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ABSTRACT

Nowadays, one of the most important challenges of poultry industry is to determine
individually the meat quality class (pale, soft and exudative, normal and dark, firm and dry
meats) by non-invasive, accurate and fast technique. For this purpose, dielectric spectra in
radiofrequency and microwave ranges were studied. In radiofrequency range, the permittivity
was measured by a non-destructive sensor conformed by three points with blunt-ended
electrodes connected to an Agilent 4294A impedance analyser, and in microwave range an
Agilent 85070E open-ended coaxial probe connected to an Agilent E8362B Vector Network
Analyser were used. This work demonstrates the direct relation between the pH evolution and
the dielectric constant at a-dispersion, and also, that the main structural proteins degradation
has direct relation with the dielectric constant at B-dispersion, being possible to segregate
meat depending on the level of protein degradation. Finally, this paper ends with a
classification model for quality poultry meat based on a photonic analysis at radiofrequency
range by using the Traffano-Schiffo model.
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Meat sector is one of the most important in Europe (Traffano-Schiffo et al., 2014), being
poultry meat which shows one of the highest consumption increases all over the world
(Barbin et al., 2016) since it is considered one of the healthiest meats of the diet (Barbin et al.,
2015). Normal poultry meat is considered when the pH range is between 5.8 to 6.0 at 12 hours
post-mortem time (pmt), due to the right post mortem pathways (Zhang, & Barbut, 2005).
However, one of the most frequent defects of poultry meat is the Pale, Soft and Exudative
(PSE) and Dark, Firm and Dry (DFD) meats, which causes quality and stability problems in
processed products (Adzitey, & Nurul, 2011; Langer et al., 2010; Swatland, 2008). At
practical level, the industry uses discrimination techniques based on pH, Normal (5.8 to 6),
PSE (< 5.7) and DFD (> 6.1) at 12 h pmt (Zhang & Barbut, 2005), or colour measurements
on the poultry dismembered to characterize its quality, obtaining relatively high mistakes, due
to the poultry meat have light colours (Fletcher, 2002).

PSE meat is characterized by a significantly lower pH, higher L* colour value, soft texture
and low water retention (Petracci et al., 2015; Barbut et al., 2005). The main cause of these
meat defects is an accelerated post-mortem glycolysis rate, causing sarcoplasmic and
myofibrillar protein denaturation (Sosnicki et al., 1998). Some reports have linked the PSE
meat with two genetic mutations in pigs: Ryanodine receptor or Halothane gene mutation,
causing Porcine Stress Syndrome or Malignant Hyperthermia; however, these gene mutations
have not been demonstrated in poultry (Barbut et al., 2008). It has been reported that the
incidence in PSE chicken meat is higher than 37% (Woelfel et al., 2002; Woelfel et al., 1998),
which represents high economic losses.

In contrast, DFD meat is characterized by a dark colour and a short shelf life due to the high
pH value (Allen et al., 1997), being susceptible to microbiological contamination. This quality
issue is mainly caused by a prolonged chronic stress, such as long transportation periods,

which depletes muscle glycogen, and therefore the drop in the pH is limited by the amount of
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the glycogen available. Besides the microbiological contamination problems, another
important factor is the dark appearance, which affects the colour of processed products and
consumer acceptability (Chan et al., 2011).

Despite efforts to develop a rapid and non-invasive detection system of PSE and DFD meats,
nowadays this problem remains being one of the major challenges for the food industry. New
techniques of surface measurements or with low penetration depth, such as hyperspectral (Jia
et al., 2017), NIR (Barbin et al., 2015) and image analysis (Chmiel et al., 2011; Barbin et al.,
2016) were developed; nevertheless, these techniques do not solve the detection in whole
poultry, needing the dismembering of the animal. Therefore, sensors based on photonics at
radiofrequency (RF) and microwave (MW) ranges, with the capacity to quantify some
chemical species involved in the meat metabolisms, can provide a huge improvement on the
monitoring system.

Spectrophotometry technique allows obtaining the physical property that describes the electric
interactions of a photon flux with any biological system, called permittivity. Permittivity
defined by Maxwell’s equations (Pozar, 1998) must be explained as a vector, polar or
complex number. As a complex number, the real term or dielectric constant (g”) is related to
the tissue’s ability to store electric energy and the imaginary term or dielectric loss factor (¢*)
is related to the absorption and dissipation of the electric energy (Traffano-Schiffo et al.,
2017; Castro-Giraldez et al., 2010a). In RF and MW ranges, it is possible to distinguish
different dispersions along the electric spectra, being a, B, and y the most relevant (Schwan,
1957).

a-dispersion, appears from few Hz to few kHz, is related with the phenomenon of the
orientation of charges with mobility, soluble or suspended (electrolytes, charges with low

molecular weight and high charge) in liquid phase.
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B-dispersion usually occurs in the frequency region from tens of kHz to tens of MHz. This
dispersion covers all the mechanisms involved in the orientation of fixed charges in solid
surfaces in macromolecules such as proteins. These charges may belong to the chemical
structure of the food or can be produced by the surface tension of the structure matrix. At
higher frequency range of B-dispersion the main interactions are the surface tension charges;
this interaction is called Maxwell-Wagner effect (Wolf et al., 2012).

In the range of microwaves, the interaction of the electric field with biological tissue produces
two effects, y-dispersion and ionic conductivity (Traffano-Schiffo et al., 2015). The first one
can be observed at GHz frequencies (Mohiri et al., 2011; Venkatesh & Raghavan, 2004) and
it is due to the dipolar molecules orientation and induction, being the water the main dipolar
molecule of the muscle tissue. Other important effect in microwave range is ionic
conductivity at frequencies from Hz to MHz. The application of an electric field to biological
tissue causes vibration of ions increasing the internal energy of the molecules, therefore, the
ionic conductivity only affects to the loss factor (Traffano-Schiffo et al., 2018; Talens et al.,
2016).

The aim of this research was to analyse the viability of using the dielectric spectroscopy (in

RF and MW ranges) to identify PSE, normal and DFD quality classes in chicken breast meat.

2. Materials and methods

The experiments were carried out using boneless and skinless broiler breasts (Pectoralis
major) obtained from SADA Group slaughterhouse located in Rafelbunyol, Valencia, Spain.
After slaughter, male broilers (from different flock of birds) of 42 d were bled, plucked,
tempered in a cooling tunnel at 4 °C during 3 h and finally dismembered. Samples were
transported to the laboratory of Institute of Food Engineering for Development (lulAD) at the

Polytechnic University of Valencia (UPV) using an isothermal bag with ice blocks, in order to
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maintain the samples at 2 °C. Once in the laboratory, samples were maintained at 4 °C until 12
hours of pmt till its analysis. 46 breasts were used, which were classified according to its pH
and L* coordinate at 12 hours of pmt (Zhang & Barbut, 2005).

The pH and colour of the samples were measured in the ventral side of the Pectoralis major.
The pH was measured with a punch pH-meter S-20 SevenEasy™ (Mettler Toledo, Barcelona,
Spain). The colour was measured by the surface reflectance spectra in a spectrocolorimeter
Minolta CM-3600D (Minolta Co. Ltd., Tokio, Japan). The colour coordinates CIE L*a*b*
(CIE, 1978) were instrumentally calculated based on D65 illuminant and 10° observer. The
water activity was determined by a dew point Hygrometer Decagon (Aqualab®, series 3 TE)
with a precision of + 0.003. The analysis of moisture was accomplished following the ISO
1442 (1997) by drying the samples at 110 °C at atmospheric pressure during 48 hours until a
constant weight was reached.

All measurements were made in triplicate.

2.1. Dielectric Spectroscopy Measurements

Permittivity in radiofrequency and microwave ranges was measured in the in the ventral side
of the Pectoralis major.

2.1.1. Radiofrequency range

The system used consists on a non-destructive sensor conformed by three points with blunt-
ended electrodes, developed by The Institute of Food Engineering for Development (lulAD)
and The Institute for Molecular Imaging Technologies (I3M), patented by the authors,
WQ02018011450A1 (Castro-Giraldez et al., 2016), connected to an impedance analyser
Agilent 4294A (Agilent, Santa Clara, CA, USA) (Fig. 1). The frequency range measured was
from 40 Hz to 1 MHz. Calibration of the equipment was performed in open (air) and short-

circuit.
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The signal obtained by the Agilent analyser is the impedance Z, and taking into account that

the impedance is a vector and can be expressed as a complex number as Z = R + jX, where
the real part of the impedance is the resistance R and the imaginary part is the reactance X. It

is possible to estimate €’, €*” by using R and X parameters as follows:

o= —X 1 )

(R%2+ X?2) 2mCy

& = R 1 ()

24 x2
R?+ X% 2mfC,

— &S
Co= 3
Where f is the frequency (Hz), C,, is the capacitance in the vacuum (F), S is the surface of the

electrodes (m?), g, is the vacuum permittivity (F/m) and d is the separation between the

electrodes with differential tension (Vu-VL) (m).

2.1.2. Microwave range

The system used consists on an Agilent 85070E open-ended coaxial probe (Agilent, Santa
Clara, CA, USA) connected to an Agilent E8362B Vector Network Analyser (Agilent, Santa
Clara, CA, USA). Calibration was performed by using three different types of loads: air,
short-circuit and 4 °C Mili®-Q water. Once the calibration was made, 4 °C Milli®-Q water
was measured again to check calibration suitability. All determinations were made from 500

MHz to 20 GHz.

2.2. Statistical analyses
The dielectric constant spectra were fitted by the Traffano-Schiffo and co-workers model
(Traffano-Schiffo et al., 2017) by using a nonlinear regression with Statgraphics Centurion

XVI Software (Statgraphics, Virgina, U.S.A.).
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The statistical analyses were performed by one-way ANOVA with Tukey's post test by using
Prism 6 (GraphPad Software Inc., San Diego, CA, USA) in order to determine significant
differences between the mean values on the parameters. When the analysis of variance
indicates differences among means, a t test was used to differentiate means with 95 % of

confidence (p < 0.05).

3. Results and discussion

Based on pH and L* value 8 breasts were classified as PSE-like, 8 as DFD and 30 as normal
(Table 1) (Zhang & Barbut, 2005).

During the conversion of muscle to meat, complex biochemical reactions are produced in
normal meat and partially in low quality meat. After the animal slaughter, the oxygen content
in muscle decreases, causing anoxia and resulting in an anaerobic metabolism, which is
necessary to produce ATP in order to maintain the energy production inside the cell (Sams,
1999). As a consequence of an anaerobic metabolism, many reactions that change the
electrical properties of the biological tissue are produced. The endogenous enzymes and the
ATP breakdown are activated (Smulders et al., 2014) and produce lactic acid and adenosine
monophosphate, causing the drop of the pH and as a consequence, a modification in water
holding capacity and structural proteins denaturalization are produced (Adzitey & Nurul,
2011; Woelfel et al., 2002) (reaching the normal breast a pH value of 5.87 £ 0.12 at 12 h
pmt). As products of the proteolytic enzymatic actions, lower molecular weight peptides are
produced. Under controlled conditions, meat ageing affects positively to meat tenderness,
colour and flavour; however, PSE and DFD meats exhibits different behaviours due to the
uncontrolled glycolysis, which affect the final quality of the product (Adzitey & Nurul, 2011;

Lesiow & Kijowski, 2003).
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PSE meat is characterized by lower-than-normal ultimate pH (Van Laack et al., 2000) (values
of 5.63 + 0.06 at 12 h pmt). The higher reduction of the pH, comparing with the rest of the
meat qualities, is mainly due to the faster anaerobic degradation of glycogen and higher
production of lactate and phosphate. This phenomenon causes the greater degradation and the
collapse of the myofibrillar structure and the increase of the liquid phase in sarcoplasmic and
intercellular compartments. The sarcoplasm (intracellular liquid phase) is governed by ions
with high mobility such as Ca®*, CI', K* and Na* and the extracellular liquid phase by CI" and
Na* (Pliquett et al., 2003; Damez et al., 2008; Damez et al., 2007). Damez et al. (2008), also
include the effect of the phosphate group (PO%) in the intracellular liquid phase.

In contrast, DFD meats show high ultimate pH values (6.20 £ 0.07), mainly due to the limited
availability of glycogen and ATP to obtain lactic acid by the anaerobic pathway and therefore
the free PO, groups content is also restricted. As a consequence, the degradation of the
muscle structure is also restricted, thus, proteins remain contracted (Adzitey & Nurul, 2011;
Feiner, 2006; Warner et al., 1997), retaining ions within its structure.

Consequently, these biochemical and structural transformations change the electrical
equilibriums between the protein structure and the chemical compounds with charge flowing
in the liquid phase; therefore, the permittivity of the muscle tissue is changing through the
conversion from muscle to meat. From this point of view, any modification in the muscle
transformation can be detected analysing the permittivity spectrum (Castro-Giraldez et al.,
2010b).

As was aforementioned in the introduction along the permittivity spectra in RF and MW
ranges, o, B and y dispersions can be distinguished. However, one of the main problems of
working with such a wide range of spectrum (40 Hz to 20 GHz) is to fit and to relate the

dispersions with sigmoidal shape. In this context, the Gompertz sigmoidal model (Gompertz,
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1825), has gained wide acceptance for applications in biological systems (Li, 2012; El-
Gohary et al., 2013) and it could be a useful tool to describe the dispersions.

The Debye model (1929) is a physic model that explains the electric dispersions induced by
orientation phenomenon, and allows fitting the permittivity tensor; however, it is difficult to
adjust this model in the whole range of orientation phenomenon. In this sense, a sigmoidal
math model can be used to fit the dielectric constant spectrum. In order to obtain the
relaxation dielectric constant, which describes the three relaxations phenomena involved in
RF and MW dispersions (frequency, dielectric constant of relaxation), Traffano-Schiffo

model (Traffano-Schiffo et al., 2017) was used (Equation 4):

Al gry,
+e(( lw?- lw%)*an)

lg'(w) = le'e + Yo_q
1

(4)

Where, le' represents the decimal logarithm of the dielectric constant, le’,, the logarithm of
the dielectric constant at high frequencies, lw represents the decimal logarithm of the angular
velocity (rad/s), Ale',, (Ale',= log €', — loge’,_1) the magnitude of the dispersion, lw, the
logarithm of the angular velocity at relaxation time for each dispersion n, and a, are the
dispersion slopes.

Figure 2 shows the data of dielectric constant and the adjusted model obtained for normal
chicken breast meat), where data are plotted as dots and model as lines, where a,  and y

dispersion can be appreciated. All the parameters of the model can be observed in the figure.

According to the parameters of equation 4 and using equations 5 to 8, the relaxation

frequencies and the dielectric constant of each relaxation can be calculated.

Alg'
(Ie'w+Alg'V+Als'ﬁ+ 6”’]
’ 2

g =10 5)
8'[] _ 1O(|g'w+mg'y +ﬂj ©)
s 107 (7)
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lw;

f,=1027 (8)
Being i for equation 8 each dispersion (o,  and y).

The dielectric constant and frequency, of each relaxation, obtained from equations 5 to 8, can
be appreciated in Table 2, and in Figure 3, an average data and the corresponding fitted
Traffano-Schiffo model of the dielectric constant spectra in radiofrequency and microwave
ranges in each quality level is shown.

In the permittivity spectrum the three dispersions are affected by different chemical groups; in
the alpha dispersion the orientation of chemical species with charge in liquid medium can be
observed, in beta dispersion the orientation of structural macromolecules with charges are
observed and finally in gamma dispersion, the effect corresponds to the dipolar chemical
species (Traffano-Schiffo et al., 2017). In the case of normal chicken breast meat during in
postmortem time, the chemical species with charges in liquid medium are the electrolytes and
the lactate (Castro-Giraldez et al., 2010b), the macromolecules with fixed charges are the
structural proteins (actin, myosin and collagen) (Gabriel et al., 1996) and the main dipolar
molecule is the water (Traffano-Schiffo et al., 2015). Table 2 shows the dielectric constant
and frequency of normal, PSE and DFD poultry meat, where o and B dispersions show
significant differences among the three quality groups.

In case of a-dispersion, the maximum value of dielectric constant corresponds to PSE, where
the anaerobic pathway was the highest of the three quality levels, and therefore the production
of ion phosphate and lactate were also the highest. However, the lowest value corresponds to
DFD, where the anaerobic pathway is limited by the low availability of glycogen and ATP,
and thus this quality meat has the lowest quantity of lactate and ion phosphate. In order to
understand the effect of lactate during the transformation of muscle to meat, some authors
correlate the pH with the lactate generation (England et al., 2014; Zhu et al., 2011). It is

possible to relate lactate content with pH values for poultry breast meat from 1 to 24 hours of

10
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pmt (Huang et al., 2014). Therefore, lactate content for each quality meat was obtained using
the following equation:

Xiactate = —29.566 pH + 233.98 9)
Being x;,.:qte the lactate content expressed in umol/g.
Figure 4a shows the relationship of lactate content with regard to the dielectric constant in a-
dispersion, where the dielectric constant increases when the lactate content in the muscle
increases. Thus, PSE quality meat showed the highest dielectric constant values, and in
contrast, DFD, the lowest, because PSE samples produces more lactate than the rest of quality
levels as was explained before. In addition, Figure 4b shows the relationship of the lactate
content of each meat quality with regard to the relaxation frequency in o-dispersion, where
big differences among each quality can be appreciated, being PSE meat, which showed the
lowest values of relaxation frequency and DFD, the highest. The relaxation frequency
depends on the molecular weight of the orientated molecule. It should be taking into account
that high content of lactate and ion phosphate (90-95 g/mol) is the main contribution in the
signal in oa-dispersion, however, other chemical species with ionic force, presented in meat
liquid phase, also affect to the orientation phenomena (Ca?*, CI', K*, Na*, Mg®* from 23-40
g/mol) (Pliquett et al., 2003). The effect of these molecules is higher as lower is the
production of lactate and ion phosphate. Thus, PSE meat shows a relaxation frequency in o-
dispersion mainly affected by lactate and ion phosphate. In contrast, DFD meats showed the
lowest lactate content being the relaxation frequency also affected by the electrolytes of the
liquid phase.
As Table 2 shows, the dielectric constant in 3-dispersion for normal quality is 20 + 4 and the
relaxation frequency is 12.8 + 1.3 MHz; in this dispersion, the main chemical group with
fixed charges are the structural proteins. Throughout the maturation pathways, some proteins

are fragmented by enzymatic reactions, producing polypeptides or fragments of the original

11
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protein chain (Lametsch et al., 2002; Greaser, 1986). The most important degradation from
the size reduction point of view, is the degradation of myosin into a globular myosin head
fragment (Lametsch et al., 2002), in this degradation the original size of myosin was 250 kDa,
producing a new fragment of 56 kDa (Li et al., 2012). The degradation of actin (43 kDa)
derived in new fragments of 32 kDa and 40 kDa (Lametsch et al., 2002). Troponin-T, which
is a portion of troponin (70 kDa) (Mudalal et al., 2014; Huff-Lonergan, & Lonergan, 1999), is
degraded to others smaller polypeptides identified as fragments of 28, 30, 32 and 34 kDa
(Huang et al., 2011). Desmin (53 kDa) in normal breast is also degraded during the first 12
hours of pmt (Li et al., 2012).

As was explained above, the ultimate pH in chicken is negatively correlated with the amount
of glycogen stored in the muscle at slaughter. PSE meats present higher amount of glycogen
stored than the DFD meats. This kind of quality follows glycolytic pathway to produce energy
after the slaughter. It is important to highlight that the glycogen content for DFD meat quality
is limited; therefore, this chicken quality takes alternative sources of energy production such
as ketogenic amino acid degradation and lipid -oxidation (Beauclercq et al., 2016).

The dielectric constant in B-dispersion for PSE quality is 35 + 3 and the relaxation frequency
is 7.1 £ 0.3 MHz (Table 1). PSE meat quality follows the same protein metabolic pathways as
normal meat but faster, which means that this quality meat presents higher protein
degradation than normal (Offer, 1991). Therefore, more fragments of proteins are generated,
producing new active sites with orientation capacity (Li et al., 2012). Due to this, PSE quality
meat shows higher value of dielectric constant than normal meat. Moreover, the protein
degradation produces polypeptides with small molecular weight, and therefore, in an
accelerated glycolysis pathway (PSE quality meat) this effect provokes the reduction of the

relaxation frequency.

12
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On the other hand, the dielectric constant of DFD meat quality in B-dispersion is 13.5 £ 0.5
and the relaxation frequency is 58 + 18 MHz. Due to the less availability of glucose and
glycogen storage in the muscle of DFD meat quality, the glycolysis pathway is limited. As a
consequence, DFD meats take alternative metabolic routes as the ketogenic metabolic
degradation which produces amino acids, mainly alanine and glycine to obtain energy
(Beauclercq et al., 2016). This metabolism reduces the size of the structural proteins,
producing amino acids without interactions in p-dispersion. This protein degradation
provokes a reduction of charges with orientation capacity and therefore lower dielectric
constant than the rest of meat qualities. Moreover, the remaining structural protein are the
unique molecules with capacity to orientate, thus the molecular weight of remaining structural
proteins are bigger than the rest of the quality meats, it can be appreciated in the higher
relaxation frequency of B-dispersion.

Finally, y-dispersion is produced by the orientation of dipolar molecules, being the water the
main dipolar molecule in muscle tissue. The moisture and the water activity were measured
obtaining non-significant differences among the three quality classes, being the average
moisture 0.756 = 0.006 kg./kgr, and the average water activity 0.989 + 0.003. In the same
way, the gamma dispersion that explains the mobility of water did not show significant

differences between the three categories (Table 2).

4. Conclusion

This paper presents a classification model for quality poultry meat based on a photonic
analysis at radiofrequency and microwave ranges by using the Traffano-Schiffo model. It has
been demonstrated the direct relation between the pH evolution and the dielectric constant at
a-dispersion, extending this relation to the generation of lactic acid, at 12 h pmt. It has been

demonstrated that the main structural proteins degradation has direct relation with the
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dielectric constant at B-dispersion, being possible to segregate meat depending on the level of
protein degradation.
Finally, it has been possible to join the dielectric constants at o and B-dispersions in order to

classify poultry meat in PSE, normal and DFD meat qualities.

5. Acknowledgements

The authors acknowledge the financial support from: the Spanish Ministerio de Economia,
Industria y Competitividad, Programa Estatal de I+D+i orientada a los Retos de la Sociedad
AGL2016-80643-R, Agencia Estatal de Investigacion (AEI) and Fondo Europeo de
Desarrollo Regional (FEDER). The author Maria Victoria Traffano Schiffo wants to thank the

FPI Predoctoral Program of the Universidad Politécnica de Valencia for its support.

6. References

Adzitey, F., & Nurul, H. (2011). Pale soft exudative (PSE) and dark firm dry (DFD) meats:
causes and measures to reduce these incidences-a mini review. International Food Research
Journal, 18(1).

Allen, C. D., Russell, S. M. & Fletcher, D. L. (1997). The relationship of broiler breast meat
color and pH to shelf-life and odor development. Poultry Science, 76, 1042-1046.

Barbin, D. F., Kaminishikawahara, C. M., Soares, A. L., Mizubuti, I. Y., Grespan, M.,
Shimokomaki, M., & Hirooka, E. Y. (2015). Prediction of chicken quality attributes by near
infrared spectroscopy. Food Chemistry, 168, 554-560.

Barbin, D. F., Mastelini, S. M., Barbon, S., Campos, G. F., Barbon, A. P. A, &
Shimokomaki, M. (2016). Digital image analyses as an alternative tool for chicken quality

assessment. Biosystems Engineering, 144, 85-93.

14



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

Barbut, S., Sosnicki, A. A., Lonergan, S. M., Knapp, T., Ciobanu, D. C., Gatcliffe, L. J.,
Huff-Lonergan, E. & Wilson, E. W. (2008). Progress in reducing the pale, soft and exudative
(PSE) problem in pork and poultry meat. Meat Science, 79, 46-63.

Barbut, S., Zhang, L. & Marcone, M. (2005). Effects of pale, normal, and dark chicken breast
meat on microstructure, extractable proteins, and cooking of marinated fillets. Poultry
Science, 84, 797-802.

Beauclercq, S., Nadal-Desbarats, L., Hennequet-Antier, C., Collin, A., Tesseraud, S., Bourin,
M., Le Bihan-Duval, E., & Berri, C. (2016). Serum and muscle metabolomics for the
prediction of ultimate pH, a key factor for chicken-meat quality. Journal of Proteome
Research, 15(4), 1168-1178.

Castro-Giraldez, M., Botella, P., Toldra, F., & Fito, P. (2010b). Low-frequency dielectric
spectrum to determine pork meat quality. Innovative Food Science & Emerging Technologies,
11, 376-386.

Castro-Giraldez, M., Colom, R.J., Fito, P.J., Herrero, V., Liddn, J.V., Monz6, J.M., Tébar, A.,
Traffano-Schiffo, M.V. (2016). Aparato y método no invasivo de deteccidn de roturas de la
cadena de frio en carne congelada. World Patent WO2018011450A1.

Castro-Giraldez, M., Fito, P. J., Chenoll, C., & Fito, P. (2010a). Development of a dielectric
spectroscopy technique for the determination of apple (Granny Smith) maturity. Innovative
Food Science & Emerging Technologies, 11(4), 749-754.

Chan, J. T., Omana, D. A. & Betti, M. (2011). Effect of ultimate pH and freezing on the
biochemical properties of proteins in turkey breast meat. Food Chemistry, 127, 109-117.
Chmiel, M., Stowinski, M., & Dasiewicz, K. (2011). Lightness of the color measured by
computer image analysis as a factor for assessing the quality of pork meat. Meat Science,

88(3), 566-570.

15


http://www.sciencedirect.com/science/article/pii/S0309174007002732
http://www.sciencedirect.com/science/article/pii/S0309174007002732

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

CIE (1978). International Commission on Illumination, recommendations on uniform color
spaces, color, difference equations, psychometric colour terms. CIE publication No. 15
(Suppl.2), (E-1.31) 1971/(TC-1.3). Paris, France: Bureau Central de la CIE.

Damez, J. L., Clerjon, S., Abouelkaram, S. & Lepetit, J. (2007). Dielectric behavior of beef
meat in the 1-1500 kHz range: Simulation with the Fricke/Cole—Cole model. Meat Science,
77,512-519.

Damez, J. L., Clerjon, S., Abouelkaram, S. & Lepetit, J. (2008). Beef meat electrical
impedance spectroscopy and anisotropy sensing for non-invasive early assessment of meat
ageing. Journal of Food Engineering, 85, 116—122.

Debye P. (1929). Polar molecules. Chemical Cataloge Company. Dover Publications, New
York.

El-Gohary, A., Alshamrani, A. & AIl-Otaibi, A. N. (2013). The generalized Gompertz
distribution. Applied Mathematical Modelling, 37, 13-24.

England, E. M., Matarneh, S. K., Scheffler, T. L., Wachet, C., & Gerrard, D. E. (2014). pH
inactivation of phosphofructokinase arrests postmortem glycolysis. Meat Science, 98(4), 850-
857.

Feiner, G. (2006). Meat products handbook: Practical science and technology. Woodhead
Publishing, Cambridge.

Fletcher, D.L. (2002). Poultry meat quality. World's Poultry Science Journal, 58, 131-145.
Gabriel, C., Gabriel, S., & Corthout, E. (1996). The dielectric properties of biological tissues:
I. Literature survey. Physics in Medicine and Biology, 41(11), 2231.

Gompertz, B. (1825). On the nature of the function expressive of the law of human mortality,
and on a new mode of determining the value of life contingencies. Philosophical Transactions

of the Royal Society of London, 115, 513-583.

16



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

Greaser, M. L. (1986) Conversion of muscle to meat. In P. J. Bechtel
(Ed.), Muscle as Food (pp. 37-87). Academic Press, London.

Huang, J. C., Huang, M., Wang, P., Zhao, L., Xu, X. L., Zhou, G. H., & Sun, J. X. (2014).
Effects of physical restraint and electrical stunning on plasma corticosterone, postmortem
metabolism, and quality of broiler breast muscle. Journal of Animal Science, 92(12), 5749-
5756.

Huang, M., Huang, F., Xue, M., Xu, X., & Zhou, G. (2011). The effect of active caspase-3 on
degradation of chicken myofibrillar proteins and structure of myofibrils. Food Chemistry,
128(1), 22-27.

Huff-Lonergan, E., & Lonergan, S. M. (1999). Postmortem mechanisms of meat
tenderization: the roles of the structural proteins and the calpain system. In Y. L. Xiong, C. T.
Ho, & F. Shahidi, (Eds.), Quality attributes of muscle foods (pp 229-254). Springer Science &
Business Media, LLC., New York.

ISO 1442:1997 (1997). Methods of test for meat and meat products. Determination of
moisture content. BS 4401-3:1997.

Jia, B., Yoon, S. C., Zhuang, H., Wang, W., & Li, C. (2017). Prediction of pH of fresh
chicken breast fillets by VNIR hyperspectral imaging. Journal of Food Engineering, 208, 57-
65.

Lametsch, R., Roepstorff, P., & Bendixen, E. (2002). Identification of protein degradation
during post-mortem storage of pig meat. Journal of Agricultural and Food Chemistry, 50(20),
5508-5512.

Langer, R. O. D. S., Simdes, G. S., Soares, A. L., Oba, A., Rossa, A., Shimokomaki, M., &
Ida, E. I. (2010). Broiler transportation conditions in a Brazilian commercial line and the
occurrence of breast PSE (Pale, Soft, Exudative) meat and DFD-like (Dark, Firm, Dry) meat.

Brazilian Archives of Biology and Technology, 53, 1161-1167.

17



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

Lesiow, T., & Kijowski, J. (2003). Impact of PSE and DFD meat on poultry processing-a
review. Polish Journal of Food and Nutrition Sciences, 12(2), 3-8.

Li, G. (2012). Optimal and efficient designs for Gompertz regression models. Annals of the
Institute of Statistical Mathematics, 64, 945-957.

Li, S., Xu, X., & Zhou, G. (2012). The roles of the actin-myosin interaction and proteolysis in
tenderization during the aging of chicken muscle. Poultry Science, 91(1), 150-160.

Mohiri, A., Burhanudin, Z. A. & Ismail, I. (2011). Dielectric properties of slaughtered and
non-slaughtered goat meat. In RF and Microwave Conference (RFM). IEEE International,
393-397

Mudalal, S., Babini, E., Cavani, C., & Petracci, M. (2014). Quantity and functionality of
protein fractions in chicken breast fillets affected by white striping. Poultry Science, 93(8),
2108-2116.

Offer, G. (1991). Modelling of the formation of pale, soft and exudative meat: Effects of
chilling regime and rate and extent of glycolysis. Meat Science, 30(2), 157-184.

Petracci, M., Mudalal, S., Soglia, F., & Cavani, C. (2015). Meat quality in fast-growing
broiler chickens. World’s Poultry Science Journal, 71, 363-374.

Pliquett, U., Altmann, M., Pliquett, F. & Schoberlein, L. (2003). Py—a parameter for meat
quality. Meat Science, 65, 1429-1437.

Pozar, D.M. (1998). Microwave Engineering. (2nd ed., pp. 1-55). John Wiley & Sons Inc,
New York.

Sams, A. R. (1999). Meat quality during processing. Poultry Science, 78, 798-803.

Schwan, H. P. (1957). Electrical properties of tissues and cell suspensions. Advances in

Biological and Medical Physics, 5, 147—209.

18



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

Smulders, F., Hofbauer, P. & Geesink, G. H. (2014). The Conversion of Muscle to Meat. In
T. Ninios, J. Lundén, H. Korkeala, & M. Fredriksson-Ahomaa (Eds.), Meat Inspection and
Control in the Slaughterhouse (pp. 399-421). John Wiley & Sons, Ltd., Oxford.

Sosnicki, A. A., Greaser, M. L., Pietrzak, M., Pospiech, E. & Sante, V. (1998). PSE-like
syndrome in breast muscle of domestic turkeys: A review. Journal of Muscle Foods, 9,
13-23.

Swatland, H. J. (2008). How pH causes paleness or darkness in chicken breast meat. Meat
Science, 80, 396-400.

Talens, C., Castro-Giraldez, M., & Fito, P. J. (2016). Study of the effect of microwave power
coupled with hot air drying on orange peel by dielectric spectroscopy. LWT-Food Science and
Technology, 66, 622-628.

Traffano-Schiffo, M. V., Castro-Giraldez, M., Colom, R. J., & Fito, P. J. (2017).
Development of a Spectrophotometric System to Detect White Striping Physiopathy in Whole
Chicken Carcasses. Sensors, 17(5), 1024.

Traffano-Schiffo, M. V., Castro-Giraldez, M., Colom, R. J., & Fito, P. J. (2015). Study of the
application of dielectric spectroscopy to predict the water activity of meat during drying
process. Journal of Food Engineering, 166, 285-290.

Traffano-Schiffo, M. V., Castro-Giraldez, M., Colom, R. J., & Fito, P. J. (2018). New
Spectrophotometric System to Segregate Tissues in Mandarin Fruit. Food and Bioprocess
Technology, 11(2), 399-406.

Traffano-Schiffo, M. V., Castro-Giraldez, M., Fito, P. J.,, & Balaguer, N. (2014).
Thermodynamic model of meat drying by infrarred thermography. Journal of Food
Engineering, 128, 103-110.

Van Laack, R. L. J. M., Liu, C. H., Smith, M. O., & Loveday, H. D. (2000). Characteristics of

pale, soft, exudative broiler breast meat. Poultry Science, 79(7), 1057-1061.

19



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

Venkatesh, M. S., & Raghavan, G. S. V. (2004). An overview of microwave processing and
dielectric properties of agri-food materials. Biosystems Engineering, 88, 1-18.

Warner, R. D., Kauffman, R. G., & Greaser, M. L. (1997). Muscle protein changes post
mortem in relation to pork quality traits. Meat Science, 45(3), 339-352.

Woelfel, R. L., Owens, C. M., Hirschler, E. M. & Sams, A. R. (1998). The incidence and
characterization of pale, soft and exudative chicken meat in a commercial plant. Poultry
Science, 77, 62.

Woelfel, R. L., Owens, C. M., Hirschler, E. M., Martinez-Dawson, R. & Sams, A. R. (2002).
The characterization and incidence of pale, soft, and exudative broiler meat in a commercial
processing plant. Poultry Science, 81, 579-584.

Wolf, M., Gulich, R., Lunkenheimer, P., & Loidl, A. (2012). Relaxation dynamics of a
protein solution investigated by dielectric spectroscopy. Biochimica et Biophysica Acta
(BBA)-Proteins and Proteomics, 1824, 723-730.

Zhang, L. & Barbut, S. (2005). Rheological characteristics of fresh and frozen PSE, normal
and DFD chicken breast meat. British Poultry Science, 46, 687-693.

Zhu, X., Ruusunen, M., Gusella, M., Zhou, G., & Puolanne, E. (2011). High post-mortem
temperature combined with rapid glycolysis induces phosphorylase denaturation and produces
pale and exudative characteristics in broiler Pectoralis major muscles. Meat Science, 89(2),

181-188.

20



483

484

485
486

and Dry (DFD) samples.

PSE Normal DFD
pH 5.63 + 0.06°|5.87 + 0.12°| 6.20 + 0.07°
L* 57 + 1> | 51 + 2° | 45 =+ 1°

(p <0.05). Mean = standard deviation is informed.

Table 1. pH and L* coordinate of Pale, Soft and Exudative (PSE), Normal, and Dark, Firm

a-c Different letters on the columns indicate significant differences between means for each parameter
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487  Table 2. Relaxation dielectric constant and relaxation frequency of Pale, Soft and Exudative

488  (PSE), Normal, and Dark, Firm and Dry (DFD) chicken breast meat at each dispersion (a, 3

489  andv).
o
a (-10°) B (-10%) Y
PSE 12 + 1* | 35 + 3360 + 1.4°
Normal 7 + 22| 20 + 4° 3400 + 0.90°
DFD 38 + 02°|135 + 05°| 337 + 05°
f
o (kHz) B (MHz) v (GHz)
PSE 1.23 + 0.06°| 71 + 0.3°| 85 + 05°
Normal 25 + 07°| 128 + 1.3 100 + 0.7
DFD 37 + 02%| 58 + 18°[1054 + 0.14°

490  a-c Different letters on the columns indicate significant differences between means for each parameter

491  (p <0.05). Mean =+ standard deviation is informed.
492

493
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*Highlights (for review)

HIGHLIGHTS

> Fast and non-destructive method to determine the meat quality has been developed

> Dielectric properties of PSE, normal and DFD chicken meat quality has been obtained
> Relaxation parameters in a, 3 and y dispersions were obtained for each quality meat

> Relaxation parameters in a-dispersion are able to predict lactate content of each
quality meat

> Main structural proteins degradation was related to the relaxation parameters in j3-

dispersion
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Figure Captions

FIGURE CAPTIONS

Figure 1. Experimental set-up for measuring meat dielectric properties in
radiofrequency range. A: ampere meter; V: voltmeter; I.: low current; 1y: high current;
V.. low voltage and Vy: high voltage. * Three points sensor: World Patent

WO02018011450A1 (Castro-Giraldez et al., 2016).

Figure 2. Representation of the dielectric constant of normal chicken breast meat
according to the angular velocity. Where (—) corresponds to the values of mathematical
model and (#) the experimental data.

Figure 3. Dielectric constant spectra in radiofrequency and microwave ranges of the (

) PSE, () Normal and (—) DFD meat qualities. The lines correspond to Traffano-
Schiffo model and the points to the experimental.

Figure 4. Relationship between the lactate content and a) relaxation dielectric constant
and b) relaxations frequencies in o-dispersions for each meat quality. Where: ()

corresponds to PSE, (=) normal, and (m) DFD.



