzidaki et al., 2015); oregano oil (Assiri et al., 2016); snapdragon seed oil (Ramadan & El-
Shamy, 2013); astaxanthin, a feed additive, (Dose et al., 2016); fruit liqueur (Polak & Bartoszek,
2015); fruits such as strawberry, mulberry, lemon, and banana (Zang et al., 2017); beer (Polak et
al., 2013); honey (Zalibera et al., 2008); coffee (Brezova et al., 2009); pomegranate juice (Kozik
et al., 2015); and alcoholic beverages such as martini, red wine, gin, vodka, brandy, and malibu
(Bartoszek & Polak, 2012).

These studies focused on the determination of antioxidant activity and radical scavenging
activity of samples against DPPH (Bartoszek & Polak, 2012; Brezova et al., 2009; Kozik et al.,
2015; Polak et al., 2013; Polak & Bartoszek, 2015; Zalibera et al., 2008; Zang et al., 2017) and
against both DPPH and galvinoxyl radical (Assiri et al., 2016; Dose et al., 2016; Esatbeyoglu et
al., 2014; Ramadan & EI-Shamy, 2013). The latter studied the radical scavenging activity of the
antioxidants against oxygen-centered radicals (galvinoxyl radical) and nitrogen-centered radicals
(DPPH). Meanwhile, another group investigated these activities using spin traps to capture
unstable radicals in antioxidant-rich food samples. Researchers used DMPO or POBN to study
radical scavenging activity against hydroxyl radicals in honey (Zalibera et al., 2008), in coffee
(Brezova et al., 2009), and in Tokay wines (Stasko et al., 2006), radical scavenging activity
against ROS in white tea (Azman et al., 2014), and tea extracts (Polovka et al., 2003).
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The quantification of antioxidant capacity was performed using external standard curves.
Therefore, the antioxidant capacity of the sample was expressed as an equivalence of antioxidant
capacity of an external standard such as Trolox. Researchers presented the antioxidant capacities
of their samples using Trolox for vegetables such as leek, onion, spinach, and cabbage (Kameya
et al., 2014), fruit juices (Bartoszek & Polak, 2016), pomegranate juices (Kozik et al., 2015), and
beers (Polak et al., 2013); ferulic acid for white tea (Azman et al., 2014), and vitamin C for fruits
such as strawberry, mulberry, and banana (Zang et al., 2017).

Some recent studies focused on the investigation of antioxidant decay kinetics using EPR
spectroscopy. For example, Osorio et al., (2011) studied the antioxidant-rich extracts of corozo
fruit with ABTS and DPPH radicals separately to differentiate the constituents of its antioxidants
(i.e., cyanidin-3-rutinoside, cyanidin 3-glucoside, and peonidin-3-rutinoside) by measuring decay
kinetics. Similarly, Pérez-Lopez et al., (2014) investigated the decay kinetics of DPPH in the
presence of antioxidants from lettuces with different colors and labeled the kinetic behaviors
(e.g., fast- and intermediate-rate) of antioxidants. The authors stated that intermediate-rate
antioxidants might be quercetin, while fast-rate antioxidants can be anthocyanins. Thus, there are
numerous EPR studies on antioxidant qualification and quantification in the literature, yet there

is still a need for further study to expand our knowledge on the kinetic behavior of antioxidants.

Beer and wine quality

Beer flavor stability is a major quality parameter for the beer industry since it is an indicator for
shelf life and freshness (Jenkins et al., 2018; Kocherginsky et al., 2005a; Lund et al., 2012).
Therefore, EPR spectroscopy is used to monitor free radical production and breakdown process
in beer samples to determine the stability and age of beer (Jenkins et al., 2018; Kocherginsky et
al., 2005a, 2005b; Lund et al., 2012). One way to analyze stability is using spin traps to quench
free radicals that are formed during the aging of beer (Jenkins et al., 2018). Typically,
antioxidants in beer scavenge free radicals until they are depleted (this period is called the lag
phase) (Brezova et al., 2002). After the lag phase, the spin traps form spin adducts with free
radicals and give an EPR signal (Kocherginsky et al., 2005b). Therefore, the lag phase is used to
indicate beer age (Kocherginsky et al., 2005b).

Researchers previously studied the lag phase and the parameters that affect the lag phase such as
transition ions (Jenkins et al., 2018), unmalted barley (Kunz et al., 2012), metal ions (Jenkins et
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al., 2018), antioxidants and vitamins (Brezova et al., 2002), pasteurization (Lund et al., 2012),
and proteins (Kocherginsky et al., 2005b). The authors of these studies suggested the use of EPR
spectroscopy for breweries to analyze their beer samples. Moreover, Kocherginsky et al., (2005a)
proposed a dimensionless number that includes oxidation reaction kinetics (e.g., rate of hydroxyl
radical formation and rate of spin adduct formation) to minimize experimental calibration
problems by studying reaction kinetics. In addition, Marques et al., (2017) correlated EPR area
data to total staling information from sensory analysis, which shortens the amount of time
needed for a sensory evaluation from six months to six days. They also mentioned that they
improved the flavor stability of beers in their breweries by using EPR data and sensory analysis
as predictive indicators of staling process.

Although reaction steps and radicals are extensively studied in beer, there were not too many
studies to detect and identify free radical intermediates in wine until a decade or so. Oxidation of
wine takes place when metal-catalyzed reduction of dioxygen triggers a series of reactions that
converts ethanol into acetaldehyde (Kreitman et al., 2013). First, oxygen is reduced to
hydroperoxyl radicals by transition metals such as iron and copper. Next, hydroperoxyl radicals
react with phenolics to form hydrogen peroxide and semiquinone radicals, where hydrogen
peroxide further reduces to hydroxyl radicals. The reaction between hydroxyl radicals and
ethanol yields ethyl radicals such as 1-hydroxyethyl radical (1-HER) and 2-hydroxyethyl radical.
Later, 1-HER is oxidized to acetaldehydes (Kreitman et al., 2013). This series of reactions have a
profound effect on wine quality and sensorial attributes since reaction products can alter the
flavor, color, and odor (Elias et al., 2009a; Marquez, Contreras, et al., 2019). The traditional
methods that are used for wine oxidation analysis (e.g., GC-MS) aim to detect volatile
compounds (e.g., 2, 4, 5-trimethyldioxolane) (Escudero et al., 2000). However, these methods
are only able to detect later stages of oxidation; therefore, they miss the information about earlier
stages, which is important to assess a storage time for wines (Nikolantonaki et al., 2019).

The free radicals (e.g., 1-HER) derived from early and intermediate steps of reactions can be
detected by EPR spectroscopy using spin traps. In one of the early studies on this area, Elias et
al., (2009a) identified that the major free radical species derived from hydroxyl radical-mediated
oxidation of ethanol is 1-HER. Furthermore, the authors mentioned that 1-HER is the most
quantitatively abundant free radical in oxidized wine. After this finding, studies focused on the

effects of various parameters such as the presence of wine phenolics (Kreitman et al., 2013),
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application of ultrasound treatment (Xue et al., 2021; Zhang et al., 2015), application of
microwave treatment (Yuan et al., 2021), presence of SO, (Nikolantonaki et al., 2019), and
presence of trace metals (Elias et al., 2009b) on the formation of 1-HER.

Some studies focus on SO»-free wines since the wine industry is in search of alternatives to
replace SO in wines. SO yields sulfurous acid (H2SOs3) and subsequently transforms to bisulfite
(HSO3) and sulfite (SOs%) in wines. HSO3™ acts as an antioxidant since it reacts with hydrogen
peroxide. Therefore, researchers substituted SO> with other antioxidants and studied the
antioxidant effects of SO alternatives such as chitosan (Castro Marin et al., 2019); inactive dry
yeast, natural antioxidants, and freeze-dried extracts of wine industry by-products (e.g., stems)
(Marchante et al., 2020a); and chitosan, glutathione, oak and grape seed extracts, and ascorbic
acid (Marchante et al., 2020b) on the formation of 1-HER. The investigators concluded that the
chitosan in white wine (Castro Marin et al., 2019), grape seed and chitosan in red wine
(Marchante et al., 2020b), and inactive dry yeast in red wine could serve as alternative

compounds that have antioxidant properties against 1-HER radicals.

Maillard reaction

Introduction to Maillard reaction

Maillard reaction is a combination of complex sub-reactions that contributes to color and flavor
development in thermally processed foods such as baked (e.g., bread), roasted (e.g., coffee), and
dried products (e.g., dried milk). In the initial step, a condensation reaction between a reducing
sugar and an amine (i.e., compounds that have a nitrogen atom with a lone pair of electrons)
takes place during heating. The products of this reaction subsequently go under Amadori
rearrangement to form Amadori products (e.g., 1-amino-1-deoxy-D-fructose). These products are
intermediate reaction products of the Maillard reaction. Amadori products can react in several
ways (e.g., dehydration and decomposition) to produce different products such as reductones and
furfurals (e.g., hydroxymethylfurfural (HMF)). During the final stages of the Maillard reaction,
reactive furfural compounds and compounds with amino groups react to form flavor compounds
and dark-colored, insoluble, high-molecular-weight pigments called melanoidins (Huber &
Bemiller, 2008).
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Traditional techniques to analyze Maillard reaction

Among Maillard reaction products, HMF and Amadori products are mostly used to monitor the
reaction. Amadori products, like the other initial stage products, do not absorb UV light;
therefore, most of the time, they are studied with high-performance liquid chromatography
(HPLC) or liquid chromatography coupled with differential refractometry detection or mass
spectroscopy. Yet, colorimetric or fluorimetric assays based on their reaction with a dye are also
conducted from time to time. Unlike the Amadori products, HMF has a strong UV absorption;
hence, spectrophotometric assays are widely used for the determination of these compounds.
Similarly, melanoidins show absorption in UV spectra around 420-450 nm. Some recent attempts
to characterize melanoidins include the use of HPLC, GC-MS, and infrared spectroscopy (Silvan
et al., 2006).

Analysis of Maillard reaction using EPR spectroscopy

The use of EPR spectroscopy for Maillard reaction-derived free radicals dates back to 1956,
where O Meara et al., (1956) conducted one of the earliest studies on free radicals in roasted
coffee. Later, in 1965, Mitsuda et al., (1965) studied melanoidins in a controlled experiment
(glycine and glucose mixture) using EPR spectroscopy. Based on these pioneer works, Namiki et
al., (1973) heated arabinose and alanine mixture at 100 °C to study radicals directly using EPR
spectroscopy. For the first time, they observed two hyperfine couplings in EPR spectra which
came from two kinds of radicals. In the early stage of reaction, intermediate radicals gave a
complex multiplet EPR signal, whereas later stage radicals gave a single broad line similar to
melanoidin signal. The researchers could not identify the radicals back then, however, they
presumed that the early stage radicals were derived from amino-carbonyl reactions while the
later stage radicals were due to existing radicals in melanoidin structure.

Recent EPR studies investigated the effect of high or low flow of air or nitrogen during roasting
of coffee beans (Goodman et al., 2011); roasting time, roasting atmosphere (air or nitrogen),
storage period (up to a month), the physical structure of roasted bean (whole, half, and ground)
(YYeretzian et al., 2012); storage at high temperature, presence of oxygen and light during storage
of milk powder (Thomsen et al., 2005); treatment temperature applied to D-glucose and L-

alanine mixture (Mohsin et al., 2018), the storage time for black garlic incubated at 70 °C
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(Nakagawa et al., 2020) on free radical formation. Later, Troup et al., (2015) studied the
antioxidant properties of molecules (e.g., melanoidins) with respect to roasting time and storage
after grinding. In their study, the authors obtained three distinct EPR signals from three different
radicals. The first signal was due to endogenous radicals from beans; the second signal was
attributed to a stable radical formed during roasting; the third one was associated with roasting-
triggered radicals formed during later stages of Maillard reaction. In a recent study, another
research group analyzed the signal at 336 mT (g=2.00) from heated black garlic (Nakagawa et
al., 2020) and attributed this signal to intermediate Maillard radicals. They stated that unpaired
electron of organic radicals reacts similarly to free electrons in EPR analysis. Therefore, organic
radicals give a signal at a g factor around 2.00 which is the g-factor of a free electron.

Some researchers mentioned that one of the issues with Maillard-derived free radicals is the
identification of radicals that are involved in the formation of melanoidins (Thomsen et al., 2005;
Yordanov & Mladenova, 2004). Thomsen et al., (2005) studied the effect of Maillard reaction in
milk powder stored at 60 °C on radical types and observed a single peak in EPR spectra due to
the late stage of Maillard reaction. Researchers compared g-values of peaks to previous studies,
but they could not characterize the origin of free radicals. Therefore, they proposed using other
complementary techniques (e.g., NMR) to obtain more information about radicals and therefore,
characterize them individually. The same problem surfaced in a free radical study of bread
samples with heat-induced paramagnetic species (Yordanov & Mladenova, 2004). The authors
mentioned that the EPR spectra had one single peak due to overlapping of different signals;
therefore, it was impossible to identify radicals. They stated that the EPR signal is due to
thermally generated radicals and it might be attributed to Maillard reaction radicals. They also
added that the signal is not attributed to the carbonization process. Carbonization is the
conversion of organic substances into carbon at high temperature in the absence of oxygen.

The researchers studied at temperatures below 250 °C, which is too low for carbonization
reaction. They mentioned that it is necessary to use other analyses such as NMR with EPR
spectroscopy to find the origins of the radicals.

There is, indeed, a need for further study to expand the knowledge in Maillard reaction-derived
free radicals in different products and processes. The results of future studies can be used to
control the type and amount of Maillard reaction products (e.g., melanoidins and free radicals)
formed during food processes.
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Conclusion

The main advantages of EPR spectroscopy are its sensitivity and specificity to free radicals.
Moreover, it does not require a long analysis time as well as a large amount of sample.
Therefore, the EPR spectroscopy can be applied to identify and quantify free radical species in
various food reactions important for quality attributes. For example, EPR spectroscopy was used
to investigate structures of macromolecules (e.g., proteins) and membranes, to characterize and
quantify irradiation-derived radicals, and to study oxidative stability in different types of foods,
including but not limited to fruits and vegetables, meat and fishes, oils, and emulsions. To
investigate some of these reactions, EPR-silent diamagnetic compounds (i.e., spin traps) can be
used to study fast-lived free radicals by transforming them to more stable free radicals with
longer lifetimes. In other studies, an external molecule with an unpaired electron and a functional
group (i.e., spin label) can be introduced to the sample to gain insight into structural and dynamic
properties. In addition, EPR parameters (e.g., hyperfine splitting constant) of fast-tumbling
spectra provide information about mobility and polarity of sample environments, while slow-
tumbling spectra offer information on the motion and orientation of paramagnetic species.

The studies mentioned in this review support that EPR is a promising technique and powerful
tool for many applications. The current methods applied with EPR have many advantages over
traditional techniques, yet there is still a need for more research and investigation for wider

applications.
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Chapter 2 - Objectives

EPR spectroscopy can offer a fast, sensitive, and non-destructive technique to detect free
radicals in food and related matrices. The broad analysis range of EPR includes but is not limited
to the detection and quantification of irradiation-derived radicals (e.g., cellulose-derived radicals)
in irradiated foods and characterization of membrane structures (e.g., membrane mobility). The
goal of this dissertation is to show the suitability of EPR spectroscopy for the characterization of
chemical and structural properties of foods and related matrices in comparison to traditional
techniques.

The methods for membrane structure characterization (e.g., flow cytometry or
microscopic methods) are indirect methods that are challenging due to long sample preparation
time and low sensitivity. EPR spectroscopy provides a direct and non-destructive technique to
analyze changes in bacterial membrane mobility due to external thermal stress. | hypothesize that
the exposure of E. coli to extreme high temperatures (42, 50, or 65 °C) would cause an increase
in the bacterial membrane mobility due to melting of membrane lipids around 40-45 °C. The
changes in membrane mobility would be quantified via the mobility of a 16-doxylstearic acid
(16-DSA) spin probe, an EPR active molecule that can align with the membrane, using EPR
spectroscopy. The results of EPR spectroscopy would be supported by the use of particle size
data using dynamic light scattering (DLS) and morphology data using transmission electron
microscopy (TEM). The objective is to use EPR spectroscopy to characterize the changes in a
bacterial membrane under the stress of thermal treatment without disturbing the cell integrity.

The irradiation treatment on foods is needed to be monitored due to safety concerns
regarding the possible formation of toxic compounds and compliance of the irradiation dose to
the regulatory limits. EPR spectroscopy can detect irradiation and quantify irradiation dose by
detecting irradiation-derived free radicals. In addition, it can be used to study irradiated
cellulose-rich foods and its parts subjected to different sample preparation methods. |
hypothesize that the signal coming from irradiation-derived cellulose radicals would be dominant
in the EPR spectra of sweet potato (SP) skin due to the rich cellulose content of SP skin. In
contrast, the EPR spectra of SP flesh would be a combination of signals coming from irradiation-
derived cellulose radicals and irradiation-derived dextrose radicals. |, also, hypothesize that the

EPR signal of irradiation-derived dextrose radicals would be pronounced in sieved ground SP
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samples due to retention of big cellulose particles on sieve. For this purpose, dried SP would be
prepared at two moisture contents (48.3 and 9.7 % by drying at 150 °F for 24 or 48 h) and
irradiated at 0, 5, 10, 20, 30, and 50 kGy. The EPR signal characteristics (intensity and peak
shape) would be evaluated for SP samples prepared with different methods (grinding, sieving,
and pelletizing) and from different sample locations (skin and flesh). The objective is to show
applicability of EPR spectroscopy for irradiation detection in plant-based foods.

Quantification of irradiation-derived cellulose and dextrose radicals using EPR spectra
can be challenging due to broadening of native singlet peak with irradiation. The quantification
of irradiation-specific cellulose satellite and dextrose split peak separately can be conducted
using a peak enhancement approach. Therefore, | hypothesize that the developed peak
enhancement methods would improve the resolution of the complex EPR spectra and increase
the precision of quantification. The complex EPR spectra would be analyzed by calculating total
areas under all peaks (TPA), areas of irradiation-specific cellulose satellite peaks (SPA), and
areas of irradiation-specific dextrose split peak (GPA) using GRAMS software. The third
objective is to use the irradiation-specific cellulose satellite and dextrose split peak as irradiation
indicators using EPR spectroscopy and implementing a peak enhancement method.

Irradiated lipid-containing samples are traditionally characterized with gas
chromatography mass spectrometry (GC-MS). The quantification of lipid-radiolysis products
(e.g., 2-DCB) is performed using internal standard (IS). The precision of quantification can be
improved by choosing right IS concentration. In contrary, the EPR spectroscopy can provide a
sensitive technique to study irradiation-derived radicals in lipid-containing samples. Therefore, |
hypothesize that EPR spectroscopy is a good alternative to study irradiation-derived radicals in
lipid-rich foods compared to traditional GC-MS analysis. In addition, I hypothesize that the
precision of 2-DCB quantification using GC-MS can be improved with use of IS at right
concentration. For this study, chicken jerky treats (CJT) and pig ears (PE) are chosen for lipid-
rich matrices as these products are commonly commercially irradiated foods. CJT and PE
samples irradiated at two doses (10 and 50 kGy) would be studied with EPR spectroscopy; the
irradiated CJT samples would be tested for two IS concentrations (8 and 80 ng/g CJT), while the
irradiated PE samples would be analyzed for three IS concentrations (8, 80, and 800 ng/g PE)

using GC-MS. The fourth objective is to use EPR spectroscopy for irradiation detection in lipid-
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containing samples and to improve the precision of GC-MS analysis for radiolysis products in

lipid-containing samples.
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Chapter 3 - Evaluation of heating effects on the morphology and
membrane structure of Escherichia coli using electron paramagnetic

resonance spectroscopy’

Abstract

Bacterial cell characteristics, such as size, morphology, and membrane integrity, are affected by
environmental conditions. Thermal treatment results in related structural changes, extent of
which is determined by the microorganism's survival skills and inactivation kinetics. The
objective of this study was to characterize changes in cell structure of Escherichia coli during
heating using the combined analysis of dynamic light scattering (DLS), electron paramagnetic
resonance (EPR) spectroscopy, and transmission electron microscopy (TEM) techniques. The
size of E. coli cells increased from 2.3 pm to 3.0 um with heating up to 50 °C followed by a
shrinkage with further heating up to 70 °C. The morphological changes were verified using
transmission electron microscopy. Related changes in membrane integrity were quantified via
the mobility of 16-doxylstearic acid (16-DSA) spin probe using EPR spectroscopy. Two order
parameters S1 and S2 defined on x- and y-axes, respectively, decreased with increasing
temperature indicating loss of membrane integrity. The combined techniques as in this study can

be used to further understand factors that play role in survival behavior of microorganisms.

Introduction

The survival kinetics of microorganisms is determined by the effects of external stresses, such as
heat and antimicrobial compounds, on cell size, morphology, and membrane structure (Broeckx
et al., 2016; Glover et al., 1999). The extent of these changes is determined by inactivation

mechanisms and the resistance of microorganisms to the applied stress. The heating process can

! Tonyali B, McDaniel A, Trinetta V, Yucel U. (2019). Evaluation of heating effects on the morphology and membrane structure
of Escherichia coli using electron paramagnetic resonance spectroscopy. Biophysical Chemistry, (252), 106191. doi:
10.1016/j.bpc.2019.106191.
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damage multiple cellular elements, such as disruption of the peptidoglycan cell wall and damage
to RNA, DNA, and enzymes. Microorganisms can resist thermal stresses by altering their
cellular properties (i.e. adjustment of lipid bilayer viscosity and rearrangement of the membrane
layer to maintain the membrane functionality). However, cellular alterations can tolerate a
maximum change, after which the cell structure irreversibly gets damaged (Serio et al., 2010).
The destruction of these elements interferes with the replication and the self-maintenance
mechanisms of the cell. Moreover, changes such as the disengagement of the membrane from the
cell wall, formation of pores, release of cell components out of the cell, and alterations in outer
and inner cell membrane structures have been previously reported (Baatout et al., 2005). The
increased cell membrane permeability, observed in parallel with increased membrane fluidity,
disrupts the control over the transport mechanisms and eventually leads to the loss of internal
homeostasis (Cebrian et al., 2017). Indeed, this kind of cell damage is known to result in
compromised metabolic cell functions as well as leaching of the cell components (Glover et al.,
1999; Katsui et al., 1982). Early studies measured particle size with microscopic methods, which
require analysis of large number images and tedious sample preparation steps (Trueba et al.,
1982). More recent studies commonly used flow cytometry to characterize membrane structure
and mobility. This technique is based on use of fluorescence probes and the measurement is
taken on each cell at a single time (Clementi et al., 2014). The changes in the membrane integrity
under different stresses, such as temperature (Baatout et al., 2005) and ultrasound (Li et al.,
2016), were previously investigated using this technique. In flow cytometry analysis, membrane
integrity is characterized using dyes to stain specific components (e.g. DNA) in bacteria cell. The
dying step requires time for permeabilization and washing steps afterwards which are
challenging and time-consuming. Moreover, the cell aggregations might interfere with the
sensitivity of measurements (Rieseberg et al., 2001). Recently, Vargas et al. (2017) showed the
usability of dynamic light scattering (DLS) measurements to study the growth (i.e., size and
population) of E.coli and S.aureus in the lag phase as an alternative to the traditional methods.
Electron Paramagnetic Resonance (EPR) spectroscopy is a non-destructive technique, which has
been used to study membrane structures (Glover et al., 1999; Kong et al., 2018; Serio et al.,
2010). EPR spectroscopy is sensitive to the presence of molecules with unpaired electrons,
where the spin relaxation of electrons is determined by the mobility of the molecules. In a spin-

labeling technique, a stable free radical (i.e., spin probe) is introduced to the system and serves as
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a reporter molecule. The interaction between the spin probe and the target molecule, i.e. the cell
membrane, is used for characterization studies. For example, a nitroxide radical with an aliphatic
carbon chain aligns itself along the lipid bilayer, and the specific rotation on each axes is
responsible for the shape of the complex slow-tumbling spectra (Kong et al., 2018; Kveder et al.,
2004; Serio et al., 2010). The hyperfine splitting of slow-tumbling spectra is typically associated
with the extent of rotational diffusivity of the spin probe on each axes (Rottem et al., 1970).
Previously Glover et al. (Glover et al., 1999) used an aliphatic spin probe 5-doxyl-stearic acid (5-
DSA) to characterize the membrane integrity of Proteus mirabilis, Staphylococcus aureus, and
Saccharomyces cerevisiae under the action of surfactants. Similarly, other researchers used
similar aliphatic spin probes to study the integrity and fluidity of human sperm plasma
membranes (Kveder et al., 2004), Listeria monocytogenes cell membranes (Serio et al., 2010),
and bovine retina membranes (Duda et al., 2017) as a function of various external stresses.
Therefore, we propose that EPR techniques can be used to characterize the changes in bacterial
membrane, which eventually provides information for their survival ability. The objective of this
study is to evaluate the effect of heating on the cell morphology and membrane mobility of E.
coli by the combined analytical techniques of EPR, DLS, and transmission electron microscopy
(TEM).

Materials and Methods

Materials

Escherichia coli cultures (ATCC® 12435™) were obtained from American Type Culture
Collection (ATCC®; Manassas, VA). The stock solutions were stored on Trypticase Soy Agar
slants (TSA; Becton, Dickinson and Company, Sparks, MD) at 4 °C, and the cultures were
grown in Tryptic Soy Broth (TSB; Becton, Dickinson and Company, Sparks, MD) prior to use.
The spin probe, 16-doxylstearic acid (16-DSA; >95.0 % purity), was purchased from Enzo Life
Sciences (NY, USA). Potassium chloride (KCl; Fisher Scientific, USA), peptone water (Bacto™
Peptone, Becton, Dickinson and Company, Sparks, MD) and phosphate-buffered saline (PBS;
VWR International, LLC, Solon, OH) were analytical grade and used without any modification.
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Growth Curve

The cell count and absorbance measurements were performed following the method given in
Fujikawa et al. (Fujikawa et al., 2004) with some modifications. Briefly, an isolated colony of E.
coli was inoculated into 10 mL of TSB and incubated at 35 °C overnight. 5 pL of the overnight
(ca. 18 hours) incubated cultures were transferred to 50 mL of TSB and kept at 35 °C. Every
three hours, the optical density was measured using a UV-Vis spectrophotometer at 600 nm
(Genesys, 10S UV-Vis, Thermo-Fisher). For E. coli enumeration, samples were serially diluted
in 0.1% peptone water (Bacto™ Peptone, Becton, Dickinson and Company, Sparks, MD) and
spread plated on TSA following the standard plate count agar method. All plates were incubated
(VWR Incubator Gr Con 6, 85CF, Germany) at 35°C for 24 hours. Cell counts results were

reported in logarithmic scale.

Particle Size Analysis

The particle size of E. coli cells was measured using a dynamic light scattering (DLS) instrument
(DelsaMax Pro, Beckman Coulter, Brea, CA) based on the method described by Saini et al.
(Saini et al., 2011) and Walker et al. (Walker et al., 2005) with modifications. Briefly, E. coli
cells were grown in TSB at 35 °C until early stationary phase (ca. 9-12 hours). The cell samples
(5 mL) were centrifuged at 3800 rpm for 15 minutes (Allegra X-14R Centrifuge, Beckman
Coulter) and resuspended in 5 mL of KCI solution (10 mM). The centrifugation and resuspension
steps were repeated once. The twice rinsed cells were then diluted with 5 mL KCI solution to
have a final concentration of 10°-10° cells/mL. The effect of heating from 35 to 70 °C at a rate of
1 °C/min on cell size was studied using flow cell setup with the DLS instrument. The instrument
operated at 45 mW with a wavelength of 532 nm. The average of five acquisitions of

hydrodynamic diameter is reported for each measurement.

Membrane Mobility Analysis by EPR

The membrane mobility of E. coli cells were measured with EPR based on the method described
by Glover et al. (Glover et al., 1999) with some modifications. Briefly, cell suspension in the
early stationary phase (ca. 9-12 hours at 35°C) was centrifuged (3800 rpm for 15 minutes) and
resuspended in glass vials containing fresh PBS (2.5 mL). Aliquots of 16-DSA solution (2.5
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mM) was added to the cell suspension to have a final concentration of 400 uM. The cultures
were incubated at 35 °C for 1 hour to ensure 16-DSA partition into the membrane. Incubated
cultures were heated to 42, 50, or 65 °C with gentle stirring in a hermetically sealed vial using a
block heater (Heating/Stirring Module, Reacti-Therm |11, Pierce). When the culture temperature
was reached to set temperature (ca. 1 °C/min), the cell suspensions were centrifuged at 4300 rpm
for 15 minutes and the supernatant was discarded. The cell pellets (ca. 50 mg) were transferred to
borosilicate capillary tubes (VWR International, 1D:0.5-0.6 mm) for EPR measurements. The
EPR measurements were performed at room temperature in an EPR spectrometer operating at X-
band (SpinscanX, ADANI, Belarus). The samples were analyzed under the following
measurement conditions: center field 335 mT, sweep width 12 mT, modulation frequency 100

kHz, modulation amplitude 600 uT, microwave power 6 m\W.

Transmission Electron Microscopy (TEM) Analysis

TEM imaging of the E. coli cells were conducted in the Microscopy Facility, Division of
Biology, at Kansas State University. The negative staining procedure was adapted from Trinetta
et al. (2008). Briefly, post fixation of cells was carried out by 1% osmium tetroxide in 0.1 M
cacodylate buffered solution. Cells were treated with ethanol, and propylene oxide, respectively.
Thin sections were attached on copper grids and analyzed with a CM 100 TEM (Thermo Fisher
Scientific). The images were captured with a Hamamatsu C8484 digital camera using an AMT

digital image capture system (Chazy, NY).

Statistical Analysis

The results were analyzed with analysis of variance (ANOVA) for significant of difference (a <
0.05), and post-ANOVA calculations were performed using Tukey s multiple comparison test to

evaluate differences between treatments by using Minitab software (v16, Minitab, Inc.).
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Results and Discussion

Cell size

DLS analysis is based on the movement of the scattered particles and measures the
hydrodynamic diameter (Vargas et al., 2017). The hydrodynamic diameter is not actual size;
however, this technique is reliable and allows direct and real-time monitoring in the
characterization of the changes. Therefore, we hypothesize that this issue did not interfere with
the results. The growth curve of E. coli at 35 °C was created using optical density measurements
at 600 nm and microbial counts in Log CFU/ml (Figure 3-1). The cells reached to stationary
phase after 9 h of incubation with a 9-log population count. The cells at the early stationary
phase were used for subsequent experiments as they are healthiest and most resistant to external
stresses. We also monitored the size of E. coli cells during the different growth stages as
hydrodynamic diameters using DLS technique. The E. coli cell size was ca. 2400 nm at the early
stationary phase (Figure 3-2). This is similar to previous data reported as measured by using
optical microscopy (Galaev et al., 2007; Reshes et al., 2008). The cell size effectively remained
unchanged at the later stationary phase up to 24 h, however slightly but significantly (p < 0.05)
larger size (ca. 3000 nm) was observed at the exponential growth phase. This is probably
because the cell growth and cell division rates are increased, and therefore the number of large
cells ready to divide is the highest in the exponential phase (Akerlund et al., 1995). In contrast,

the cells were in smaller size due to slower growth rate in the stationary phase.
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In parallel to particle size measurements, the net surface charge of E. coli cells at their stern layer
were also measured as zeta potential values, which largely remained unchanged at around -25 to
-30 mV during growth. Other studies reported varying surface charge potentials (e.g., ca.
between -60 and -140 mV) of E. coli cells during the growth cycle (Bot & Prodan, 2010; Feile et
al., 1980). However, the techniques used in these studies are completely different, such as
impedance spectroscopy and intracellular microelectrodes. The stern later charge measured as
zeta potential is affected by the ionic strength of the solution, and in our case the measurements
were conducted after dispersing cells in KCI solution (10 mM), which resulting in lower surface
charge potentials and eventually masking the fine differences that might be resulting from any
compositional changes during growth.

The aliquots (170 pL) of E. coli cell suspensions were being heated from 35 to 70 °C at a rate of
1 °C/min in the flow chamber of the DLS instrument, and the cell diameter was automatically
measured at 30 sec intervals (Figure 3-2). The cell size first gradually increased up to ca. 3000
nm until around 50 °C, followed by a decrease to ca. 2000 nm with further heating to 70 °C
(Figure 3-2). Similarly, Kim et al. (2012) and Gabriel and Nakano (2009) observed that
inactivation of E. coli cells starts around 50 °C. Mackey et al. (1991) also indicated that
membrane lipids melted around 40 °C and ribosomal subunits and soluble cytoplasmic proteins
denatured irreversibly around 47 °C. After cell damage starts at temperatures above 50 °C, the
cells lose their ability for homeostasis accompanied to disruption of membrane integrity and
porosity. Therefore, continuing the heating results in reduction of the cell size likely due to
leaching of cell components. The overall data for DLS measurement had high precision (standard
deviations of our data were smaller than 10 % from the mean values). The standard deviation
was small and less than 5 % from the mean around the optimum growth temperature of the cells
(37 °C). During heating, it increased; however, it was still under 10 %. The small deviation from
the mean suggests that DLS is a good alternative for particle size analysis. In the next section, we
investigated the changes in the membrane integrity and mobility using the EPR spectroscopy due
to heating.
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Membrane Mobility Analysis by EPR

The spin probe 16-DSA, produces an isotropic three-line spectra in solutions when it is not
bound characteristic to fast tumbling spectra of nitroxide spin probes where hyperfine
separations of parallel and perpendicular axes are averaged out (McConnell, 1976; Smith &
Butler, 1976). The spin probe can penetrate the bacterial membrane to provide structural
information as illustrated in Figure 3-3. The fast-tumbling spectra of the 16-DSA in its solution
is a characteristic triplet signal for the nitroxide radical, where the rotation times on each
molecular axes are averaged out (Figure 3-4A). Once it is immobilized in the phospholipid
membrane, it produces an anisotropic spectrum hyperfine splitting determined by spin relaxation

times of individual molecular axes as shown in Figure 3-4B.
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Figure 3-3 The cartoon representation of alignment of spin probe 16-DSA (orange molecule) in
the cell membrane A) at growth conditions, and B) after heating (not to the scale). The blue
group on the spin probe represents the nitroxide group.
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The interaction between the spin probe and phospholipids causes distortion in the signal, and the
shape of the EPR spectra was affected by heating due to changes in the mobility of the spin
probe in interaction with the membrane. The spectra of the 35 °C indicate the control sample
without heating. The change in the peak shape with heating is enhanced at the high-field region,
where the position of the peak located around 339 mT showed decreasing hyperfine separation,
while 337 mT diffused out with increasing temperature. The faster mobility of molecules with
higher rotational diffusivities in parallel and perpendicular axes resulted in decreased spectral
anisotropy. These changes were quantified by the order parameters S; and Sz defined from the

anisotropic hyperfine peaks associated with the two perpendicular axes (Subczynski et al., 2009):

S1= (Azz—Axx)/ (Azz max —Axx,min) (4)
S2 = (Azz —Ayy)! (Azzmax —Ayy,min) (5)

where Axx is the hyperfine coupling constant related to motion on the x-axis, Ayy is the hyperfine
coupling constant related to motion on the y-axis, Az is the hyperfine coupling constant related
to motion on the parallel axis, and (Azzmax —Axxmin) and (Azzmax —Ayy,min) are the hyperfine
coupling constants for the rigid spectra. The measurements of hyperfine coupling constants were
shown in Figure 3-5. Rigid spectra values (2.73 and 2.78 mT for S; and S, respectively) are
obtained under immobilized spin probe conditions in freeze-dried powders and in agreement
with the literature (Freed, 1976; Glover et al., 1999; Kong et al., 2018). The order parameter is
close to 0 in the fast tumbling spectra, while it is close to 1 in the slow tumbling spectra (i.e.,

when the spin probe is completely immobilized) (Glover et al., 1999).
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Figure 3-5 Hyperfine coupling positions in the slow-tumbling EPR spectra.

The Gram-negative E. coli cells have two membranes separated by a thin cell wall. The outer
membrane acts as a selective permeability barrier. The inner lipopolysaccharide layer is a
selective barrier for small molecules and its rigid structure controls the passive diffusion of
lipophilic compounds (Silhavy et al., 2010; Zgurskaya et al., 2015). Although the spin-probe
initially partitions to both inner and outer membrane, we assume that the spin probe is likely to
wash-away from outer membrane with the double-rinse. Therefore, we expect the contributions
coming from the outer membrane is expected to be small as compared to inner membrane, yet
there is still probability that some small amount remains and contributes to the complex EPR
spectra.

The order parameters S; and Sy after heating to different temperatures were shown in Figure 3-6.

The lipid molecules exhibit molecular rotation (e.g. gauche-trans isomerization and lateral

77



diffusion) along the parallel and perpendicular axes of carbon-carbon bond alkyl chain
(Nakagawa, 2003; Subczynski et al., 2009; van Meer et al., 2008). When the spin probe interacts
with the cell membrane, the tail part (alkyl chain) continues rotational motion; however, the head
structure (containing nitrogen moiety) is hindered by the membrane (Subczynski et al., 2009).
Therefore, the long axis of the tail part produces an anisotropic motion while the head structure
governs a “wobbling” movement (Sgherri et al., 2014; Subczynski et al., 2009). The motion
direction of spin probe can be visualized as a cone shape. A rigid medium result in a smaller
conical radius and motion amplitude to give a greater difference in hyperfine separations (Smith
& Butler, 1976). This restricted motion is reflected in the EPR spectra and order parameters.

The high magnitude of the order parameters at 35 °C indicate the control cells at the growth
conditions where the spin probe is largely immobilized within the membrane. The motion of the
spin probe molecule is largely restricted at the parallel axes aligned in the direction of bilayer
structure of cell membrane, while it retains limited mobility at the x and y axes. The order
parameter S; was significantly larger (p < 0.05) than Sz probably related to the preferred
alignment of the spin probe and the position nitroxide group within the membrane structure. The
x-axis with the longer nitroxide dimension was freer to move between the phospholipids forming

the bilayer, while the wobbling motion of the y-axis was more restricted with the peripheral fatty

acid chains.
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Figure 3-6 The order parameters S; and S calculated using eqns. 4 and 5, respectively. The
different letters on the data indicate difference (p < .05) for the same parameters at different
temperatures.
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Both order parameters S; and S decreased with increasing temperature indicating less restricted
motion, and damage to membrane integrity. Similarly, Rottem et al. (1970) showed that the
outermost peaks in EPR spectra of DSA spin probes approached to each other (decrease in 2A;;
values) with less restricted motion in an investigation of mycoplasma membrane and effects of
growth conditions. Moreover, Hubbell & McConnell (1971) discussed the effect of temperature
on the order parameter of aliphatic spin probes through phase transition of polymethylene chains
of phospholipid membranes. When membranes heated above chain melting temperatures the
order parameter abruptly changes indicating loss of membrane integrity. Similar observations
was also reported by Mackey et al. (1991) on melting of membrane lipids and changing structure
of cell components. Therefore, we hypothesize that based on the thermal resistance of
microorganisms are related to the phospholipid composition of their cell membranes. The
bacterial cells tolerate, survive, and finally go through adaptations under stress conditions, such
as changing temperatures and the presence of essential oils or antibiotics. Other researchers
studied the effect of stress conditions such as surfactant (Glover et al., 1999), essential oils (Serio
et al., 2010), ultrasound (Li et al., 2016), and the combination of ultrasound and antibiotics
(Rediske et al., 1999) on the cell membrane structure. Similar to our findings, these researchers
related the loss of cell membrane integrity and disruption of tight packing to the phospholipid
composition and structure.

The membrane integrity determines the cells ability for homeostasis, and a compromised
membrane structure can result in dysfunction of the cell membrane activity and its selective
permeability functionality. Baatout et al. (2005) observed increased membrane permeability in E.
coli cells submitted to 50, 60, and 70 °C temperature treatments and stated that an increase in
membrane permeability was linked to damaged membrane integrity. The loss of membrane
barrier functionality and increased permeability can eventually lead to leaching of cell
components outside the cell to cause shrinkage. In the next section, we investigated the changes

in cell morphology as a result of heating using TEM imaging.

Cell Morphology Analysis by TEM

The untreated (control) E. coli cells showed their characteristic rod shape morphology, and
undamaged cell integrity with an intact membrane structure as shown in Figure 3-7A1 and 3-
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7A2. The thin lines extended from the cells are the flagella. Heating the cells resulted in swelling
(Figure 3-7B1 and 3-7B2) as they reached to their largest size at around 50 °C characterized by
DLS measurements. The thickness of the gap between the inner membrane and cell wall
decreased compared to non-heated cells due to swelling (i.e., indicated with red circles in Figure
3-7B). This enlargement compromised the cell membrane integrity as a result of two related
phenomena: the increased mobility of the fatty acid chains and loss of lipoprotein structure with
increasing temperature, and increased separation between molecules forming the membrane with
enlargement. Similar observations were also reported by Munna et al. (2016).

Further heating (up to 65 °C) caused the cells to shrink (Figure 3-7C1 and 3-7C2). At this
extreme point, the cell components leach out of the cell due to compromised cell membrane
functionality. Without the internal resistance the membrane collapse observed as a much larger
and irregular separation of the membrane from the cell wall (Figure 3-7C). Similarly, Russell
(2003) reported that the severe damage to the inner membrane at high temperatures led to cell
leakage and eventually to death. This was explained as the thermal degradation of inner
membrane lipoproteins by high temperature. Baatout et al. (2005) stated the bacterial cells
undergo several changes such as membrane separation from the cell wall, pore formation, and
leakage of cell components to the outer environment when they are exposed to temperatures
higher than they can tolerate (e.g. 25 to 42 °C for E. coli). The swelling and shrinking of
bacterial cells characterized with DLS and TEM analyses were in agreement with changes
observed indicating changes in membrane integrity, which was consistently degraded with

continuing heating as quantified by EPR measurements.
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Figure 3-7 TEM images of E. coli cells A) incubated at 35 °C, and heated to B) 50 °C, and C) 65
°C. The first row images are taken with x13,500 magnification; second row images are taken
with x92,000 magnification.

Conclusions

The present study showed that the EPR analysis showed the order of the (decreasing order
parameter) in combination with DLS and TEM techniques, this information can be used to
compare the effects of environmental stresses that determine bacterial survival behavior
changes in E. coli membrane integrity with temperature. Our findings suggested the analysis of
cell size, morphology, and membrane mobility can be used in parallel to provide a deeper
understanding of structural changes related to bacterial thermal resistance. Multiple and related
structural changes occur with external stresses, and their characterization is important to
thoroughly understand survival skills of microorganisms. The combined approach proposed in
this study can be helpful for further understanding of these changes that affect membrane

integrity in combination with compositional information.
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Chapter 4 - An Analysis of Cellulose- and Dextrose-Based Radicals

in Sweet Potatoes as Irradiation Markers?

Abstract

Dried sweet potatoes (SP) are often irradiated for improved safety and shelf-life. Formation of
irradiation-derived radicals was analyzed using electron paramagnetic resonance (EPR)
spectroscopy. These irradiation-specific radicals can be used to characterize the irradiation
history of dry plant-based foods containing cellulose and sugars. The signal characteristics
(intensity and peak shape) was evaluated at different sample locations (skin and flesh), as a
function of sample preparation method (grinding, sieving, and pelletizing). The signal intensity
was quantified based on double integration of the peaks as area under the curve (AUC) values,
which increased with irradiation dose. The sieving caused ca. 50% decrease in total signal
intensity as compared to non-sieved samples due to loss of cellulose-based radicals. The flesh of
irradiated SP showed complex EPR spectra with multiple satellite peaks of cellulose radicals
(333.5 and 338.8 mT) and split peak of dextrose radicals (337.4 mT); while skin spectra was
distinctive of cellulose radicals. In this study, we demonstrated the effects of sample composition

and preparation method on formation and analysis of irradiation-specific radicals based on EPR.

Introduction
The food industry has developed many processing methods to protect foods against spoilage and
pathogenic microorganisms as well as to extend shelf life. Food irradiation is an
environmentally-friendly non-thermal technology that can effectively eliminate pathogenic
organisms and fungi in perishable foods, such as fruits and vegetables (Zanardi et al., 2018). It is
a clean technology that does not produce chemical residue, waste-water, combustion gases as
compared to other methods (Slave et al., 2014). Although the irradiated products are not very

common in the current human food market due to negative consumer perception, irradiated pet

2 Tonyali B, Sommers C, Ceric O, Smith J S, Yucel U. (2020). An analysis of cellulose- and dextrose- based radicals in sweet

potatoes as irradiation markers. Journal of Food Science, (85), 2745-2753. https://doi.org/10.1111/1750-3841.15359
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food products is a growing market (Aleksieva & Yordanov, 2018). In the U.S.A., the Food and
Drug Administration (FDA) has approved the use of irradiation in both human and animal food
products to a predetermined maximum dose (FDA, 2001, 2015).

The maximum allowed irradiation dose varies based on product type, expected purpose, and
anticipated shelf life. Irradiation doses used for insect disinfestation (e.g., in dried fruits) are
typically less than 1 kGy, while irradiation doses used for pest control (e.g., in papayas) and
spoilage microorganisms control (e.g., E.coli in ground beef) are between 1-10 kGy, and 4.5-7
kGy (refrigerated and frozen) (Miller, 2005; Tomaiuolo et al., 2018). The maximum irradiation
dose allowed for animal foods (up to 50 kGy) is higher than human foods (up to 30 kGy, except
the special cases like sterilization of foods used solely in the National Aeronautics and Space
Administration (NASA) space flight programs, which might go up to 100 kGy) (FDA, 2001,
2015). Although these values indicate the maximum authorized dose, the doses generally used in
industry are much lower. For example, the maximum dose allowed for oysters is 5.5 kGy, but
they are commercially irradiated below 1 kGy to kill pathogens of concern and at the same time
to ensure oysters remain alive (Jakabi et al., 2003). Irradiation induces the formation of
irradiation-specific free radicals in the biological matrix as a function of total irradiation dose.
Indeed, conventional alanine dosimeters are based on measurement of alanine radical using
electron paramagnetic resonance (EPR) spectroscopy (Morsy, 2012).

EPR analysis has been approved by European Committee of Normalization (CEN) as a detection
method for irradiation in samples rich in crystalline sugar (CEN, 2001), bones (CEN, 1997), and
cellulose (CEN, 2000). However, the formation and stability of free radicals depends on many
factors such as duration of treatment, composition of sample matrix, and post-treatment storage
conditions (Jo, Sanyal, Park, & Kwon, 2016; Malec-Czechowska, Strzelczak, Dancewicz,
Stachowicz, & Delincee, 2003; Yamaoki, Kimura, & Ohta, 2010; Yordanov & Aleksieva, 2007).
Therefore, the detection, identification, and quantification of radicals as irradiation markers is
still challenging. Different approaches to sample preparation for EPR analysis were investigated
to improve EPR detection. Many researchers performed freeze drying (Jo et al., 2018), oven
drying (Ahn, Sanyal, Akram, & Kwon, 2014), alcoholic extraction (Ahn et al., 2014; De Jesus,
Rossi, & Lopes, 1999; Yordanov & Aleksieva, 2009), alkali hydrolysis (Ahn et al., 2014), and
grinding (Ahn, Akram, & Kwon, 2012) to address this problem.
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Sweet potatoes (SP) are popular dog treats that are often irradiated. SP is rich in carbohydrates
and fibers, and typically have low moisture content (Miller, 2005). The low moisture nature of
irradiated SP makes it a good candidate for EPR spectroscopy analysis. However, since
irradiated SP is available in the market either with or without skin, it is important to understand
the effect of compositional change in the formation of the irradiation-derived radicals for the
same type of product. Like other fruits and vegetables, SP is a is multi-component food system
with varying compositional attributes at the outer layer (e.g., skin) and inner layer (e.g., flesh).
The skin predominantly contains insoluble fiber (e.g., cellulose, hemi-cellulose, and lignin etc.),
whereas the flesh has high amounts of sugar (e.g. glucose, fructose, etc.) in addition to other
polysaccharides (e.g., starch and dietary fiber). Accordingly, the type of irradiation-specific
radicals is expected to be determined by the nature and amount of radical precursors (e.g., fibers
and sugars) found in the sample.

There is a limited number of studies that compare different parts of fruits and vegetables or
investigate the effect of sample preparation on EPR peak shape and signal intensity. In a recent
study, Jo et al. (2016) applied an alcohol wash to show that total dietary fiber determines the
overall EPR signal intensity in both irradiated orange peels and flesh. Same researchers also
found that EPR signal intensity negatively correlates with the amount of water in the sample. In
another study, Ahn et al. (2012) found that EPR spectra shape and signal intensity of irradiated
sugars was affected by grinding time, which probably affected by the homogeneity and
distribution of radicals. Grinding was mainly applied for preparation of irradiated grains prior to
EPR measurements. Korkmaz and Polat (2000) found that the grinding process can result in
formation of grinding-specific free radicals in irradiated wheat kernels causing a distortion in the
irradiation-specific peak locations. Overall, the literature is limited to explain the formation of
different types of free radicals in a complex environment of fruits and vegetables as affected by
sample composition and distribution of components in combination with sample preparation
method on EPR spectra (shape and signal intensity). In addition, there is a lack of understanding
of the behavior of such radicals at high irradiation doses, which can be the cause of adulteration
and hard to quantify. Therefore, in this study, various sample preparation methods such as
grinding, sieving, and pelletizing were evaluated by comparison of the peak shapes and signal

intensities of EPR spectra. The effect of non-irradiated and irradiated skin and flesh of SP on
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peak shape of EPR signal was also characterized in comparison to irradiated glucose and

cellulose standards.
Materials and Methods

Materials
SP was purchased from a local store. The cellulose and dextrose standards (analytical grade)
were purchased from Thermo-Fisher Scientific (Waltham, MA, USA). Quartz EPR tubes (OD:5
mm, ID:4 mm) were obtained from Wilmad-Lab Glass (Warminster, PA, USA).

Preparation of Dried Sweet Potatoes

Dried SP were prepared following the method described by Baldus (2009) with some
modifications. In brief, the SP were washed with tap water to remove surface dirt, rinsed with
distilled water, and excess water was removed with a paper towel. Then, they were cut into slices
(2 cm in thickness). The SP slices were dried in a dehydrator (Tribest, Sedona SD-P9000) at
150°F for 24 h or 48 h. Moisture content analysis of SP was conducted by oven-drying (90 °C,
24 h).

The first two batches of SP samples, cellulose, and dextrose standards were irradiated together in
the same irradiation chamber, at the USDA Eastern Regional Research Center at 10 and 50 kGy
doses using a Cesium-137 source. The third batch of the samples was irradiated at Gateway
America at the same doses. All samples (before and after irradiation) were shipped under
refrigerated conditions. They were put in double-zipper storage bags, placed into a storage box
containing desiccants, and kept in a freezer at -80°C until analysis. All samples were prepared in
triplicate.

Sample Preparation for EPR Analysis

The SP was freeze-dried (0.220 mbar for 48 h) as our preliminary experiments showed that
residual water can distort the EPR spectra. The controlled variables for the effect of sample
preparation on EPR measurement were described below and summarized in Table 4-1. Freeze-
dried SP (5 g) was pulverized in a waring blender (50 mL) (model 34FL97) for 1 min in pulses
(i.e., 15 sec grinding at full speed, 5 sec stopping interval a total of 3 pulses). Pulverized samples
were sieved (through 212 um mesh-screen) and pelletized as cylinders using a hydraulic
pelletizer (ca. 3 mm in diameter and 7 mm in length). All samples were weighed (80 mg) and
transferred into a quartz EPR tube (OD:5 mm & ID:4 mm, Wilmad-LabGlass). The sample
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weight was determined by preliminary experiments to obtain a uniform cylindrical pellet, which
was centered at the EPR cavity to prevent line broadening. Similar to above, freeze-dried (0.220
mbar for 48 h) SP, and cellulose and dextrose standard samples were ground, pelletized, and then
weighed (80 mg) into quartz EPR tubes. In order to compare skin and flesh samples, the SP skins

were removed from the flesh before freeze drying.

Table 4-1 Different sample preparation methods.

Grinding Sieving Pelleting
Powder X
Sieve X X
Pellet X X
Sieve + Pellet X X X

Presence of x indicates application of the treatment.

EPR Analysis

The EPR measurements were conducted in a SpinscanX spectrometer (ADANI, Minsk, Belarus)
operating at X-band with a modulation frequency of 100 kHz at room temperature. SP, SP skin,
SP flesh, and dextrose and cellulose standards were scanned at the following measurement
conditions: center field 334.5 mT, sweep width 11 mT, modulation frequency 100 kHz,
modulation amplitude 600 uT, microwave power 1 mW, time constant 496 ms. The measurement
conditions were determined with preliminary experiments (results not shown) based on previous
literature (Yordanov & Aleksieva, 2009). For example, modulation amplitude was determined to
be 600 uT for a smother peak shape but without excess broadening at higher time constant
values.

Statistical analysis

All experiments were performed in triplicate unless otherwise was stated. Analysis of variance
(ANOVA) was applied using MINITAB software (Minitab Versionl6, State College, Pa., USA).
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Tukey's multiple comparison test was applied to evaluate the differences between treatments

(significant when p < 0.05).
Results and Discussion

EPR Analysis of the SP and Effect of Sample Preparation

SP prepared by different sample preparation methods were analyzed for their EPR absorption
spectra (Figure 4-1). The complex shape of the EPR spectra was related to the presence of
different free radicals in the samples. The intensity of the sieved + pelletized sample was smaller
than other samples, with line broadening and additional line splitting (e.g., around 336.5 mT).
This is probably related to the nature of free radicals that were screened. The complex spectra of
the un-sieved samples resembled each other and contributions from different radicals averaged
out with a line distortion. To evaluate the line broadening (Ai), we measured the separation
between the middle point of the spectra (the point that the spectra crosses x-axis) and the
maximum slope of peak. A, values of sieved samples were 25% lower than A, values of pelleted
samples both for or 24 and 48 h samples. In order to explain the nature of specific free radicals
that form the complex spectra, dextrose and cellulose powders were irradiated at 5, 10, 20, 30,

and 50 kGy to serve as standards.
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The cellulose standard showed satellite peaks around 333 and 339 mT (Figure 4-2A). The g-
values of these satellite peaks in high and low field were 2.02 and 1.99, respectively. The
dextrose standard showed a shoulder structure around 337 mT (Figure 4-2B). This shoulder
structure of a Gaussian peak is referred to as a split peak. Depending on their relative amounts,
both irradiation-specific cellulose and dextrose radicals contribute to the complex EPR signal of
SP. Dextrose contribution was more pronounced in the sieved samples observed as a split-peak
and half-formed shoulder structure in sieved and pelleted samples and sieved samples,
respectively (Figure 4-1). This is probably because the large cellulose fibers couldn’t pass
through the sieve, resulting in loss of cellulose-based radicals and concentrating the glucose-
based radicals in the sieved samples. It is known that the length of the cellulose fibers is variable
and can go up to 850 pum, larger than the mesh size (212 pm) (Reddy & Yang, 2005). When the
samples were pelleted, the EPR signal noticeably decreased, regardless of their moisture content
(Figure 4-1). In order to quantify the extent of this decrease, the total area under the curve (AUC)
was calculated by double-integration of the EPR spectra using GRAMS/AI™ Spectroscopy
Software (Thermo Scientific™, Version 9). The AUC of sieved samples were 67 and 20% lower
than powder samples prepared with 24-h and 48-h drying, respectively. Similarly, when the
samples were pelleted, the EPR signal noticeably increased as well (Figure 4-1). The AUC of
pelleted samples were 40 and 21% higher than sieved samples prepared with 24 h and 48 h
drying, respectively. The pelleting step improved sample uniformity within the EPR cavity and
minimized the air volume. EPR spectroscopies that operate at X-band has a wavelength around 3
cm (Hagen, 2013). Hence, the samples extended in EPR tubes are exposed to a variety of
microwave radio frequency magnetic field (e.g., change in intensity and wave distribution)
(Hyde et al., 2019). The magnetic field intensity follows a cosine function with respect to sample
axis (Hyde et al., 2019). The variation enhances the Gaussian effect in the spectra, which causes
loss in the signal intensity (Hyde et al., 2019). Therefore, more compact samples (close to the
center of cavity) are desirable in EPR measurements to maximize the magnetic field strength and
have an uniform magnetic field wave distribution without losing signal (Hagen, 2013).

Overall, EPR spectra of the irradiated SP comprised of multiple peaks as compared to singlet line
in the control SP (Figure 4-3 and 4-4). The main peaks of irradiated SP were broader about 0.6
and 0.4 mT than control SPs for 24 and 48 h samples, respectively. The signal characteristics of
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the irradiated SP included a shoulder (ca. 336.9 mT) around the main peak and two additional
satellite peaks at low- and high-field regions (333.1 and 338.8 mT, respectively). The shoulder
was related to dextrose radicals while the satellite peaks separated by 3 mT from the center peak
were related to cellulose radicals. Similar cellulose contribution was observed in other irradiated
fruits such as goji berry fruits (Mladenova et al., 2019), oranges (Jo et al., 2018), and mushrooms
(Malec-Czechowska et al., 2003), contributions from sugar-derived radicals in carob pods (Tuner
& Polat, 2017), pineapple and fig (Guzik et al., 2015), and papaya, melon, and cherry (Yordanov
& Aleksieva, 2007).
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Figure 4-2 EPR signal of freeze-dried (A) cellulose and (B) dextrose standards irradiated at
different doses, from top to bottom: 0, 5, 10, 20, 30, and 50 kGy.

Effect of Moisture Content

The EPR spectra of control samples (non-irradiated) were compared to the irradiated SP for
powdered and pelleted conditions as described above. Control SP showed a singlet (g = 2.003) as
shown in Figure 3A and 3B. Similarly, this singlet line is common to non-irradiated fruits (e.g.,
goji berry fruits (Mladenova et al., 2019), carob pods (Tuner & Polat, 2017), walnuts (Tomaiuolo
et al., 2018), tomatoes (Aleksieva, Georgieva, Tzvetkova, & Yordanov, 2009), and orange peels
(Jo et al., 2018), which was attributed to the presence of organic radicals (e.g., semiquinones
(Aleksieva et al., 2009; Jo et al., 2018; Tomaiuolo et al., 2018; Tuner & Polat, 2017) or Mn?*
ions (Mladenova et al., 2019)). In our study, the singlet in SP was related to ascorbic acid
radicals (Furuta et al., 1998). Although the contribution of this singlet to the complex EPR
spectra of irradiated samples is negligible, the extent of its effect increases with the sample
moisture content during irradiation due to lower overall EPR signal, as explained next in more
detail.
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The moisture content of SP samples that were dried for 24 h or 48 h were 50% and 10%,
respectively. Preliminary EPR data showed that moisture in SP samples can interfere with the
spectra; therefore, both samples freeze-dried to a similar moisture content. The signal intensity of
48 h dried SP was higher than that of 24 h dried SP. This is because the longer drying process
increases the crystalline sugar and cellulose content in the final product (Guzik et al., 2015).
Therefore, higher amounts of irradiation-specific radicals (i.e., associated to the higher signal
intensity in 48 h dried samples) can be stabilized in the crystalline regions of the food matrix
(Ahn et al., 2014; Guzik et al., 2015). Hence, the second drying (i.e., freeze drying) only aids in
preventing water interference during EPR analysis and doesn’t affect the free-radical formation

and stability prior to sample preparation.
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Figure 4-3 EPR signal of SP samples with 24 hr drying treatment and irradiated at (A) 0, (B) 10,
and (C) 50 kGy. The solid lines represent the spectra of sample parts from top to bottom: full,
skin, and flesh
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Contributions of Skin and Flesh of SP to the Complex Spectra

We previously showed that sieving can significantly change signal shape due to loss of large
cellulose fibers that entrap the cellulose-radicals. Following this observation, the flesh and skin
of SP were analyzed separately due to their different concentrations of cellulose and glucose
(Figure 4-3 and 4-4). The shape of EPR spectra of SP flesh resembled a combination of dextrose
and cellulose radicals: the split-peak at 336.9 mT characteristics of dextrose radicals and the
satellite peaks at low- and high-field (ca. 333 and 339 mT) characteristics of cellulose signal.
Whereas, the cellulose radicals were more pronounced in SP skin spectra with satellite peaks at
low- and high-field (ca. 333.5 and 337.87 mT). This is as expected since the cellulose
concentration is higher in SP skin than the flesh (Aleksieva et al., 2009; Yordanov & Aleksieva,
2007). Similar to our findings, Jo et al. (2016) observed higher signal intensity of cellulose in
orange peels (total dietary fiber content ~90%) than in orange flesh (total dietary fiber content
~70%) at the same moisture content (ca. 9.7%). Similarly, Malec-Czechowska et al. (2003)
observed attributes of cellulose radicals in cellulose-rich mushroom hats but multicomponent
spectra of sugar and cellulose radicals in mushroom legs. The specific attributes of irradiation-
specific cellulose and dextrose radicals were not as clear in 48 h dried SP as in 24 h dried SP
(Figure 4B and C), probably because excess line broadening due to high spin exchange masked
the resolution of fine peak attributes, especially at high irradiation doses (i.e., 50 kGy).

In addition to peak shape, the signal intensities of skin and flesh samples were also different. The
total signal intensity is a function of peak height and the extent of line broadening. Therefore, we
analyzed the AUC values of EPR peaks, which considers line broadening as well as peak height,
to get a more precise differentiation for the amount of free radicals. AUC values of skin samples
were significantly higher (p < 0.05) than that of flesh samples (Table 4-2). This was probably
due to the abundance of radiation-derived cellulose radicals in the skin due to high fiber content.
Similarly, Jo et al., (2016) found a positive correlation between EPR signal intensity and total

dietary fiber content in irradiated orange peel and flesh.
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Figure 4-4 EPR signal of SP samples with 48 hr drying treatment and irradiated at (A) 0, (B) 10,
and (C) 50 kGy. The solid lines represent the spectra of sample parts from top to bottom: full,
skin, and flesh

Effect of Irradiation Dose

The next step is to confirm the detection of irradiation-derived dextrose and cellulose radicals at
low- and high-irradiation doses. For this purpose, we analyzed AUC values of full spectra. The
AUC of control samples were significantly (p < 0.05) lower than irradiated samples (Table 4-2).
The higher signal intensity of the 48 h dried SP was attributed to the formation of Maillard
radicals during extended drying (Rufidn-Henares et al., 2013). The AUC further increased with
irradiation dose, and the extent of this increase was higher for the SP samples with low moisture
content (48 h dried; 182.4 AUC/dose) than high moisture samples (24 h dried; 19.3 AUC/dose).
Therefore, a second confirmation from the increase of AUC of satellite peaks was applied.
Furthermore, the AUC of the satellite peaks, which were observed only in irradiated SP, also

significantly (p < 0.05) increased with irradiation dose. Previous studies used a similar approach
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to quantify irradiation dose based on analysis of cellulose satellite peaks in orange peels and
flesh (Jo et al., 2016, 2018) and walnuts (Tomaiuolo et al., 2018).

The AUC of skin and flesh samples were also analyzed separately at low and high irradiation
doses (Table 4-2). The AUC of skin and flesh samples significantly (p < 0.05) increased with
increasing irradiation doses both for low- and high- moisture samples. The increase in low
moisture samples (48 h dried; 187.3 AUC/dose) was higher than high moisture samples (24 h
dried; 8.4 AUC/dose) for flesh samples. Similarly, the increase in low moisture samples (48 h
dried; 377.4 AUC/dose) was higher than high moisture samples (24 h dried; 35.7 AUC/dose) for
skin samples. Moreover, the extents of increases in skin samples were higher than that of flesh
samples, which is parallel to our findings in the previous part. Other researchers observed an
increasing dose-response curve between signal intensity and irradiation dose in carob pods
(Tuner & Polat, 2017), Foeniculi fructus (Yamaoki et al., 2009), and banana, papaya, and fig
(Guzik et al., 2015).

Table 4-2 Area under the curve (AUC) values of skin, flesh, and full SP irradiated at different
doses.

24 h dried SP 48 h dried SP
Irradiation
0 10 50 0 10 50
dose (kGy)
Skin 312 +67 ©Y 1012 + 58 By 2211 +£171AY | 1945 + 555 CY 7901 + 622BY 21541 + 3500 AY
Flesh 130 +20 ©2 352 + 318~ 595 + 26 A7 880 +7C2 3062 + 24 B2 9840 + 35 A7
Full 1052 +237°¢ 1525+ 1178 2109 + 252 A 1496 + 13 € 3565+ 28 B 10699 + 1063 A

Data are presented as mean + standard deviation (n=3). Different capitalized letters (A, B, C) in
the same row indicate significant difference between irradiation doses (p < 0.05). Different
lower-case letters (y,z) in the same column indicate significant difference between skin and flesh
samples at the same irradiation dose (p < 0.05).

Conclusion

In summary, the accuracy and reliability of EPR analysis was affected by sample preparation
techniques and pretreatments, which modulate signal intensity and peak shape. For example,
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including a sieving step in sample preparation will help to improve the uniformity of particle size
distribution but can result in loss of cellulose particles, which can lead to decrease in signal
intensity (e.g., decrease to half), especially in samples rich in cellulose, such as skin. The AUC
analysis of full spectra showed an opportunity for an EPR dose quantification method with a
further confirmation based on AUC of cellulose satellite peaks. Our findings demonstrate that
irradiation-derived dextrose and cellulose radicals can be used for detection and quantification of
irradiation, whereas the sample preparation method and composition is critically important for

high precision and accuracy.
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Chapter 5 - A new approach for analysis of the complex electron

paramagnetic resonance (EPR) spectra of irradiated sweet potatoes

Abstract

Electron paramagnetic resonance (EPR) spectroscopy is an unambiguous technique to analyze
free radicals. Dried sweet potatoes (SP), which are often irradiated and consumed as human and
pet foods, can provide crystalline cellulose-rich environment to stabilize the irradiation-specific
free radicals, the resolution of which can be masked by natural organic radicals in the sample.
The performance of EPR analysis can be improved by implementing a peak enhancement
method. In this study, SP samples were prepared at two moisture contents (48.3 and 9.7 % by
drying at 150 °F for 24 or 48 h) and irradiated at 0, 5, 10, 20, 30, and 50 kGy. The slow-tumbling
EPR spectra of non-irradiated SP had a singlet peak located at 334.5 mT, while irradiated SP
were characterized with satellite peaks located 3 mT apart from center peak and a split peak at
335.4 mT. The complex EPR spectra were analyzed as a function of irradiation dose by
calculating total areas under all peaks (TPA) and areas of irradiation-specific satellite peaks
(SPA). TPA increased with irradiation dose at a rate of 573.4 AU/dose (R?=0.98) and 14.7
AU/dose (R? = 0.65) for low- and high-moisture samples, respectively. High-field SPA was
shown to be more sensitive to irradiation dose as compared to low-field SPA, however with high
variability for both. The resolution of satellite peaks was further improved by peak enhancement
procedure: higher linearity (R? of SPA increased from 0.98 to 0.99 for low moisture, and 0.77 to
0.94 for high-field of high moisture SP) and lower variability (coefficient of variation less than
30%). Overall, this study demonstrates that the peak enhancement procedure proposed in this

study can be used to improve the EPR analysis of irradiated fruits and vegetables.

Introduction

Irradiation has been available as a non-thermal process for food products to improve their shelf
life and safety for many decades. The first commercial application of irradiation was for
decontamination of spices in Germany in 1958 (Ehlermann, 2016). Currently, irradiation is used
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in more than 40 countries for a variety of fresh and processed foods, such as spices, grains,
salads, beef patties, fresh and dried fruits and vegetables (Aleksieva et al., 2014). In the U.S., the
Food and Drug Administration (FDA) determines the maximum irradiation dose allowed specific
to product type and purpose. Typically, low (<1 kGy) and medium doses (between 1-10 kGy) are
used for sprout inhibition, enzyme deactivation, and pathogenic decontamination, while high
doses (up to 30 kGy in seasonings and spices) are allowed for sterilization (FDA (The Food and
Drug Administration), 2001, 2015; Miller, 2005). Animal foods (animal treats, chews, bagged
complete diets, feed ingredients, etc.) are typically irradiated at higher doses (i.e., up to 50 kGy)
than human foods (FDA (The Food and Drug Administration), 2001, 2015).

The irradiation process can form irradiation-specific chemical compounds, such as 2-
alkylcyclobutanones (2-ACBs) with potential carcinogenicity and irradiation-specific free
radicals (Crews et al., 2012; Klaassen et al., 2013). The irradiation treatment is considered safe
within the regulation limits as these compounds do not show toxicity below the threshold. Yet,
over the last decade or so, numerous cases of illness and death in dogs have been reported in the
U.S. due to consumption of imported irradiated chicken jerky treats. A similar outbreak of
neurological disorders and deaths in cats occurred in Australia due to consumption of irradiated
dry cat food (FDA (The Food and Drug Administration), 2014). Potential reasons of these
outbreaks were investigated by multiple research groups and the FDA using various
toxicological and analytical techniques; however, the exact causes remain undetermined FDA,
2013; Child et al., 2009; Zhu et al., 2012). These recent events created a public safety interest for
the detection and quantification of irradiation products.

A suitable method should be accurate, precise, sensitive, reliable, and suitable to the product
characteristics (Akram et al., 2012; Stewart, 2001). GC-MS was used to study radiolytic lipid
decomposition products (e.g., 2-ACBs and hydrocarbons) in irradiated lipid-rich products, such
as fish (Kwon et al., 2007), poultry products (Morehouse et al., 1993), pork, chicken, and salmon
(Obana et al., 2005), chicken jerky dog treats (Taghvaei et al., 2020). However, GC-MS analysis
requires multiple sample preparation steps and are not suitable for lipid-poor samples, such as
dried sweet potatoes (SP), which can be consumed as human or pet food products.

SP are typically low in moisture content and rich in cellulose and other carbohydrates (Miller,
2005). The crystalline and semi-crystalline regions in SP can serve as a suitable environment to

stabilize irradiation-specific free radicals formed from crystalline sugar (European Committee
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for Standardization (CEN), 2001) and cellulose (European Committee for Standardization
(CEN), 2000), which can be analyzed by electron paramagnetic resonance (EPR) spectroscopy.
In earlier studies, the EPR spectroscopy was used to detect irradiation in dry food material such
as herbs (Bortolin et al., 2020), spices (Yamaoki et al., 2011), pistachios, hazelnuts, peanuts
(D’Oca & Bartolotta, 2011), dried mushrooms (Malec-Czechowska et al., 2003), red melon and
pumpkin seeds (Sin et al., 2006), orange peels (Jo et al., 2018), kiwi, papaya, and tomato (De
Jesus et al., 1999). Although some of these researchers showed potential for the use of EPR for
analysis of the irradiation specific radicals, quantification of the irradiation dose requires further
research. The objectives of this study were to analyze irradiated SP using powder (slow
tumbling) EPR spectra in comparison to glucose and cellulose standards, and to develop a peak
enhancement technique for quantitative analysis of irradiation-specific cellulose satellite peaks
and glucose split peak.

Material and Methods

Materials

Sweet potatoes were purchased from a local market. Glucose and cellulose (analytical grade)
were obtained from Thermo-Fisher Scientific (Waltham, MA, USA). Quartz EPR tubes (OD:5
mm, ID:4 mm) were purchased from Wilmad-Lab Glass (Warminster, PA, USA).

Preparation of Irradiated SP

SP were prepared following the method described by Baldus (2009) with some modifications.
Sweet potatoes were gently washed and dried with a paper towel. They were cut into pieces (2
cm in thickness) and dried in a dehydrator (Tribest, Sedona SD-P9000) at 150 °F for either 24
hours (high-moisture SP) or 48 hours (low-moisture SP). Moisture content analysis was
conducted by oven-drying (90 °C, 24 h), while protein and fat content analyses were performed
using Kjeldahl and acid hydrolysis methods following AOAC 990.03 and 954.02, respectively.
The SP samples, cellulose, and glucose standards were irradiated at the USDA Eastern Regional
Research Center with 5, 10, 20, 30, and 50 kGy doses using a Cesium-137 source as explained in
our previous work (Tonyali et al., 2020). The samples were shipped under refrigerated
conditions. The non-irradiated and irradiated samples were placed in double-zipper storage bags,
put into a storage box containing desiccants, and stored in a freezer at -80 °C until analysis.
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Glucose and cellulose standards were prepared by irradiating them at the respective doses, which

were stored similarly to SP samples. All samples were prepared in triplicate.

EPR Analysis

Prior to EPR analysis, SP samples were pulverized using a waring blender (model 34FL97) for 1
minute in pulses (i.e., 15 s grinding at full speed, 5 s stop, 3 cycles in total) to yield fine particles
(i.e., particle size smaller than 100 um). Samples were freeze-dried (0.220 mbar for 72 hours)
prior to pulverization to remove residual moisture and improve signal quality. The pulverized
samples were compressed into cylindrical pellets (80 mg, with dimensions ca. D:3 mm, L:7 mm)
using a pharmaceutical pellet maker. Similarly, irradiated cellulose and glucose powders, were
freeze dried and pelleted. Pellets were inserted into a quartz tube (Wilmad-LabGlass, OD:5 mm,
ID:4 mm) for subsequent EPR measurements at room temperature (~23 £ 1 °C). The EPR
measurements were performed in a SpinscanX spectrometer (ADANI, Minsk, Belarus) operating
at X-band microwave frequency with a 100 kHz field modulation. SP were scanned at the
following measurement conditions: center field 334.5 mT, sweep width 11 mT, modulation
frequency 100 kHz, modulation amplitude 600 uT, microwave power 1 mW, time constant 496

ms.

Analysis of EPR Spectra

EPR spectra were analyzed using GRAMS/AI™ Spectroscopy Software (Thermo Scientific™,
Version 9). Total areas under all the peaks (TPA) , only cellulose satellite peaks (SPA), and
glucose split peak (GPA) were calculated by double integration of the respective peaks. In
addition to raw spectra, non-irradiated SP spectra was subtracted from irradiated SP spectra prior
to integration for TPA analysis. Non-irradiated SP spectra was not subtracted from irradiated SP
spectra for SPA and GPA analysis since non-irradiated SP spectra did not have glucose split
peak and cellulose satellite peaks. Besides integration method, SPA and GPA were also analyzed
using by peak enhancement method. Peak enhancement is an artificial intelligence tool applied
for analysis of complex spectra to improve resolution in various spectroscopy data (Li et al.,
2016). One common technique to improve the resolution is the second derivative method (De
Aragdo & Messaddeq, 2008; Li et al., 2016). In this approach, the second-order derivative of the
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complex EPR spectra was taken to enhance the resolution of cellulose and glucose peaks, and to
deconvoluted them for individual analysis. Savitzky-Golay function was used to smooth the
spectra. Following the second order derivative and baseline correction, the enhanced signal was
simulated using a peak fitting procedure (assuming mixed Gaussian and Lorentzian line

broadening). The area under the fitted peak was calculated for quantification.

Results and Discussion

Evaluation of spectra of Irradiated SP

Slow tumbling powder spectra of non-irradiated SP exhibited a singlet characterized with g =
2.0030 £ 0.0003, which was attributed to organic radicals present in the plant matrix (Figure 5-1)
(Aleksieva et al., 2009; Jo et al., 2018). Other researchers observed a similar singlet in the range
of 2.0031 to 2.0040 in non-irradiated dried fruit and vegetable samples, such as blue plum,
apricot, peaches (Yordanov & Pachova, 2006), mushrooms (Malec-Czechowska et al., 2003),
tomatoes (Aleksieva et al., 2009), orange peels (Jo et al., 2018), and figs (Guzik et al., 2015). A
similar singlet of a lower intensity than oven-dried SP was also present in the freeze-dried SP
(i.e., without heat treatment). This suggests that the singlet was related to semiquinones present
in the vegetable matrix (Aleksieva et al., 2009; Jo et al., 2018).

Signal-to-noise ratio was significantly lower in high-moisture SP samples (moisture content at
ca. 50%) than low-moisture SP samples (moisture content at ca. 10%) (Figure 5-1). The residual
moisture in the SP decreased the signal quality in two ways: by decreasing the crystalline
environment to stabilize free radicals during irradiation; and by absorbing significant
electromagnetic energy at the X-band frequencies used for organic radicals due to its high
dielectric constant (Weil & Bolton, 2007). Similarly, the effects of the removal of residual water
via oven-drying, freeze-drying, and alcoholic wash prior to slow-tumbling EPR spectra analysis
were also presented (Ahn et al., 2014; Delincée & Soika, 2002; Jo et al., 2018). Therefore, all
samples were freeze-dried prior to EPR analysis to remove residual moisture and improve signal

quality.
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Figure 5-1 EPR signal of 0 and 10 kGy irradiated SPT sample with 24 h dry time A) before and
B) after freeze drying.
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The EPR spectra of the irradiated samples were more complex than that of the non-irradiated
samples (Figure 5-2). The spectra of irradiated SP had a split peak structure (dash arrow in
Figure 5-2A) and two satellite peaks in high and low field (solid arrows in Figure 5-2A). The
irradiation-specific cellulose and glucose radicals, also known as hydroxyalkyl radicals, are the
main contributors of the complex multicomponent spectra of irradiated SP (Shahbaz et al., 2015).
In order to characterize the peak, shape irradiated glucose and cellulose standards were analyzed
at the respective doses (Figure 5-3). The split in the main peak around 335.4 mT (g =1.99 £
0.01) in spectra of SP samples was attributed to irradiation-specific glucose-radicals when the
glucose standard was analyzed as shown in Figure 5-3A. Previous research indicated similar
spectra for glucose radicals in dried fruits with a g-value around 2.00 (Guzik et al., 2015;
Shahbaz et al., 2015; Yamaoki et al., 2010, 2011; Yordanov & Pachova, 2006). The second set
of peaks separated by 3 mT from the main signal (g values 2.024 £+ 0.001 and 1.985 + 0.004)
were coming from irradiation-specific cellulose radicals by comparison of Figure 5-2 and Figure
5-3B. Similarly, previous research indicated irradiation-specific cellulose peaks in irradiated
fruits and vegetables with similar g-values (Jo et al., 2018; Prasuna et al., 2008; Tomaiuolo et al.,
2018; Yamaoki et al., 2010).
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Figure 5-3 EPR signal of A) glucose standards B) cellulose standards irradiated at 0, 5, 10, 20,
30, and 50 kGy.

Evaluation of dose response of SP with total peak areas (TPA)

The first approach was to evaluate the dose-response of the irradiation process on the EPR signal
of SP from the TPA values calculated by double-integration of the complex spectra as a function
of irradiation dose (i.e., dose-TPA curve). TPA calculation included all the peaks (irradiation
specific and not specific), therefore, the effect of center singlet on TPA needed to be understood
and accounted for as the common contributor in both irradiated and non-irradiated samples. The
TPA of the non-irradiated samples was coming from only the center singlet, which was present
in both freeze-dried (no heat treatment) and oven-dried samples. The heat applied during oven
drying increased the TPA from 415 A.U. in only freeze-dried SP to 1075 and 1289 A.U. in 24 h
and 48 h oven-dried SP, respectively. TPA of non-irradiated low-moisture samples (1289 + 223
A.U.) was statistically (p > 0.05) similar to that of high-moisture sample (1075 + 151 A.U.).
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TPA of low and high moisture irradiated samples before subtraction

The slope of the dose-TPA curve for high moisture SP was 14.7 AU/dose (Figure 5-4A). The
correlation factor of the curve was R? = 0.65, which deviated from linearity. TPA of high
moisture SP sample irradiated at 5 kGy was statistically (p < 0.05) lower than high moisture SP
sample irradiated at 50 kGy. TPA of low moisture samples increased with irradiation dose at a
rate of 573.4 AU/dose (Figure 5-4B). The correlation factor of the linear curve was R? = 0.98.
TPA of low moisture SP sample irradiated at 5 kGy was not statistically (p > 0.05) different than
low moisture SP sample irradiated at 50 kGy. This was probably due to high deviation of low
moisture SP sample irradiated at 50 kGy. However, when TPA of low moisture SP sample
irradiated at 5 kGy was compared to that of 30 kGy, a statistical difference was found (p < 0.05).
Overall, TPA increased with irradiation dose and was affected by moisture content. There was a
significant difference (p < 0.05) between TPA of low moisture and high moisture SP samples,
even at low irradiation dose. The low moisture SP samples irradiated at 5 kGy had significantly
higher (p = 0.0001) TPA than that of high moisture SP samples. This might be due to
crystallinity of environment (Sanyal et al., 2012). With decreasing moisture content, the amount
of crystalline starch increases (Liao et al., 2019). This crystalline environment serves to stabilize
higher amounts of irradiation-derived free radicals (Sanyal et al., 2012).

TPA of low and high moisture irradiated samples after subtraction

In order to eliminate the interference from the center singlet, non-irradiated spectra (i.e., control
samples) was subtracted from irradiated spectra prior to calculation of TPA. Obviously, the
subtraction process decreased the TPA values, but improved the dose response, especially in
low-moisture samples (Figure 5-4). TPA of low-moisture SP samples increased with irradiation
dose at a rate of 572.4 AU/dose (R? = 0.98), which was similar as compared to prior to
subtraction. This is related to the fact that 0 kGy sample had a TPA value of 0 AU after
subtraction, while that for 50 kGy sample was not affected by subtraction (p < 0.05). This
difference resulted in a slightly higher formation rate with irradiation dose due to the subtraction
process. On the other hand, the slope of the dose-TPA curve of high-moisture SP samples was
16.9 AU/dose (R? = 0.61), which was higher as compared to prior to subtraction. Similar to low-

moisture SP samples, subtraction of 0 kGy sample slightly enhanced the formation rate.
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Figure 5-4 TPA of irradiated (0, 5, 10, 20, 30, and 50 kGy) SP samples with (¢) and without (o)
control subtraction with A) 24 h drying B) 48 h drying treatment. The results are expressed as
means (n=3) and standard deviation. The dash and solid lines represent the trendlines of with and
without control subtraction, respectively.
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Evaluation of dose response with SPA

The sensitivity of the EPR analysis can be improved by focusing on the irradiation-specific
satellite peaks, which is expected to improve the dose-response behavior. For this purpose, SPA

was analyzed using two approaches: integration and peak enhancement.

In integration method, SPA was calculated by double integration of the high field (centered at
331.2 mT) and low field peaks (centered at 337.4 mT) (Figure 5-5). In this approach, the control

spectrum was not subtracted since the center peak was not involved in the calculations.

The sum of SPA for low-moisture SP increased with irradiation dose at a rate of 4.9 AU/dose,
while sum of SPA of high-moisture SP increased at a rate of 2.1 AU/dose using integration
method. Correlation coefficients of sum SPA were 0.82 and 0.99 for high-moisture and low-
moisture SP, respectively. The correlation of sum of SPA with irradiation dose was in parallel
with results of TPA, which supported that increasing irradiation dose increased concentration of
irradiation-specific cellulose radicals. These correlation coefficients of sum SPA were higher
than correlation coefficients of TPA for high-moisture (R? = 0.65) and low-moisture (R? = 0.98)
SP. The improved linearity in SPA, especially for high-moisture SP, suggested that analysis of
satellite peaks from cellulose radicals was a good candidate for irradiation detection studied in
cellulose-rich foods.

Sensitivity is proportional with number of spins in EPR measurements. Since high spin
polarization takes place in low and high fields in EPR measurements, these fields are more
sensitive (Coffey et al., 2013). Therefore, the high and low field SPA peaks were analyzed
separately to observe individual correlations with irradiation dose. The SPA of high field
increased with irradiation dose at a rate of 1.3 AU/dose, while SPA of low field increased with
irradiation dose at a rate of 0.8 AU/dose for high-moisture samples (Figure 5-5A). SPA of low
field peak showed higher correlation factor with irradiation dose compared to high field satellite
peak for high-moisture SP samples (R? =0.89 and 0.77, respectively). SPA of high field
increased with irradiation dose at a rate of 2.6 AU/dose, while SPA of low field increased with
irradiation dose at a rate of 2.3 AU/dose for low-moisture samples (Figure 5-5B). The correlation
factors of SPA are similar in low-moisture SP (R? =0.96 and 0.98 for low and high field satellite
peaks, respectively). Similar to our study, researchers previously observed an increase in signal

intensity of satellite peaks with increasing irradiation dose (Jo et al., 2018; Tomaiuolo et al.,
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2018). The higher formation rate in high field compared to low field was probably due to higher
sensitivity of high field than low field (Coffey et al., 2013; Nordio, 1976).

Coefficient of variation (CV) was calculated to address variation in SPA analysis and a CV value
higher than 30% is considered as high variation (Brown, 1998). CV of high field SPA of high-
moisture SP samples were less than 25% at all doses, whereas CV of low field SPA of high-
moisture SP samples were less than 35% at all doses. Meanwhile, CV of high field and low field
SPA of low-moisture SP samples were less than 50% at all doses. Although SPA of low and
high-moisture SP exhibited high correlation coefficients, they had high variations. Moreover, CV
of low field SPA was higher at lower doses (33% at 5 kGy) than higher doses (23% at 50 kGy)
for high-moisture SP. Therefore, we applied a peak enhancement method to study SPA in an
attempt to increase resolution and minimize variability, especially in low doses. In this method,
the high field satellite peak located between 330.3 and 331.9 mT and low field satellite peak
located between 336.7 and 338.1 mT were subjected to second-derivative. The combination of

Gaussian and Lorentzian peaks was simulated to fit high and low field satellite peaks separately.
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Figure 5-5 SPA of high field (A), low field (x), and sum (©) of satellite peaks using integration
method for SP samples irradiated at 5, 10, 20, 30, and 50 kGy with A) high-moisture B) low-
moisture SP. The results are expressed as means (n=3) and standard deviation. The round dot,
dash dot, and solid lines represent the trendlines of high field, low field, and sum SPA,
respectively.

As expected, SPA using peak enhancement increased with irradiation dose (Figure 5-6). The sum
of SPA for low-moisture SP increased with irradiation dose at a rate of 0.05 AU/dose, while sum
of SPA of high-moisture SP increased at a rate of 0.008 AU/dose using the peak enhancement
method. Correlation coefficients of sum SPA were 0.96 and 0.97 for high-moisture and low-
moisture SP, respectively. The correlation coefficients of sum SPA were high for both samples.
Moreover, the linearity improved with the use of the peak enhancement method, especially for

high-moisture SP (R? = 0.82 using integration method).

The SPA of high field increased with irradiation dose at a rate of 0.0048 AU/dose, while SPA of
low field increased with irradiation dose at a rate of 0.0032 AU/dose for high-moisture samples
(Figure 5-6A). SPA of high field and low field peak had high and similar correlation factors (R?
=0.97 and 0.94 for low and high field, respectively) for high-moisture SP samples. The SPA of
high field increased with irradiation dose at a rate of 0.032 AU/dose, while SPA of low field
increased with irradiation dose at a rate of 0.015 AU/dose for low-moisture samples (Figure 5-
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6B). Meanwhile, SPA of high field peak had higher correlation factor (R? =0.99) than that of low
field (R? =0.91) for low-moisture SP. The higher formation rates for high-field peaks were also
observed for SPA using integration method, which was attributed to higher sensitivity of high
field than low field. The SPA of low field peak using peak enhancement showed higher
correlation (R? = 0.97) than SPA of low field peak using integration method for (R? =0.89) for
high-moisture SP. Similarly, SPA of high field peak using peak enhancement had higher
correlation (R? = 0.94) than SPA of high field peak using integration method for (R? =0.77) for
high-moisture SP. The improved linearity and higher formation rates in SPA, especially in high-
moisture samples, would serve better for quantification of irradiation doses in SP samples. In
addition to linearity, CV decreased to less than 25% for high-moisture samples at all doses. CV
of high field SPA of high-moisture SP samples were less than 22% at all doses and CV of low
field SPA of high-moisture SP samples were less than 25% at all doses. Similarly, CV of high
field SPA was less than 13% and CV of low field SPA was less than 20% of low-moisture SP
samples at all doses. Overall, CV of SPA using the peak enhancement method was lower than

that of integration method for both low and high moisture SP samples.
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Figure 5-6 SPA of high field (A), low field (x), and sum (o) of satellite peaks using peak
enhancement method for SP samples irradiated at 5, 10, 20, 30, and 50 kGy with A) high-
moisture B) low-moisture. The results are expressed as means (n=3) and standard deviation. The
round dot, dash dot, and solid lines represent the trendlines of high field, low field, and sum
SPA, respectively.

Evaluation of dose response with GPA

Besides cellulose satellite peaks, irradiation-specific glucose split peak was analyzed to study its
dose response using integration and peak enhancement methods. Only the split peak located at
low field (335.4 £ 0.1 mT) was investigated since the high field peak was not resolved during

EPR scans due to instrument limitations.

In integration method, GPA was calculated by double integration of the peak located between
335 and 336 mT (Figure 5-7A). GPA of low-moisture SP increased with irradiation dose at a rate
of 32.1 AU/dose, while GPA of high-moisture SP increased at a rate of 1.33 AU/dose. GPA
increased with increasing irradiation dose for both samples, as expected. Correlation coefficients
of GPA were 0.92 and 0.96 for high-moisture and low-moisture SP, respectively. Although GPA
had high linearity for both samples, overall CV of GPA were high (35%), especially at low
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irradiation doses of high-moisture SP samples, such as 5 and 10 kGy. A similar result was

reported for SPA of high-moisture samples using integration method.

The peak enhancement method was applied to GPA to decrease variation and improve peak
resolution. Similar to integration method, GPA increased with irradiation dose for high and low-
moisture SP samples (Figure 5-7B). GPA of high-moisture samples had a correlation factor of R?
=0.92, while GPA of low-moisture samples had a correlation factor of R? =0.97. These
correlation coefficients were similar to the correlation coefficients of GPA using integration
method. However, CV decreased to less than 20% for high-moisture and low-moisture samples
at all doses. Thus, GPA using peak enhancement method had lower variation than that of
integration method. The linear dose-response graphs and high correlation coefficients indicated
that split peak of glucose radical can serve as an irradiation marker for irradiation detection and

quantification in glucose-rich foods.
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Figure 5-7 GPA of high-moisture (o) and low-moisture (x) SP samples irradiated at 5, 10, 20,
30, and 50 kGy using A) integration B) peak enhancement method. The results are expressed as
means (n=3) and standard deviation. The dash dot and round dot lines represent the trendlines for
high-moisture and low-moisture SP, respectively.

As to our knowledge, our study is the first study to use an external data analysis method for peak
enhancement. However, in a recent study, researchers applied deconvolution to investigate the
number and characteristics of the lines constituting the EPR spectrum of irradiated glucose
(Belahmar et al., 2020). They studied the principal Gaussian contributions that constitute the
spectrum of glucose as a function of absorbed dose and storage time (Belahmar et al., 2020).
Although they used a data analysis method to study EPR spectra, they did not attempt to enhance
signal resolution as in our study. The results of our study suggested that spectra shape can be
used to differentiate non-irradiated and irradiated SP samples based on characteristics of
irradiation-derived radicals. However, the EPR spectra of irradiated plant origin foods are
complex, therefore, it is challenging to accurately analyze the dose response of a material
especially at high-moisture levels. Peak enhancement analysis provided increased correlation
factor of dose-response graphs with lower variability. Overall, by using the technique proposed

in this study irradiation-specific cellulose satellite peaks and glucose split peak in an EPR spectra
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can be analyzed, detected, and potentially quantified in both low- and high-moisture plant-based

foods rich in sugar and cellulose, such as dried sweet potatoes.
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Chapter 6 - Interaction of 2-dodecylcyclobutanone (2-DCB) and
internal standard in irradiated chicken jerky treats and pig ears in
solid-phase microextraction (SPME) coupled gas chromatography-

mass spectrometry (GC-MS) analysis

Abstract

Chicken jerky treats (CJT) and pig ears (PE) are irradiated foods that were commercially
analyzed with gas chromatography (GC-MS). These lipid-containing products produce
irradiation-specific 2-dodecylcyclobutanone (2-DCB), a radiolysis product of palmitic acid
during irradiation. Electron paramagnetic resonance (EPR) spectroscopy and solid-phase
microextraction (SPME)-coupled gas chromatography were used to estimate the irradiation
history of these products. In addition, the factors such as IS concentration, matrix properties, and
analyte concentrations that are important for the sensitivity of GC-MS analysis were
investigated. Spiked and irradiated samples were studied at two irradiation levels (10 and 50
kGy) and different internal standard (IS) concentrations (8 and 80 ng/g sample for CJT; 8, 80,
and 800 ng/g sample for PE) to evaluate the interaction of IS and 2-DCB as a function of their
concentrations and matrix properties to improve the precision and accuracy of the SPME-
coupled GC-MS analysis. IS and 2-DCB were quantified by calculating the area under IS peak
(ISA) and the area under 2-DCB peak (DCA), respectively. EPR spectra of non-irradiated PE
and CJT exhibited a singlet line. After irradiation, irradiated PE had a signal centered at g =
1.996 £ 0.003 due to isotropic CO" radical, while the signal intensity of singlet line in CJT
increased. Although the irradiation-specific peak in PE and the increased signal intensity of the
central peak in CJT can be used for irradiation detection, they could not be resolved to quantify
irradiation doses. GC-MS analysis showed that ISA of CJT irradiated at 50 kGy was
significantly higher (p<0.01) than that of 10 kGy at IS concentration of 8 ng/g CJT. There was
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no significant difference in ISA at a high IS concentration (80 ng/g CJT). ISA was significantly
higher (p<0.01) at a higher irradiation dose for IS concentrations of 8 and 80 ng/g PE. ISA
remained unchanged at a high IS concentration (800 ng/g PE). No significant difference in ISA
was observed with irradiation dose at any IS concentrations for PE and CJT. The extent of
increase in DCA was significantly affected by IS concentration in irradiated CJT and PE
samples, while this effect was not observed for spiked samples. This suggests a possible matrix

effect, where the release of 2-DCB is affected by IS concentration in irradiated samples.

Introduction

Irradiation is a non-thermal process used for human and animal food products for different
purposes such as extending shelf life and preventing the growth of pathogenic and spoilage
microorganisms (Zianni et al., 2021). The irradiation process is considered safe within doses
determined by regulatory agencies, e.g., the Food and Drug Administration (FDA) and European
Commission (EC). However, there have been some reports of serious illness in dogs associated
with the consumption of irradiated animal treats such as chicken jerky treats (FDA, 2014).
Although no link between irradiated animal treats and pet illness was found, there is a still need
for investigating the irradiation history of pet food products. Chicken jerky treats (CJT) and pig
ears (PE) are popular dog treats that contain lipids, specifically palmitic acid. Under irradiation,
palmitic acid forms 2-dodecylcyclobutanone (2- DCB), which is a unique radiolysis product and
IS not detected in non-irradiated foods that are processed with other treatments (e.g., heating,
pasteurization, and freezing) (Campaniello et al., 2019; Driffield et al., 2014). Previously,
researchers have studied 2-DCB in irradiated food products, such as beef patties, chicken, and
salmon (Obana et al., 2005), minced chicken, turkey, duck, beef, pork (Campaniello et al., 2019),
and dry-cured ham (Blanch et al., 2009). Obana et al. (2005) mentioned that no 2-DCB was
detected in non-irradiated samples, while 2-DCB was detected in irradiated beef patties, chicken,
and salmon samples even at low doses as 0.7 kGy. Similarly, 2-DCB was identified in minced
chicken, turkey, duck, beef, pork after irradiation at 0.5 kGy, while no 2-DCB was observed
before irradiation (Campaniello et al., 2019).

The European Commission approved the use of 2-DCB for detection of irradiation above 0.5
kGy in the European Standard (EN1785) method (2003). This method requires Soxhlet

extraction and gas chromatography-mass spectrometry detection (GC-MS). However, soxhlet
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extraction requires a long extraction time and the use of organic solvents (Crews et al., 2012).
Meanwhile, solid-phase microextraction (SPME) can be a suitable alternative to the time-
consuming extraction procedure since it is a rapid and solvent-free technique (Campaniello et al.,
2019). In addition, it can extract and concentrate organic compounds even at low concentrations
from food matrices (Blanch et al., 2009).

The efficiency of SPME can be affected by various parameters such as fiber type, incubation
temperature, incubation time, and food matrix (Caja et al., 2008). By incorporating internal
standard (1S), SPME can be used quantitatively. 1S addresses variability in sample preparation
and instrumental conditions. Hence, the use of IS can improve the accuracy and precision of
quantitative analysis (Ouyang & Pawliszyn, 2006). However, selecting a proper IS is challenging
since it needs to have characteristics similar to the analyte (e.g., molecular weight, polarity, and
boiling point) (Zenkevich et al., 2007). Some researchers used isotopically labeled standards,
which are compounds in which some atoms are replaced by their stable isotopes. However, they
are usually expensive and unavailable for many analytes (Kenessov et al., 2016; Orazbayeva et
al., 2017; Stokvis et al., 2005). Although IS needs to behave similar to the analyte, a competition
between the analyte and IS could result in poor selectivity as well as low efficiency for extraction
(Zenkevich et al., 2007). Previously, Moosavi and Ghassabian (2018) discussed how IS and the
analyte of interest might affect each other’s signals. They suggested that IS concentration should
be low enough to avoid analyte signal suppression by IS and high enough to prevent IS signal
suppression by the analyte. Oliver-Pozo et al. (2015) conducted SPME-coupled GC analysis to
study volatile compounds from virgin olive oil and mentioned that analytes in the headspace
might interact and compete during the fiber adsorption process.

Besides 2-DCB, irradiation, also, causes the formation of irradiation-specific free radicals in
food systems. Electron paramagnetic resonance (EPR) spectroscopy is based on the interaction
of free radicals with an external magnetic field. It is a sensitive and fast technique and can be
used for the detection of irradiation-specific free radicals. Earlier our group showed that EPR
characterization of irradiation is suitable for lipid-poor dry food materials, such as sweet potatoes
(Tonyali et al., 2020).

Therefore, the aim of this study is to evaluate the IS (2,4-di(tert-pentyl)cyclohexanone) and 2-

DCB interaction for irradiation history of high-lipid-containing (PE) and low-lipid-containing
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(CJT) pet foods using GC-MS analysis. In addition, it is aimed to study the irradiation-specific

free radicals for irradiation history of the CJT and PE samples using EPR spectroscopy.

Materials and Methods

Materials

The analytical standards of 2-DCB as analyte and 2,4-di(tert-pentyl)cyclohexanone and 2-
cyclohexylcyclohexanone as internal standards were purchased from Sigma-Aldrich (St. Louis,
MO). The polydimethylsiloxane/divinylbenzene (PDMS/DVB 65um, 23 Ga), the
polydimethylsiloxane (PDMS with coating diameters of 7 and 100 um, 23 Ga), and carboxen/
polydimethylsiloxane (CAR/PDMS 75um, 23 Ga) SPME fibers were purchased from Supelco
(Bellefonte, PA). Optima grade methanol and ethanol, analytical grade methanol, hexane,
chloroform, boron trifluoride, and KCI were obtained from Fisher Scientific (Waltham, MA).
Raw chicken tenderloins (Tyson Foods, Springdale, AR) were purchased from a local market.
Pig ears were obtained from the Animal Science and Industry Department of Kansas State
University.

Preparation and Irradiation of CJT and PE

CJT and PE were prepared following the protocol described in Taghvaei et al. (2020). Briefly,
CJT were prepared by drying raw chicken tenderloins in a food dehydrator (Sedona SD-P9000,
Korea) at 155 °F for 48 hours. The PEs were cleaned from hair using a razor and washed to
remove the blood and hair. They were dried in a dehydrator at 155 °F for 48 h. Both the PE and
CJT samples were irradiated at Gateway America (Gulfport, MS) using a Cobalt-60 source. The
target irradiation doses (10 and 50 kGy) were verified using an alanine dosimeter. The CJT and
PE samples (before and after irradiation) were shipped under refrigerated conditions. They were
stored in a freezer (—80 °C) until further analysis.

CJT and PE fatty acid methyl esters (FAME) analysis

The extraction of chicken fat for FAME analysis was conducted following the method described
in Taghvaei et al. (2020). Briefly, the chicken was homogenized with hexane (T18BS1, IKA,
Germany). After filtering the slurry with Whatman #40, hexane was removed using a rotary
evaporator at 45 °C (RE121, Buchi, Switzerland). The fatty acid methyl esters were obtained
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using the boron trifluoride method (Ackman, 1998). After removing hexane, 100 mg of oil was
mixed with 3 mL of methanol solution of boron trifluoride (14%) and kept at 100 °C for 40
minutes. The methyl esters were extracted from the mixture using hexane. Later, 1 mL of extract
was analyzed in GC-MS system (HP5972 and HP 5890, Agilent Technologies) equipped with an
HP-23 FAME column (30 m x 0.25 mm x 0.25 um, Agilent Technologies). The column was
kept at 60 °C for 4 minutes, then heated to 195 °C at 20 °C/min, and held at 195 °C for 5
minutes. The injector temperature was 250 °C. The fragment ions between 30 to 400 m/z were
scanned with the MS. The FAME were identified by comparing their mass spectrum with that of
the National Institute of Standards and Technology (NIST 14) database.

The extraction of fat from pig ears was conducted following the method described in Bligh and
Dyer (1959) with some modifications. In brief, pig ears (1.6 g) were mixed with 4 mL of
chloroform, 4 mL of methanol, and 2 mL of water. The mixture was centrifuged at 2,000 rpm for
10 minutes (Allegra X-14R Centrifuge, Beckman Coulter). After centrifugation, the lower layer
was removed, 2 mL of chloroform was added onto residue and centrifuged again. The lower
layer from the second centrifuge was combined with the lower layer from the first centrifuge.
The mixture was mixed with 0.5 mL of KCI solution (1 M) and 0.5 mL of water. Later, 2 mL
from the mixture was dried using a rotary evaporator. The extracts were analyzed at the Kansas
Lipidomics Research Center, Kansas State University. For FAME analysis, 2 mL of extract was
mixed with 1 mL of methanolic HCI (3 M) and heated at 78 °C for 30 minutes. Later, 2 mL of
hexane was added, the mixture was vortexed for 30 seconds, and centrifuged for 7 minutes. After
removal of the upper phase, 2 mL of hexane was added to the aqueous phase and the mixture
was centrifuged again. The upper phase from the second centrifuge was combined with the upper
phase from the first centrifuge. The organic phase was dried under a flush of nitrogen gas and re-
dissolved in 100 pL of hexane. One pL from the mixture was injected into a GC Agilent 6890N
system coupled with a flame ionization detector. Helium was used as the carrier gas at a flow
rate of 1.5 mL/min. The GC column was DB-23 capillary column (60 m x 0.25 mm x 0.25 pm,
Agilent Technologies). The column was kept at 150 °C for 1 minute, then heated to 175 °C at 25
°C/min, increased to 230 °C at 4 °C/min, and held at 230 °C for 8 minutes. The FAME were
identified by comparison of retention times of the compounds in the sample with the retention
times of Supelco 37 component fatty acid methyl ester mix standards (CRM47885, certified

reference material, Sigma-Aldrich).
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Analysis of irradiation-derived radicals using EPR spectroscopy

Sample preparation for EPR spectroscopy

CJT and PE were ground in a Waring blender (50 mL) (model 34FL97) for 1 min in pulses.
Ground samples were pelletized as cylinders using a hydraulic pelletizer (ca. 7 mm in length and
3 mm in diameter). All samples were weighed (80 mg) and transferred into a quartz EPR tube
(OD:5 mm & ID:4 mm, Wilmad-LabGlass).

EPR analysis

The EPR measurements were conducted in a SpinscanX spectrometer (ADANI, Minsk, Belarus)
operating at X-band with a modulation frequency of 100 kHz. Samples were scanned at the
following measurement conditions: center field 334.5 mT, sweep width 11 mT, modulation
frequency 100 kHz, modulation amplitude 600 uT, and microwave power 1mW.
SPME-coupled GC-MS analysis

Sample preparation and SPME

A stock solution of 2-DCB (1000 ppm) was prepared by dissolving an appropriate amount of
pure standard into ethanol. A stock solution of 2,4-di(tert-pentyl)cyclohexanone (10000 ppm)
was prepared using methanol. Working standard solutions (1 ppm) was prepared daily by
subsequent dilution of stock solutions with water. The working standard solutions were used to
spike non-irradiated CJT and PE samples.

Both irradiated and non-irradiated CJT and PE were ground in a Waring blender (50 mL) (model
34FL97, McConnellsburg, PA) for 1 min in pulses. Ground irradiated CJT and PE were diluted
with water at a 1:5 ratio (g sample: mL water) and homogenized at 30000 rpm for 1 minute
(Fisher Scientific, Omni International Stainless Steel Saw Tooth Probe, TH115, 10 mm (D) x
115 mm (L)). Homogenized CJT was spiked with IS to a final concentration of 8 or 80 ng IS /g
CJT and homogenized non-irradiated CJT was also spiked with 2-DCB (41 and 84 ng/g CJT
equivalent to 2-DCB in 10 and 50 kGy samples). Homogenized PE was spiked with IS to a final
concentration of 8, 80, or 800 ng/g PE and homogenized non-irradiated PE was also spiked with
2-DCB (100 and 310 ng/g PE equivalent to 2-DCB in 10 and 50 kGy samples). Samples were
homogenized for another 1 min. An aliquot of the mixture (3 mL) was transferred to a
siliconized headspace vial (75.5 x 22.5 mm, SUPELCO). After adding a small magnetic stirrer,
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the vials were immediately sealed with a crimp cap (20 mm, PTFE/Silicone Septa, SUPELCO).
Sealed vials were thermally equilibrated at 80 °C (Pierce Heating/Stirring Module, Rockford, IL)
with magnetic stirring slowly for 30 minutes without splashing. The SPME fiber (PDMS/DVB)
was exposed to the headspace of the vial at the same temperature for 15 minutes.

GC-MS analysis

Analysis of 2-DCB was performed using a GC-MS chromatography system (HP5973 and HP
6890, Agilent Technologies, Santa Clara, CA) equipped with an HP-5MS (60 m x 0.25 mm x
0.25 pm, Agilent Technologies, Santa Clara, CA) column. The target compounds were desorbed
from the fiber at 250 °C for 1 min at splitless mode. The GC-MS conditions were adapted from
Taghvaei et al. (2020) with modifications. Helium was used as a carrier gas at a flow rate of 1
mL/min. The GC column was heated from 50 °C to 300 °C at 10 °C/min and kept at 300 °C for 3
mins. The MS conditions were as follows: the source and the quad line temperatures were
maintained at 230 °C and 150 °C, respectively. The following ions were selected: m/z 84, m/z
98, and m/z 112 for 2-DCB, and m/z 139, m/z 153, and m/z 168 for IS. Data acquisition and
quantification from the MS was performed using an HP-ChemStation system. The analytes were
identified by comparing their mass spectrum with that of the National Institute of Standards and
Technology (NIST 14) database and verified by comparing their mass spectrum with that of
analytical (external) standards. IS and 2-DCB were quantified by calculating the area under the
IS peak (ISA) and the area under the 2-DCB peak (DCA).

Statistics

All experiments were performed in triplicate unless otherwise stated. Analysis of variance
(ANOVA) was applied using a general linear model (GLM) in MINITAB software (Minitab
Versionl6, State College, Pa., USA). Tukey's multiple comparison test was applied to evaluate
the differences between treatments (significant when p < 0.05).

Results and Discussion

Analysis of irradiation-derived radicals using EPR spectroscopy

Non-irradiated (control) PE and CJT samples exhibited a singlet line around g = 2.0047 £ 0.003

in EPR spectra. Other researchers attributed the peak around g = 2.005 to inorganic radicals
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coming from meat samples containing bone structure (Negut & Cutrubinis, 2017). After
irradiation, PE sampled gave a signal centered at g = 1.996 + 0.003 in addition to the singlet line.
The signal located at g = 1.996 was probably due to isotropic CO™ radical (Negron-Mendoza et
al., 2015). However, the CO>" radical peak could not be resolved to quantify irradiation doses.
This was probably because the broadening of the singlet line after irradiation partially hindered
it.

The EPR spectra of the irradiated CJT sample had the same singlet line as before irradiation but
with higher signal intensity. Although the increased signal intensity of the singlet line in CJT and
the irradiation-specific peak in PE can be used for irradiation detection, they could not be
resolved to quantify irradiation doses. These results suggest that EPR spectroscopy can indicate
irradiation detection in lipid-rich samples such as CJT and PE, but it is limited for dose
quantification of these samples.

SPME fiber and internal standard selection

The affinity for 2-DCB of three different stationary phases with different coating diameters
(PDMS with coating diameters of 7 and 100 um, CAR/PDMS with coating diameter of 75 um,
and PDMS/DVB with coating diameter of 65 um) was tested. PDMS/DVB with a coating
diameter of 65 um showed the highest affinity and had a higher slope in 2-DCB concentration vs
the 2-DCB peak area graph. Previous research found that higher slope yields better
differentiation between samples irradiated at different doses (Taghvaei et al., 2020). Therefore,
PDMS/DVB was used in this study.

A preliminary study was conducted to compare efficiencies (e.g., how well they mimic 2-DCB)
of two IS: 2,4-di(tert-pentyl)cyclohexanone and 2-cyclohexylcyclohexanone. The efficiencies of
the two IS were evaluated by comparing the ratio of DCA to ISA. The dose-response graphs of
the two IS were prepared at a concentration of 80 ng/g CJT and 2-DCB concentrations of 5, 10,
25, 50, 75, 200, and 400 ng/g CJT. The dose-response graph increased linearly for both IS;
however, the slope of the curve with 2,4-di(tert-pentyl)cyclohexanone (0.0219) was an order of
magnitude higher than 2-cyclohexylcyclohexanone (0.0034). The higher slope yields easier
differentiation for samples of different irradiation doses. Therefore, 2,4-di(tert-
pentyl)cyclohexanone was selected as the internal standard in the study. CJT samples were tested
at two 2-DCB concentrations (63 and 175 ng/g CJT equivalent to 2-DCB in 10 and 50 kGy
samples) and two IS concentrations (8 and 80 ng/g CJT). Meanwhile, PE samples were analyzed
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at two 2-DCB concentrations (158 and 363 ng/g PE equivalent to 2-DCB in 10 and 50 kGy
samples) and three IS concentrations (8, 80, and 800 ng/g PE).

ISA and DCA in CJT

The ISA of CJT irradiated at 50 kGy was significantly higher (p<0.01) than that of 10 kGy at IS
concentration of 8 ng/g CJT (Figure 6-1A). The significant increase in ISA with increasing 2-
DCB concentration suggests an interaction and competition phenomena between IS and 2-DCB.
Oliver-Pozo et al. (2015) mentioned that the SPME efficiency was highly affected by the
competition and interaction between volatile analytes during fiber adsorption. Moreover, this
competition becomes significant when one analyte with high concentration and high affinity
replaces another analyte with less concentration and less affinity on the fiber (Oliver-Pozo et al.,
2015). A similar observation was mentioned in a study with volatile compounds from aqueous
solutions (Gionfriddo et al., 2015). These researchers stated that the analytes with stronger
affinity for the fiber displaced other analytes with less affinity. DCA of CJT irradiated at 50 kGy
was significantly higher (p<0.05) than that of 10 kGy at IS concentration of 8 ng/g CJT (Figure
6-1B). An increase in 2-DCB amount with increasing irradiation dose was previously reported
for ground beef between 0.5 and 7 kGy (Zhao et al., 2012), ground beef between 1 and 4.5 kGy
(Gadgil et al., 2005), ground beef between 0.5 and 8 kGy (Soncin et al., 2012), chicken, turkey,
duck, beef, and pork between 0.05 and 3 kGy (Campaniello et al., 2019), cheese and milk
between 0.5 and 5 kGy (Zianni et al., 2021).

When IS concentration increased to 80 ng/g CJT, no significant difference (p >0.05) was
observed between ISA (668,000 A.U.) at irradiation doses 10 and 50 kGy. This observation
supported that the interaction between IS and 2-DCB was significant at low IS concentration.
DCA of CJT irradiated at 50 kGy (100,175 A.U.) was significantly higher (p<0.05) than DCA of
CJT irradiated at 10 kGy (37,409 A.U.) at IS concentration of 80 ng/g CJT. DCA increased with
irradiation dose at both IS concentrations: it increased 300 % at IS concentration of 8 ng/g CJT
and increased 160 % at IS concentration of 80 ng/g CJT. The reduction in the extent of increase
in DCA with respect to IS concentration suggests a certain interaction between analytes; 2-DCB
and IS. This observation is further supported by the coefficient of variation (CV) which was
calculated to address variability. CV of ISA (8 ng/g CJT) was 13% at 10 kGy and 21% for 50
kGy. When IS concentration was increased to 80 ng/g CJT, the CV of ISA decreased to 3% at
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10 kGy and 1% at 50 kGy. The lower variation in ISA at high IS concentration than at low IS
concentration showed that the competition is more pronounced at lower 1S concentration. The
competition between analytes can be reflected results in high variation and deviation in linearity
(Oliver-Pozo et al., 2015). A similar result was obtained for virgin olive oil samples where a
deviation in the linearity of the calibration curve for volatile samples from virgin olive oil was

observed due to the competition between the analyte and IS (Fortini et al., 2017).
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Figure 6-1 ISA and DCA from irradiated (10 and 50 kGy) CJT samples with IS concentrations

(8 and 80 ng/g CJT) for A) ISA and B) DCA. The results are means of three measurements and
bars indicate standard deviation.

140



The effect of matrix and its components on the release of 2-DCB and interaction between IS and
2-DCB are tested in the next step. The matrix effect is defined as the effect of other compounds
in the sample (except the target compound) on the assay (e.g., extraction efficiency) (Taylor,
2005). For this analysis, non-irradiated samples were spiked with 2-DCB externally at equivalent
doses of 10 and 50 kGy (63 and 175 ng/g CJT, respectively) and IS at concentrations of 8 and 80
ng/g CJT. There was no significant difference (p >0.05) between ISA of CJT samples spiked at
10 and 50 kGy at IS concentration of 8 ng/g CJT (Figure 6-2A). Similarly, no difference was
observed at 1S concentration of 80 ng/g CJT. In addition, spiked CJT samples had increasing
DCA with increasing 2-DCB spiking levels, as expected (Figure 6-2B). However, DCA did not
significantly increase (p>0.05) with increasing IS concentrations, which was not unlike irradiated
samples. The release of analytes takes place in three partition steps during SPME: extraction
from fat to aqueous solution, volatilization to headspace, and adsorption to the fiber in an
irradiated sample system (Soncin et al., 2012; Taghvaei et al., 2020). In irradiated samples, 2-
DCB is embedded in the lipid tissue of the food matrix and is extracted from the fat matrix to an
aqueous environment. Subsequently, it is released to headspace prior to adsorption by the SPME
fiber (Soncin et al., 2012). Meanwhile, 2-DCB is not bound to lipid tissue in spiked non-
irradiated samples and it has a physical interaction with the matrix. Therefore, in spiked non-
irradiated samples, 2-DCB goes through two-step partitioning steps: equilibrium in headspace
and adsorption to the fiber. These results suggested a possible matrix effect, where the release of
2-DCB was affected by its location in the sample medium. Furthermore, the matrix components
such as salts, proteins, and polysaccharides might affect the solid-liquid equilibrium and suppress
or enhance the 2-DCB extraction (Zianni et al., 2021). Hence, proteins in the CJT matrix could

affect the release of 2-DCB from the matrix in irradiated samples.
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Figure 6-2 ISA and DCA from non-irradiated CJT samples with IS concentrations (8 and 80
ng/g CJT) and 2-DCB concentrations (63 and 175 ng/g CJT) for A) ISA and B) DCA. The
results are means of three measurements and bars indicate standard deviation.

ISA and DCA in PE

The interaction between IS and 2-DCB was studied in the complex matrix of PE to test the
competition phenomenon in other matrices. ISA significantly increased (p < 0.05) with

increasing irradiation dose from 10 to 50 kGy at IS concentration of 8 ng/g PE (Figure 6-3A).
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This observation is similar to the findings of irradiated CJT samples. Hence, it supports the
hypothesis that there is an interaction between IS and 2-DCB at low IS concentration regardless
of the food matrix. DCA of PE irradiated at 50 kGy was significantly higher (p<0.05) than that
of 10 kGy at IS concentration of 8 ng/g PE (Figure 6-3B). The increase in DCA with increasing
irradiation dose was parallel to the results of irradiated CJT.

Similar to the CJT study, PE samples were analyzed at IS concentration of 80 ng/g PE. A
significant increase (p < 0.05) in ISA with irradiation dose was observed at IS concentration of
80 ng/g PE. This result was different than the results of irradiated CJT, where there was no
significant difference in ISA at a high concentration of IS (80 ng/g CJT). Therefore, the
interaction of IS and 2-DCB is significant at a high concentration of IS (80 ng/g PE) as well as
low concentration (8 ng/g PE) in PE samples. This might be due to the difference in
compositions of food matrices of CJT and PE. For instance, pig ears contain collagen due to the
cartilage tissue, whereas chicken breasts used to prepare CJT in this study are composed of
muscles. Another difference between CJT and PE matrices is the fat content, PE has a fat content
of 16.1 %, while CJT has a fat content of 2.6 %. Moreover, they differ in palmitic acid content.
According to the fatty acid analysis (Table 6-1), palmitic acid contributes to 22.8 % of total fatty
acid in PE, while it contributes to 31 % of total fatty acid in CJT. Therefore, PE is richer in
palmitic acid than CJT by total tissue weight. Since 2-DCB is derived from palmitic acid through
cyclisation and the formation of a cyclobutanone ring, higher palmitic acid content leads to a
higher 2-DCB concentration from irradiation. Thus, PE has more 2-DCB compounds than CJT at
the same irradiation dose, which could affect the interaction between IS and 2-DCB. As
expected, a significant increase (p<0.05) in DCA with increasing irradiation dose was found for
the PE samples with IS of 80 ng/g PE.
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Table 6-1 The fatty acid compositions of chicken jerky treats and pig ears.
Fatty acids (% of total

fatty acids) Chicken Jerky Treats Pig Ears
C14:0 Myristic acid 1.20 +0.08 1.68 +0.04
C16:0 Palmitic acid 30.81+0.79 22.82 +0.30
C16:1 Palmitoleic acid 9.96 + 0.46 5.70 £ 0.06
C18:0 Stearic acid 9.22+1.48 6.78 £0.10
C18:1 Oleic acid 33.11+1.51 44.62 £0.24
C18:2 Linoleic acid 15.04 £ 0.44 8.42+0.11
C18:3 Linolenic acid 0.67 £0.01 0.37 £0.02

Data are presented as mean * standard deviation (n=3).

In the next step, IS concentration was adjusted to a higher IS concentration for PE samples, 800
ng/g PE. There was no significant difference (p > 0.05) between IS AUC (1,380,000 A.U.) of PE
samples irradiated at 10 and 50 kGy (Figure 6-3A). This result indicates that food matrix
components (e.g., fat content) affect the interaction between IS and 2-DCB and the partition
equilibrium (Rocha et al., 2001). Therefore, a higher concentration of IS was needed to study PE
samples (800 ng/g PE) compared to CJT samples (80 ng/g CJT) in this study. A significant
increase (p<0.05) in DCA was found with increasing irradiation dose. However, the extent of
increase in DCA with increasing irradiation dose decreased with increasing IS concentration.
This finding is similar to the results of irradiated CJT samples. A similar observation from both
matrices (i.e., CJT and PE) supports the hypothesis that the interaction of IS with 2-DCB at low
concentrations might be related to the extraction of 2-DCB from the matrix. Yet, it appears that

the concentration might become significant depending on the matrix composition.
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The CV of ISA (8 ng/g PE) was 10.4 % at 10 kGy and 8.7 % for 50 kGy. When IS concentration
was increased to 80 ng/g PE, the CV of ISA decreased to 2.9 % at 10 kGy and 5.1% at 50 kGy.
Further increase of IS concentration to 800 ng/g PE decreased CV to below 10% for both doses.
The lower variation in ISA at IS concentration of 800 ng/g PE than others endorses the
significance of the competition phenomena between analytes at low IS concentrations.

The possible suppressing effect of matrix on the release of 2-DCB from the lipid fractions of
tissue was studied using spiked non-irradiated PE samples. For this analysis, non-irradiated
samples were spiked with 2-DCB externally at equivalent doses of 10 and 50 kGy (158 and 363
ng/g PE, respectively) and IS at concentrations of 8, 80, and 800 ng/g PE. There was no
significant difference (p >0.05) between ISA of PE samples spiked at 10 and 50 kGy at 1S
concentration of 8 ng/g PE (Figure 6-4A). Similarly, no difference was observed at IS
concentrations of 80 and 800 ng/g PE. The outcomes of irradiated and spiked samples of PE and
CJT were parallel. It suggests that IS and 2-DCB behaved similarly in two different lipid-
containing food matrices. DCA of spiked PE samples increased with increasing 2-DCB
concentration (Figure 6-4B). IS concentration did not have a significant effect (p>0.05) on DCA.

This is probably related to the matrix-free release of 2-DCB from the solution to the headspace.
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Figure 6-4 ISA and DCA from non-irradiated PE samples with IS concentrations (8, 80, and 800
ng/g PE) and 2-DCB concentrations (158 and 363 ng/g PE) for A) ISA and B) DCA. The results
are means of three measurements and bars indicate standard deviation.

ISA and DCA comparison between CJT and PE samples

DCA of CJT and PE samples were compared to study the effect of fat content on 2-DCB
formation. DCA of PE irradiated at 10 kGy was significantly higher (p < 0.05) than that of CJT
at 1S concentration of 8 ng/g sample. A significant difference was observed between DCA of PE
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and CJT irradiated at 50 kGy at IS concentration of 8 ng/g sample. Similar results were reported
for IS concentration of 80 ng/g sample. This result could be due to the higher palmitic content of
PE than CJT. PE has 3.7 % palmitic acid of total tissue weight, while CJT only has 0.8 %
palmitic acid. Therefore, more 2-DCB was probably produced under irradiation in PE samples
compared to CJT samples. Previously, Campaniello et al. (2019) observed poultry samples
(turkey and chicken) had less 2-DCB amounts than beef and pork samples at irradiation doses of
0.5, 1, and 3 kGy. The authors mentioned that it was due to less amount of lipid fractions in
poultry samples than beef and pork samples. Similarly, high-fat samples such as minced beef had
higher 2-DCB concentrations than low-fat samples such as beef thigh for irradiation doses 0.7-7
kGy (Obana et al., 2005).

Conclusion

The quantitative use of SPME can be challenging due to variables such as IS concentration,
matrix properties, and analyte concentrations. The competition phenomena between analytes can
compromise the sensitivity of the method. In addition, the matrix effect could interfere with the
dose-response graph, which can decrease the precision and accuracy of 2-DCB quantification. In
our study, IS concentration of 80 ng/g CJT and 800 ng/g PE prevented the analyte competition
issues and addressed the matrix effect in the samples. Therefore, selecting the appropriate IS
concentration can aid to solve some of these problems. The results of this study can aid in future
research that uses SPME to understand the interactions of volatile compounds. In addition, it can
also be used to improve the quantification of irradiation doses, which could be utilized by
regulation agencies to detect and regulate the irradiation doses used in the industry for lipid-

containing samples.
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Chapter 7 - Conclusion

There is a broad need to study the applicability of EPR spectroscopy for the chemical and
physical characterization of food and food-related systems. There has been an interest in using
EPR spectroscopy for many research areas including but not limited to irradiation-derived
radicals and biological membranes. It can offer fast, sensitive, and non-destructive measurements
compared to the traditional methods.

The study of changes in biological membranes under different external stresses can be
benefited by the use of EPR spectroscopy. Bacterial membranes can respond to increasing
thermal stress by increasing membrane mobility. In our study, E.coli increased the membrane
mobility with increasing thermal stress up to a maximum threshold, after which the membrane
integrity was lost. | showed that EPR spectroscopy in combination with DLS and TEM
techniques can be used to study the changes in membrane mobility. This information and the
EPR method used in the present work can be used thoroughly to understand thermal inactivation
kinetics on microorganisms. In addition, this technique can further be developed to investigate
the other inactivation mechanisms (e.g., surfactants).

Irradiation-derived radicals have been used as irradiation dose indicators for fruits and
vegetables. This presents an opportunity for EPR spectroscopy for the characterization of the
irradiation history of fruits and vegetables. The irradiation-derived radicals from SP can be
analyzed using EPR spectroscopy as a function of irradiation dose. Sample preparation such as
sieving can change the composition of the sample by holding the big molecules, i.e., cellulose.
The retention of cellulose particles on the sieve caused the loss of the signal from irradiation-
derived cellulose signals in EPR spectra. The EPR spectra changed with the composition of the
sample at different parts of SP. Both irradiation-derived radicals, cellulose and dextrose, were
identified in the EPR spectra of SP flesh. The irradiation-derived cellulose signals were more
pronounced in the spectra of SP skin due to the cellulose-rich content of the skin. The results of
this study proposed that EPR spectroscopy can serve as a suitable technique to analyze the
irradiation-derived radicals in both low- and high-moisture plant-based foods rich in sugar and
cellulose, such as dried sweet potatoes.

The suitability of EPR spectroscopy to study the irradiation history of lipid-containing

products (irradiation-derived radicals) was studied and compared to SPME-coupled GC-MS
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analysis (lipid-radiolysis product, 2-DCB). The results from this study showed that EPR analysis
can indicate the irradiation process in lipid-containing products, however, it was limited for dose
identification. Meanwhile, the irradiated lipid-containing samples were detected and
differentiated for irradiation dose using GC-MS. The precision of this method was further
enhanced by choosing the appropriate IS concentration to eliminate the matrix effect and analyte
interaction.

The analysis of irradiation-derived cellulose satellite peaks and glucose split peak can be
challenging because the broadening of the native peak with irradiation partially hinders them.
The quantification of these radicals can be improved with a peak enhancement approach, which
enhances the resolution of EPR spectra. The high-resolution spectra advance the precision of free
radical concentration determination. The higher precision yields easier differentiation for
samples of different irradiation doses. This approach can benefit the regulatory agencies and the
industry to monitor the irradiation dose by using the irradiation-derived cellulose satellite peaks
and glucose split peak as irradiation indicators for plant-based samples.

The EPR spectroscopy methods are not commonly used for food and food-related
matrices. Since it is not a well-known technique, there are certain research gaps regarding the
suitability of the EPR spectroscopy method that can be improved by performing more research.
The methods used in the present work can serve as a base for regulatory agencies to establish
guidelines and for future researchers to help fill the gap in the literature for use of EPR. In future
studies, the EPR spectroscopy method can be extended for other matrices such as mixed
vegetable-meat matrices and lipid-rich dairy products for irradiation studies. The EPR technique
for membrane mobility can be further used to better understand the response of microorganisms
to different external stresses. Also, the potential of EPR spectroscopy to investigate the radicals
generated from the Maillard reaction and complex starch-protein-lipid structures can be pursued.
Therefore, the use of EPR can greatly aid in answering research questions that more traditional

methods have not been able to answer yet.
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Appendix A - Sample preparation techniques

Sweet potatoes (SP) were subjected to different sample preparation techniques (i.e., grinding,
sieving, and pelletizing) prior to EPR analysis (Chapter 4). In addition to those techniques, other
approaches such as oven-drying, freeze-drying, and solvent extraction were also conducted.

The removal of residual water prior to slow-tumbling EPR spectra analysis were studied using
oven-drying or freeze-drying. The irradiated SP was dried in an oven at 150°F for 24 h. After 24
h, SP were ground, weighed (80 mg), and transferred into a quartz EPR tube (OD:5 mm & ID:4
mm, Wilmad-LabGlass). Meanwhile, another set of irradiated SP was dried using a freeze-dryer
(0.220 mbar for 72 hours). Freeze-dried SP were ground, weighed (80 mg), and transferred into a
quartz EPR tube (OD:5 mm & ID:4 mm, Wilmad-LabGlass). Both samples were analyzed using
a SpinscanX EPR spectrometer (ADANI, Minsk, Belarus) operating at X-band with a
modulation frequency of 100 kHz at room temperature. Samples were scanned at the following
measurement conditions: center field 334.5 mT, sweep width 11 mT, modulation frequency 100
kHz, modulation amplitude 600 uT, and microwave power 1 mW.

Solvent extraction approach was performed for fast-tumbling analysis as an alternative to slow-
tumbling analysis. Ground SP (1.5 g) was mixed with 10 mL of ethanol solution of POBN (500
M) and mixed using a tumbler for 10 minutes. Subsequently, the supernatant was transferred to
a capillary EPR tube (VWR International, 1D:0.5-0.6 mm) for EPR measurements. The EPR
measurements were performed at room temperature in an EPR spectrometer operating at X-band
(SpinscanX, ADANI, Belarus). The samples were analyzed under the following measurement
conditions: center field 334 mT, sweep width 20 mT, modulation frequency 100 kHz,
modulation amplitude 400 uT, microwave power 3 mW.

The EPR signals of SP before and after freeze-drying were given in Figure A-1. The signal-to-
noise ratio of the EPR spectra increased after freeze-drying. The residual moisture in the SP
decreased the signal quality in two ways: by decreasing the crystalline environment to stabilize
free radicals during irradiation; and by absorbing significant electromagnetic energy at the X-
band frequencies used for organic radicals due to its high dielectric constant (Weil & Bolton,
2007). Moreover, the irradiation-derived signal (shoulder around 333.1 mT) was resolved after

freeze drying.

155



A
?.E 0 kGy
2
(7]
c
[}
=)
£
10 kGy
I 200 AU
329.00 331.00 333.00 335.00 337.00 339.00
Magnetic Field (mT)

B
S -
< " ——
= 0 kGy
[72]
[
3
£

) 10 kGy

I 500 AU

329.00 331.00 333.00 335.00 337.00 339.00

Magnetic Field (mT)

Figure A-1 EPR signal of 0 and 10 kGy irradiated SP sample with 24 h drying A) before and B)
after freeze drying.
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EPR signals of SP with oven drying were given in Figure A-2. The signal intensity of SP
increased with increasing irradiation dose. However, the signal intensities of oven-dried SP were
lower than the signal intensities of freeze-dried SP, probably due to heat treatment. Therefore,

freeze-drying was chosen to prepare the samples for subsequent analysis.
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Figure A-2: EPR signal of SP samples irradiated at 0, 5, and 30 kGy after further oven-dried at
150 °F for 24 hours for samples pre-dried for A) 24 h B) 48 h.
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EPR signals of SP prepared with solvent extraction were given in Figure A-3. The characteristic
signals of irradiation-derived cellulose radicals and dextrose radicals were not observed in the

spectra of solvent-extracted SP. The irradiation-specific radicals might not be extracted from SP
matrix and not captured with the POBN spin trap.
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Figure A-3: EPR signal of solvent extracted SP samples irradiated at 5 kGy.
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Appendix B - Standard curves using non-irradiated CJT

Control (non-irradiated) CJT samples were spiked with 2-DCB and IS to obtain a calibration
curve. This calibration curve could be used for quantification of 2-DCB concentration in
irradiated samples or unknown samples in future studies. The ground non-irradiated CJT samples
were mixed with water using a ratio of 1:5 (CJT:water). In brief, bulk mixture was homogenized
using the homogenizer for 1 min and spiked with IS to final concentration of 80 ng IS /g CJT and
2-DCB to final concentration of 30, 60, 80, 100, 120, and 140 ng 2-DCB /g CJT using working
solutions (1 ppm IS and 1 ppm 2-DCB working solutions). After homogenizing the spiked
samples for another minute, aliquots from the mixture (3 mL) were transferred to a vial. The
samples in the vials were homogenized for 1 min, capped, and centrifuged (100xg, Allegra X-
14R Centrifuge, Beckman Coulter) for 10 mins. The vials were incubated at 80 °C for 30
minutes and 15 mins with the SPME fiber (PDMS/DVB).

IS had low variation (9.2%) among spiked control CJT samples (Figure B-1). 2-DCB areas
increased with 595 A.U./2-DCB concentration with increasing spiking levels and had a
correlation coefficient of 0.99 (Figure B-1).

2-DCB/IS increased with 2-DCB concentration with 0.0021 A.U./2-DCB concentration and a
correlation coefficient greater than 0.99 (Figure B-2). Moreover, 2-DCB/IS had a variation less
than 8% at all 2-DCB concentrations. This external calibration curve can be used to calculate 2-

DCB concentration in commercially irradiated samples by comparing 2-DCB/IS (A.U) values.
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Figure B-2: ISA and DCA from non-irradiated CJT samples with IS concentration (80 ng/g
CJT) and 2-DCB concentrations (30, 60, 80, 100, 120, and 140 ng 2-DCB /g CJT) for A) ISA
and B) DCA. The values are mean values of two vials and the error bars represent standard
deviation.
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Figure B-3: Ratio of areas of 2-DCB and IS from spiked CJT at different 2-DCB spiking levels.
The values are mean values of two vials and the error bars represent standard deviation.

161



Appendix C - GC-MS chromatograms
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Figure C-1: A chromatogram of irradiated CJT.

Sbundancef

16000

14000

12000

10000

2000

6000

4000

2000

20363

Lime-- HI ﬂl

Wi [1] Scan 3487 (20,363 min): 09242021_003.D\data.ms

oE =

Abundancs|
8000,
7000,
BO00.
5000
4000
3000,

840

2000;

1000.

i T T T T

11zo

T
t 74 7R 7= an a7 a4

T
R

T
a8

T
an

T
a>

T T T T T T T T T T T
ad R a 1nn nz? 104 1R na 11n 12 114 11R RAL] 1on

Figure C-2: The peak of 2-DCB with monitored ions m/z of 84, 98, and 112.
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Appendix D - Blind Method Tests

The irradiation study of CJT was funded by FDA Vet-LIRN Cooperative Agreement U-
18FD005842. As a part of this project, analysis of 2-DCB in CJT samples were subjected to
blind method test (BMT).

Briefly, 10 g of unknown sample was mixed with 39,200 uL of water and homogenized for 1
minute. 800 uL of IS (1 ppm working solution) was added to the mixture and the mixture was
homogenized for 1 minute. Later, 8 g of the mixture was transferred to the beakers (5 beakers, 8
g each). The first beaker was mixed with 249.6 uL of 2-DCB working solution (1 ppm solution)
and 1350.4 uL of water and homogenized for 1 minute. Aliquots of the homogenate (3 g) was
transferred to the vials (2 vials, 3 g each). The final spiked 2-DCB concentration in these vials
was 156 ng 2-DCB/g CJT. The second beaker was mixed with 166.4 uL of 2-DCB working
solution (1 ppm solution) and 1433.6 uL of water and homogenized for 1 minute. Aliquots of the
homogenate (3 g) was transferred to the vials (2 vials, 3 g each). The final spiked 2-DCB
concentration in these vials was 104 ng 2-DCB/g CJT. The third beaker was mixed with 83.2 uL
of 2-DCB working solution (1 ppm solution) and 1516.8 uL of water and homogenized for 1
minute. Aliquots of the homogenate (3 g) was transferred to the vials (2 vials, 3 g each).

The final spiked 2-DCB concentration in these vials was 52 ng 2-DCB/g CJT. The fourth beaker
was mixed with 1600 uL of water and homogenized for 1 minute. Aliquots of the homogenate (3
g) was transferred to the vials (2 vials, 3 g each). These vials were not spiked with 2-DCB.
Lastly, the fifth beaker was mixed with 1600 uL of water and homogenized for 1 minute. Later,
this mixture was mixed with the negative control mixture (1:1, w/w). The new mix was
homogenized for 1 minute. Aliquots of the homogenate (3 g) was transferred to the vials (2 vials,
3 g each). These vials were diluted with negative control samples (1:1 dilution). A magnetic bar
was added to each vial and the vials were immediately capped. The vials were incubated at 80°C
with magnetic stirring for 30 minutes and another 15 minutes with fiber.

The results of the samples were evaluated using following steps:

#1: To establish the method linearity (R?) for each sample

The linearity of the graph obtained using non-diluted and three spikes at 52, 104, and 156 ng 2-
DCB/g CJT vs 2-DCB/IS was evaluated.

Acceptance criteria for R?
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Excellent: >0.990

Good: 0.0975-0.990
Satisfactory: 0.950-0.975
Below expectations: <0.950

#2: To determine 2-DCB concentration and its error in each sample
The 2-DCB concentration (referred to as unknown) in the sample was calculated obtained using
non-diluted and three spikes at 52, 104, and 156 ng 2-DCB/g CJT vs 2-DCBI/IS following the
standard addition method. Once the unknown (concentration) and unknown error are calculated,
relative standard deviation (RSD, %) will be calculated using the formula below:
RSD (%) = ((unknown error)/(unknown))*100

Acceptable Error ranges:

Very good: <25%

Satisfactory: 25 % <... <30 %

Below expectations: > 30%

#3: To evaluate the matrix effect of the method by establishing linearity (R?)
The linearity of the graph obtained using diluted, non-diluted, and three spikes at 52, 104, and
156 ng 2-DCB/g CJT vs 2-DCB/IS was evaluated.

During this study, five unknown samples (sample A, B, C, D, and E) were analyzed. The areas of
2-DCBY/IS from first sample A were given results in Figure D-1. As expected, 2-DCB/IS
increased with increasing 2-DCB spiking levels. In addition, diluted sample had lower 2-DCB/IS

value than no-spiked sample.
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Figure D-1: Ratio of areas of 2-DCB and IS from sample A prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample. The values are mean values of two vials and the error bars represent standard
deviation.

The method linearity for this sample was 0.955 (Figure D-2). According to acceptance criteria
(criteria#1), this value is in the range of “satisfactory”. The 2-DCB concentration in the unknown
sample was calculated following the standard addition method. Briefly, the intercept of the
trendline equation (y = 0.0015x + 0.3811) was divided to the slope of the trendline equation from
Figure D-2. The 2-DCB concentration in sample A was 251 ng/g CJT. The relative standard
deviation (RSD %) was 20 %, which was in the range of “very good” according to acceptable

criteria (criteria#2).
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Figure D-2: Ratio of areas of 2-DCB and IS from sample A prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, and no-spiking at different 2-DCB

spiking levels. The values are mean values of two vials and the error bars represent standard

deviation.

The matrix effect of the method was evaluated using the linearity of the graph obtained using

diluted, non-diluted, and three spikes at different calculated 2-DCB concentrations (Figure D-
3).The linearity was 0.979.
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Figure D-3: Ratio of areas of 2-DCB and IS from sample A prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample at different calculated 2-DCB concentrations. The values are mean values of two
vials and the error bars represent standard deviation.

The areas of 2-DCB/IS from sample B were given in Figure D-4. As expected, 2-DCB/IS
increased with increasing 2-DCB spiking levels. In addition, diluted sample had lower 2-DCB/IS

value than no-spiked sample.
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Figure D-4: Ratio of areas of 2-DCB and IS from sample B prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample. The values are mean values of two vials and the error bars represent standard
deviation.

The method linearity for sample B was 0.989 (Figure D-5). According to acceptance criteria
(criteria#1), this value is in the range of “good”. The 2-DCB concentration in the unknown
sample (sample B) was calculated following the standard addition method. Briefly, the intercept
of the trendline equation (y = 0.002x + 0.062) was divided to the slope of the trendline equation
from Figure D-5. The 2-DCB concentration in sample B was 40 ng/g CJT. The relative standard
deviation (RSD %) was 24 %, which was in the range of “very good” according to acceptable

criteria (criteria#2).
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Figure D-5: Ratio of areas of 2-DCB and IS from sample B prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, and no-spiking at different 2-DCB

spiking levels. The values are mean values of two vials and the error bars represent standard
deviation.

The matrix effect of the method for sample B was evaluated using the linearity of the graph

obtained using diluted, non-diluted, and three spikes at different calculated 2-DCB
concentrations (Figure D-6). The linearity was 0.993.
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Figure D-6: Ratio of areas of 2-DCB and IS from sample B prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample at different calculated 2-DCB concentrations. The values are mean values of two
vials and the error bars represent standard deviation.

The areas of 2-DCB/IS from sample C were given in Figure D-7. As expected, 2-DCB/IS

increased with increasing 2-DCB spiking levels. In addition, diluted sample had lower 2-DCB/IS

value than no-spiked sample.
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Figure D-7: Ratio of areas of 2-DCB and IS from sample C prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample. The values are mean values of two vials and the error bars represent standard
deviation.

The method linearity for sample C was 0.974 (Figure D-8). According to acceptance criteria
(criteria#l), this value is in the range of “satisfactory”. The 2-DCB concentration in the unknown
sample (sample C) was calculated following the standard addition method. Briefly, the intercept
of the trendline equation (y = 0.002x + 0.854) was divided to the slope of the trendline equation
from Figure D-8. The 2-DCB concentration in sample C was 474 ng/g CJT. The relative standard
deviation (RSD %) was 13 %, which was in the range of “very good” according to acceptable

criteria (criteria#2).
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Figure D-8: Ratio of areas of 2-DCB and IS from sample C prepared spiking with 156 ng 2-
DCBI/g, 104 ng 2-DCB/g, 52 ng 2-DCB/g, and no-spiking at different 2-DCB spiking levels. The
values are mean values of two vials and the error bars represent standard deviation.

The matrix effect of the method for sample C was evaluated using the linearity of the graph

obtained using diluted, non-diluted, and three spikes at different calculated 2-DCB
concentrations (Figure D-9).The linearity was 0.990.
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Figure D-9: Ratio of areas of 2-DCB and IS from sample C prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample at different calculated 2-DCB concentrations. The values are mean values of two
vials and the error bars represent standard deviation.

The areas of 2-DCB/IS from sample D were given in Figure D-10. As expected, 2-DCB/IS
increased with increasing 2-DCB spiking levels. In addition, diluted sample had lower 2-DCB/IS
value than no-spiked sample.
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Figure D-10: Ratio of areas of 2-DCB and IS from sample D prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample. The values are mean values of two vials and the error bars represent standard
deviation.

The method linearity for sample D was 0.968 (Figure D-11). According to acceptance criteria
(criteria#1), this value is in the range of “satisfactory”. The 2-DCB concentration in the unknown
sample (sample D) was calculated following the standard addition method. Briefly, the intercept
of the trendline equation (y = 0.002x + 0.477) was divided to the slope of the trendline equation
from Figure D-11. The 2-DCB concentration in sample D was 310 ng/g CJT. The relative
standard deviation (RSD %) was 16 %, which was in the range of “very good” according to
acceptable criteria (criteria#2).
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Figure D-11: Ratio of areas of 2-DCB and IS from sample D prepared spiking with 156 ng 2-
DCB/g, 104 ng 2-DCB/g, 52 ng 2-DCB/g, and no-spiking at different 2-DCB spiking levels. The
values are mean values of two vials and the error bars represent standard deviation.

The matrix effect of the method for sample D was evaluated using the linearity of the graph

obtained using diluted, non-diluted, and three spikes at different calculated 2-DCB

concentrations (Figure D-12).The linearity was 0.987.
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Figure D-12: Ratio of areas of 2-DCB and IS from sample D prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample at different calculated 2-DCB concentrations. The values are mean values of two
vials and the error bars represent standard deviation.

The areas of 2-DCB/IS from sample E were given in Figure D-13. As expected, 2-DCB/IS
increased with increasing 2-DCB spiking levels. In addition, diluted sample had lower 2-DCB/IS
value than no-spiked sample.
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Figure D-13: Ratio of areas of 2-DCB and IS from sample E prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample. The values are mean values of two vials and the error bars represent standard
deviation.

The method linearity for sample E was 1 (Figure D-14). According to acceptance criteria
(criteria#1), this value is in the range of “excellent”. The 2-DCB concentration in the unknown
sample (sample E) was calculated following the standard addition method. Briefly, the intercept
of the trendline equation (y = 0.002x + 0.108) was divided to the slope of the trendline equation
from Figure D-14. The 2-DCB concentration in sample E was 51 ng/g CJT. The relative
standard deviation (RSD %) was 3 %, which was in the range of “very good” according to

acceptable criteria (criteria#2).
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Figure D-14: Ratio of areas of 2-DCB and IS from sample E prepared spiking with 156 ng 2-
DCBI/g, 104 ng 2-DCB/g, 52 ng 2-DCB/g, and no-spiking at different 2-DCB spiking levels. The
values are mean values of two vials and the error bars represent standard deviation.

The matrix effect of the method for sample E was evaluated using the linearity of the graph
obtained using diluted, non-diluted, and three spikes at different calculated 2-DCB

concentrations (Figure D-15).The linearity was 0.999.
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Figure D-15: Ratio of areas of 2-DCB and IS from sample E prepared spiking with 156 ng 2-
DCB/g CJT, 104 ng 2-DCB/g CJT, 52 ng 2-DCB/g CJT, no-spiking, and diluting with the
control sample at different calculated 2-DCB concentrations. The values are mean values of two
vials and the error bars represent standard deviation.
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Appendix E - Dynamic Headspace Analysis

CJT samples were studied using static headspace analysis (SHS) in Chapter 6. They were also
analyzed using dynamic headspace analysis (DHS). A schematic representation of DHS system

was given in Figure E-1.
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Figure E-1: A schematic representation of DHS system.
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Sample preparation

Both irradiated (5 and 50 kGy) and non-irradiated CJT were ground in a Waring blender (50 mL)
(model 34FL97, McConnellsburg, PA) for 1 min in pulses. Ground CJT were homogenized with
water at a 1:5 ratio (g sample: mL water) at 30000 rpm for 1 minute (Fisher Scientific, Omni
International Stainless Steel Saw Tooth Probe, TH115, 10 mm (D) x 115 mm (L)). Homogenized
CJT was spiked with IS to a final concentration of 80 ng IS /g CJT and homogenized non-
irradiated CJT was also spiked with 2-DCB (20 and 140 ng 2-DCB/g CJT). Samples were
homogenized for another 1 min. An aliquot of the mixture (3 mL) was transferred to a
siliconized headspace vial (75.5 x 22.5 mm, SUPELCO). After adding a small magnetic stirrer,
the vials were immediately sealed with a crimp cap (20 mm, black VITON Septa, SUPELCO).
Sealed vials were thermally equilibrated at 40 °C (Pierce Heating/Stirring Module, Rockford, IL)
with magnetic stirring slowly for 50 minutes. Later, an SPME fiber (PDMS/DVB) was exposed
to the headspace of the vial for 30 minutes at the same temperature under constant flush of

nitrogen gas (25 mL/min).

GC-MS analysis
Analysis of 2-DCB using a GC-MS chromatography was performed following the procedure
described in Chapter 6.

Results

The ratio of areas of 2-DCB to IS from non-irradiated samples spiked with 2-DCB (140 ng/g
CJT) with DHS analysis were compared to that of SHS analysis (Figure E-2). The ratio of areas
of 2-DCB to IS from DHS analysis did not show an improvement compared to the SHS analysis.
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Figure E-2: Ratio of areas of 2-DCB to IS from non-irradiated samples spiked with 2-DCB (140
ng/g CJT) with SHS and DHS analysis. The results are means of two measurements and bars
indicate standard deviation.
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