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Dear Readers,

We would like to present to you a monograph entitled “Methods in food science
and technology - part 17, which we hope will be warmly accepted and continued.
Our intention was to gather in one place descriptions of modern methods used in
science related to food and human nutrition. Although the monograph is written
in English, it has been prepared in such a way that it can be used in the didac-
tic process by teachers and their students and doctoral students. Each chapter is
a separate whole, i.e. it is devoted to a different method or group of methods or
techniques for food analysis, both in terms of its chemical composition, physical
properties, sensory qualities, as well as its quality, stability and safety. The aim of
the monograph is to present terminology and specialist vocabulary in an acces-
sible way for a reader who is not a specialist in a given discipline. Importantly,
individual chapters have been reviewed by at least two experts.

We wish you pleasant reading and fruitful use of the monograph.

Dean of Faculty of Food Technology,
Authors and Editors of the monograph
University of Agriculture in Krakow
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Abstract. Ion chromatography, an HPLC technique originally developed for the de-
termination of inorganic cations and anions, in recent years has found application in
food analysis and brewing industry. The separation mechanism based on the interac-
tion of ionic substances with counterions bound on the column allows to broaden the
spectrum of analyzed substances with biologically active compounds such as carbohy-
drates, amino acids, proteins and organic acids. The paper presents selected aspects of
the application of this method with particular emphasis on fermentation samples re-
lated to instrument requirements, column selection, detection system and comparison
of advantages and limitations of ion chromatography. From the brewing technology
point of view, the possibility of simultaneous analysis of amino acids and fermentable
sugars, or the profile of oligosaccharides with the number of subunits up to DP30,
is an important argument for the choice of this technique. The sensitive pulsed am-
perometric and conductivity-suppressed conductometric detection systems described
in this paper are an alternative to classical UV/Vis systems and refractometric index
measurements for the determination of amino acids, saccharides and sugar alcohols.

Keywords: ion chromatography, electrochemical detector, suppressed conductivity
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1. Introduction

In the last decade, significant progress has been made in the control of bioprocess-
es carried out in the food industry. In addition to gas chromatography, high-per-
formance liquid chromatography, enzymatic methods and classical techniques of
instrumental chemical analysis, a relatively new variant of HPLC - ion chroma-
tography (High Performance Ion Chromatography) has developed dynamically
[Lucy and Wahab 2013; Michalski 2016].

The separation principle in ion chromatography, which in the initial stage of
development was dedicated to the separation of inorganic cations and anions, is
similar to the mechanism used in ion exchange chromatography (IEC) [Cum-
mins et al. 2017]. However, through the use of modified polystyrene and polyvi-
nylbenzene latex matrices with varying bed diameters controlled by the degree
of crosslinking, better results can be achieved while reducing the ionic strength
of buffer [Michalski 2016]. Depending on the substances load to be analyzed,
a column with bound counterions that selectively interact with the analyte mol-
ecules is selected. The strength of this interaction depends on the load value of
ions flowing through the column, which leads to selective inhibition and longer
residence time of substances on the column, which are eventually eluted from the
bed through the solution with increased ionic strength. An additional argument
to increase selectivity is the skillful profiling of an often three-component gradi-
ent elution program. The relatively high ionic strength of eluents in some appli-
cations has been reduced to solutions of 10-50 mM by using sensitive detection
systems.

2. Apparatus

Theoretically, a classical HPLC apparatus with a gradient pump, degasser and an
appropriately selected ion exchange column with an operating pressure of 1500-
-4000 psi is sufficient to perform chromatographic separation. However, in prac-
tice, the use of conventional stainless steel tubing connecting the various compo-
nents of the system during gradient execution with a strong acid or alkali leads to
progressive corrosion of these components and, as a consequence, to a decrease
in sensitivity or even destruction of the sensitive detection systems. Thus, com-
panies specializing in the manufacture of ion chromatography apparatus use so-
called biocompatible materials, i.e. PEEK (polydieter ketone), for all components
in contact with the mobile phase [Huang et al. 2021]. Additional elements are also
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conductivity supressors that allow the exchange of cations and anions flowing out
of the column into OH™ and H* respectively, which reduces the signal-to-noise
ratio for conductometric detection to a minimum, thus increasing the sensitivity
of system from mg/mL to pg/mL [Haddad et al. 2003; Pohl 2021]. It is also im-
portant to ensure that the eluents are of sufficient purity and even the so-called
HPLC-pure water (conductivity approx. 18 milliOhm-cm) used for RP-HPLC
can be contaminated with cations and anions to such an extent that the baseline
noise is significantly increased (Fig. 1).

Eluent organizer
Gradient pump forming gradient

Autosampler |

(sample injection)
[
Guard column and Analytical
column

Electrochemical cell

Pulse amperometric
detection

Quantification and data
analysis

Fig. 1. System diagram for ion chromatography with electrochemical detection (source:
own elaboration)

3. Columns

Column with ion-exchange matrix is a key component of the overall chromato-
graphic system and in contrast to classical RP-HPLC columns made of stainless
steel, here the bed is packed in a housing of biocompatible PEEK material. The
dimensions of columns used for the analysis of carbohydrates and polyols range
from 5 x 250 mm to 350 mm (Aminex HPX-87, CarboPack MA, PA 1-200) and
are slightly larger than in the case of reversed-phase HPLC columns filled with
octadecylsilane C-18. However, this does not result in a significant increase in
analysis time, which in 80% of applications is in the range of 15-30 minutes. The
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stationary phase consists of cation exchangers, able to exchange cations in solu-
tion, or anion exchangers allowing separation of negatively charged substances.
The active centers of anion exchangers are quaternary ammonium groups (-NRy)
and tertiary protonated amines (-NR,H") or sulfonium groups (-SR;) (Fig. 2). In
case of cationite beds, the functional groups are of acidic nature (e.g. carboxylic
COOH, sulfonic SO;H), undergoing dissociation with release of H* atom, they
are able to exchange a particular ion for other cations. The structure of column
core, the number and type of functional groups and the degree of crosslinking
determine the properties of column filling.

lon
exchange
surface

RyN* R.N*

SO; Non

3 3

Core

Fig. 2. Schematic cross-section of a bed used in high-performance anion exchange chroma-
tography (source: own elaboration)

A great advantage of HPLC is the fact that the sample introduced to the
column is not subjected to rigorous preliminary purification procedures as is
often the case in other types of chromatography. Manufacturers’ application
notes mainly recommend filtering the sample through syringe strainers with
a pore diameter of 0.2-0.44 pm and a nylon filter layer, although it is not rec-
ommended to introduce highly saline samples (concentrations below 50 mM)
onto the column.
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4. Analysis in electrochemical detection mode

Detection system of the ion chromatograph can theoretically use known from clas-
sical HPLC the universal UV/Vis detectors, more advanced with photodiode array
(PDA) [Logan 1994], or refractometric [Swartz 2010]. However, the often minimal
changes in the profiles of saccharides or sugar alcohols at the mashing or sacchari-
fication stage, which are so important from the fermentation process point of view,
can be traced using sensitive detectors such as conductometric detection (CD) or
pulse amperometric detector (PAD), without giving up the possibility of gradient
elution and the necessity of thermostating the system as in the case of RI detector
[Zdaniewicz et al. 2021; Maio et al. 2022]. Their principle of operation is based on
potential changes in the electrochemical cell realized by oxidation-reduction pro-
cesses of analyte molecules e.g. monosaccharide flowing out of the column [Cataldi
et al. 2000] preceded in the case of CD measurement by a process of conductivity
suppression of the interfering eluent component [Haddad et al. 2003].

The primary problem of electrochemical detectors used in HPIC was the suc-
cessive wear of working electrode that was used in the electrochemical reaction.
This has been solved by introducing a sequential process of electrode excitation and
subsequent regeneration, all taking place over milliseconds. In addition, repeatabil-
ity and reproducibility can be increased by using disposable electrodes calculated
for 7 working days of continuous operation [Hanko et al. 2004]. The design of elec-
trochemical cell minimizes signal drift by using very thin tubing lines (0.2 mm).

The use of ion chromatography coupled to pulsed amperometric detection
eliminated the problems associated with contamination of the electrode surface
with products of the sugar oxidation reaction. The process is based on a three-
step change in the potential applied to the gold electrode:

(E1) oxidation of OH groups of carbohydrates (potential about 200 mV);

(E2) surface of the Au electrode is oxidized to remove the reaction products
(800 mV));

(E3) electrode is reduced to its initial state by applying a third potential
(-800 mV).

Sugars due to pKa values between 12-14 must be separated as anions in
a high pressure anion-exchange chromatography with pulse amperometric de-
tection (HPAEC-PAD) system in which the required electrochemical reaction
conditions are correlated with an alkaline mobile phase (> 12 pH) [Corradini
et al. 2012; Rohrer et al. 2013]. These parameters allow the determination of
saccharides with a detection limit of 10-12 nanomoles, a result several orders
of magnitude better than the classical RI detection system for sugars [Chavez-
-Servin et al. 2004].
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5. Selected applications in food

This chapter focuses mainly on applications in the fermentation industry, be-
cause this is where ion chromatography offers significant advantages in terms of
increased sensitivity and broadening the spectrum of molecules analyzed. For
example, in the beer or wine industry, where the final product may contain up
to 1000 different substances, the most important compounds are organic acids,
inorganic ions, which determine the taste and aroma of beverage, as well as pro-
teins, carbohydrates and alcohols, the analysis of which allows the monitoring
of fermentation process progress. An additional element is the determination of
preservatives and colorants. Most of these compounds are of ionic nature, which
includes them in the area of HPIC interest.

The first stage of brewing process involves soaking barley grains, sometimes
other cereal grains, in warm water, enzymes of the grain, mainly amylases and
proteinases degrade the starch present through oligosaccharides to fermentable
sugars: glucose, maltose and maltotriose. Beginning at this stage, through malt-
ing, mashing, and finally to the final product, compounds with a very wide range
of molecular weights are generated. Ion chromatography, through the use of
modified polymer column beds, allows for the analysis of most of these sub-
stances and the monitoring of individual stages of the technological process in
the brewery.

5.1. Fermentable sugars, oligo- and polysaccharides

For the analysis of sugars fermentable to DP3, the most important from the
brewing industry point of view as they are converted to alcohol, anion exchang-
ers from Carbo-Pack MA and PA-1 series (Dionex) and Aminex HPX-87C cat-
ion exchange columns are used [Castellari et al. 2001; Corradini et al. 2012; Lan-
genaeken et al. 2020] were analysed at 28 key points in the process. The barley
starch content decreased during malting from 75.0% to 69.7%. During mash-
ing, malt starch was converted to fermentable sugars (75.3%]. In the latter case,
isocratic separation with deionized water as eluent can be coupled to both RI
(Fig. 3) and PAD detection, but in this situation post-column derivatization with
1 M NaOH is required.

In general, sugars larger than DP3 are unfermentable, but can potentially con-
tribute to altering the caloric value of beer and its aroma quality. In this case, col-
umns with a slightly lower degree of crosslinking e.g. Aminex 42A, Carbo-Pack
PA-10 to 100 (55%, 8.5 pm internal diameter) are recommended, although the
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Fig. 3. Separation of mono- and disaccharides by ion chromatography in a wine sample

(Swenson Red) on an Aminex HPX-87C cation exchange column, eluent: deionized wa-

ter, UV detection 210nm/RI, temp. 85°C (A); in a glucose syrup sample on a CarboPack

MA-1 anion exchange column, eluent TM NaOH, PAD detection, 1-glucose, 2-maltose (B)
(source: own research)

basic separation mechanism and detection system (PAD) remain the same as for
mono and disaccharides [Mechelke et al. 2017].

The wide range of polymer columns used in HPIC allows the separation
of maltooligosacchrides with subunit numbers from DP3 to DP10 on a Carbo-
-Pack PA-100 column. However, programming a ternary gradient involving
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DI water, 500mM sodium acetate (increases ionic strength, reducing retention
time), and 1 M NaOH allow clear separation of maltose oligomers up to DP15
(Dionex, AN 67), and there are also papers documenting the separation of sug-
ars with a polymerization degree of 60 (Tab. 1) [Vinogradov and Bock 1998;
Cataldi et al. 2000].

Table 1. Official methods for the analysis of sugars in food with a dedicated technique
of ion chromatography coupled to electrochemical detection (source: own elaboration)

Analysis Technique Official method

Sugars in molasses HPAE-PAD Iégl\ig A9 ?fgogi)
Carbohydrates in instant coffee HPAE-PAD A?Sgclizg'zw
Fructans in food HPAE-PAD AOAC 997.08
Polydextrose HPAE-PAD AOAC 2000.11

Figure 4 shows the separation of carbohydrates at different stages of the
brewery process: glucose syrup, wort, and beer, which allows effective mon-
itoring of potential undesirable changes in the saccharide profile. Such pos-
sibilities are offered, among others, by Carbo-Pack PA-100 and Aminex Bio-
-Fermentation Analysis columns [Hanko et al. 2004], the competition here are
size exclusion chromatography (SEC) columns based on a different retention
mechanism.

5.2. Sugar alcohols

Among the sugar alcohols that play an important role in brewing are ethanol and
glycerol [Zhao et al. 2015]. Both alcohols are subject to separation on both mono-
saccharide columns (Carbo-Pack MA-1, Aminex HPX-87H) (Fig. 5) and a variant
of HPIC called ion exclusion chromatography (column: IonPac ICE-AS6) [Dionex
AN 122, 2004], however the separation of ethanol and glycerol in beer is possible
on the last column involving a pulsed amperometric detection system using a plat-
inum working electrode [Wu et al. 2009].
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Fig. 4. Oligosaccharide profile of glucose syrup sample (A) (1 : 100 dilution) and light beer

sample (B) (1 : 10 dilution) on CarboPack PA-100 anion exchange column, PAD detection,

0.175 mM NaOH/0.150 mM sodium acetate isocratic separation. 1 — glucose, 2 — maltose,

3 — matotriose, 4 — maltopentaose, unidentified peaks represent maltooligosaccharides DP
4-20 (source: own research)
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Fig. 5. Separation of sugar alcohols and saccharides on Aminex HPX-87C column, RI/UV
detection. 1 — melcytose, 2 — maltose, 3 — glucose, 4 — mannose, 5 — fructose, 6 — ribitol
(source: own research)

5.3. Bioactive inositols

The bioactive and functional properties of beer intended for a special group of
consumers (gluten-free beer) can be improved by using unconventional ingre-
dients in the malting process such as buckwheat, an additional aspect arises
here from the high content of bioactive inositols: D-chiro- and myo-inositol.
These are substances with potential positive effects on glycemic index, immu-
nomodulatory, signaling, and cell growth-stimulating properties [Al-Suod et al.
2016; Rendle et al. 2016; Dulinski et al. 2020]. P-type phosphoglycans contain-
ing D-chiro-inositol and galactosamine may function as secondary transmit-
ters to mimic the effects of insulin or to enhance the signal generated by this
blood sugar regulator [Bevilacqua and Bizzarri 2018]. The relatively high level
of anti-nutritive phytates in buckwheat and buckwheat malt and low activity
of endogenous enzymes, limiting the effective use of substrates for fermenta-
tion and yeast metabolism (starch, proteins, minerals), also justify the use of
phosphatases in beer production technology [Dulinski et al. 2017]. Monitor-
ing of changes in the content of these polyols is possible precisely thanks to
unique solutions offered by HPAEC-PAD chromatography (Fig. 6) [Dulinski
et al. 2019; Zdaniewicz et al. 2020].



I. lon chromatography techniques in the analysis of food samples with a focus on the biofermentation... 17

Integrated current
(nC)

1 Glycerol
700+

600
500

400-]

D-chiro-inositol

300

200

100

0.0 5.0 10.0 15.0 20.0 25.0
Elution time (min)

Fig. 6. Sample chromatogram from the analysis of D-chiro-inositol in buckwheat beer by
HPAEC-PAD chromatography on CarboPack MA1 column (source: own research)

5.4. Amino acids and peptides

Proteins can originate both from the primary raw material for mashing and from
intermediate fermentation biocatalysts, yeast cells and components of their cell
wall. The thousands of proteins present in beer from the brewing point of view
are most conveniently ranked by molecular weight. Large protein complexes can
be separated on IEC or RP-HPLC columns and in this case ion chromatography is
an overly refined technique. However, smaller protein polymers with a molecular
weight of 30 kDa or less can be separated on a ProteinPac column with AAA-Di-
rect detection system (Dionex, TN 50). Amino acids and peptides are important
components in the final stages of fermentation, indicative of the metabolic activ-
ity of yeast cells and proteolytic enzymes of the grain [Ferreira and Guido 2018;
Koller and Perkins 2022]. Amino acids are usually weak chromophores and mon-
itoring fermentation samples containing as in brewing cellular components leads
to interference and generates high noise in conventional UV detection mode at
220 nm (peptide bond absorption band) or 280 nm (aromatic amino acids). Am-
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inoPac PA-10 columns allow simultaneous separation in such complex matrices
of amino acids and oligosaccharides (Fig. 7) [Hanko et al. 2004; Jandik et al. 2004;
Cuomo et al. 2022]. In order to eliminate one of components from the chromato-
gram, it is possible to purify the sample using AminoTrap Cartridge columns
[Thiele et al. 2002; Cheng and Kaplan 2003; Jandik et al. 2003].

) 45 6 18
1 2 19 22
: 23
21
o 20
Standard

R
o T

0 5.00 10.00 1500 2000 2500  30.00  35.00  40.00

Min
Fig. 7. Simultaneous separation of amino acids and maltooligosaccharides on AminoPac
PA-10 ion exchange column, PAD detection, Eluent 1: deionized water; E2: 250 mM
NaOH; E3: 1 M sodium acetate Standards of the amino acids (black line) 1. Arginine;
2. Hydroxylysine; 3. Lysine; 4. Galactosamine; 5. Glucosamine; 6. Glucose; 7. Alanine;
8. Threonine; 9. Glycine; 10. Valine; 11. Hydroxyproline; 12. Serine; 13. Proline; 14. Iso-
leucine; 15. Leucine; 16. Methionine; 17. Norleucine; 18. Histidine; 19. Phenylalanine;
20. Glutamate; 21. Aspartame; 22. Cysteine; 23. Tyrosine; Beer sample (blue line): maltoli-
gosaccharides — indicated by the arrow (source: based on AminoPac AAA Direct Manual,
thanks to Thermo-Dionex Corp. courtesy)

5.5. Organic acids

The qualitative and quantitative analysis of organic acids, at all stages of beer pro-
duction, allows to identify metabolic products associated with yeast fermentation
and correlate them with the direction of changes in the aroma of beverage. The
previously mentioned IonPac ICE-AS6 column provides an efficient separation
of low molecular weight aliphatic organic acids including hydroxy-substituted
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acids [Fischer et al. 1999]. The mechanism is based on weak ionization of com-
pounds eluted from the column according to differences in their pKa constant
with monoprotonic acids. The signal of analytes is measured in conductivity-sup-
pressed conductometric detection mode (AMMS™-ICE). Determinations include
maleic, citric, formic, pyruvic, lactic, and succinic acids. The presence of acetate
may indicate the degree of oxidation; pyruvate is an intermediate product of eth-
anol fermentation. A high level of lactate is an unfavorable factor, it may prove
a high metabolic activity of acetic bacteria, lowering the glucose pool for primary
fermentation of Saccharomyces cells. This process is eligible in sour beer produc-
tion process [Dysvik et al. 2020].

5.6. Inorganic ions

Inorganic anions are separated by HPAEC on an IonPac AS11 column coupled
to conductometric detection [Park et al. 2017]. Due to potential ion contami-
nation of the eluent and baseline drift, an Anion Trap Column (ATC) system
should be installed between the gradient pump and the injection valve. In addi-
tion, the use of NaOH as eluent is recommended to eliminate high background
conductivity. The reproducibility of this method is 0.5% for retention times
and 2% for peak areas with good linearity of the calibration curve (r2 = 0.999)
(Dionex, AN 67).

Inorganic cations Na, K, Mg, Ca may be involved in regulating the pH of
mash or affecting the beverage aroma [Zeng et al. 2006]. Magnesium ions are an
important cofactor for yeast enzymes (10-20 mg/L), but at concentrations higher
than 5 mg they contribute to the bitter taste of beer. Calcium ions play a similar
role, although their contribution to the taste and aroma of product is marginal. It
is also worth monitoring the levels of heavy metals such as Hg, Pb, Zn, as most of
them are toxic at the lowest detection level of ppm.

6. Conclusion

Ion chromatography coupled with amperometric detection modes offers a pre-
cise tool for analyzing the profile of key components and changes occurring in
fermentation products. It covers all stages of the fermentation process: from
the stage of substrates (syrup), through intermediate products (wort) to the
final product (beer). They also are not so time-consuming because of a simple
extraction procedures, in most cases reduced to dilution and filtration of the
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samples, so from the perspective of challenging monitoring of the bioprocesses
it is an important advantage. The pulsed amperometric and conductivity-sup-
pressed electrochemical detection systems will be better tools to detection of
full array of saccharides and ion compounds considering: sensitivity, resolu-
tion, mobile phase modifications, need of thermostatisation and the general
robustness of the method in relation to methods coupled with Refractive index
or UV-Vis detection.
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Abstract. The chapter presents a brief overview of the methods for determining
the average molecular weight of biopolymers used in food technology. These
analyzes are most often based on size exclusion chromatography (SEC). Mass
detection and scattering intensity can be determined with different detectors:
LALLS, MALLS, UV, DRI and others. An exemplary chromatogram obtained
during the separation of starch polysaccharide chains by the HPSEC-MALLS-
-RI method has been presented. The work also presents the plots of differen-
tial weight fraction for native and modified starches with their interpretation.
Selected results of molecular weights of polysaccharide chains described in the
literature are discussed.
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1. Introduction

Biopolymers are the main components occurring in living organisms and the
whole environment and they are the basis of the food technology. The most popu-
lar biopolymers are: polysaccharides (e.g. starch, cellulose, chitosan, alginic acid,
pectins), oligosaccharides, proteins and enzymes.

The molar mass distributions and molecular structure significantly influenc-
es their digestibility, viscosity [Bello-Perez et al. 2019], solubility, hydration rate
and extent [Nishinari and Fang 2020] and another functional properties. For ex-
ample, determining the molar mass of hydrocolloids is important in controlling
the viscosity of fluid foods. A small addition of high molar mass polysaccharides
may increase the viscosity of the fluid (assuming the polysaccharide is not com-
pletely random coil). However, many factors have an influence on viscosity of
liquid foods on viscosity: molar mass, structural characteristics, conformation,
molecular shape and molecule stiffness [Nishinari and Fang 2020].

Degree of polysaccharides branching also play a key role for viscosity of liq-
uids. It is thus very essential for application properties to understand the architec-
ture of especially highly branched polymers.

According to the literature, there are several methods to determine the
molecular weight and radii of gyration e.g. high-performance anion-exchange
chromatography (HPAEC) [Bertoft 2007; Bertoft et al. 2010; Zhao et al. 2021],
with pulsed amperometric detection (PAD) [Bello-Perez et al. 1996; Hanashiro
et al. 1996; Blennow et al. 2000; Sanderson et al. 2006; Villas-Boas et al. 2019;
Ye et al. 2021].

Flow field-flow fractionation (FIFFF) is another important technique for
analysis of ultra-large biopolimer molecules like starch (amylopectin). The meth-
od is used in molecular analysis of water-soluble polymers, colloids, liposomes,
DNAs and another natural organic matters [Lee et al. 2003]. The asymmetri-
cal-flow field-flow fractionated system (AF4) with MALLS-DRI detectors is also
a type of method to assess molecular weight and radii of gyration [Hoyos-Leyva
et al. 2017; Bello-Pérez et al. 2018]. This methods has been used for analysis of
colloidal particles, polysaccharides, celluloses, k-carragenian, xanthan, cationic
potato amylopectin and dextran [Lee et al. 2003], red wine macromolecules [Pas-
cotto et al. 2020] and glycogen [Rolland-Sabate et al. 2007]. Nevertheless, the
size-exclusion chromatography (SEC) is a very important method to characterize
the molecular weights distribution of polymers [Bertolini et al. 2001; Gaborieau
and Castignolles 2011], average molecular weight and degree of polymerization
or separate the polymer mixture into various components.
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2. High performance size exclusion chromatography
methods

Natural biopolymers are investigated using SEC method which is the most widely
accepted one, for the measurement of molecular weight (M,) distribution and
molecular weight averages of macromolecules [Kostanski et al. 2004]. Futher-
more, this system is suitable for separation of small molecules.

Multiple-detection SEC allows molecular weights to be denoted with two dif-
ferent types of detection: viscometry and light scattering method. The M,, sensi-
tive detectors being commonly used are: low-angle laser light scattering (LALLS),
multiangle laser light scattering (MALLS) and two types of viscosity (VISC) detec-
tors (differential viscometers and single or dual capillary viscometers) [Kostanski
et al. 2004]. Viscometry needs a universal calibration curve to determine true
molecular weights. Light-scattering detectors enable the determination of abso-
lute molecular weights through low-angle laser light scattering, multi-angle laser
light scattering, or triple detection [Gaborieau and Castignolles 2011].

Multi-angle light scattering coupled with size-exclusion chromatography
(SEC-MALS) is very useful method for the determination of polymer molecu-
lar weights, their averages, their distributions. SEC-MALS provides a useful tool
for determination of accurate monomer and fragment of the absolute molecu-
lar weight, oligomeric state and hydrodynamic radius. SEC-MALS can be used
to characterize the molecular weight and types of aggregates present in protein
products, to confirm the molecular weight of the biopolymers. We can apply
multi-angle light scattering coupled to size-exclusion chromatography (SEC-
-MALS) or field flow fractionation (FFF-MALS) in the characterization of pro-
tein conformational and colloidal stability and the characterization of both spe-
cific and non-specific protein-protein interaction [Sahin and Roberts 2012]. The
general characteristics of detectors used in the size-exclusion chromatography
are collected in Table 1.

Size-exclusion chromatography coupled with a multi-angle laser light scat-
tering detector is one of the widely-used techniques for the characterization of
macromolecules and particles in solution in chemical, biological, biopharmaceu-
tical sciences and food science [Wyatt 1993; Nettleship et al. 2008; Minton 2016].

The weight-average molecular weight and hydrodynamic radius, of some pro-
teins was determined by high performance size exclusion chromatography cou-
pled with on-line multi-angle laser light scattering and refractive index detectors
(HPSEC-MALLS-RI) [Zhou et al. 2006]. The molecular structure of polysaccha-
ride could be analyzed using HPSEC-MALLS-RI [Zhang et al. 2021], especially
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native [Fiedorowicz et al. 2001; Xia et al. 2017], retrogradated [Villas-Boas et al.
2020], acetylated, oxidized and hydrolyzed starch samples and their nanocom-
posites [Khachatryan et al. 2015; Khachatryan et al. 2016a], amylopectins [Bello-
-Perez et al. 1998; Zhao et al. 2021]. Literature data shows that this method is suit-
able for molecular analysis of k-carragenian derivatives [Junior et al. 2021], arab-
inoglucans [Ye et al. 2021], hyaluronan, hyaluronan-lecithin composites [Khacha-
tryan et al. 2016b] and DNAs [Porsch et al. 2009; Nowak et al. 2019]. Hyaluronan’s
molar analysis [Harmon et al. 2012] and cationic cellulose derivatives [Liu et al.
2006] were also carried out with triple detection (SEC-TD) (dual-angle light scat-
tering detector along with a differential refractometer and viscometer). Dervilly
etal. [2000] studied macromolecular characteristics of arabinoxylans using HPSEC
methods combined with four detectors, MALLS-RI-VISC and UV detector.

Table 1. Characteristics of detectors (source: based on Kilz and Pasch [2000]; Kostanski
et al. [2004])
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It has been reported that high-performance size-exclusion chromatography
(HPSEC-MALLS-RI) is used to measure the weight-average molecular weight of
pectin samples [Li et al. 2019; Reichembach and de Oliveira Petkowicz 2020]. The
HPSEC method with different detector; MALLS coupled with a viscometer (VIS)
[Ma et al. 2008; Chen et al. 2009] and RID-MALSD [Chen et al. 2013] were using
to determine -D-glucans isolated from a common edible mushrooms.

SEC method can be used to monitoring the progress of enzymatic hydrolysis
of biopolymers, especially polysaccharides or proteins. One example might be
hydrolysis of cellulose and lignocellulose. Is commonly observed that hydrolysis
usually causes the changes in molecular weight (M,) distribution toward lower
M, range. Hence, changes in M,, directly affect the DP (degree of polymerization)
values. Cateto et al. [2011] and Du et al. [2013] carried out enzymatic hydrolysis
of lignocellulose. The researches have determined e.g the molecular weight distri-
bution, molecular size distribution and DP. They observed similar phenomenon:
during enzymatic hydrolysis M,, of both cellulose and hemicellulose fraction re-
markably shift towards lower values. As reported by Ottoy et al. [1996] the M,, of
cellulose derivatives might be overestimated if only the SEC method is used (in
view of M,, calibration with M,, of standards). The application of SEC-MALLS-
-RI is consider as an absolute approach without calibration to measure M, R,
DP and polydispersity of biopolymers [Du et al 2013]. Nevertheless, complicated
enzymatic processes dependent on many factors (for instance various cellulos-
ic substrates, digestion time, enzymes used, enzymes complexes) could induce
the increase in M,, and DP at later stage of hydrolysis. Similar observations were
presented in Zhang et al. [2011] studies. The authors analysed M,, DP, R, using
SEC-MALLS-RI method after enzymatic hydrolysis of celulose filter paper and
microcrystalline celulose.

The molecular weight and size distribution of arabinogalactan (AG) and
arabinogalactan-protein (AGP) fractions have been investigated by Renard et
al. [2014]. The reseacher were analysed AGP and AG parts (hydrolysed using
proteases) in order to determine the conformation and structure of the Acacia
senegal gum. The research were performed by HPSEC method coupled with
3 detectors (MALLS-RI-VISC). The use of triple detection allowed to go deeper
insight into the structure of these two main fractions and examine molecular
associations of structural units, covalent linkages and/or hydrophobic asso-
ciations, formation of the AGP macromolecular assemblies (using hydrogen
bondings) [Renard et al 2014].

Nevertheless, to fully understand the mechanism of enzymatic hydrolysis the
researchers have to used another methods (e.g. XRD, HPLC, CD,SANS) besides
SEC-MALS analysis.
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2.1. Principle of the SEC method

Size exclusion chromatography is a type of high performance liquid chroma-
tography (HPLC). This method separates molecules based on their size using
columns packed with small, round, porous particles e.g. spherical silicas, cross-
linked polymers or rigid inorganic packing particles [Kostanski et al. 2004]. The
most important conditions in SEC analysis are: sample dissolution (the use of
polar organic solvents with lithium salts is suitable for starch and cellulose disso-
lution), absence of chains interaction with the stationary phase (no adsorption,
interaction could provide a complex and specious separation) and degradation
(polymers with ultrahigh molecular weight could be degradated by shearing
during separation process). However, optimal injection concentration is neces-
sary [Gaborieau and Castignolles 2011]. The separating mechanism of different
sizes molecules is shown in Figure 1.
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Fig. 1. Principle of the SEC method (source: based on: An Introduction to Gel Permeation
Chromatography and Size Exclusion Chromatography, Agilent Technologies, Inc.)
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Dissolved polymer molecules (coils) are carried in a column through the
mobile phase. The size of the pores in the beads is important to pass sample
through the column. Small polymer coils could enter many pores in the beads
and it takes them a long time to leave the column. Larger polymer coils cannot
enter the pores and consequently are carried by the mobile phase without en-
tering the pores. Therefore, large coils have shorter retention time in the pores
than smaller ones and they are eluted from the column faster [Kostanski et al.
2004]. Nevertheless, intermediate polymer molecules eluate from the column
between small and big coils. SEC results give information regarding the size
of polymer molecules in solution. Obtained data are converted into molecular
weights through the calibration.

2.2. Detector calibration

The calibration constant for the refractive index detector (RI) was determined
by injecting five known concentrations of aqueous sodium chloride solution
(0.05-0.50 mg/mL) into the detector. The Rical 2 software (Wyatt Technology,
Santa Barbara CA, USA) collected the output voltage from the detector and the
calibration constant was calculated from the slope of the graph of An = c dn/dc vs
voltages. Calculation of M,, and R, of pullulan, dextran and starch were used the
dn/dc values of 0.148, 0.142 and 0.146, respectively.

Laser light scattering detector (LS) calibration constant for the diode at 90°
was determined with the LS intensity of toluene. BSA (bovine serum albumin)
was used to normalization of the responses of photodiodes arranged around the
scattering cell to the diode at 90°.

Recovery of injected standards was over 95% and the determined M,, values
were 9.9 x 10° for pullulan P-100, 6.2 x 10° for dextran D-580 and 2.0 x 10° for
dextran D-2000. Obtained M,, values for standards were in line to those given by
the manufacturer [Fiedorowicz et al. 1999; Fiedorowicz et al. 2001; Fiedorowicz
and Chaczatrian 2004].

2.3. Determination of molecular weight (M,,) and radii of gyration
(Ry) with HPSEC-MALLS-RI methods

The method of determining molecular weight using HPSEC — MALLS - RI has
been successfully used in recent years to calculate the molecular weights of poly-
mers. Aberle et al. [1994] described the theory and principle of MALLS analysis.
In this method, the eluate flowing from the gel column containing polymer parti-
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cles is introduced into a laser light scattering detector. The laser light is scattered
on the polymer molecules present in the solution. The detector used in the pres-
ent study (DAWN DSP-F) provides up to 18 laser light scattering chromatograms,
each taken at a different angle to the incident beam. An additional chromatogram
is provided by the RI detector. The software used (Astra 4.73.04) divides the area
under the chromatogram line into small sections. Each section corresponds to
a small volume of eluate leaving the column (750 pL). If the light intensity scat-
tered by the polymer at a given angle ® is known, as well as its concentration in
a given volume, the mean radii of gyration and the average molecular weight of
the polymer can be calculated from following Eq. 1:

(Ro/K'c); = M, - 16 TI>/3 \> R%, M; sin’ (©/2) (1)

where:
Ry - the excess Rayleigh ratio of the solute under angle ®;
K - instrumental optical constant;
A - the wavelength of the incident laser beam.

Rg was defined by Eq. 2:

Rg = f(L,/1,) (2)

where:
f - geometrical constant;
I, - intensity of scattered light.
I, - intensity of incident light.

Instrumental constant K could be calculated from the following Eq. 3:

K =4I’ ni(dn/dc)*/\*N, (3)
where:
n, - theindex of refraction of the solvent,
N, - Avogadros number,

dn/dc - the differencial refractive index increment of the polymer.

According to Eq. 1, by plotting the dependence (R® / K ¢) and on sin* (® / 2)
on the basis of the slope of the line and its point of intersection with the Y axis,
the values of R, and M,, for the polymer molecules eluted in a given small volume
of eluate will be obtained. Such a plot is called a Debey plot. R, and M,, values
can also be obtained from the Zimm (K* ¢/ Ry vs sin? (® / 2)) and Berry (vs sin?
(®/2)) plots. The average values of M,, and R, for the entire chromatogram are
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obtained by summing up the values obtained for the selected small volumes.
Literature data shows that for polymers with very high molecular weights the
most accurate results for both R, and M,, are obtained using the Berry plot [Ab-
erle et al. 1994; Hanselmann et al. 1995]. In our studies the Debye plot for eluted
polysaccharides was expressed by the Berry metod using a 3'¢ order polynomial
fit to take care of a curvature at the low angles [Aberle et al. 1994; Bello-Perez
et al. 1996].

2.4. Differential weight fraction

Differential weight fraction is defined as a mass share of the sample containing
molecules of M,, constituting given fraction in relation to the total mass of the
sample. [Fiedorowicz et al. 2001; Fiedorowicz and Chaczatrian 2004; Khachatry-
an et al. 2014].

It is available from the Schrott Eq. (4) [Schrott 1993]:

_dW(M) _ —h(V)

x(M)= =
d(log M)  f(V)

(4)

where:

h(V) is a normalized polymer concentration in a given volume V, and f(V) = d(log
M)/dV is available from the slope of the calibration curve for the LS detector, h(V)
is estimated from Eq. (5):

(V)=c,/ 3¢, AV (5)

where:
¢; denotes concentration in a AV volume of the eluate.

2.5. HPSEC-MALLS-RI apparatus

The chromatograph consisted of a pump (Ultimate 3000, Dionex, Palo Alto, Cali-
fornia, USA), an injection valve (model 7021, Rheodyne, Palo Alto, California,
USA), a precolumn (TSK PWH, Tosoh, Tokyo, Japan), two columns (TSKgel
GMPWXL (300 x 7.8 mm, Tosoh) and a TSKgel 2500 PWXL (300 x 7.8 mm, To-
soh). Dawn-DSP-F (Wyatt, Santa Barbara CA, USA) and refractometric (model
SE71, Shodex, Tokyo, Japan) multi-angle laser light scattering (MALLS) detec-
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tors were connected to the columns [Fiedorowicz et al. 2001]. The columns were
kept at 40°C and the RI detector at 35°C. A 0.15 M NaNO, solution and a 0.02%
NaN; solution constituted the mobile phase. The HPSEC-MALLS-RI system is
presented in Figure 2.

For the calculations of M,, and R, it was assumed that dn/dc (refractive index
change depending on the concentration change) = 0.146. The flow rate of the
mobile phase and the injection volume of the sample were 0.4 cm® min™! and

~

MALLS detector

Pump

Fig. 2. HPSEC-MALLS-RI apparatus (source: own photo)
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500 pl, respectively. The data obtained from the RI and MALLS detectors were
used to calculate the mean molecular weight (M,) and gyration radii (R)) using
the Astra 4.73.04 program (Wyatt Technology, Santa Barbara CA, USA). A Berry
plot with a third order polynomial fit was used to calculate the M,, and R, values
[Bello-Pérez et al. 1996].

2.5.1. Sample preparation for HPSEC — starch polysaccharide
molecules

Dissolution and SEC analysis in DMSO have been widely used for more than
25 years. Researchers have observed that DMSO with 5-10% H,O (wet DMSO)
was making the starch granules swell faster than dry DMSO [Gaborieau and Cas-
tignolles 2011].

The solutions to be measured were obtained by adding the appropriate
starch to a volumetric flask containing water. The contents were gently mixed
with a magnetic stirrer to moisten and disperse the starch granules. With con-
tinued stirring, dimethyl sulfoxide (DMSO) was added and the temperature was
gradually increased to 80°C while continually stirring until clear solutions were
obtained. After the solution had cooled to 25°C, the flask was filled with DMSO
to a final volume. Prior to HPSEC injection, the solution was filtered through
a 0.8 um filter (Whatman, England).

2.5.2. Sample chromatogram — starch

Molecular structure of branched polymers, like starch, are characterized by
distribution of molecular weight of the polymer chains and branches, topol-
ogy and degree of branching. In this study, the HPSEC-MALLS-RI technique
was used to determine the molecular weights and radii of gyration of polymer
chains. This method allowed us to determine the molecular weights of the poly-
saccharides included in the amylopectin fraction. The chromatogram for starch
taken with both, the LS detector diode at a 90° angle and RI detector, are pre-
sented in Figure 3.

Based on the shape, the chromatograms were divided arbitrarily into two re-
gions corresponding to the amylopectin (I) and amylose (II) fractions, respec-
tively. Analysis, with the Astra software, of the superimposed chromatograms
allowed for molar mass distribution for the whole complex peak of the eluate and
for each of its regions.
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Fig. 3. Superimposed chromatograms of Rl and LS detector outputs for native spelt starch
eluted from SEC columns (source: Nowak — unpublished data)

2.5.3. Differential weight fraction — sample

HPSEC is used to determine the molecular weight distributions of polymers.
Based on the data provided by the LS and RI detectors, the Astra software pro-
vided the calculation of the differential molecular weight distributions for the
polymer molecules eluted from the column.

We presented a differential weight fraction of spelt starches, native and mod-
ified physically (illuminated). Diagrams of differential weight fraction vs. M,, for
the examined samples are given in Figure 4.

Native starch polysaccharides exhibited much broader molecular weight dis-
tribution than polysaccharide chains originating from modified samples. From
the chromatogram presented above it can be concluded that the modification for
15 hours leads to the formation of chains starch polysaccharides with the lowest
polydispersity (highest homogeneity). Physical modification (illumination) of
spelt starch results in a lower polydispersion of molecular weight values com-
pared to native starch. Illumination for 5 hours led to a slight decrease in the M,,
of molecules. Further modification (15 hours) exhibited a narrow M,, distribution
and a considerable increase in molecular weight of eluted polysaccharide chains.
At the same time, a significant decrease in the dispersity of the eluted molecules
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Fig. 4. Plots of differential weight fraction vs molar mass for native and illuminated for 5 h,
15 h, 25 h and 50 h spelt starches (source: Nowak — unpublished data)

was observed. Further illumination up to 25 h and 50 h provided subsequent
changes in molecular weights and polydispersity of molecules eluted from the
starch samples. It is worthy to note that the 25-hour illumination changed signifi-
cantly the values of the average molecular weights. However, the polysaccharide
chains eluted from a 50-hour illuminated sample presented a much wider range
of M, distribution compared to the molecules eluted from starch illuminated for
25 hours. Nevertheless, prolonged modification provided widely increased M,,
parameters as well as the dispersity of the sample.

3. Advantages of using HPSEC methods for different
starches

The main application of HPSEC methods is the determination of polymers mo-
lecular weight (M,). In this work we have presented the results of use multi-
ple-detection SEC (MALLS-RI) to determine the average molecular mass of poly-
saccharide chains of starches of various origins. Starch is one the most abundant
and complex branched polymer to characterize. Amylose and amylopectin are
different in terms of the branch content. Amylopectin is highly branched (con-
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tains many clusters of short chains) while amylose has only a few branches [Ga-
borieau and Castignolles 2011]. This technique is also widely used for determi-
nation of amylopectin chains length distribution. Molecular structure (e.g. M,)
affects functional properties of starch and hence determine its applications. Food
industries utilize starch as gelling agents, thickeners, emulsifiers and encapsulat-
ing agents.

Selected molecular weights and radius of gyration of different starches ob-
tained with HPSEC-MALLS-RI method are summarized in Table 2.

Using HPSEC-MALLS-RI system and other methods described above, it is
possible to measure average molar mass and radius of gyration of solubilized
polymers. The solubilisation of starch is necessary and depends on the method
and solvent used in procedure [Bello-Perez et al. 2019].

Literature reports on molecular weight distributions (M,) for starches of
various botanical origin indicate that the starch solubilisation method and the
method for determining average molecular weights have a large influence on
these values. A study by Fishman et al. [1996] on native and waxy maize starch
solubilised by heating in a microwave indicated values of 15 x 10° and 26 x
10° g/mol, respectively. Depending on the determination method used, the
molecular weight measurement for waxy maize starch as tested by Klavons et
al. [1997] was 412 x 10° and 224 x 10° g/mol. Using the HPSEC-MALLS-RI
method, Fiedorowicz et al. [1999] determined the molecular weight values of
native and irradiated aerobic and anaerobic corn starch (30% w/w) solubilised
in a base solution. The values of molecular weights and radii of gyration were
respectively 41.1 x 10° g/mol and 185.5 nm for native corn starch. Bello-Perez
et al. [2019] studies showed that HPSEC-MALLS-RI and AF4 techniques are
accurate to characterization of different maize starch structure. Their conclud-
ed that estimated results (M,,, R,, apparent particle density) obtained with SEC
method were in line with the literature data. Different values were observed for
AF4 system. Authors confirmed that the HPSEC-MALLS-RI is the right strate-
gy for the accurate characterization of starch structure.

According to the literature data [Zhu 2017], the molecular mass of amaranth
(amylopectin fraction) varies from 1 — 70 x 107 [g/mol]. Author proposes that
M,, depends on the dissolving conditions and instrumentation used. Research
carried out by Nowak et al. [2021] showed that average M,, of amaranth poly-
saccharide chains is 4.51 x 107 g/mol. Similar value was provided by Zhu [2017].

Nevertheless, Bello-Perez et al. [2018] studies suggests that the molecular
structure of amaranth amylopectin vary based on its diverse botanical origin.
They concluded that amylopectin from translucent and opaque perisperm had
a different molecular weight (6.2 x 107 g/mol and 7.0 x 107 g/mol, respectively).
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Table 2. The M,, (g/mol) and R, values of different starches (source: own elaboration)

M, x 107 [g/mol] R, [nm]
1 4 4 Ref
Sample Whole peak Whole peak clerences
0.646 69.7 Khachatryan et al. [2014]
Hylon V 5.4 152.0 Bello-Perez et al. [2019]
Hylon VII 0.125 31.8 Khachatryan et al. [2014]
42.00 NR Bertolini et al. [2001]
Cassava 13.00 186.0 Tetchi et al. [2007]
2.19 NR Xia et al. [2017]
Waxy corn 9.43 NR Fiedorowicz et al. [2004]
Xy 25.0 232.0 Bello-Perez et al. [2019]
Spelt 0.820 66.8 Nowak et al. [2014]
Normal maize 18.0 209.0 Tetchi et al. [2007]
14.0 203.0 Bello-Perez et al. [2019]
2.31 77.4 Nowak et al. [2014]
16.8 NR Guo et al. [2020]
Wheat 16.39 2429 Yang et al. [2020]
17.80 205.0 Tetchi et al. [2007]
12.30 NR Fiedorowicz [2004]
Potato 18.7 NR Guo et al. [2020]
9.40 178.0 Tetchi et al. [2007]
4.11 185.5 Fiedorowicz et al. [1999]
Corn 14.2 NR Guo et al. [2020]
13.40 NR Fiedorowicz et al. [2001]
Amaranth 4.51 146.7 Nowak et al. [2021]

NR - not reported

The HPSEC-MALLS-RI method is successfully applied to analyze the struc-
ture of modified starch polysaccharide chains. Some of the authors [Fiedoro-
wicz et al. 2001; Fiedorowicz and Chaczatrian 2004; Khachatryan et al. 2014;
Nowak et al. 2021] did a research on modified starch with electromagnetic ra-
diation. The authors measured the M,, of the starch fractions both, native and
illuminated. This method allows the determination of changes in the molecu-
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lar structure of amylose and amylopectin fractions. For instance, Khachatryan
et al. [2014] studied the effect of illumination with linearly polarised visible
light on high-amylose starches (Hylon V and Hylon VII). Fiedorowicz et al.
[1999] conducted a research based on UV-illumination of corn starches. The
authors found a higher M,, values for the corn starch amylopectin fraction after
increasing time of exposure. On the other hand, the studies of Bertolini et al.
[2001] shows that the molecular weight values of corn amylopectin decrease
with increasing UV exposure time. The authors also investigated the effect of
UV light on the molecular structure of starch using the size exclusion chroma-
tography method with dual detection (SEC-MALLS-RI).

According to the literature HPSEC-MALLS-RI system could be used to de-
termine the molecular weight and radii of gyration of nanocomposites [Khacha-
tryan et al. 2015; Khachatryan et al. 2016a]. The reasearchers generated quantum
dots (QDs), core shell nanocrystals or nanoparticles (nanosilver and nanogold) in
different starch matrix. Measurement of M,, and R, of the polysaccharide chains
from the nanocomposites samples showed that the generation of QDs within
the amylopectin starch fraction was favored [Khachatryan et al. 2015]. The es-
timation of average molecular weights of composites with nanometals using the
SEC method led to interesting conclusions. The authors proposed that forma-
tion of nanosilver in tapioca starch matrix led to partial degradation of amylose
molecules. The resulting short amylose chains were attached to the amylopectin
fraction. This was reflected in an increase in the molecular weight of the amylo-
pectin macromolecules. However, synthesis of gold nanoparticles induced depo-
lymerisation of polysaccharide chains from amylose and amylopectin fractions
[Khachatryan et al. 2016a].

4. Conclusion

Determination of molecular structure of biopolymers chains (M,, R,) is one of
the most important factors in food industry. This structure influences functional
properties of foods. Despite of the availability of various methods, size-exclusion
chromatography (SEC) coupled with molar-mass-sensitive detector and concen-
tration sensitive detector is generally used to define these parameters. One of
the main features of HPSEC-MALLS-RI is the possibility to measure high-molar
masses fractions. Differential weight fraction of biopolymers and their compos-
ites influence functional parameters such as intrinsic viscosity or susceptibility
for hydrolysis by a-amylase.
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Generally, literature data indicates that SEC technique is the most frequent-
ly used method for polysaccharides molecular structure determination. This
method could be used in the future for determination of the molecular struc-
ture parameters of new composites and nanocomposites used in special-pur-
pose products.
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Abstract. An overview of the application of size exclusion chromatography (SEC) in
the analysis of polysaccharides in foods is presented. The most important issues re-
garding sample preparation and possibilities of application of post-column derivat-
ization for detection of polysaccharides in complex samples are demonstrated. SEC
is an important separation technique used to separate molecules such as polysaccha-
rides based on size and shape (hydrodynamic radius), however, sample preparation
is crucial to obtain robust and useful data. In the case of complex samples containing
more than one kind of polysaccharide, what usually takes place in polysaccharides
obtained from plant material, application of even the state-of-the-art detection sys-
tems is of limited use. In such a case, a solution could be the application of post-col-
umn derivatization and selective detection of derivatized polysaccharides. The tech-
niques highlighted in this work are still developing and could be a very useful tool
for the investigation of transformations and interactions of polysaccharides in food
products during processing.

Keywords: size exclusion chromatography, gel filtration chromatography, polysac-
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1. Introduction

Size exclusion chromatography (SEC) is a technique that separates molecules
based on their size by filtration through a gel and is used for the determination
of the molecular mass of different molecules. The concept of size-based sepa-
rations by chromatography was first speculated in 1950 by Synge and Tiselius
based on the observation that molecules could be separated as a function of their
molecular size using zeolites [Hong et al. 2012]. For over last 5 years we observe
a continuous interest in this technique (www.trends.google.com). Nowadays, the
highest interest in SEC is observed in China, but also in other countries such as
the USA, Canada, Australia, or in Western Europe. From the countries of Eastern
Europe, this technique is distinctly popular among researchers in Poland (www.
trends.google.com).

Size exclusion chromatography has been known under several other names
such as exclusion chromatography, steric-exclusion chromatography, restrict-
ed-diffusion chromatography, liquid-exclusion chromatography, gel-filtration
chromatography, and gel-permeation chromatography [Hong et al. 2012]. The
separation in these techniques is based on size exclusion, which is why ITUPAC
(International Union of Pure and Applied Chemistry) recommends using the
term SEC instead of GPC [Gaborieau and Castignolles 2011]. Often the difference
between the two terms GPC and SEC is that SEC is for aqueous applications and
at room temperatures while GPC is with organic solvents and can be performed
at high temperatures necessary to dissolve high molecular weight polymers. In
general, the term GPC is used for those analyzing plastics or synthetic polymers
using either organic or aqueous-containing eluents. By comparison, SEC is more
commonly used to describe size-based separations of biological compounds such
as polysaccharides and proteins [Held 2018].

The performance, quality, and safety of polysaccharide-based products de-
pend on their molar mass, molecular weight distribution, and structure. If the
molar mass of the polysaccharide is too high, then the final product may be too
brittle and/or firm, while a low molar mass may result in a far more weakly struc-
tured product and a deterioration other technological properties. Furthermore, at
low molar mass, polysaccharides tend to be linear, but as molar mass increases, so
does the likelihood that the molecule will branch. Branching also directly influ-
ences the quality of a finished product, so controlling both properties is crucial to
ensure a safe, high-quality product that behaves as required [Ball 2016].

SEC with multiple detection was proven for effective polysaccharide charac-
terization. However all detection systems have some limitations [Striegel 2016;
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Williams 2018], especially when polysaccharides of the object are not sufficiently
purified or other polysaccharides are present in the samples, which is especially
challenging in samples derived from biological (plant) material. In such a case
post-column derivatization and detection of derivatized polysaccharides in sam-
ples containing other polysaccharides seems to be a promising and innovative
solution, however, information concerning this kind of SEC is scarce. This work
aimed to present an overview of the application of SEC in the analysis of polysac-
charides in foods with a special emphasis on the sample preparation and possibil-
ities of application of post-column derivatization for detection of polysaccharides
in complex samples.

2. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) system separates polysaccharides by their
hydrodynamic radius, a property determined both by the size and shape of the
molecule. The principle of SEC separation is shown in Figure 1. Large molecules
cannot enter pores in the gel, their way through the column is shorter and are
eluted sooner, whereas small molecules can enter gel pores their way through the
column is more complicated, longer and are eluted later.

Unlike other chromatographic methods, saccharides do not bind to a station-
ary phase during SEC. In contrast, saccharides are separated by the rate at which
they navigate through an inert stationary phase called size-exclusion resin [Hong
etal. 2012].

The gel consists of spherical beads containing pores of specific size distri-
bution. Separation occurs when molecules of different sizes are included or ex-
cluded from the pores within the matrix. Small molecules diffuse into the pores
and their flow through the column is retarded according to their size, while large
molecules do not enter the pores and are eluted in the column’s void volume.
Consequently, molecules separate based on their size as they pass through the
column and are eluted in order of decreasing molecular weight (M, ). Operating
conditions and gel selection depend on the application and the desired resolution
[Hong et al. 2012].

The basic components of a typical SEC system (Fig. 2) are the pump, injection
system, SEC column, detection system, and specific SEC software.

Pumps used in SEC must have low pulsations and high accuracy of flow.
A change of the flow rate of only 0,1% can cause an error in molar mass of up to
10%. The injection system should provide an introduction of the sample without
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Fig. 1. Schematic representation of the separation mechanism of molecules based on size
(and shape) on the SEC column (source: own elaboration)

jump of pressure. SEC columns should be maintained at a constant temperature
during the whole analysis. Temperature control of the detector is also desirable.
More extended SEC systems used for the analysis of carbohydrates have often
series of columns connected in line, multidetection system, post-column deri-
vatization system, and equipment providing the possibility of collection frac-
tions. Application of SEC columns of different target molecular weight range
connected inline provide the possibility of separation molecules in a wide range
of their size. Multidetection system provides possibility of detection of various
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substituents of polysaccharide chain, as well as contaminants in the sample. In
the analysis of molecular weight distribution of polysaccharides isolated from
plant material refractometric detector (for sugars detection) completed by UV
detection (for detection of proteinaceous material) is especially useful. Poly-
saccharides obtained from biological sources are usually a mixture of different
ones. For example, purified starch contains significant amounts of non-starch
polysaccharides. Both molecular weight distribution profile, as well as molar
mass, may be strongly affected by these contaminants because detectors used for
sugar detection cannot distinguish between different kinds of polysaccharides.
Post-column derivatization allows distinguishing one kind of polysaccharide
from another after their separation on the SEC column at the detection stage.
The SEC system equipped with post-column derivatization system (Fig. 3) at
the output of SEC columns has a mixer and reaction coil where separated poly-
saccharides are mixed with derivatization reagent provided by the second pump
at a constant rate, and derivatized polysaccharides are further detected by UV
or fluorescence detectors [Shewry and Ward 2009]. The SEC system equipped
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with fraction collector enables the possibility of further examination of obtained
fractions as well as production of higher amounts of selected fractions more
efficiently in combination with preparative SEC columns. If results of SEC anal-
ysis are to be compared or are to be followed, specific SEC software is needed to
generate the results [Held 2018].
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Fig. 3. Schematic representation of the SEC with post-column derivatization system (source:
own elaboration)

3. Sample preparation for SEC analysis

Sample preparation is the most important stage in the analysis of the molar
mass of different biopolymers, including polysaccharides by SEC [Gaborieau
and Castignolles 2010; Hong et al. 2012; Buksa et al. 2018]. Conditions applied
during sample preparation must ensure a complete dissolving of biopolymer
in the solvent used. If dissolution will be incomplete there will be a question of
what part was not dissolved and if the dissolved fraction is representative to the
whole sample. After dissolving centrifugation and/or filtration is applied and in
most cases after these steps material that was not completely dissolved is exclud-
ed from further analysis. If these steps will not be applied the undissolved mate-
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rial could be retained in the guard column or at the top of the main column and
finally also be excluded from the analysis, or strongly modified by high shear-
ing forces (this often could be observed as a pressure jump immediately after
injection), and apart of the high risk of column blockage this approach leads to
distorted results of SEC analysis. What is more, the undissolved fraction has not
an average but rather a high molar mass, and exclusion of this fraction causes
significant underestimation of the average molar mass determined. The second
problem associated with not properly dissolved polymers is that the molecules
may be in a form of complexes, aggregates and deliver an overestimated results
[Gaborieau and Castignolles 2011; Hong et al. 2012]. This is especially danger-
ous when MALS (multi angle light scattering) detection is applied which is very
sensitive to aggregates.

The issue which must be considered in the case of sample preparation is a se-
lection of a suitable solvent. Also, the conditions such as temperature, pH, time,
the intensity of dissolving, etc. must be selected carefully as one or all may affect
the natural structure of polysaccharides and their substituents, changing their
molecular properties. As an example using alkali solvents is not acceptable for the
investigation of esterified molecules as it causes de-esterification.

To summarize the above-mentioned issues the examined polysaccharide
should be properly dissolved and every time the recovery after centrifugation/
filtration should be measured and clearly presented. In some cases, such as re-
search concerning cross-linking, further analysis of undissolved material with
other techniques is justified [Buksa et al. 2018; Buksa and Krystyjan 2019].

In the molecular mass analysis of starch and modified starches, the problem
of incomplete dissolving still remains, and there is no universal method of com-
plete starch dissolving without controversies about interference with its natural
molecular structure [Gilbert et al 2010].

4. Standards used in SEC analysis of polysaccharides

The SEC system calibrated with proper standards of known molar mass allows
the measurement of the molecular masses of unknown molecules. The standards
should be as similar to the molecules of interest (polysaccharides) as possible.
Any difference in the structure, branching, degree of substitution with differ-
ent molecules or groups, etc. will generate differences which finally cause un-
der- or overestimation of the true molar mass of examined polysaccharides. In
such a case, the not absolute molar mass is determined but related to standards,
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apparent molar mass. However, this apparent molar mass should be close to an
absolute molar mass as far as possible, because when abstract values are reported
for biopolymers of rather widely reported molar mass (for example starches), for
which molar mass is also determined by other techniques, this causes controversy
and confusion [Gilbert et al. 2010; Ball 2016; Williams 2018].

The SEC standards may have narrow or broad distribution. Broad distribu-
tion standards may help in the situation when narrow standards are not avail-
able. For the determination of the molar mass of glucans, dextran or pullulans
are commonly used [Ball 2016]. For molar mass analysis of protein, different
proteins of known molar mass are used. For analysis of pentose-based poly-
saccharides, xylans of known molar mass should be used, but these are poorly
available. For other biopolymers, available standards could be used, but the re-
ported molecular parameters must be clearly explained as apparent in relation
to kind of standards.

The inclusion of a light scattering detector in a SEC system eliminates the
need to run a series of standards to generate a calibration curve, as the sample’s
molecular weight is measured directly by the light scattering detector. This ability,
in addition to the measurement of a sample’s absolute molecular weight, is one of
the main advantages of using a system with a light scattering detector. However,
while a long-lasting process to generate a calibration curve is not needed when
using a light scattering detector, a quick calibration step involving the analysis of
a single, narrow standard is still required. The two reasons for this are to deter-
mine the detector response factors and to calculate detector offsets and corre-
sponding band broadening corrections [Gaborieau and Castignolles 2011; Ball
2016; Williams 2018].

5. Characterization of SEC columns

In SEC analysis the type of resin used and the length of the column play a critical
role. The choice of the resin depends on the molar mass of the polysaccharides
which are intended to be separated and the conditions under which the sepa-
ration will be performed. For the complex mixture of polysaccharides not one
column but series of columns, of different exclusion ranges, connected in line
is often applied. Comprised exclusion ranges of columns in series provide more
good separation conditions in a broad range of molar mass.

The most popular columns in SEC are Shodex SB-800 Series, Tosoh Biosci-
ence TSKgel PW & PWxl, Agilent PL aquagel-OH, Waters Ultrahydrogel Phe-
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nomenex PolySep, and PSS SUPREMA. Recently so-called mixed-bed HPSEC
columns are available. These columns have particles with different pore size rang-
es and are designed to extend the linear range. Such columns are recommended
to use for dietary fiber polysaccharides since they significantly simplify the cali-
bration of the SEC system [Shewry and Ward 2009].

The main parameters of SEC columns are particle and pore size and column
dimensions. In general the smaller the particle size, the higher the resolution.
Pore size controls the exclusion limit and the fractionation range of the media.
Resolution increases with the column length, and as the column diameter in-
creases, the capacity of the column increases due to the larger column or bed
volume. Column packing is critical to resolution. As a result of pressure jumps
(for example at the sample injections) bed in the column may be destroyed. Dead
volume at the top of the column can significantly reduce resolution as the sample
is allowed to diffuse prior to entering the column bed, resulting in "band broad-
ening” or wider peaks. Dead volume at the top of the column is possibly the most
critical consideration because the loss in resolution is then multiplied as the mol-
ecules travel through the column [Hong et al. 2012].

The elution volume decreases nearly linear with the log of the molecular hy-
drodynamic volume. The elution volume between V,, and V, can be expressed as
a function of molecular size and represents the working range where the column
is capable of size separation (Fig. 4). It is possible to calibrate the column for mo-
lecular size determination within this range if standards with well-defined molec-
ular sizes are available. However, the parameter of interest is often the molar mass
rather than the molecular size. Therefore, the relationship between molecular size
and molar mass becomes important. Within a type of polysaccharide, this rela-
tionship is linear if the fine structure and conformation are constant. This means
that elution volume only can be translated into molar mass if standard samples
of the correct structure were used for calibration. A calibration performed under
good conditions should show a nearly straight line when log molar mass is plot-
ted against elution volume. However, if the SEC system consists of more than one
column this relationship could be more complicated. V; and V, should always be
determined in order to avoid extrapolations outside of the working range [She-
wry and Ward 2009; Hong et al. 2012; Held 2018].

SEC separations are generally performed using materials composed of dex-
trose, agarose, polyacrylamide, or silica which have different physical character-
istics. Polymer combinations are also used. Ideally, the materials will have no in-
teraction with the examined biopolymers [Hong et al. 2012].

For a successful SEC separation, the selection of both column packing as
well as solvent system is required. The mobile phase should consist of a very
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tion volume in size exclusion chromatography (source: own elaboration)

high purity solvent that should not react with sample or column packing and
there should not be any interference with the detector. A common approach to
reduce electrostatic interactions in SEC involves increasing the ionic strength
or salt concentration of the mobile phase. This can reduce secondary interac-
tions and improve peak symmetry, retention time, and quantitation. Mobile
phases used for SEC of polysaccharides are alkali or NaNO; (salts) solutions
[Shewry and Ward 2009; Hong et al. 2012]. Considering flow rates used in SEC
— the moderate flow rates offer the highest resolution. Moderate flow rates allow
the molecules to fully access the surface area of the stationary phase permit-
ting the smaller molar mass species the time to enter the pores, resulting in
improved partitioning of the different molar mass species. Flow rates that are
too slow will reduce resolution since the peaks or bands will diffuse too much
as they travel through the column. In SEC where elution could be carried out by
using physiological buffers, the speed of SEC can result in the quantitative puri-
fication of enzymes with full activity. For labile enzymes, SEC can be performed
in the cold and at the highest possible flow rate. For those biopolymers which
show aggregation, detergents, generally 0.1% SDS (sodium dodecyl sulfate), can
be included in the mobile phase [Tayyab et al. 1991].
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6. Characterization of most common detection systems
in SEC

Several types of detectors are used in SEC systems. Two main groups are con-
centration-sensitive detectors and molar mass-sensitive detectors. Among con-
centration-sensitive detectors, bulk property detectors with the most common
in sugar analysis Refractive Index (RI) Detector should be mentioned. Other
concentration-sensitive detectors are the Ultraviolet UV Absorption Detector
which is a solute property detector and Evaporative Light Scattering Detector
(ELSD) belonging to evaporative detectors. Among molar mass sensitive detec-
tors, the Light Scattering Detectors including Low Angle Light Scattering (LALS)
and Multiangle Light Scattering (MALS) detectors should be mentioned. To the
group of molar mass sensitive detectors also Viscosity detectors (Differential Vis-
cometers, VISC) are classified [Striegel 2016]. There are also other detectors used
in SEC systems such as Flame Ionization Detector (FID), a Mass Spectrometer, or
a Fourier Transform Infrared (FTIR) Spectrometer. For multidetection SEC sys-
tems, the offset and band broadening calculations are necessary to align and co-
ordinate the responses of multiple detectors positioned in series [Williams 2018].

It must be noted that for measurements with advanced detectors complete
dissolving and exact purification of the sample polysaccharide from co-eluting
contaminants is crucial to generate useful data [Shewry and Ward 2009; Hong et
al. 2012; Williams 2018].

7. Molecular parameters determined by SEC

There are many parameters influencing calculated molar mass, so in order to en-
sure comparable conditions of calculations for estimation of molecular param-
eters, a special software should be applied [Shewry and Ward 2009; Held 2018].
The most common parameters are: number average molar mass, mass (weight)
average molar mass and dispersity.

The number average molecular mass (M,) is the ordinary arithmetic mean
or the average of the molecular masses of the individual macromolecules. It is
determined by measuring the molecular mass of n polymer molecules, summing
the masses, and dividing by n.

_ X.N.M,
Mn — 1 1 1
2.N.

1 1
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The mass average molar mass (M,) is another way of describing the molar
mass of a polymer. Some properties are dependent on molecular size, so a larger
molecules will have a larger contribution than a smaller molecules.

— _INM
M, =L
.N,M,

Where N, is the number of molecules of molar mass M,.
The ratio of the mass average to the number average is called the dispersity D.

_MW
M

n

b

To avoid misinterpretation the calculated parameters should be compared
with the same parameters determined by other techniques. Surprisingly, only
very few SEC characterizations have been validated by determining the molecu-
lar weight with at least two different methods [Shewry and Ward 2009; Gaborieau
and Castignolles 2011].

8. Examples of application of SEC in analysis of
polysaccharides

SEC is not a high-resolution technique. Although SEC does not discern similar
molar mass species particularly well, it is very good at separating molecules that
may not be fully resolved by other methods. The resolution of separation depends
on particle size, pore size, flow rate, column length and diameter, and sample vol-
ume. Generally, the highest possible resolution is the ability to measure a twofold
difference in molar mass. This is obtained with moderate flow rates, long, narrow
columns, small particle size gels, small sample volumes, and a sample viscosity
that is the same as the eluent.

8.1. Molecular mass determination

SEC enables measurement of the average molecular weights and molecular-weight
distributions of polymers. Because these characteristics may be correlated with
important properties of hydrocolloids such as water absorption, SEC is an essen-
tial analytical technique for characterization of macromolecules.
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8.2. Proteins and polysaccharide fractionation

Polysaccharides are obtained from natural sources using various isolation and
purification techniques. For example, non-starch polysaccharides are obtained
from cereal grain by water extraction [Shewry and Ward 2009]. Hyaluronic acid
is obtained from rooster combs by extraction with sodium acetate and precipi-
tation with an ethanol solution. Dextran is now synthesized by lactic acid bac-
teria, such as Leuconostoc mesenteroides using sucrose [Krawczyk et al. 2018].
During preliminary purification, polysaccharides can be precipitated from their
aqueous solution with organic solvents, such as acetone, acetonitrile, or ethanol,
sometimes with the aid of salts. The disadvantage of this method is the possibil-
ity of co-precipitation of impurities. For technological, biochemical, and medi-
cine-related applications it is also important to separate a particular fraction of
a polysaccharide with a suitable molar mass. For example, 200 000-2 000 000
g/mol fractions of inulin, B-glucan, levan, and hyaluronic acid are usually used
for pharmaceutical-related purposes [Krawczyk et al. 2018]. One of the reasons
is molar mass dependent properties of polysaccharides. Therefore, methods of
purification from natural sources and separation of polysaccharides into frac-
tions of a particular molar mass suitable for analytical and preparative purposes
are necessary. The most commonly used methods are: capillary electrophoresis
(CE), a combination of CE and HPLC, nanofiltration, and SEC [Hong et al. 2012;
Krawczyk et al. 2018].

8.3. Purification

SEC is generally used near the end of the purification process for a polysaccharide
of interest. SEC can also be used extensively to guide the development of the pu-
rification process for biopharmaceuticals [Hong et al. 2012]. Often, size exclusion
chromatography is used as a faster and more reliable buffer exchange method
than dialysis because it is compatible with several solvents and requires less buf-
fer. A single solvent is used throughout the procedure, and the available resins are
compatible with the most commonly used buffers. SEC enables the separation of
not only sugars but also protein, peptides, nucleic acids, and others on the basis
of their size. Various species of RNA and viruses have been purified using SEC.
This technique is used in biopharmaceutical areas, including the purification of
viruses such as coronaviruses including SARS-CoV-2 [Loa et al 2002; Esposito
et al. 2020], adenovirus, lentivirus, influenza virus, antibody fragment vaccine
against HIV1, plasmid, or viral clearance [Stein et al. 2016].
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8.4. Desalting

A common use of SEC is for desalting especially of a protein or nucleic acid
samples. The molecule of interest is eluted in the void volume, while smaller
molecules are retained in the gel pores. To obtain the desired separation, the
gel should have an exclusion limit significantly smaller than the molecule of
interest.

8.5. Aggregation studies

SEC is also a great tool commonly applied for the investigation of protein-poly-
saccharide interactions, complex formation, and complexes in food matrixes
[Tao and Zhang 2008; Liu et al. 2017; Buksa et al. 2018; Buksa and Krystyjan
2019; Cao and Mezzenga 2020]. SEC is also commonly used for studying mod-
ifications of biopolymers which strongly affect their molar mass. SEC could
be very useful to determine the advancement of hydrolysis and cross-linking,
where decrease or increase of molar mass can be monitored respectively [Boe-
riu 2008; Rasmussen and Meyer 2010; Buksa et al. 2016b; Akhtar and Ding
2017; Raak et al. 2018].

8.6. Studies of molar mass of polysaccharides in complex
samples

Preparation of extracts prior to molecular weight determinations is a crucial
step, because there is a compromise between using mild conditions that preserve
molecular weight and on the other hand, obtaining a high yield of the polysac-
charide. One way to eliminate the need for purification of extracts is to use selec-
tive detection. If only the molecules of interest are detected, co-eluting molecules
do not interfere with the determination of the molecular weight distribution.
Such selective detection is possible by applying techniques of post-column deri-
vatization followed by detection of selectively derivatized molecules. For food
samples of post-column derivatization techniques are available for the detection
of 3-glucans, pentose-based polysaccharides (arabinoxylans), and starch frac-
tions (Table 1). Application of post-column derivatization and multidetection
allow determining molecular mass distribution profiles of polysaccharides such
as starch, $8-glucan, arabinoxylan in the samples where other polysaccharides are
present.
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3-glucan forms complex with the dye Calcofluor that can be selectively
measured with a fluorescence detector. Calcofluor in post-column derivatization
SEC system (Fig. 3) is delivered post-column to the eluting sample and the complex
is formed in a mixer and reaction coil prior to the detector. Different wavelengths
for the detection of the complex have been reported in the literature. Wood et al.
[1991] used 360 nm excitation and 425 nm emission while Suortti [1993] used 415
and 445 nm respectively. The emitted light measured is proportional to the mass
of 3-glucan in the detector thus providing a signal showing a weight distribution
of molecular weight. It must be underlined that there is a need for calibration
standards with known molar mass for calibration of SEC system, and no such
commercial standards are available for $3-glucan, but it is possible to calibrate
a Calcofluor post derivatization SEC system by combining light scattering and
micro fractionation [Shewry and Ward 2009].

Similarly, as it was described for 8-glucan post-column derivatization system
may be used for the determination of molar mass and molecular mass distribution
of arabinoxylans extracted from cereal grain. In extracts containing other poly-
saccharides such as starch or {3-glucan, pentoses may be selectively measured by
means of specific staining reaction in the collected fractions with orcinol-based
spectrometric method [Buksa et al. 2016a].

Recently, the post-column derivatization SEC system was applied for exam-
ination of molecular properties of starch fractions and resistant starch. The lin-
ear regions in starch molecules form complexes with iodine and such complexes
could be examined by means of colorimetric measurements. This is a great op-
portunity to apply the SEC with post-column derivatization using iodine solution
in order to investigate the molecular structure of starch fractions and resistant
starch in the samples [Buksa 2018]. An exemplary elution profile of starch, amy-
lose, and amylopectin is shown in Figure 5.

8.7. Analysis of molar mass of starches

SEC is commonly used for the determination of molecular parameters of starch-
es. However, the analysis of the molar mass of starch still is a challenge. Despite
10 years, the problems of molar mass analysis of starch highlighted in 2010 [Gil-
bert et al. 2010] are still unresolved. Critical steps in the analysis of molecular
properties of starch that generate the highest mistakes are especially: extraction
and purification, dissolving and solvent selection, and availability of appropriate
standards.
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Fig. 5. Molecular mass distribution profiles of whole starch (-e-), amylose (-A-), amylopec-
tin (-0-) (source: own elaboration)

9. Conclusion

Size exclusion chromatography (SEC) is a separation technique used to sep-
arate molecules on the basis of size and shape (hydrodynamic radius). This is
a great tool for the analysis of biopolymers such as polysaccharides. However,
sample preparation is crucial to obtain robust and useful data. For investigation
of polysaccharides isolated from various raw food resources (especially plant
material) using the state-of-the-art detection systems extremely thorough pu-
rification is required which affects all determined molecular parameters. In the
case of such complex samples, a solution could be the application of post-col-
umn derivatization and selective detection of derivatized polysaccharides but,
the advantages of SEC with post-column derivatization seems to be underap-
preciated in the current studies. The technique highlighted in this work in all
its modifications is still being developed and could be a very useful tool for
the investigation of transformations and interactions of polysaccharides in food
products during processing.
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Abstract. Most volatile fraction components of alcoholic beverages can be quan-
tified and qualitatively determined by chromatographic techniques. Olfactometry
is a method that allows the simultaneous separation and identification of volatile
compounds. At the same time it aids the perception of the given compound’s smell
by the human nose. Non-chromatographic methods used to determine the flavour
profile of alcoholic beverages include i.a. electronic nose. The purpose of this work
is to present and compare the principles of these two methods. In order to facilitate
an understanding of the principles the schemes are presented. For both methods
advantages and limitations are presented. There are various possibilities of electronic
nose and gas chromatography with olfactometric detector application. The methods
may be used for the analysis of alcoholic beverages, as well as the most common es-
ters and terpenes in alcoholic beverages, taking into consideration the characteristic
aromas and detection threshold.

Keywords: volatile compounds, gas chromatography, olfactometric detector, elec-
tronic nose, alcoholic beverages
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1. Introduction

Volatile compounds in alcoholic beverages are responsible for their taste and
aroma. The word “volatile” is used to describe the compounds not undergo-
ing any chemical procesess, detectable in room temperature in low concentra-
tions. Most often the concentration of these compounds in alcoholic beverag-
es is within a range of ppm, ppb or sometimes ppt. Each of these substances
has own sensory threshold value. Those values are well known in the case of
aqueus solutions, however, there is little or no data regarding wines. Aroma
compounds can be divided into three groups depending on their source. There
are primary aromas coming from grapes and secondary aromas produced by
yeasts during fermentation process. There are also compounds known as ter-
tiary aromas, formed during the storage period in the wooden barrels or glass
bottles. The most important volatiles in alcoholic beverages are higher alcohols,
esters, volatile acids, carbonyl compounds and lesser-known terpenoids. How-
ever, esters and terpenoids contribute to sweet, floral and fruity aroma of alco-
holic beverages, even if they occur at a low concentration [Clarke and Bakker
2004; Kostrz and Satora 2018]. Therefore in current chapter these compounds
are focused on (Table 1 and Table 2).

Esters are compounds derived from organic or inorganic acids in which at
least one hydroxyl group is replaced by alkoxy group [IUPAC, 1997]. These com-
pounds could also be synthesised by yeast during fermentation as a result of re-
action between alcohols and acetyl-CoA (catalyzed by acetyltransferase), which
caused higher concentration of these compounds in alcoholic beverages [Spark-
man et al. 2011; Januszek et al. 2020].

Terpenoids are present in low concentrations in alcoholic beverages, which
significantly affect their flavour. Bacteria, fungi and several invertebrates are
responsible for terpenoids biosynthesis. However, these compounds are also
known to be secondary metabolites derived from plants. About 60,000 ter-
penoid structures have been identified from natural materials so far and since
terpenes are built up from isoprene, they are also called isoprenoids. That
compounds may be divided on the basis of their C-skeleton, e.g. 10 carbons
(monoterpenes), 15 carbons (sesquiterpenes), 20 carbons (diterpenes), 30 car-
bons (triterpenes) [Arrhenius et al. 1996; Grassmann 2005; Brattoli et al. 2014;
Kostrz and Satora 2018].



IV. Application of electronic nose and gas chromatography with olfactometric detector...

69

Table 1. Selected terpenoids in alcoholic beverages (source: own modification based
on Burdock [2006])

. Aroma threshold L. Type of alcoholic
Terpenoids . Characteristic aroma
detection at: beverages
woody, spicy, dry, clove-like
b- hyll 64 to 90 ppb b
caryophyllene 090 pp aroma eer
aroma characteristics at 1.0%:
m-cresol n/a pher%o.hc, spicy eugenol-like, bee'r, rum, sherry,
medicinal, smoky powdery  whiskey
with a leather like note
b ici 1’ .
o-cresol n/a Inl.lStY medlc.l na, sweet rum, sherry, whiskey
spicy, phenolic aftertaste
. woody, cedar wood,
cycloionone n/a . cognac
raspberry, orris root
-form,1 , fruity, ith .
a-damascenone d-form,100 ppb  sweet, fruity, woody wit wine

I-form, 1.5 ppb

a green seedy background

sweet, brown woody, tobac-

hop oil rum, white
wine, red wine, beer,

0.0007 t
b-damascenone ° co, davana-like, fruity, with  cognac, rum,
0.009 ppb . . L1
a spicy balsamic undernote  whiskies, scotch,
cider, grape wines
floral, rose, sweet, fruity,
farnesol 1 ppm green lavender and haylike ~ beer, whiskey
nuances
d-, I- or dl-limonene has
. a pleasant, lemon-like odor .
limonene 4 to0 229 ppb apple brandies
free from camphoraceous
and turpentine-like notes
pleasant floral aroma, free rape wines. rum
linalol 4 to 10 ppb from camphoraceous and fi dfr ’ ’
terpenic notes
sweet, woody, penetrating rape wines. apple
linalol oxide 320 ppb aroma with floral, woody-e- grap > 3PP

arthy undertones

brandies

citral

n/s; Dection at
1.0%:

strong, lemon-like odor
characterizing lemon-like,
distilled lime peel, intense
aldehydic citrus like

beer, wine, apple
brandies
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Table 1. cont.

Terpenoids Aroma tl‘1reshold Characteristic aroma Type of alcoholic
detection at: beverages
characteristic rose-like odor
citronellol 11 ppbto 2.2 l—.Cltronellol - sweet, peach bc.eer., rum and apple
ppm -like flavor distillates
d-citronellol - bitter taste
. . whiskey, apple
geraniol 4to 75 ppb rose-like aroma distillates
eugenol 6 0 100 ppb strong a1.‘omat1c odor of clove whiskey, grape wi-
and a spicy pungent taste nes, apple distillates
a-ionol n/a woody, ionone-like with a raspberry brandy
woody, floral powdery note
violet-like aroma, woody, cognac, rum, whisky,
b-ionone 0.6 to 10 ppb floral, berry, fruity.with po-  white wine, raspber-

wdery nuances

ry, apple, brandy

Table 2. Selected esters in alcoholic beverages (source: own modification based on

Burdock [2006])

Aroma or - Type of alcoholic
Esters Characteristic aroma
taste treshold beverages
characteristic fruit-like
(banana, pineapple) aroma
Taste characteristics beer, rum, cider, white
amyl hexanoate n/a .
at 20 ppm: green, waxy, wine
sweet and fruity with
cognac-like notes
. malt whiskey, cider, white
amyl octanoate n/a fruity and earthy aroma . ; .
wine, sparkling wine
characteristic fruity, peanut
-like aroma . .
- cognag, cider and white
butyl laurate n/a Taste characteristic

at 100 ppm: harsh and sul-

furaceous with fruit notes

wine, whiskey



fruity.with

IV. Application of electronic nose and gas chromatography with olfactometric detector... 71

Aroma or . Type of alcoholic
Esters Characteristic aroma
taste treshold beverages
decyl butyrate detection: 225 floral, orange-rose aroma cognac
et to 1000 ppb > orang &
cognac, malt whiskey,
. . cider, sherry,white, red,
. fruity aroma with a pleasant .
diethyl malate n/a port, sparkling, rose,
herbaceous undertone .
strawberry and bilberry
wines
cognac, rum, whiskey,
cider, sherry, plum bran-
diethvl aroma characteristics at dy, apple brandy, grape
v n/a 1.0%: fruity, waxy, floral and brandy, cherry brandy,
succinate .
slightly musty cocoa, arrack and red,
white, port, strawberry
and sparkling wines
beer, grape, brandy
diethyl sulfide  n/a garlic/ethereal aroma (cognac, armagnac,
weinbrand)
pleasant ethereal fruity,
brandy-like odor, remini- cognac, beer, whiskies,
5 ppb to . . .
ethyl acetate 5 oom scent of pineapple, cider, sherry, grape wines,
bp somewhat nauseating in rum
high concentration
white wine, red wine,
ethyl benzoate 100 ppb to fruity aroma similar to cider, whiskies, apple
150 ppb ylang-ylang brandy, cherry brandy;,
Bourbon vanilla
fruity, sweet, tutti-frutti, beer, cognac, rum, whi-
ethyl butyrate  0.1to 18 ppb  apple, fresh and lifting, skies, cider, sherry, grape
ethereal wines
apple brandy,
. i quince, prickly pear,
ethyl cinnamate 17 to 40 ppb sweet balsamic honey-note strawberry wine, Bour-

aroma

bon vanilla, clove brandy,
rum, sherry, grape wines
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Table 2. cont.

Aroma or - Type of alcoholic
Esters Characteristic aroma
taste treshold beverages
ethyl decanoate 8 to 12 ppb waxy, fruity, sweet apple cognac and apple brandy

beer, rum, cognac, whi-
fruity, green, fresh, sweet, skies, cider, sherry, grape
banana peel, apple and pear wines, pear and apple

brandy, Bourbon vanilla

hexyl acetate 2 to 480 ppb

beer, cognac, grape wi-
nes, rum, whiskies, cider,
sherry

sweet fruity, banana-like

i lacetate 2 to 43 ppb
{soamy? acetate 022 PP with a green ripe nuance

Scotch whiskey, white

2-methylbutyl fruity, sweet, banana, juicy

5to 11 ppb . . . wine, Bantu beer, beer,
acetate fruit and tutti-frutti note )
cider
methyl . .
Y cooling, sweet, fruity and .
cyclohexane- n/a Bourbon vanilla
floral
carboxylate

2. Electronic nose

Electronic nose (e-nose) is one of the non-chromatographic methods of food
analyses. Electronic nose mimic the human smell and the sense’s communication
with the brain (Fig. 1). The human olfactory ability is more complex and contains
thousands of receptors that bind aroma molecules and enable the detection of
some volatile compounds at the concentration reaching ppt. The human brain
detects these signals and recognizes the substance consumed. On the other hand,
electronic noses are the systems built from appropriately selected electronic sen-
sors (transducers), that interact with aroma molecules showing different chemi-
cal affinity [Mielle 1996; Plutowska 2008; Payel et al. 2018]. Generally, the prin-
ciple of e-nose operation can be divided into three parts. The first one is a simple
delivery system, which is able to release volatiles from the sample headspace after
its injection into the detection system. The second mentioned detection system
has got a sensor which plays the role of the transducer and a converter. When vol-
atiles get adsorbed on the sensor surface, they tend to change physical and elec-
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trical properties of the sensor. The last part is a computing system, functioning of
which is based on a statistical model [Wilkes et al. 2000; Turek and Chmielewski
2006; Payel et al. 2018].

Electronic noses, similarly to human noses are more able to distinguish spe-
cific aromas than characteristic compounds, however, e-noses detects the smell
more effectively. Moreover, e-noses also detects hazardous subtances (e.g. poison-
ous gas), which are undetectable by human nose. Even though, sensors are very
sensitive, they are only able to detect volatiles in the range of ppm with very few
decimal places [Mielle and Marquis 1999; Wilkes et al. 2000; Turek and Chmie-
lewski 2006; Payel et al. 2018].

HUMAN NOSE

Smell (receptors) Brain (memory) Neurons Human

A ® @ a

da .
o - Comparison of aroma by Beer
m Acquisition — > Signal C— > the neural system and ==

processing identification

@, o 1

Raw signal Pre-processing and database Recognised as beer

Aroma

ELECTRONIC NOSE

Fig. 1. Interpretation of data — e-nose vs human nose (source: own modification based on
Payel et al. [2018] and Santos et al. [2017])

3. Gas chromatography with olfactometric detector

Application of gas chromatography method with olfactometric detector uses the
skills of trained users to organoleptically distinguish the eluate from a chromato-
graphic column in order to recognise aroma volatiles. This method allows to deter-
mine whether the given aroma compounds is present in a concentration enabling
its human sensory detection, what is the aroma’ type and the duration of its sen-
sory activity. Determination of volatiles is possible due to the application of special
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equipment, which is the olfactometric connector pipe. It is usually connected paral-
lelly to standard detectors, e.g. flame detector and mass specttrometer, as well as the
ionizing detector. Provided that the quantity of the compound is sufficiently large,
several users are able to concurrently detect it in several ports (Fig. 2) [Ferreira et al.
2001; Ferreira 2002; Triqui and Bouchriti 2003; Ferrari et al. 2004; Plutowska 2008].

.

fruity

‘00
o® . o o

.
o oy 0%

Olfactometer

Aroma

<. = \: 74
. \ . ;
| . . . ’
: : ﬁ
:
*e% 0
A 0% o
®.% 0 * 005 °%,

Detector

Separation of volatile compounds (GC-FID)

Fig. 2. Scheme of GC-O (source: own modification based on Internet source 1 [2018])

Separation method as well as equipment set up may influence the quality of
obtained results. Subsequently, that may cause differences in the response of the
human detector [Delahunty et al. 2006]. It is very important to choose properly
extraction technique of volatile compounds, and to eliminate of distraction stim-
uli during the evaluation of sensory assessment, e.g. foreign odors and distracting
sounds. Another limiting factor is too many samples for identification, at a short
time, causing sensory fatigue. Sensory panel should, within tens of minutes, iden-
tify many specific aroma which are felt at irregular intervals just for few seconds.
It is advisable to exchange panelists who recognise the aroma every few minutes
[Bernet et al. 2002; Delahunty et al. 2006; Plutowska 2008].
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Usually, the application of gas chromatography olfactometry method is typi-
cal for the comparison of the organoleptic properties of beer, wine, cognac, whis-
ky, and other alcoholic beverages. For comparison, classical sensory analysis,
e.g. (duo-trio method, taste profixing method) is very often used at the same
time. The majority of these descriptive methods principle is described as suit-
able sensory attributes which are selected and rated in intensity [Meilgaard et al.
1983; Escudero et al. 2004; De Souza 2006; Plutowska 2008]. The characterising
descriptors of aroma samples are ascribed to each scent. Chromatography with
an olfactometric detector use determines the compounds, corresponding to given
descriptors. The application of chemometric methods (the smallest partial square
method, procrust analysis) [Fur et al. 2003; Lee and Noble 2003; Campo et al.
2005; Plutowska 2008] justifies each time that the descriptors and analytes are
more comprehensively correlated.

One of the major obstacles, of volatile compounds analysis by GC-O, is
related to the differences in the sensory sensibility thresholds. Sometimes the
comparison of the results obtained during the GC-O analysis with traditional
methods e.g. using flame ionization detector or mass spectrometry detector is
impossible due to sensibility tresholds. High signals obtained by conventional
detectors may be poorly perceptible in the column eluate or not detectable at all.
Moreover, the pics that show up on the olfactogram will not always appear also
on the chromatogram. In the above-mentioned situation, the preliminary olfac-
tometric analysis allows to determine the analyte’s retention time [Callemien
2006; Plutowska 2008].

4. Advantages and disadvantages of using electronic
nose and GC-O methods

The most important advantages of using electronic nose method certainly are:
short time of analysis and short recovery time. In addition, this method is rela-
tively inexpensive. Other advantage is the fact, that there is a portable version of
e-nose avaliable on the market. Analysed samples of alcoholic beverages do not
require special preparation and analysed mixtures do not have to be separated.
Sampling headspace technique could be chosen based on the type of sample
and the specific requirements of the method. SHS (static headspace) is the most
simple method to use. It requires optimisation of some parameters, e.g. quanti-
ty and temperature of analysed samples, equilibration of time and vial size. Due
to the fact that volatiles are not preconcentrated, in some cases static headspace
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has a low sensitivity. To improve the sensitivity, the DHS (dynamic headspace)
technique is used. However, this method has got some disadvantages - the time
of the analysis is increased because a supplementarny stage is introduce and it
requires special equipment. Other type of the extraction of volatiles is SPME
(solid-phase microextraction) which has a considerable concentration capacity.
Relatively new method is SBSE (stir bar sorptive extraction) which is promising
technique that provides very high sensitivity [Marti 2005]. The application of
e-noses in analysis of alcoholic beverages comes from their high sensitivity,
repeatability and reproducibility, which is higher than using GC-O. The abil-
ity to obtain the same chromatograms over a short intervals of time using the
same equipment is called repeatability. The definition of reproducibility is the
same, however, it aplies when using different instrument. It is possible to assess
both of those parameters for e-nose when we calculate corelation coefficient
between two measurments of the same sample [Mamat et al. 2011; Wardnecki
et al. 2013].

The most important disadvantages of using e-nose are due to the presence
of sensors, which are moisture-sensitive and suffer from ageing. Moreover, de-
pending on the type of sensor used, it is possible to ‘poison’ sensors, e.g. conduct-
ing polymer sensors showed resistance to sensor poisoning, while, metal oxides
semi-conducting (MOS) is prone to sulfur and weak acid poisoning. An electron-
ic nose uses non- or partially-specific sensors distinguishing between different
aroma, however, with lower sensitivity than human olfactory system [Wilson and
Baietto 2009; Wardnecki et al. 2013].

The major advantage of the GC-O method is simultaneous quantitative and
qualitative evaluation of the aroma with simultaneous assessment of the impor-
tance of individual components for the assessed flavour. This method allows the
selection of active volatiles from complex mixtures specifying the sensory de-
tection threshold and determining time of sensory activity and the intensity of
aroma compounds [Wardnecki et al. 2013].

GC-O has significantly more disadvantages than the electronic nose. The
first one is the fact, that this method is time-consuming and requires user expe-
rience and training. Even though, the operators are thoroughly trained, there is
a risk of errors and difficulties with the detection of some volatiles at the end of
aroma region. Moreover, we must bear in mind that human responses of flavour
is always subjective. It is necessery that before main analysis the analytes have to
be isolated, enriched and separated. Moreover, it is relatively expensive method,
and to obtain qualitative and quantitative results it is required to connect with
other detectors, e.g. GC-O-MS or GC-O-FID. It should be mentioned that the
information regarding behaviour of compounds in the mixture is very scarce.
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Additionally, the behaviour of compounds varies from one piece of equipment
to another. Finally, the time of human responses differs among individuals
[Wardnecki et al. 2013].

5. Electronic nose and gas chromatography with
olfactometric detector in the analysis of alcoholic
beverages

Before the analysis of alcoholic beverages using e-nose, it is usually required to
remove ethanol from the sample [Mielle 1996; Turek and Chmielewski 2006]. It
is another disadvantage of this method. For this reason, it is really crucial to pro-
vide proper conditions of the detection, e.g. the temperature should be controlled
with a high accuracy (+/- 0.1°C) as its fluctuations affect changes practically in all
types of sensors, moisture changes should not be grater than +/- 0.1%, reference
gases should be applied to provide stable baseline signal and reduce interferences
of undesired aromas, gas flow should be monitored and should not exceed 1% of
the fixed value [Gardner 2002; Turek and Chmielewski 2006]. Different possibili-
ties of using e-nose and GC-O methods in the analysis of alcoholic beverages are
summarised in the Table 3.

6. Conclusion

The application of electronic nose and gas chromatography with olfactometric
detector are suitable methods for the analysis of aromatically active volatile com-
pounds of alcoholic beverages. There are many advantages and disadvantages in
using both methods, however, e-nose is cheaper and much less demanding. On
the other hand, olfactometry method determines the meaning of individual com-
pounds for the assessed aroma of alcoholic beverages.
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Abstract. Image analysis (IA) is a powerful tool allowing to extract numerical infor-
mation from acquired images, like for example physical dimensions, color or shape.
This method can be applied both for scientific purposes or industrial processing and
quality control.

This manuscript briefly discusses about methods applied for physical dimen-
sions measurement by tests based on different principles. Therefore, a concept of
equivalent sphere is introduced. Also the importance of particle size distribution
(PSD) is analyzed, and method to transform numeric based distribution into volume
one is described. Moreover, some IA open source software utilization in measure-
ment of physical dimensions is discussed.
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1. Introduction

Usually, when we think about image analysis (IA), we mean sophisticated de-
vices (digital IA), but we forget that our minds also have equally complicated
operations related to the perception, recognition and analysis of the perceived
objects, which in turn translates into the actions we take. Image analysis (IA)
is a powerful tool providing information about size, shape, color or other fea-
ture that can be drawn from a picture of object(s) by means of digital image
processing techniques. Artificial IA can be as simple as reading bar coded tags
or as sophisticated as identifying a person from their face or potato chips color
during online inspection. It is a common practice for manufacturers of image
acquisition devices to provide dedicated image processing software, but usually
these programs are not very complex and do not allow more complex image
manipulations. But there are plenty of public domain (its source code is openly
available and its use is license free) image processing programs already available.
Among them, Image]' holds a unique position because it runs on any operating
system, is easy to use, and can perform a full set of imaging manipulations and
it has already a huge and knowledgeable user community [Abramoft et al. 2004;
Solomon and Breckon 2011].

2. Measurement of physical dimensions

Physical dimensions can be measured by different means, and scaled ruler can be
the simplest example. The classically used methods for a measurement of physical
dimensions of various material are summarized below and in Table 1 [Fayed and
Otten 1997; Jillavenkatesa et al. 2001; Allen 2003; Masuda et al. 2006]:

e Sieving is material separation based on size or some other physical char-
acteristic, and it is among the most often used and least expensive tech-
niques for PS and PSD determination over a broad size range, from over
100 mm to about 20 pm. A sieve is a measuring device designed to retain
particles larger than a designated size, while allowing smaller particles
to pass through openings. PSD is reported as the mass of the material

! Image] can be easily downloaded from https://imagej.nih.gov/ij/index.html
Manual for Image]J https://imagej.nih.gov/ij/docs/guide/user-guide.pdf
Similar program can be obtained from this site in different language version http://
www.pl.euhou.net/


https://imagej.nih.gov/ij/index.html
https://imagej.nih.gov/ij/docs/guide/user-guide.pdf
http://www.pl.euhou.net
http://www.pl.euhou.net
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retained on a mesh of given size. An example of such analysis is grain se-
lectiveness and uniformity (homogeneity) (Celno$¢ i wyréwnanie ziarna)
[Jillavenkatesa et al. 2001].

e Sedimentation-based methods rely on the measurement of the velocity
with which particles in a fluid settle due to the gravitational forces acting
on the particle, against the buoyancy of the fluid and other drag forces
acting against the settling of particles. This relationship is expressed by
Stokes’” law, which is valid only for particles settling under conditions of
terminal velocity and non-turbulent. This principle was adopted in de-
velopment of different sedimentation scales, and also in pipette method
[Jillavenkatesa et al. 2001].

e Microscopy-based techniques for PS measurement involve direct ob-
servation of particles and the consequent determination of size based
on a defined measure of diameter. Typically, the calculated sizes are ex-
pressed as the equivalent diameter (diameter of a sphere that has the same
projected area as the projected image of the particle). When compared
to other techniques of particle size analysis, a significant advantage of
microscopy-based techniques lies in the ability to determine the particle
shape, in addition to making a direct measurement of size. Unfortunately
this method is time consuming and tedious. Introduction of VEM (Video
Enhanced Microscopy) and application of IA software allowed to decrease
amount of time needed to perform analysis and increased an accuracy
and replication of measurements. Different types of instruments can be
applied, from optical microscopes scanning electron microscopes (SEM)
transmission electron microscopes (TEM) and atomic force microscopy
(AFM). The type of the applied instrument is governed by the size range
of the materials being studied, magnification, and resolution that is de-
sired [Jillavenkatesa et al. 2001; Sikora et al. 2015, 2017; Krystyjan et al.
2016; Dobosz et al. 2019].

e Laser instruments for PS and PSD determination are based upon the same
general principles of laser beam diffraction, but the application of differ-
ent components, configurations, and algorithms gives rise to a broad se-
lection of instruments with analysis capabilities covering a broad range
of sizes. The interaction of a particle and light incident upon it gives rise
to four different but inherently related scattering phenomena, namely,
diffraction, refraction, reflection and absorption. The basic principle la-
ser diffraction measurements is that the scattered light pattern formed at
the detector is a summation of the scattering pattern produced by each
particle that is being sampled. Deconvolution of the resultant pattern can
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generate information about the scattering pattern produced by each parti-
cle and, upon inversion, information about the size of that particle. Some
problems can occur as a consequence of light multiple scattering, i.e. the
phenomenon where light scattered from one particle interacts with an-
other particle and gets scattered again. So such situations has to be elimi-
nated by the sample concentration limit [Jillavenkatesa et al. 2001; Ptaszek
and Ptaszek 2006; Sikora et al. 2015].

e Image analysis can be applied to measure, as previously mentioned,
a objects dimensions extracted from microscopic images, but also from
image acquired by other means like desktop scanner or digital camera
[Shouche et al. 2001; Wiwart et al. 2006, 2012; Kumari and Rana 2015;
Laucka et al. 2020]

Image analysis (IA) allows to perform measuring procedure on previous-
ly stored images acquired by different means like video/digital camera, mobile
phone camera or camera attached to the microscope (VEM). But it should be
taken into consideration, that in order to know exact dimension extracted from
a digital image, a scaling procedure has to be implemented?, because digital im-
ages, even taken by the same equipment, can be collected at different conditions
(different resolution of images, or the same camera can be applied to take the
image of bread loaf, or attached to microscope can take digital images of yeast cell
for instance). Measured dimension will depend on the shape of the object, and on
the principle of the applied method. In some instances there is no a good mean
to characterize an investigated object dimension. For spherical objects the most
obvious choice it will be diameter (denoted as D or d), and for elongated or irreg-
ular shape objects the longest distances among two points on object (also called
as Feret) will be more appropriate. We should keep in mind, that various mea-
surement methods provide different information about tested material. For ex-
ample, laser light scattering (laser diffraction) is reporting in terms of Equivalent
Spherical Diameter (or Volume Weighted Equivalent Spherical Diameter), and
data obtained from microscopy analyze can be given as Feret or as an equivalent
diameter calculated from the object surface area. Equivalent spherical diameter is
defined by ISO 9276-1 [1998] as the diameter of a sphere having the same physi-
cal properties as the particle under examination. Because there is no ideal way to
describe the size of actual object, therefore a concept of equivalent diameter was
introduced (Figs. 1-2).

2 An example of such procedure is described below https://imagej.nih.gov/ij/docs/pdfs/
examples.pdf [accessed: February 17, 2021].
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But it should be kept in mind, that various measurement methods provide
different information about tested material. For example, laser light scattering
(laser diffraction) is reporting in terms of Equivalent Spherical Diameter (or Vol-
ume Weighted Equivalent Spherical Diameter).

In order to characterize the sample by the specific values: the mean (average
value), median and mode can be used. Mean is the average size of a population,
median: size where 50% of the population is below/above this value and mode is
the size with highest frequency (highest occurrence). In other word mode value
represents a peak value.

There are various means, that can be defined depending upon how the dis-
tribution data are collected and analysed®. The most common in use are num-
ber length mean, surface area mean and volume moment mean. Number length
mean (D[1,0] or Xnl) is just the arithmetic mean. It is most valid where the num-
ber of particles is of interest. It can be calculated only if the total number of par-
ticles in the sample is known. Surface area mean (D[3, 2] or Xsv) is also known
as Sauter Mean Diameter. It is applicable, where specific surface area is important
(bioavailability, reactivity, solubility). It is very sensitive to the presence of fine
particulates in the size distribution. Finally, the volume moment mean (D[4, 3] or
Xvm), or De Brouckere Mean Diameter is relevant for many samples as it reflects
the size of those particles which constitute the bulk of the sample volume. It is
very sensitive to the presence of large particles.

Image] procedure of analysis

4 Imagel _ %
File Edit Image Process Analyze Plugins Window Help
B olc|o|~l4lN Al o) alese|s| | |

ImageJ 1.52a; Java 1.8.0_112 [64-bit]; 459 commands; 75 macros

Fig. 3. Image) panel (source: based on Ferreira and Rasband [2012])

In order to perform a measurement procedure using Image]J the following
steps has have to be performed. After launching a Image] (Fig. 3) scaling proce-
dure has to be performed. A picture containing scale or object of known dimen-
sions has to be open. It is important, that all pictures used in this procedure have

3 Description of some different means, used to describe different material was presented
as appendix.
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to be in the same resolution, because initial measurement is performed in pixels,
and later on pixels are converted to the right unit [Solomon and Breckon 2011;
Ferreira and Rasband 2012].

Then select straight (as indicated by the arrow) and draw a line over a scale.
Next use Analyse > Set Scale. In Set Scale window enter appropriate value into
the “Known Distance” box and change the “Unit of Measurement” box to ap-
propriate value, check “Global”. Next draw a new line and confirm that the mea-
surement scale is correct Analyze > Measure or Ctrl+M). Now measurement
procedure in manual mode can be done by simply drawing a line over object of
interest.

In order to perform analysis in automatic mode the picture has to be con-
verted to grayscale (Image > Type > 8-bi). Then threshold the image using the
automated routine (Process - Binary >Make Binary). In order to measure/anal-
yse objects it has to be decided what values will be chosen (Analyze > Set Mea-
surements), and the direct measurement will be performed (Analyze > Analyze
Particles). In a new window an appropriate particle size should be entered in or-
der to eliminate too small objects or “noise”. Other factor allowing to eliminate

A
undesirable object is circularity (Circ), which is defined as Circ =4mw- red

Perimeter?
(it takes values among 0 (increasingly elongated shape) and 1 (perfect circle); val-
ues may not be valid for very small particles} [Ferreira and Rasband 2012]. Then

toggle “Show Outlines”, check “Display Results”, “Summarize” and “Record Stats”
and click “OK”.

3. Particle size distribution (PSD)

In industrial processing, including food industry, some raw bulky materials, and
products are in the form of powder or fine/coarse particles (flours, groats, sugar,
salt etc.). Knowledge of particle sizes (PS) and the particles size distribution (PSD)
is required for most production and processing operations. PS and PSD influenc-
es many properties of particulate materials and provides a valuable information
about their quality and performance. It applies for powders, suspensions, emul-
sions, and aerosols. Both the size and shape of powders influences their flow and
compaction properties. Larger, more spherical particles will typically flow more
easily than smaller. Smaller particles dissolve more quickly and lead to higher
suspension viscosities than larger ones. Smaller droplet sizes and higher surface
charge (zeta potential) will typically improve suspension and emulsion stability.
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Powder or droplets in the range of 2-5 um aerosolize better and will penetrate
into lungs deeper than larger sizes. For these and many other reasons it is import-
ant to measure and control the particle size distribution (PSD) of many products.
Substantial production losses can be incurred due to high rejection rates if size
and size distribution of material applied in a process are not adequately controlled
[Jillavenkatesa et al. 2001; Horiba 2013; Kumari and Rana 2015; Malvern 2015;
Laucka et al. 2020]

Material size and size distribution can be determined using numerous tech-
niques and instruments, depending on the material size and nature (Tab. 1)
[Jillavenkatesa et al. 2001].

Table 1. Particle size analysis instruments (source: based on Jillavenkatesa et al. [2001])

Instrumental Technique Physical Principle Slz?pljs)n 8¢
Acoustic A'ttenuatmn.Spectroscopy (N) ultrasonics 0.05 to 10
[Ulltrasonic Attenuation Spectroscopy]
Centrifugal Sedimentation-Optical (E) sedimentation 0.01 to 30
Centrifugal Sedimentation-X-Ray (E) sedimentation 0.01 to 100
Electrical Resistance Zone Sensing (E) . .
[Particle Counting, Coulter Counter] particle counting 04 to 1200
Elecjtroacoysﬂc Spectroscopy (N) [Electrokinetic ultrasonics 0.1to 10
Sonic Amplitude]
Gas Abs.orptlon Surface Area Analysis (E) [BET surface area analysis NA
Absorption]
Laser Light Diffraction (E) electromagnetic wave
[Static Light Scattering, Mie Scattering, Elastic interaction and scat- ~ 0.04 to 1000
Light Scattering] tering
Light Microscopy (E) particle counting > 1.0

Quasi-Elastic Light Scattering (E)
[Dynamic Light Scattering, Photon Correlation <0.005
Spectroscopy, Optical Beating Spectroscopy]
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Instrumental Technique Physical Principle Slzf::::)n 8¢

Scanning Electron Microscopy (E) particle counting >0.1
X-Ray Gravitational Sedimentation (E) sedimentation 0.5 to 100
Colloid Vibration Current (N) .

. ultrasonics <10
[Single Frequency]
Electrokinetic Sonic Amplitude (N) .

. ultrasonics <10
[single frequency]
Microelectrophoresis (E) electromagnetic wave
[Laser Light Scattering, Quasi-Elastic interaction and scat- 0.1tol
Light Scattering] tering
Sieving (E) sieving 5 to 100,000

E - Established Technique; N - Emerging Technique; ID - Instrument Dependent

It is important to understand that different instruments are operating on
different physical principles, so some discrepancies in the results obtained from
these instruments can be encountered. Furthermore, even when applying equip-
ment based on the same physical principle, the algorithms or components applied
by the manufacturer, and variations in adaptations of the same basic physical
principle, and even a sample treatment can influence the result [Fayed and Otten
1997; Jillavenkatesa et al. 2001; Allen 2003; Masuda et al. 2006; Kumari and Rana
2015; Laucka et al. 2020].

In order to characterize a population of particles an average (mean) is not
a sufficient tool, as well as median or mode. More appropriate way to describe
a population is to create PSD. According to Vigneau et al. [2000] the minimal
number of objects necessary to prepare it is 500.

Using classical microscopic method it would be really time consuming, bor-
ing and hard work to measure this 500 objects manually. Fortunately with the
application of VEM and IA such task can be performed much easier and faster.
Obtained data can be presented as histogram or cumulative curve (Figs. 4-5).
Both ways of presentation can provide an important information.

In order to prepare histogram collected data should be divided into classes
(bins), that can be equal in size or not. The number of classes depends on data
application. A good practice is to establish the total number of classes (1), and
class span (s) could be calculated:
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Fig. 5. Illustration of the most common percentiles reported (Dv10, Dv50 and Dv90), as
illustrated in the frequency and cumulative plots (source: based on Malvern [2015])
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where d, ., and d,;, are maximum and minimum diameter, respectively (numer-
ator value is called a range). Histogram can be easily converted into cumulative
curve, just as sum of consecutive value of classes (graphically depicted as histo-
gram columns).

Besides graphical representation of PSD data are also percentiles denoted
as d,g, ds, or dy, (D, D5, and D) (Fig. 5). For example, d%, refers to the 50th
percentile, meaning the diameter of a particle at which 50% of the particles in
the sample are smaller. Other terminology for the same value is D(v, 0.5), and
“v” represents a volume weighted basis. Similarly, d,, is the 10th percentile =
the diameter of a sphere at which 10% of the particles in the sample are smaller
(D(v, 0.1) on a volume basis), and so on. The percentiles values can be extracted
from cumulative curve.

Image] software allows to create a histogram of already measured sample. It
is not possible to choose the span (or resolution/width) of the class, but only the

number of classes can be selected.

4. Transformation of numeric based distribution into
volume based

Interpretation of PS measurement results requires an understanding of which
principle/technique was applied and the basis of the calculations. Each technique
provides a different result since each measures different physical properties of the
sample. The resulting PSD can be calculated based on several models: most often
as a number or volume/mass distribution [Jillavenkatesa et al. 2001; Horiba 2013;
Malvern 2015]. So it is really hard to compare data obtained by different tech-
niques. Data extracted from microscopic images by means of IA procedure can
be expressed as Feret or equivalent diameter, but they are number length based,
and created PSD will be number based. On other hand data from laser scattering
will be volume based, and those obtained by sieving or sedimentation method
will be mass based.

But taking into considerations some assumptions it will be possible to make
comparison. It will be explained on the following example. During IA of micro-
scopic pictures a size of each particle is measured, and numeric value is assigned.
It will allow to build a number based distribution - each particle has the same
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weighting once the final distribution is calculated. Investigated particle popu-
lation (Fig. 6) consists of ten elements in four diameter classes: three particles
are lum, three are 2 pm, three are 3 ym and one is 5 pm. Building a number
based PSD for this population will give result shown in Figure 6, where three
first particle classes (1, 2 and 3 um) account for 90% of the total (3 - 30%), and
remaining class (single 5 um diameter particle) for remaining 10%. In order to
transform this number based into volume base distribution it has to be assumed

1L . . 4 .
that each particle is a perfect sphere, so it volume (v) is v = 3 n-r’, where r is

radius (r = d/2). The volume of each particle is calculated, then the sum of volume
for each class, and finally the total volume for all particles. Then the share of each
class is calculated and volume based PSD is finally created. The smallest granules
class (1 um) now accounts for only 1.29%, 2 um class for 10.30%, 3 pm class for
34.76%. And finally, the last class — single 5 um particle accounts for more than
50%, 53.65% to be specific.

Pabst et al. [2006] proposed a more elaborated method of construction of
volume-weighted PSD from image analysis data. The size distributions ob-

PSD by number D=1 um_ , Q Q Q

30 Volume =0.52 um
25 % by Volume =3 -0.52/121.94 = 1.29%
20 )
D=2pum
15 Volume = 4.19 ym?
10 % by Volume =3 - 4.19/121.94 = 10.30%
5 E
o QOQ
D=3um

pm 2 pum 3 pum 5 um

PSD by volume

50 Volume = 14.13 pm®
% by Volume =3 -14.13/121.94 = 34.76%
40
D=
30 > pm ,
Volume = 65.42 um
20 % by Volume
10 65.42/121.94 = 53.65%
Total volume

1pm 2 um 3 um 5um 1.57 + 12.56 + 42.39 + 65.42 = 121.94 ym®

Fig. 6. Transformation of number based PSD into volume based one (source: based on
Horiba [2013])
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tained by image analysis (primary data in the form of number-weighted fre-
quency histograms, denoted as q,) will required a transformation in order to
obtain volume-weighted histogram denoted Q;). Such transformation can be

termed q, > Q;. This proposal PSD is based on projected area diameter (D,),

D,=2 \/g, where A is the area of particle. The resolution/width of this PSD is
T

3.0 and total count of particles is 1308 (Tab. 2). First column contains Projected
area diameter (Dp), third absolute frequency (before first re-ordering) i.e. num-
ber of objects in each class q, (Fig. 7A). There are few singular objects count-
ed in the large-size region >85.5 m are solely due to statistical scatter (“noise”).
Due to their large size (D,) these few objects will have an extremely large volume
(D?, data in second column) and therefore, can have a great impact on the volume
weighted size distribution. This scatter is a consequence of the finite (i.e. relatively
small) number of objects counted. A detailed inspection shows that similar con-
clusions hold for all values in the region > 58.5. Of course, the exact value of this
“cut-off size” (D,) has to be individually fixed by inspection of each data set. The
selection of D, is a subjective decision, and cannot be done automatically. When
D, is defined, the absolute frequencies in the size range > D are re-ordered (“first
re-ordering” - fourth column) and are shifted in decreasing order. The new, re-or-
dered frequency histogram as a whole ends at smaller sizes than the original one
(“artificial damping”) (Fig. 7B). In order to transform the re-ordered g, frequency
histogram (number-weighted) into a volume-weighted g, histogram (relative par-
tial volumes of the respective size classes, with the volume of the whole system
normalized to unity). In order to perform it, just multiply values of D13> (second
column) by corresponding g, values (third column). The resulting values (fifth col-
umn) must be added up, and then share for each class calculated (sixth column).
Obtained data allowed to create a new volume based histogram (Fig. 7C).

It can be observed (Fig. 7C) peaks (so-called “modes”) in the g, histogram
(here at 64.5, 79.5 and 97.5) which are a consequence of the finite data set (too
small number of objects counted). So as previously, a “second reordering” has to
be performed for all relative partial volumes in the size range > Dc (here >58.5),
and resulting data are stored in seventh column, allowing to create final histo-
gram (Fig. 7D).

The proposed g, > g, transformation can be summarized [Pabst et al. 2006]:

e choosing a “cut-off size” D,

e first re-ordering’, corresponding to artificial damping (g, histogram),

e calculation of relative volumes (g, > g5),

e second re-ordering” (g, histogram)
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Table 2. Size distribution in terms of projected area diameters D, (source: based on

Pabst et al. [2006])

Absolute Absolute Relative Relative
. frequency frequency volume (%_) volume (‘%)
D, " (before first (after ﬁ.rst D; 4o (before se (after se

re-ordering) re-ordering) con('l re-or- con(.l re-or-

4, dering) g, dering) q,
10.5 1157.6 15 15 17364.4 0.04 0.04
13.5 2460.4 112 112 275562.0 0.63 0.63
16.5 4492.1 197 197 884948.6 2.02 2.02
19.5 7414.9 197 197 1460730.4 3.33 3.33
22.5 11390.6 189 189 2152828.1 491 491
255 16581.4 151 151 2503787.6 5.71 5.71
28.5 23149.1 108 108 2500105.5 5.71 5.71
31.5 31255.9 76 76 2375446.5 5.42 5.42
34.5 41063.6 48 48 1971054.0 4.5 4.5
37.5 52734.4 42 42 2214843.8 5.06 5.06
40.5 66430.1 41 41 2723635.1 6.22 6.22
43.5 82312.9 26 26 2140134.8 4.88 4.88
46.5 100544.6 21 21 2111437.1 4.82 4.82
49.5 121287.4 22 22 2668322.3 6.09 6.09
52.5 144703.1 14 14 2025843.8 4.62 4.62
55.5 170953.9 11 11 1880492.6 4.29 4.29
58.5 200201.6 6 6 1201209.8 2.74 3.67
61.5 232608.4 5 6 1395650.3 3.19 3.51
64.5 268336.1 6 6 1610016.8 3.67 3.19
67.5 307546.9 3 5 1537734.4 3.51 2.74
70.5  350402.6 2 3 1051207.9 2.4 2.4
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Absolute Relative Relative
Absolute o o
frequenc frequency volume (%) volume (%)
D D; q ¥ (after first D’ -q (before se- (after se-
P (before first ) p 10
. re-ordering) cond re-or-  cond re-or-
re-ordering) . .
q, dering) q;  dering) q,
73.5  397065.4 2 2 794130.8 1.81 2.29
76.5  447697.1 6 2 895394.3 2.04 2.12
79.5  502459.9 2 2 1004919.8 2.29 2.04
82,5 561515.6 0 1 561515.6 1.28 1.93
855  625026.4 0 1 625026.4 1.43 1.81
88.5 693154.1 1 1 693154.1 1.58 1.75
91.5  766060.9 766060.9
94.5  843908.6 843908.6
97.5  926859.4 926859.4
103.5 1108717.9 “
106.5 1207949.6 “
95 131952 w0 |
112.5 1423828.1 “
hX 1308 1308 43813325,3 100

Shaded cell contain data subjected to first and second re-ordering
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5. Aeration measurements

The field, which seems to be perfectly suited for the application of IA is an inves-
tigation of aeration (expansion) of food products, among others. It will include
measurements of bread crumb pores size (porosity) [Gonzales-Barron and Butler
2006; Wang et al. 2013; Ziobro et al. 2013; Gumul et al. 2015; Korus et al. 2015;
Rathnayake et al. 2018] and also foam gas bubbles diameters [Ptaszek et al. 2014;
Zmudzinski et al. 2014].

In classical approach bread porosity was measured by crumb sample press-
ing, which physical dimensions were previously measured, in order to remove
pores. Crumb deprived of pores was formed into balls, which were submerged
in a graduated cylinder with known volume of oil. Knowing the initial volume
of crumb (with pores) and crumb deprived of pores it was possible to calculate
porosity [Korus et al. 2012]. Unfortunately this method gave no idea about pores
size distribution, but only general idea about porosity.

For bubble size measurement a different method can be applied [Pugh
2016] also optical fibre probe analysis, X-ray tomographic imaging, nuclear
magnetic resonance imaging and terahertz spectroscopy, ultrasonic imaging
and multiple light scattering and back-scattering can be employed. All these
methods will require a rather complicated (and costly) equipment, so IA seems
to the best cost-effect option.

6. Conclusion

Year by year, image analysis finds new and new applications in many areas of life,
including obtaining data for the purposes of scientific research. Its development
is largely influenced by the availability of free software, such as the discussed
above Image]. The above-mentioned possibilities for obtaining information with
image analysis are only a small part of the wide spectrum of possibilities offered
by this method. In addition to direct measurement of the size of objects, it is
possible to further analyse the obtained data using shape descriptors, or to de-
termine the porosity of bread, the size of foam gas bubbles forming foam, or to
determine the color.
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Appendix

This section is intended to describe the meaning of different notations used in
description of different diameter values, that can be encountered when working
with laser size meters. This description is based on Fritsch manual (Anonymous,
2013).

1. Length-related average value of the number distribution

How to express an average diameter of three balls with diameters 1, 2 and 3 units.
The most natural answer is 2, because all the diameters were added together
(¥d =1+ 2 + 3) and divided this by the number of particles (n = 3).

This is a numerical mean (more specifically, the length-related mean of the
number distribution) (Anonymous, 2013), because the number of particles ap-
pears in the equation:

1+2+3 2d1

D [1, o] = = =2.00
3 zdo

Mathematically, itis described as D[1,0] because the diameters (d') appear in
the top of the equation and no diameters (d°) appear in the bottom of the equa-
tion, but rather the number of particles. The first index is the exponent of the
grain size d; the second index is the quantity type of the measured distribution.

In some areas (i.e. catalysis), the aforementioned balls should be compared
on the basis of their surface area, because the efficiency of a catalyst increases
when its surface area increases (Anonymous, 2013). The surface area of a ball
is 4-m-r’. In order to make the comparisons based on this factor (surface
area), it is necessary to calculate the square of the diameters, divided by the
number of particles, and then take the square root in order to get back to
a mean diameter:

1 +2° +3 1+4+9 Zdz
20 =2.16

This is the area-related mean value (numerical mean) of the number distri-
bution. Denominator of the equation contains the number of particles. It was
calculated the total of the square roots of the diameter, which is referred to math-
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ematically as the D[2,0] diameter. Squares of the diameters in the numerator (d?),
whereas the number (d°) in the denominator of the equation.
For other applications (i.e. chemistry), balls are compared on the basis of

their weight. The weight of a ball is . n-r° -p, which means that the volume
of the diameters has to be calculated and divided the total number of particles

and the cube root has to be taken in order to get back to a mean diameter (Anon-

ymous, 2013).
’+2°+3° 1+8+27 a4’
3 0]—,/( ) ,/( ) Z - =2.29

This is the volume (or mass) related mean value of the number distribution,
because the number of particles appears in the denominator of the equation. The
D[3,0] value is normally described as the volume mean diameter (VMD).

2. Area-related average value of the length distribution

Average values for the length distribution relate to the length, which means the
length is the unit used in denominator (Anonymous, 2013). Average values are
the mean x* of the length distribution D[2,1]:

E 1]_12+22+32_1+4+9Zdz
U1+2+3 0 6 Y4

=2.33

and the mean x? of the length distribution D[3,1]:

:i/(1+86+ 27) \/%d? s

(13+23+33)
(1+2+3)

D[3,1]=2

3. Volume-related average value of the area distribution

An average value of the area distribution is the mean x3 of the area distribution
D[3,2], also referred to as the Sauter mean diameter (SMD) or equivalent surface
area (Anonymous, 2013):
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3
D[32]- P+2°+3" 148+27 3d s
P4+22 43 14449 Y

4. Volume-related mean value of the volume distribution

The volume-related mean value of the volume distribution (volume weighted
mean diameter) can be calculated by the following equation:

4
p[4,3]- 1'+2'+3" 1+16+81 > d .
P+2°+3° 148427 Y4

i.e. when calculating the average, each particle is assigned its relative volume as
weight.

With regard to the last three average values, it should be noted that the num-
ber of particles does not appear in the denominator of the equation. Techniques
such as laser diffraction that measure a distribution proportional to d°> do not
require the number of particles in order to obtain the average result [Anonymous,
2013].
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Abstract. The chapter describes the colour as one of the main attributes of food qual-
ity, that has strong influence on the consumers’ choice. It determines their expec-
tations as to the taste and smell of food. Color may also be related to the perceived
energy value of food and the nutritional value. For the consumer, it can be a guide
when choosing food in terms of safety and attractiveness assessment. It is also a sen-
sory stimulus for accepting or rejecting a specific product. Color is also one of the
most frequently measured quality features of products in post-harvest proceedings
and in food processing research and industry because it reflects the influence of
many factors both on the raw material and on the finished product, e.g. temperature,
humidity and biochemical changes during maturation, growth, post-harvest activi-
ties and processing.

The first part of chapter concerns the main color characteristics such as hue, sat-
uration and brightness. Due to the fact that these features cannot be systematized on
a plane and are presented spatially, the color systems, most often used in the food in-
dustry, have also been characterized (CIE XYZ, CIE L*a*b*, CIE L*C*h*). Main and
related parameters, describing food color in a quantitative and qualitative manner,
were characterized. Chroma (C*) is used as a quantitative attribute of the object’s col-
or while the hue (or hue angle) (h*) is considered to be a quality attribute of a color.
Using the CIE L*a*b* system also allows the calculation of the total (absolute) color
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difference (AE*), which is measured as the vector modulus of the distance between
the initial color values and the actual color coordinates. Derived color parameters
include whiteness index (WTI), Yellowness Index (YI) and Browning Index (BI).

Color measurements can be carried out by visual inspection (visual analysis)
and with usage of traditional instruments (instrumental analysis): such as a colorim-
eter or computer vision. In the chapter the methodology of measurements, advan-
tages and disadvantages of individual methods used for color assessment are also
presented.

In the second part of the article, literature based application of color measure-
ments in the food is described.

Keywords: color, food quality, hue, brightness, saturation, CIE LAB

1. Introduction

The sensory attractiveness of food raw materials, food products and dishes pre-
pared on their basis is the basic criterion for the acceptance of the product selec-
tion by the consumer. The set of features that create sensory attractiveness, apart
from availability and health, contribute to the generally understood quality of
a food product. Each type of product has a specific set of quality characteristics.
The basic characteristics are color, taste (palatability) and smell. The palatability
is perceived when assessed orally as the sum of the smell, taste and feeling im-
pressions. Color is one of a qualitative features of the external appearance of food,
which is registered through visual impressions [Vivek et al. 2020].

The visual appearance of a food in terms of color has a strong influence on the
consumer’s opinion about its quality [Pereira et al. 2009; Nisha et al. 2011]. The
color of the food surface is the first quality parameter assessed by the consumer.
It determines expectations as to the taste and smell of food. Color may also be
related to the perceived energy value of food and the nutritional value [Foroni
et al. 2016]. For the consumer, it can be a guide when choosing food in terms of
safety and attractiveness assessment [Hidaka and Shimoda 2014]. It is also a tool
for accepting or rejecting a specific product [Leon et al. 2006].

Color can be defined as a psychophysical impression felt, through the sense
of sight, under the influence of electromagnetic radiation with a wavelength of
390 to 760 nm, which is applied to the human eye’s retina. Retinal cells may only
be sensitive to black and white (rods) or to red, green, and blue light (cones). Ret-
inal cells transmit a signal through the optic nerve to the brain, which in turn in-
terprets responses in terms of what we call color [Francis 1995]. Observed object’s
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color can influence on our impression of surface structure, gloss and intensity of
incident light. The color observed by the human eye corresponds to the quantity
of radiation reflected from the illuminated object [Kazimierska 2014].

The aim of this chapter is to familiarize the reader with one of the main at-
tributes of the quality of raw materials and food products, which is color. The
first part of the chapter characterizes main (hue, saturation and brightness) and
related (Chroma, total color index, Whiteness Index, Yellowness Index, Brown-
ing Index) color characteristics and color systems, most often used in the food
industry. The chapter also presents the methodology of color measurements and
presents the advantages and disadvantages of individual methods. In the second
part of the article, based on the literature, the use of color measurements in food
is described.

2. Color as an attribute of food quality

Quality is not a single, well-defined attribute, but rather a compromise between
many features or properties. When making a decision about the purchase and
consumption of food, the consumer uses appearance indicators to determine the
freshness and flavor of products. The color of the food surface is usually con-
sidered the first, most important aspect of the appearance and has a great influ-
ence on consumers choice, especially when it is related to other aspects of the
food, such as the freshness of the products. It depends on many factors includ-
ing temperature, humidity and biochemical changes during maturation, growth,
post-harvest activities and processing. Consequently, color is one of the attributes
of product quality, as it takes into account the above-mentioned parameters and is
one of the most frequently measured quality features of products in post-harvest
proceedings and in food processing research and industry [Lazaro et al. 2019].
Certain foods are closely related to certain color attributes. In the case of raw
food materials such as fruit and vegetables, the color changes with the degree of
maturity, but also during storage [Buvé et al. 2018]. Consumers have strictly de-
fined expectations to the color of a given product. Research shows that consumers
perceive yellow to go with ‘lemon’ or ‘banana’ and pink to go with ‘grapefruit.
Inverting the colors changes their perception. Consumers have misdiagnosed the
taste of yellow mandarin and orange raspberry or considered them inferior to the
correct match. Inadequate color for fruit or vegetables suggests a lack of maturity.
Yellowing of green vegetables due to the loss of chlorophyll, browning or tarnish-
ing of the color of fruit and vegetables during storage suggest the loss of freshness
of the product and is an unacceptable feature by consumers [Shewfelt 1984, 2002].
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Color may also be associated with various taste sensations [Velasco et al.
2016] and it has been shown that it modifies taste reactions in various types of
products, e.g. in fruit drinks [Garber et al. 2000], in fruit-flavored yoghurts [Cal-
vo et al. 2001], in sugar-coated chocolates [Levitan et al. 2008] and noodles [Zhou
et al. 2015] etc. Its change may affect the quality and intensity of the perceived
taste and smell, their identification and the overall acceptability of the product.
Some consumers are able to reject sweet bananas (yellow with brown spots), nu-
tritious tomatoes high in b-carotene (orange), and aromatic cherries (yellow with
a red blush) due to their unexpected coloration. Spence [2018] showed that the
unusual color of a food product (blue potato) influences consumer perception
and choice. However, it should be remembered that consumer groups may differ
depending on nutritional neophobia and age [Paakki et al. 2016]. Consumers
may have conflicting views on the acceptance of blue food and drink [Spence
2018]. However, recent advances in the cultivation of plants have resulted in new
varieties of fruit and vegetables, the colors of the skin or flesh of which difter from
the traditional ones, e.g. yellow tomatoes, strawberries, golden kiwi.

Color also affects the apparent sweetness level. Consumers perceive a drink
with a strong red color and a strawberry flavor as sweeter than the version with
a less intense color [Griffiths 2005]. Yellow and green are commonly associated
with acidic fruit, which may lead to the assumption that unknown yellow or green
foods will also be acidic. Naturally blue foods are quite rare, but blue sweets and
sweetened beverages are more popular than other blue colored food. As a con-
sequence, consumers can be expected to associate blue and sweetness together
[Hidaka and Shimoda 2014].

The color of the raw material may be a source of information of the chemical
composition of the product (e.g. the content of carotenoids in citrus products or
in tomatoes), and thus determine its suitability for processing, storage or trans-
port. By assessing the color of the food surface, it is possible, almost immediately,
to control and diagnose visible defects or hidden deterioration of raw materials
or food products [Francis 1995]. In industry, thanks to the use of online imaging
systems, it is possible to monitor and control the quality of raw materials and food
products. Changes in color parameters may be an indicator of other changes, for
example of nutritional or textural changes, that occurred in the product during
its processing [Mieszkalska and Piotrowski 2014]. For example, a change in the
internal structure of extrudates is manifested by a change in the brightness of
the color [Ekielski 2013]. Detecting peel defects of fruit and vegetables (e.g. their
discoloration) using image analysis is a valuable tool in the quality control of food
raw materials [Yu et al. 2003; Pereira et al. 2009; Cubero et al. 2011]. Color mea-
surement is also used to optimize and select the conditions of technological pro-
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cesses, e.g. drying or expansion process, which is related to the change of physical
and chemical properties occurring during such a process. Such changes may be
caused by pigment concentration due to changes in humidity, dye degradation,
browning process or gas exchange. As a result of drying, all color parameters
change, and the intensity of the changes depends on many factors, including the
temperature and drying time or the type of dried material [Krokida et al. 2001].
For dried products, obtaining the most acceptable color to the consumer must
comply with technological process parameters which minimize adverse reactions
(e.g. non-enzymatic browning, oxidation of vitamin C) causing a change in color.
Also, the standardization of the quality of powdered milk products may be based
on the color measurement [Caron et al. 1997].

3. Color attributes

The concept of color has two meanings. Firstly, color is a visual impression per-
ceived by a human (or an animal) when a mixture of electromagnetic waves in
the visible range hits his eye and remains in the sphere of subjective sensations.
Secondly, it is a quantity that tries to objectify and systematize the description of
these impressions (a measure of the impression described above). Clear identi-
fication of the color is possible on the basis of 3 color attributes. These are: hue,
saturation and brightness. These features cannot be systematized on a plane,
therefore they are presented spatially. Each of the three dimensions of space is
subscribed to one of these characteristics.

Hue is a color feature that depends on the type of radiation that hits the re-
ceptors in the eye and gives the impression of a specific color, e.g. red, blue or
green (Fig. 1). This is a qualitative difference in color defined by the dominant
wavelength. Not all colors have a shade. Those that have it are called chromatic
colors.

Saturation is the feeling of a chromatic color in its mixture with achromatic
(white, black, gray). It is a measure of the deviation of color from white (red, pink,
white). Pastel colors, containing a lot of white, belong to unsaturated colors.

Brightness is the sensation of the intensity of the radiation that produces the
impression of color (it is the quantity that changes color with the intensity of the
light). The physical measure of this color characteristic is luminance. In daytime
vision, the highest luminance shows yellow-green radiation at a wavelength of
555 nm, and in scotopic (night) vision, blue-green radiation at a wavelength
of 510 nm [Kazimierska 2014].
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Hue Saturation Brightness

Fig. 1. Color attributes. Four different colors: blue, red, yellow, green. Four different satura-
tions: green 0%, 20%, 60%, 100%. Four different brightness levels — pure white, 30% gray,
60% gray, black (source: own elaboration)

4. Color System (Color Spaces)

There are several color coordinate systems by which it can be described. The
most popular are RGB (red, green, blue), Hunter Lab, Commission Internatio-
nale de I'Eclairage (CIE) XYZ, CIE L*a*b*, CIE L*u*v*, CIE Yxy and CIE LCH.
They differ in the symmetry of the color space and the coordinate system used
to determine the location of the point in space [Pathare et al. 2013; Siswantoro
2019].

At the beginning of the 20th century, attempts were made to create a color
model that would be device-independent. In 1931, such a model was developed
at the request of the Commission Internationale de I'Eclairage (International
Commission on Illumination) and is actually valid till today. In the meantime,
several newer models have been created, but all of them are based on that for-
mer one. This model was called CIE XYZ 1931. The basis for building the model
was the examination of a group of about twenty people correctly distinguishing
colors. These people were presented with different colors in a very narrow field
of view (2°) and asked to differentiate between them. Based on the statistical
analysis of the responses, a standard observer model was developed that rep-
resents the averaged human color perception capabilities (e.g. sensitivity, wave-
length range, resolution, etc.). The standard observer model provided the basis
for the development of the first device-independent color model [Gozdecka
2006; Pathare et al. 2013].
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The basic property of this space is that it allows each perceived color to be
uniquely defined by three coordinates. This space uses three primary colors X, Y,
Z, which do not occur in nature, but are created for the needs of this space, used
to describe real colors. This model uses a chromaticity diagram to denote the
different colors. The Y component always corresponds to the brightness of the
color. The application of the weighting to a reflectance curve gives the tristimu-
lus values. Each of these values are denoted by the capital letters X, Y and Z and
used to calculate the chromaticity coordinates, designated by lowercase letters x
(red), y (green ) and z (blue) [Pathare et al. 2013]. The x and y coordinates can be
calculated as (eq. 1 and 2):

X

X=— (1)
X+Y+Z
Y
y=—r )
X+Y+Z

It follows from the above expressions that the third coordinate must be z = 1
— x — y [Sahin and Sumnu 2006].

The Hunter L a b color space was created in 1948 and its CIE L*a*b* modi-
fication was standardized in 1976 by CIE. This color space provides a more uni-
form color difference with respect to the human perception of differences. In this
model, we use three values of L*, a*, b* (LAB) in the form of axes contained in the
three-dimensional color space (Fig. 2). The vertical axis of this coordinate system
is expressed by the L* parameter, which is an approximate measure of brightness.
This parameter takes values from 0 — black to 100 - white. The a* parameter
roughly describes the color deviation towards red (positive values) or green (neg-
ative values). The b* parameter, on the other hand, characterizes the color devia-
tion towards yellow (positive values) and blue (negative values). Today, this space
is widely used in the food industry [Segura et al. 2017].

The CIE L*, a*, b* coordinates can be converted to cylindrical L*, C*, h coor-
dinates using the appropriate equations. They define the Munsell color space vari-
ables. Similarly to the CIE LAB system, the L* value determines the brightness,
while the C* value expresses the color saturation and grows along the radius of
the circle. The h value, called the tone angle, defines the hue and is measured on
a circle from the a* axis (Fig. 2).
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WHITE
L* (L)

YELLOW
b* (B)

RED
a* (A)

BLACK
—L*

Fig. 2. Color spaces: CIE LAB (L*a*b*), L¥*C*h (source: Gozdecka [2006], p. 36)

5. Quantification of color

Chroma (C*) is used as a quantitative attribute of the object’s color, which is used
to define the difference in hue compared to the gray color of the same lightness.
The higher the values of the C* parameter, the higher color intensity of objects
perceived by humans. The saturation of C* takes values from 0 (in the center of
the coordinate system) and increases as it moves away from the center. This pa-
rameter can be determined from equation (3):

C*=\la** +b*? (3)

The hue (or hue angle) (h*), where hue is traditionally defined as red, blue,
etc., is considered to be a quality attribute of a color. This parameter indicates
the difference of a specific color with respect to a gray of the same lightness. This
parameter is defined by the following formula (eq. 4):
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h*=tan™ (b—:j (4)
a

An angle of 0° or 360° corresponds to red hue, while angles of 90°, 180° and
270° correspond to yellow, green and blue, respectively. This parameter is wide-
ly used in the assessment of the color parameters of green vegetables, fruit and
meats [Pathare et al. 2013].

Using the CIE L*a*b* system also allows the calculation of the total (absolute)
color difference (AE*), which is measured as the vector modulus of the distance
between the initial color values and the actual color coordinates. The total color
difference indicates the size of the color difference between control and test sam-
ples (e.g. after storage or after specific agrotechnical treatments or technological
processes) [Lewicki et al. 1998; Ozkan et al. 2003; Patras et al. 2009; Skoczylas
et al. 2020]. This parameter is calculated as the Euclidean distance between two
points in the three-dimensional space determined by L*, a*, and b* using the
following equation (eq. 5):

AE*=\JAa*® + Ab* + AL¥ (5)

where Da*, Db* and AL* is the difference of these parameters between the control
sample and the test sample. A perceivable color difference can be classified as very
pronounced when AE*> 3, pronounced when 1.5 < AE* <3 or a slight AE* < 1.5
[Hutchings 2011].

The whiteness index is a parameter that mathematically combines lightness
and yellow-blue into a single index. According to Rhim et al. [1999] indicates the
degree of whiteness (WI) as calculated according to the following formula (eq. 6):

WI:\/(IOO—L*2)+a*2+b*2 (6)

The Yellowness Index (YI) indicates the degree of yellowing of raw materials
or food products. Yellowing may be the result of degradation processes that oc-
cur in the food item under the influence of light, air or other - chemical agents, it
can be associated with processing operations or dirt. This indicator is calculated
according to the following formula (eq. 7):

142.86 b*
YI=———

- (7)
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The parameter to characterize the change in color browning is the browning
index (BI) [Quitdo-Teixeira et al. 2007]. Defined as the purity of the brown color,
and it is one of the most common indicators of browning sugar-containing foods.
In the case of this indicator, the CIE L*a*b* color space is the most widely used
color model due to the homogeneity of the distribution of colors in the space
[Yam and Papadakis 2004]. Based on the CIE L*a*b* coordinates, especially the
L* value or the CIE XYZ color space, indicators of fruit browning were developed
[Pristijono et al. 2006; Lu et al. 2007]. The BI parameter is calculated using the
following expression [Maskan 2001; Mohapatra et al. 2010] (eq. 8-9):

(8)

X -0.31
BIZIOO-[—J

0.17

where
(a*+1.75L)a*

X= 9)
(5.645 L+a*— 3.012b*)

In the literature of the subject, one can find color indicators that allow for
a direct relationship with the external appearance of specific raw materials and
food products such as: fruit, vegetables, meat, juices, pasta, etc. [Pathare et al.
2013]. These indicators can directly determine the degree of maturity of the raw
material, the stage of the technological process or the time and conditions of the
food product storage. For example, sugar syrup clarity is determined using the
Yellow color value = a * / b * [Garcia and Calixto 2000], the brightness of mashed
potatoes using the ratio White / yellow ratio = L / b [O’Leary et al. 2000] or sherry
wine color intensity is determined by absorbance at 470 nm using a spectropho-
tometer [Palacios et al. 2002] and according to Meléndez-Martinez et al. [2011]
a good indicator of the color of orange juice is the K/ S index.

6. Color measurement

Color measurements can be carried out by visual inspection (visual analysis) and
with usage of traditional instruments (instrumental analysis): such as a colorim-
eter or computer vision.

Visual assessment of the color of the food consists of observing the sample
through a trained panel, using the senses (without instruments) but under strictly
controlled lighting conditions together with a set of color standards for the com-
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parison. As a result of visual measurement, a specific color description is obtained
using strictly defined vocabulary [Meléndez-Martinez et al. 2005]. Although the
human assessment of color is quite reliable, it is subjective due to the variabil-
ity occurring among people (age, sex, origin, body mass index (BMI), human
psychophysical state) and depending on changes in physical parameters of the
environment at the time of color assessment, e.g. lighting [Francis 1995; Hop-
pu et al. 2018]. Besides subjectivity, human assessment of color is laborious and
tedious and is not suitable for routine color scale measurements [McCaig 2002;
Leon et al. 2006]. For this reason, the parametric interpretation of color is of
particular importance in assessing the quality of food products. In instrumental
measurement, color is expressed in terms of color coordinates.

In the food industry, traditional instruments such as colorimeters and spec-
trophotometers are the most often used to measure color [Balaban and Odabasi
2006]. Under certain lighting conditions, these instruments provide a quantita-
tive measurement of color by simulating the way the average human eye perceives
the color of an object [McCaig 2002].

Colorimeters measure the color of primary radiation sources that emit light
and secondary radiation sources, i.e. those that reflect or transmit external light
[Meléndez-Martinez et al. 2005; Ledn et al. 2006]. For this reason, tristimulus
values are obtained optically and not mathematically. The color parameter val-
ues obtained with the different colorimeters differ from each other because the
instruments simulate the response of only a standard observer and a standard
light source. Based on the structure of the human eye (the three types of cones
in the retina), a trichromatic colorimeter has been constructed with three fil-
ters that work like each of the three types of cones. A trichromatic colorimeter
consists of three main components: (1) a light source, (2) a combination of
filters to modify the energy distribution of the incident / reflected light, and
(3) a photoelectric detector that converts the reflected light into an electrical
output. Measurements made on a tristimulus colorimeter are usually compar-
ative. Therefore, it is necessary to use calibrated standards with similar colors
to the measured materials in order to obtain the most accurate measurements
[Pathare et al. 2013].

Spectrometers operating in an extended spectral range including the visible
range (VNIR spectrometer) are widely used for measuring the color of food in
the food industry and agriculture [McCaig 2002]. Spectrophotometers measure
the spectral distribution of transmittance or reflectance of the sample. The ob-
tained values of X, Y and Z depend on the light source, measurement geometry
and the observer [Hutchings 2011] and are mathematically obtained according
to the CIE definitions. The advantage of spectrophotometers over colorimeters is
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that the relevant color information can be obtained by calculating the color value
for any light source and lighting.

Although a simple color measurement of an object can be made quickly with
a colorimeter and spectrophotometer, there are potential limitations to their use.
In order to obtain an accurate average color, special attention should be paid
to the number of readings and the sampling location. Traditional instrumental
measurements can only accurately measure uniform sample surfaces which are
rather small. In the event that the sample has a non-uniform color, the measure-
ment should be repeated as long as it covers the entire surface and yet may still
be unrepresentative of the sample, making global food analysis difficult. Anoth-
er limitation is the size and shape of the tested sample surface. When the sam-
ples are too small - the rice grain, or the shape is not a circle - a shrimp, the
measurement may not be accurate. Moreover, in order to assess the color of the
food in detail, it is required to obtain the color value of each pixel on the sample
surface in order to obtain a color distribution map on the surface of the tested
object [Leon et al. 2006]. This requirement cannot be achieved with traditional
color measuring instruments. This possibility is given by computer vision, which
extracts information about the color from digital images. The main difference
in color measurement between traditional and computer vision instruments is
the amount of spatial information provided, which enables the measurement of
heterogeneous shapes and colors, and a flexible choice of the range of interest.
This technique allows for investigating of larger surface at one time, generating
a color distribution map and ensuring permanent image recording [Balaban and
Odabasi 2006; Leon et al. 2006]. Such a system usually consists of 5 components:
a light source, a digital camera, an image storage card, computer hardware and
image processing software [Quevedo et al. 2010]. The first step in computer vi-
sion is image acquisition. The digital image is recorded in such a way that light
from the visible spectrum falls on a partially reflecting surface and the scattered
photons are collected in the camera lens and converted into an electrical signal
using a vacuum lamp or CCD (charge-coupled device) and then stored on the
hard disk for further display and analyze the image. A digital monochrome im-
age is a two-dimensional (2-D) function of the radiation intensity I in the spatial
coordinates x, y (function I (x, y)). The intensity of the radiation (read as a gray
level) is proportional to the energy of the radiation received by the sensor or
detector over a small area around the point (x, y) [Gunasekaran 1996]. In food
color assessment usage of the computer vision color space transformation is the
most common pixel pre-processing method. Typically, color images are stored in
the three-dimensional RGB color space. However, this space does not represent
the colors naturally perceived by the human eye, and the RGB model is device
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dependent and not identical to the intensities of the CIE system. To overcome this
problem, RGB values are converted to other color spaces such as L*a*b* [Mene-
satti et al. 2012]. The exact method of converting RGB to L*a*b* is presented in
the work of Ledn et al. [2006].

Image acquisition and analysis are the two most important steps in applying
this technique. The accuracy of the acquisition equipment must be high to cap-
ture the required details and enough coarse to enable fast image processing. The
image analysis consists of numerous algorithms and measurement classification
methods [Krutz et al. 2000]. Automatic color measurement with computer vision
is fast, accurate and economical.

7. The use of color measurements in the food industry

Nowadays, the measurement of food color using instrumental methods, espe-
cially computer vision, has found wide application in the food industry as one of
the key methods of quality control of raw materials and food products. Precise
control and increased throughput of the production process during packaging is
possible thanks to the implementation of computer vision systems on technolog-
ical lines.

Based on color measurements, determination of appropriate indicators and
their analysis, it is possible to optimize the conditions of a given process. Patras
et al. [2011] found in their research that the most sensitive indicator for measur-
ing the color degradation of heat-treated strawberry jam was the total color dif-
ference (AE*) and the color saturation (C*). Longer heat treatment of Agua-mel
(Mediterranean honey-like groceries) during processing led to a significant color
increase, which can be attributed to the accumulation of brown pigment [Cavaco
et al. 2022]. Cazzaniga et al. [2021] found in their study that baking time reduc-
tion allowed a similar color to be obtained between snacks made with and with-
out dehydrated cassava puree substitution. The browning index increased with
the proportion of cassava in flour and cakes, but not in baked snacks. Adekunte et
al. [2010] and Tiwari et al. [2008] proved that sonification in tomato and orange
juice contributed to an increase in the value of the total color difference. High
pressure homogenization (HPH) is a non-thermal technology that can be used
as a partial or complete replacement for the thermal treatment of food liquids.
According to Salehi [2020], in many cases, juices from high pressure homoge-
nization (HPH) retain better parameters indicative of freshness, such as color,
than those subjected to heat treatment. The effects of HPH on color of juice could
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strongly depend on food matrices and treatments. The processing of HPH did not
show a significant effect on the change of color parameters of mixed apple, carrot
and peach juices, and in the case of kiwi juice their significant increase was noted.
In the studies of Dede et al. [2007] it was found that the high-pressure treatment
of carrot and tomato juices had less effect on the difference in color (compared to
fresh juice) than conventional heat treatment. Similar conclusions were reached
by Patras et al. [2009] examining strawberry and blackberry purees. Also, bio-
fortification of carrots at the growth stage resulted in the total color difference of
obtained carrot juice [Skoczylas et al. 2020].

In the work of Hsu et al. [2003] the WI index was used as a measure of the de-
gree of discoloration of white products during the drying process. The white color
of the surface is a feature that determines the quality of Camembert cheeses. For
the samples of cheese packed in the modified atmosphere, this index remained
constant, while for the control samples the W1 values clearly decreased during the
storage of the product [Rodriguez-Aguilera et al. 2011].

In the Qin et al. [2010] work the nutritional composition and physical prop-
erties of flour obtained from buckwheat and buckwheat tartars were analyzed.
Tartar buckwheat flour was characterized by a lower whiteness index WI than
common buckwheat flour. Wheat bread with the addition of buckwheat showed
a lower value of the WI parameter [Lin et al. 2009].

According to Kotwaliwale et al. [2007] the WI parameter of mushrooms
decreased while the yellowness index YI increased during drying. However, the
values of these parameters behaved in reverse with the progress of irrigation of
these fungi. Rice YI increased with increasing infrared radiation intensity or with
increased heating [Das et al. 2004].

The color of the dried fruit changes as a result of browning, which is often
caused by the Maillard reaction [Baini and Langrish 2009]. Krokida et al. [1998]
in their work assessed the color development of dried apples and bananas. Based
on the evaluation of the formation of browning in the dried food, an appropriate
drying technique and optimal process conditions can be selected, which can im-
prove the color quality of the product. Visually, the degree of browning of fried
dishes is also considered as one of the most important parameters of their quality
[Scanlon et al. 1994].

The color change during storage is the main parameter that predicts the shelf
life of fruit-based products. During the storage of fruit leather (fruit bar), the de-
crease in the content of anthocyanins strongly correlated with the decrease in the
red chromatic parameter (a * value), which suggests that a * values can be used as
an indicator of anthocyanin degradation in this type of products [da Silva Simao
et al. 2022]. The percentage of consumers rejecting the color analysis was strong-
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ly correlated with the a * value, which can be used as an analytical indicator for
estimating the durability of strawberry skin. Based on this result, the authors de-
veloped mathematical functions predicting the change in a * value as a function
of the probability of the product being rejected by the consumer. The approach
used in this study, which integrates instrumental and sensory data to assess color
changes during storage and predict the shelf life of a product in the marketplace,
is a useful tool for use in industry-specific quality control programs.

Lyu et al. [2022] showed that pre-treatment of carrots with ultrasound
(40 Hz, 100 W, 10 min) and ascorbic acid (2%, w / v) -CaCl, (1%, w / v) solution
(UAA-CaCl,) significantly improves the parameters colors of freeze-dried car-
rots. The redness (29.66%), chroma (16.59%) of freeze-dried carrots at 120-day
(25° C) was significantly higher than the control carrots.

The color of the product is one of the basic incentives for its purchase by the
consumer. The red and light red color of beef is associated by consumers with
fresh meat, while the brownish color is considered an indicator of its deterio-
ration. Larrain et al. [2008]investigated the differences in the color of fresh beef
using colorimeters. However, that assessment has limitations in scanning a small
area. Computer vision is considered a promising method for meat color predic-
tion [Mancini and Hunt 2005]. Using the above method, Tan [2004] assessed the
color of pork as an indicator of freshness and tenderness of meat.

Consumers’ choice to buy fish is the most often based on color. Gormley
[1992] concluded, that consumers associate the color of fish products with the
freshness, better taste and higher quality. In the fish industry, color charts such
as the SalmonFan™ card are usually used for comparison. However, determining
the color on this basis is subjective and time-consuming. Thanks to the camera
vision method, it was possible to assign a color score to a salmon fillet according
to the SalmonFan™ card [Quevedo et al. 2010].

There are studies in the literature that indicate that the color of a drink is
related to the consumer’s perception of taste, sweetness and other quality char-
acteristics [Meléndez-Martinez et al. 2005; Fernandez-Vazquez et al. 2011]. The
color of orange drinks has been found to influence the perceived sweetness and
flavor intensity of most fruit drinks by the consumer. To assess the color of the
orange juice both traditional instrumental methods (colorimeter) were used
[Meléndez-Martinez et al. 2005] as well as the computer vision method [Fernan-
dez-Vazquez et al. 2011].

The above-mentioned examples of the use of color measurements in the food
industry are only a small part of the possibilities that both traditional instrumen-
tal methods and camera vision give us in determining the quality characteristics
of raw materials and food products. The color of wine is one of the main parame-
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ters determining its acceptance by the consumer [Martin et al. 2007], the color of
potato chips is an important quality attribute for the potato processing industry,
which is closely related to consumer perception [Pedreschi et al. 2006], the col-
or of bananas depends on the degree of ripeness [Mendoza and Aguilera 2004].
There are many examples.

8. Conclusion

Color is one of the most important quality attributes of food influencing its per-
ception, purchase and thus the nutritional choice of consumers. For a long time,
color has been used as an indicator of product changes in the production process.
Color of an object indicates maturity, freshness or doneness. Color measurement
and analysis is therefore important both at the harvest stage for plant raw materi-
als and in post-harvest, processing and marketing. It helps to optimize the quality
and nutritional value of the food.

While non-destructive measurement of the external color of products is now
routine practice in research and industry, predicting internal color remains both
a technological and practical challenge. The variety of indicators used to describe
the color of fresh and processed foods, even of the same type, makes it difficult to
compare the results. There is a need for their standardization. Given the impor-
tance of color in consumer food choices and preferences, and the growing con-
sumer demand for intrinsic quality of food products, there is a need to develop
fast, non-destructive methods of measuring the color and to elaborate indicators
connected to nutrition value. Recent advances in acquiring and interpreting im-
ages obtained with camera vision are very promising for that task.
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Abstract. Circular dichroism spectroscopy is an excellent method for studying the
secondary and tertiary structure of proteins in solution. The technique has found
many applications in food research. Abundant research is focused on monitoring
conformational changes in food proteins occurring during physical (e.g. high tem-
perature, ultrasound, high pressure) or chemical (e.g. phosphorylation, Maillard re-
action, acylation) processing. Even slight modifications to the conformation of pro-
teins can significantly change their physicochemical and functional properties, thus
changing their use as ingredients in the food industry. Another group of circular
dichroism studies concerns the interaction of proteins with ligands and the deter-
mination of structural alterations of proteins due to ligand binding. In this work,
examples of such application are given, covering the interaction of serum albumin
with food dyes (quinoline yellow, allura red or curcumin) important from the point
of view of toxicological studies, as well as interactions of serum albumin with tea
polyphenols.

Keywords: circular dichroism, food protein, conformational change, interaction of
ligand-protein
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1. Introduction

Circular dichroism (CD) spectroscopy is based on a phenomenon discovered by
Aimé Cotton in the 1890s. He found that optically active molecules absorb right
and left circularly polarized light unequally. Thus, circular dichroism spectros-
copy allows the recording of the wavelength-dependent differences in the ab-
sorption of two components of circularly polarized light by chiral molecules or
symmetric molecules in asymmetric environment (Fig. 1) [Gopal et al. 2012].
Quantitatively, circular dichroism can be expressed as the difference of molar
coefficients absorption of left and right circularly polarized light: Ae = eL — ¢R,
where: eL and €R are molar absorption coefficients of left- and right circularly
polarized light. Because the CD spectra are differential, the measured effect can
be positive or negative; and therefore, in the case of a stronger absorption of the
left-handed component, the difference in the absorption coefficients is positive,
and the spectrum shows a positive Cotton effect. In turn, when the difference
absorption coeflicient is negative, it is observed a negative Cotton effect (Fig. 1)
[Matera-Witkiewicz and Janicka-Ktos 2015].

Circular dichroism (CD) spectroscopy is one of the spectroscopic techniques
used to study the conformation of biomolecules in a solution and provides import-
ant information that complements the data obtained by other methods [Green-
field 2006]. Since the CD spectra reflect the overall structure of the protein, the
circular dichroism technique can be used to monitor any structural alterations
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Fig. 1. A schematic diagram of CD technique. The plane polarized light passes through
the modulator; circular dichroism occurs when the absorption of left- and right-handed
circularly polarized components by optically active sample is not equal. The shape and
magnitude of CD spectra in far-UV for different types of protein secondary structure are
characteristic (source: own modification based on Ranjbar and Gill [2009])
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that might result from changes in environmental conditions, such as tempera-
ture, pH, ionic strength, etc. CD spectroscopy is also used to study the influence
of targeted mutations on the structure and stability of proteins. Moreover, the
technique allows to monitor the unfolding of a polypeptide chain as a function
of temperature or chemical denaturants, and is also applicable to the determina-
tion of conformational changes due to macromolecule-ligand and macromole-
cule-macromolecule interactions [Martin and Schilstra 2008; Birnbaum 2018].
The CD spectroscopy is an excellent method for studying the secondary and ter-
tiary structure of proteins. The measurements of CD spectra in the far-UV range
(160-240 nm) are particularly useful because singlet electron transitions result-
ing from the backbone peptide bond occur at 190 and 220 nm. The spectra of
CD proteins in the far-UV region allow for observing the differences between the
random coil and ordered structures such as a-helix or -sheet, and estimating the
content of individual secondary structures [Rogers et al. 2019]. The CD spectrum
of disordered peptides or proteins has a single negative band near 195 nm, while
a-helical structures typically have two negative bands at 208 and 222 nm along
with one positive band at 192 nm [Greenfield 2006; Gopal et al. 2012]. For anti-
parallel B-pleated sheet structures, a negative band at 218 nm and a positive band
at 195 nm are usually observed [Greenfield 2006]. The use of reference databases,
consisting of spectra of proteins with known structures, allows for the decompo-
sition of the CD spectrum of an unknown protein and provides information on
the secondary structure of the analyzed protein [Choi and Ma 2007]. In contrast
to far-UV, CD spectra in the near-UV region (250-320 nm) can provide useful
information related to the presence of aromatic chromophores in a protein, such
as the amino acid residues Phe, Tyr, and Trp (phenylalanine, tyrosine and trypto-
phan), in an asymmetric environment. The shape and magnitude of the CD spec-
trum in the near-UV depend on not only the particular aromatic amino acids, but
their mobility as well as the nature of their environment (hydrogen bonds, polar
groups) and their spatial distribution in the protein [Zhuo et al. 2013]. This in-
formation is used to evaluate the tertiary and sometimes quaternary structure of
proteins during processing. The increase in band size and intensity demonstrates
structural changes that are associated with loss of native structure and increasing
aromatic amino acid residue interactions during processing [He et al. 2014; Wang
etal. 2017].
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2. Relationship between conformation and functional
properties of food proteins

The rapid characterization of proteins is crucial not only in the field of pro-
teomics, but also in food science. Functional properties of food proteins are
closely related to their chemical structure, which can be changed by different
external factors such as temperature, pH and ionic strength of the environment
[Wang et al. 2017]. The amino acid sequence of a protein determines its spatial
structure [Berg et al. 2018]. Some observations indicate that the native struc-
ture of proteins found in a living cell might be also dependent on interactions
with other proteins or nucleic acids. Proteins fold into the structures with the
lowest energy. According to Anfinsen’s [1973] hypothesis, the amino acid se-
quence of a protein unequivocally determines its structure. This rule is certainly
true for small globular proteins. Anfinsen found that the native structure usual-
ly corresponds to the minimum free energy of the system in which the protein
is located [Anfinsen 1973].

The secondary structure of proteins defines the way the polypeptide chain is
arranged in certain regular spatial structures, such as the a-helix, B-sheet, B-turn
or hairpin, etc. The tertiary structure is the arrangement of the entire polypep-
tide chain along with all secondary structures in space. The tertiary organization
of proteins is stabilized by disulfide bridges, hydrogen bonds, and hydrophobic,
ionic and van der Waals interactions between the side groups of amino acids.
For most known proteins, the correct spatial structure is necessary for their
physiological role. It is believed that serious diseases such as Alzheimer’s and
Creutzfeldt-Jakob’s diseases are a consequence of incorrect folding of proteins.
When the polypeptide chain takes a different conformation from the proper
structure, it usually leads to the formation of a protein with different properties,
which in some cases can be toxic to the body (prion proteins may be an example)
[Berg et al. 2018].

The chemical nature of the amino acid side chain groups determines the hy-
drophobicity and shape of proteins. In general, proteins tend to become globular
when they contain a large number of hydrophobic residues, while an elongated
rodlike shape appears when polypeptide chain contains many hydrophilic amino
acid residues that are distributed uniformly in its sequence. Mostly when the pro-
tein takes the native structure, the hydrophobic segments are buried in the core.
The hydrophobicity and hydrophilicity of the surface of proteins significantly af-
fect their solubility, and thus such functional properties as foaming, emulsifying,
thickening and gelling [Hettiarachchy et al. 2012]. The pH of the environment
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has a significant influence on the solubility of proteins in aqueous solutions. At
the isoelectric point, proteins are characterized by the lowest solubility and vis-
cosity, and the hydrophobic interactions reach the maximum. At a pH above or
below the isoelectric point, electrostatic repulsion and hydration tend to promote
protein dissolution. Under such conditions, some functional properties can be
improved. It might be related to protein unfolding and activation of buried sulf-
hydryl groups. Other environmental factors such as ionic strength as well as tem-
perature-induced protein denaturation might also influence the solubility of the
protein [Wang et al. 2017].

Various physical, chemical or enzymatic modifications are used to change
the conformation and functionality of food proteins. The functional properties
of denatured food proteins differ from those in their native state. For example,
the process of denaturing proteins may reveal more amino acid residues and thus
facilitate their proteolysis and improve protein digestibility [Perreault et al. 2017].
Exposure of hydrophobic regions can lower solubility and influence the surface
activity of proteins [Shen and Tang 2012; Wang et al. 2017]. Moreover, a change
in the conformation of protein toxins may inhibit their activity. In addition to
modifications, the functional properties of food proteins also depend on the state
of the protein: wet or dry, liquid or frozen, globular or fibrous protein etc. [Kuan
etal. 2013; Wang et al. 2017]. In summary, the modification of the functionality of
food proteins is accompanied by conformational changes that affect the quality of
the final product. Studies towards a thorough understanding of the relationship
between structure and function of the protein are essential for the proper and
effective use of this protein in the food industry.

3. Application of the circular dichroism method in food
research

3.1. Influence of physical and chemical modifications on the
conformation of food proteins

Even slight changes of the conformation of proteins occurring during physical
and/or chemical modifications can significantly influence their physicochem-
ical and functional properties, thus changing their use as ingredients in the
food industry. In Table 1 are presented examples of the application of circular
dichroism spectroscopy in the study of structural alterations of food proteins as
a result of physical and chemical treatments.
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Studies by Farrell et al. [2001] were devoted to the analysis of the secondary
structure of bovine B-casein. This fraction in milk accounts for approximately
36% of casein proteins. The CD spectra indicated a structural similarity between
B-casein and proteins known to contain a characteristic structural motif found
in polyproline II, called polyproline helix. During heating, some changes in the
content of secondary structures in B-casein was observed, which suggests the un-
folding of these local structures. The only significant change was the increase in
polyproline helix content. The analysis of the CD spectra suggests that the struc-
ture of the B-casein monomer becomes more compact with increase of tempera-
ture [Farrell et al. 2001].

Circular dichroism spectroscopy has been also used in studies of the influ-
ence of environmental conditions and heat treatment on the conformation of the
globulin derived from buckwheat (Fagopyrum esculentum Moench) [Choi and
Ma 2007]. The buckwheat globulin is a storage protein composed of six non-iden-
tical monomers that interact non-covalently with each other. The CD analysis of
secondary structures showed that in the buckwheat globulin, the content a-helix
is 15.0%, the B-sheet 25.8%; in addition 28.9% of the common buckwheat glob-
ulin is the p-turn, while 30.3% is a random coil. A decrease in pH to a value in
the range of 3-5 led to a disturbance of the native protein structure, indicating
unfolding and denaturation. Heating at 100°C resulted in lower content of the
a-helix, the appearance of the anti-parallel B-sheet, and an increase in the content
of a random coil, suggesting protein denaturation and aggregation [Choi and Ma
2007]. It has also been shown that both non-covalent and covalent interactions
play an important role in stabilizing the conformation of the buckwheat globulin.

Whey protein is a mixture of globular proteins found in whey, which is
a by-product of cheese production. This group of proteins includes p-lactoglob-
ulin, a-lactalbumin, bovine albumin, casein glicoomacropeptide, immunoglobu-
lins and lactoferrin. Whey proteins and their products are widely used in the food
industry due to their high nutritional value and functional properties (solubility,
emulsification, gelling, antioxidant activity). As a source of bioactive peptides,
they have a favorable physiological effect on the human body [Miwa et al. 2013].
In study conducted by Birnbaum [2018], CD spectroscopy was used to analyze
of 10 whey protein products. Taking into account the variety of processing, stor-
age and transport conditions for whey products, it was analyzed whether these
differences could be reflected in the structure of whey proteins. The obtained CD
spectra showed many differences in the secondary and tertiary structure of whey
proteins in the analyzed products. These alterations were due to thermal denatur-
ation caused by different whey protein processing techniques (e.g. spray drying)
as well as storage or transport conditions depending on the manufacturer. It was
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Table 1. Application of CD spectroscopy to study conformational changes in food
proteins as a result of various processing methods (source: own modification based on

Wang et al. [2017])

Protein Processing method References
Bovine haemoglobin Heat Bhomi et al. [2016]
Egg ovotransferrin Heat Tong et al. [2012]
. Zhang and Zhong [2012];
Whey protein isolate Heat Tomczynska-Mleko et al. [2014]
Bovine {3-lactoglobulin Heat Manderson et al. [1999]

Beer protein Z

Mashing, boiling

Han et al. [2015]

Rapeseed protein isolate

High pressure, heat

He et al. [2014]

Myofibrillar protein

High pressure

Qiu et al. [2014]

Soybean protein isolate

High hydrostatic pressure

Li et al. [2012]

Skeletal muscle myoglobin

High pressure carbon
dioxide

Yan et al. [2016]

Bovine B-lactoglobulin

High pressure microfluid-
ization

Zhong et al. [2012]

a-lactalbumin and
B-lactoglobulin

High intensity ultrasound

Chandrapala et al. [2012]

Soybean B-conglycinin
and glycinin

High intensity ultrasound

Hu et al. [2015]

Soybean glycinin High intensity ultrasound Zhou et al. [2016]
Black bean protein isolates Ultrasound Jiang et al. [2014]
Soybean protein isolate Ultrasound Hu et al. [2013]

B-conglycinin

Ultrasound and Maillard
reaction

Zhang et al. [2014]

Peanut protein isolate

Maillard reaction

Liu et al. [2012]

Soybean protein isolate

Maillard reaction

Zhuo et al. [2013]

Whey protein isolate

Maillard reaction

Wang et al. [2013]

Soybean protein

Glycosylation, enzymatic
cross-linking

Song and Zhao [2014]

Whey protein isolate

Enzymatic deamidation

Miwa et al. [2013]
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noted that the CD technique can be a good tool to evaluate the impact of food
processing and handling proteins in dry powder form [Birnbaum 2018].

The aim of the research undertaken by Tong et al. [2012] was to determine
changes in the structure and potential allergenicity of ovotransferrin (OVT)
caused by heat. Using the CD technique, reversible changes in the protein struc-
ture were observed at 55-60°C, while at temperature in range of 70-80°C, the
structural alterations were irreversible. The results of the analysis of potential OVT
allergenicity correlated well with the observed structural changes. The increase in
antigenicity and potential allergenicity of ovotransferrin heated at a relatively low
temperature (55-60°C) was probably caused by structure unfolding. As a result
of this process, hydrophobic groups and intermolecular disulfide bonds as well
as more antigenic epitopes hidden inside the native molecule might be exposed
to the surface of the protein molecule. On the other hand, the decrease in anti-
genicity and potential allergenicity of the OVT protein observed during heating
at higher temperatures (70-80°C) may be caused by the cleavage and rearrange-
ment of disulfide bonds. It seems that in some cases controlled heat treatment of
an allergic product can be a good way to reduce its allergenicity and adverse effect
on the human body [Tong et al. 2012].

Ultrasound application is another way to modify food properties [Ozuna
et al. 2015]. Several studies have investigated the effect of sonication on the sec-
ondary structure of proteins using the circular dichroism method. The obtained
results are inconsistent. In an experiment performed by Frydenberg et al. [2016],
the influence of high intensity ultrasound (HIU) on the thermal behavior, struc-
ture and nature of intra- and intermolecular bonds during protein heat gela-
tion in whey protein isolates was investigated. Ultrasound (24 kHz, 300 W/cm?,
2078 J/ml) significantly reduced the denaturation enthalpy, but the far-UV CD
spectra remained unchanged, indicating that there were no differences in pro-
tein secondary structure. The lack of influence on the secondary structure can be
attributed to the experimental system. CD measurements were taken 24 h after
ultrasound, which could have influenced the results. It is possible that proteins
had been partially unfolded during the ultrasound application, but this was a re-
versible process, therefore no changes in the secondary structure were detected
after 24 h.

Another protein which structure has been analyzed using CD spectrosco-
py is soy protein. This protein consists of 4 major water-extractable fractions
(named 2§, 7S, 11S and 15S) which are classified according to their sedimenta-
tion rates. Soy protein is widely used in food products due to its high nutritional
value as well as good functional properties (e.g. emulsifying, gelling) [Zhou et al.
2016]. When applying high intensity ultrasound (HIU) to a soy protein isolate,
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an increase in surface hydrophobicity, emulsifying activity, emulsion stability
and protein solubility was observed, as well as change in rheological properties
[Hu et al. 2013]. The use of HIU with lower power (20 kHz, 200 W) on the soy
protein isolate resulted in a reduction in the a-helix and random coil content and
an increase in the p-sheet structure. On the other hand, during processing with
higher power (20 kHz, 600 W), the increase in the a-helix and disordered coil
and the decrease in the -sheet were observed [Hu et al. 2013]. In other studies
by Chandrapala et al. [2011] it was also reported that the use of HIU led to an
increase in the content of a-helix, while a decrease in the p-turn and -sheet in
the B-lactoglobulin protein. Chandrapala et al. [2012] also analyzed structur-
al and functional changes of pure and mixtures of f-lactoglobulin (f-LG) and
a-lactoglobulin (a-LA) after sonication at 20 kHz, 31 W, up to 60 min. During
sonication, the content of reactive thiols and the hydrophobicity of the surface
of the analyzed proteins had been increasing continuously, which indicated the
unfolding of proteins. The CD spectra confirmed some secondary and tertiary
structural changes. The results suggest that sonication had a greater effect on
a-LA than on B-LG, and the properties of their mixtures differ significantly from
the properties of each of the isolated proteins [Chandrapala et al. 2012].
Contradictory results to these obtained by Chandrapala et al. [2011] were
reported by Stathopulos et al. [2004] who found that HIU increased the presence
of the P structure, but decreased the a-helix structure in protein aggregates. Jin et
al. [2015] in their research investigated the effect of sweep frequency and pulsed
ultrasound (SFPU) and sequential double-frequency ultrasound (SDFU) on zein
and glutelin. The pretreatment of SFPU had little effect on the secondary struc-
ture of zein, while SDFU reduced the -sheet and increased the a-helix content.
Both SFUP and SDFU increased the B-sheet and decreased the a-helix content of
glutelin. Other studies of soybean B-conglycin showed that HIU did not change
the secondary structure of 7S fraction in the Tris-HCI buffer [Hu et al. 2015].
In another report by Zhou et al. [2016] soybean glycinin was subjected to high
intensity ultrasound (20 kHz, 80 W/cm?, 0 to 40 min) at three ionic strengths
(I=0.06, 0.2 and 0.6) at pH 7.0. At all three ionic strengths, it was observed that
the use of HIU increased the emulsion stability and reduced turbidity. In contrast,
the particle size, solubility, index of emulsifying activity and surface hydropho-
bicity were different at the three ionic strengths. The results of the CD measure-
ments showed that the HIU had only a minor effect on the secondary and ter-
tiary structure of soybean glycinin. There was a slight increase in the content of
B-sheet and a slight decrease in the content of 3-turn. Similar observations have
been reported by Jiang et al. [2014] who observed that high-intensity ultrasound
increased the pB-sheet content of black bean protein isolates. On the other hand,
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Giilseren et al. [2007] noticed that the B-return content of bovine serum albumin
decreased after the use of HIU. Many factors, such as the predominant type of
protein secondary structure, the degree of denaturation and aggregation, condi-
tions, as well as the type of the ultrasound used, might significantly influence the
secondary structure of proteins.

Another type of modification that food proteins can be subjected to is a Mail-
lard reaction. This reaction between proteins and polysaccharides is researched
in order to improve functional properties, especially solubility and surface prop-
erties of proteins. Liu et al. [2012] investigated a dry-heated Maillard reaction be-
tween peanut protein isolate (PPI) and dextran (1:1 weight ratio) under controlled
temperature and relative humidity conditions. The CD spectra showed that the
Maillard reaction between PPI and dextran influenced the secondary structure
of the peanut proteins, which was not only the result of biopolymer interactions
but also thermal denaturation. Along with the course of the Maillard reaction, the
a-helix structures were lost, with a simultaneous increase in the -sheet content.
Changes in the structure of PPI-dextran conjugates were mainly attributed to
dextran modified conarachin and arachin (counting for 50% of peanut proteins)
denatured by heat treatment. Moreover, in comparison with PPI, mixture and
conjugates had more compacted tertiary conformation [Liu et al. 2012].

CD spectroscopy was also used to study the products of the Maillard reaction
between whey protein isolate (WPI) and xylose (X), glucose (G) or sucrose (S)
[Wang et al. 2013]. The CD spectra showed that the conjugates were characterized
by a significant loss of secondary structure, which indicated a change in protein
folding after the attachment of xylose and glucose to the WPI. The content of the
B-sheet, p-turns and the random coil increased, while the a-helix decreased after
the heat treatment of the aqueous solutions of the WPI-G and WPI-X systems. In
the case of the CD spectra of the WPI-S conjugate, the change in the secondary
structure of the proteins was not significant compared to the CD spectra of the
initial WPI [Wang et al. 2013].

Another report describes the properties of conjugates of soy protein iso-
late (SPI) and dextran obtained by the Maillard reaction under macromolecu-
lar crowding out conditions [Zhuo et al. 2013]. The optimal reaction conditions
determined experimentally were as follows: SPI to dextran ratio was 1:1 (w/w),
a pH of 6.5, a temperature of 60°C, and a reaction time of 30 h. CD spectroscopy
showed that the secondary and tertiary structures of the conjugate had changed
significantly. The secondary structure of SDC (soy protein isolate-dextran con-
jugate) consisted mainly of B-sheets, with decreased a-helix content but with an
increased content of disordered structures. The near-UV CD spectra showed that
the SDC had a similar spectrum to SPI, but the intensity of all bands was lower
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than that of SPI, indicating a significant loss of the tertiary conformation of the
proteins in SDC [Zhuo et al. 2013].

Compared to the physical and chemical treatment, enzymatic modification is
characterized by milder process conditions, easier reaction control, high modifi-
cation efficiency and a lower amount of by-products formed. Gu et al. [2001] in-
vestigated protein-glutaminase (PG) modification of a-lactoglobulin (a-La). CD
spectra showed that treatment of a-La with PG induced a change in its tertiary
structure to a form close to a molten globule, while deamidation had no effect on
the secondary structure of a-La. This molten globule-like form is closely relat-
ed to the functional properties of food proteins such as gelling, emulsifying and
foaming. Similar results were also obtained by Miwa et al. [2013] during analyzes
of the effect of protein glutaminase (PG) on heat-induced conformational chang-
es in whey protein isolate (WPI). The obtained CD spectra in the near-UV region
allowed to observe that both heating and deamidation caused denaturation and
loss of the tertiary structure of whey proteins. However, there were some differ-
ences in the CD spectra between the heat-treated or deamidated protein-glutam-
inase (PG) samples.

3.2. Investigation of the interaction of protein with ligand
and determination of conformation changes as a result

of ligand binding

Table 2 presents examples of application of CD spectroscopy to study the interac-
tion of ligand-protein. Serum albumin (SA) is the most commonly used protein
in binding studies of various ligands. SA is the main plasma protein, accounting
for 60% of all plasma proteins. One of the basic functions of SA is the transport of
various endogenous and exogenous compounds such as drugs, hormones or fatty
acids [Reddy et al. 1999; Zsila et al. 2003].

Human serum albumin (HSA) is a globular protein that is composed of 3 ho-
mologous helical domains (I-III) that undergo conformational changes in re-
sponse to pH modification or as a result of ligand binding [Bose 2016]. Each do-
main consists of 2 subdomains (A and B), containing 585 amino acid residues and
stabilized by 17 disulfide bridges [Wu et al. 2015]. It was found that there are two
ligand binding sites in the structure of HSA called the Sudlow I site and the Sudlow
II site, located in subdomains ITA and ITIA [Wu et al. 2015]. Bovine serum albumin
(BSA) is 76% homologous to human protein in its amino acid sequence but has
three hydrophobic pockets. BSA consists of 582 amino acid residues constituting
a single polypeptide organized into three homologous domains (I, IT and III). Each
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Table 2. Application of CD spectroscopy to study the interaction of ligand-protein
(source: own elaboration)

Protein Ligand References
Curcumin Reddy et al. [1999];
Zsila et al. [2003]
Allura red AC Wu et al. [2015]
Kaempferol Matei and Hillebrand [2010]
Human serum
albumin Atrazine Zhu et al. [2018]
Carmoisine Datta et al. [2013]
Amaranth Zhang and Ma [2013]

(-)-epigallocatechin-3-gallate

Maiti et al. [2006]

Bovine serum

2-tert-butylhydroquinone

Shahabadi et al. [2011]

Quinoline

Shahabadi et al. [2012]

Maltol

Zhang et al. [2012]

(-)-epigallocatechin-3-gallate-copper

Zhang et al. [2019]

albumin complex
Tea polyphenols Bose [2016]
Polyphenols Skrt et al. [2012]
Carmoisine Datta et al. [2013]
Hemoglobin Amaranth Basu and Kumar [2015]
a-galactosidase Cyclodextrins Zou et al. [2017]

domain contains 10 helical segments and is divided in two subdomains (A and B)
[Bose 2016; Zhang et al. 2019]. Binding of various compounds, including toxins,
to serum albumin can have physiological effects. Serum albumin often modifies
the solubility of hydrophobic compounds in plasma and modulates their delivery
to cells. Absorption, distribution, metabolism, as well as the stability and toxicity
of various compounds may be significantly changed as a result of their binding to
serum albumin [Shahabadi et al. 2011; Zhang et al. 2012]. Therefore, studies of the
interaction of these substances with serum albumin as the main proteins carrier
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in plasma seems to be important for a better understanding of the metabolism
and transport of these compounds, as well as to clarify the relationship between
protein structure and function.

Food dyes are a group of food additives which main purpose is to improve
the aesthetic value of food products. One of the dyes that have been tested for
interaction with human serum albumin (HSA) by circular dichroism (CD) is
curcumin. Curcumin is a compound found in turmeric rhizomes (Curcuma lon-
ga) and polyphenolic antioxidant that is believed to have anti-cancer, anti-in-
flammatory properties, and has been extensively studied for the prevention and
inhibition of Alzheimer’s disease [Reddy et al. 1999; Zsila et al. 2003]. The CD
spectra of the curcumin-HSA complex changed significantly as the pH of the
solution increased compared to the control spectrum at pH 7.4. The conforma-
tion alteration of HSA-bound curcumin is probably due to deprotonation of the
phenolic OH group(s) of curcumin [Zsila et al. 2003]. The results of research
showed that curcumin adopts different conformations, which may be of partic-
ular importance for the exertion of various pharmacological effects. Conforma-
tional change in the curcumin structure may significantly modify its biological
activity [Zsila et al. 2003]. Earlier attempts to elucidate the physiological trans-
port of curcumin, conducted and reported by Reddy et al. [1999], showed that
curcumin does not change the conformation of the HSA protein. In addition,
there are two types of curcumin binding sites in serum albumin, one with high
affinity (with 1:1 binding stoichiometry) and the other with low affinity. Hydro-
phobic interactions are mainly involved in the formation of the curcumin-HSA
complex [Reddy et al. 1999].

Quinoline yellow (Qy) is a synthetic dye used to color foods, medicines, and
soft drinks. Excessive consumption of Qy with food can cause asthma, rash and
hyperactivity [Shahabadi et al. 2012]. The results of CD studies showed that dye
binding induced changes in the secondary structure of BSA. An increase in the
a-helix content was observed from 36.60% in free BSA to 47.99% with the molar
ratio of BSA to Qy of 1: 1.2 [Shahabadi et al. 2012]. Another azo dye which in-
teraction with serum albumin has been studied is allura red AC [Wu et al. 2015].
Allura red AC is a food additive (E129), used to color beverages, cakes, sweets or
powdered jelly. Like other azo dyes, allura red is suspected of causing allergies,
especially in the presence of aspirin or benzoic acid intolerance. The results of
a study by Wu et al. [2015] showed that allura red is bound by HSA protein at site
I localized within the IIA subdomain. CD studies have shown that the binding
of allura red to HSA induces a carbonyl rearrangement of the hydrogen bond
network of the polypeptides, which alters the secondary structure of HSA. As the
concentration of allura red increases, the content of a-helix, which is the domi-
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nant secondary structure in HSA, decreases, the content of 3-sheet also decreas-
es, while the proportion of random coil and turn p increases.

Tert-butylhydroquinone (TBHQ) is used in food as an effective preservative
of unsaturated vegetable oils as well as many edible animal fats and meat products
[Shahabadi et al. 2011]. As a food additive, it is marked with the symbol E319. Sha-
habadi et al. [2011] investigated the interaction between TBHQ and bovine serum
albumin (BSA) using several spectroscopic techniques. The obtained CD and FT-
-IR (Fourier Transform InfraRed) spectra indicate that the conformation of the BSA
molecule is significantly altered in the presence of TBHQ. After ligand binding, the
content of a-helical structure in BSA decreased. Hydrophobic interactions and hy-
drogen bonds play a major role in the binding of TBHQ [Shahabadi et al. 2011].

Maltol was another compound which interaction with serum albumin was
investigated. This compound can be found in roasted malt, pine needles or larch
tree bark. Maltol is a food additive (E636) mainly used as a flavor enhancer. How-
ever, excessive consumption of this compound can be potentially harmful, caus-
ing damage to, among others, kidneys. In a maltol-bovine serum albumin (BSA)
interaction study, Zhang et al. [2012] used the methods of fluorescence, circu-
lar dichroism (CD) and FT-IR spectroscopy. The obtained results indicated that
maltol was mainly bound in the subdomain IIA (Sudlow site I) of bovine serum
albumin. Mainly hydrophobic interactions were involved in the interactions. The
CD spectra confirmed that the secondary structure of BSA was changed in the
presence of maltol. Compared to free BSA, with the maltol to BSA molar ratio
of 10:1, the a-helix content decreased from 59.9% to 53.2%, while the {-sheet,
B-coils and random coil content increased from 5.6% to 8.4%, from 12.4% to
13.5%, and from 22.1% to 24.9%, respectively [Zhang et al. 2012]. The obtained
results describing the interaction of maltol with BSA were consistent with the
results obtained earlier by Shahabadi et al. [2011] in TBHQ binding study.

Skrt et al. [2012] reported that the binding affinity to BSA was highest for
the esterified catechins (epigallocatechin-3-gallate and epicatechin-3-gallate) and
lowest for epigallocatechin. The structure of the polyphenols significantly influ-
enced the binding process to BSA. It was noted that binding affinity decreased
with glycosylation and lower number of hydroxyl groups in the second aromatic
ring of catechins. The CD spectra showed that the (—)-epicatechin-3-gallate bind-
ing induced the greatest changes in the secondary structure of BSA.

Other studies have focused on the analysis of interactions of tea polyphenol
such as: (—)-catechin (C), (-)-epicatechin (EC), (-)-epicatechin gallate (ECG),
(—)-epigallocatechin (EGC) and (-)-epigallocatechin-3-gallate (EGCG), with bo-
vine serum albumin (BSA) [Bose 2016]. The CD spectra revealed that the binding
of the polyphenols resulted in a partial unfolding of the helical structure and an
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increase in the content of B-sheet structure for most of the polyphenols used.
Additionally, the CD spectra confirmed the increased efficiency of the galloyl
moiety in inducing more pronounced structural changes in the protein [Bose
2016]. Therefore, the content of the a-helical structure in BSA decreased after
interaction with the ECG to a greater extent than for the EC [Bose 2016]. Similar-
ly, Maiti et al. [2006] noted that the a-helix content of HSA was reduced by 57%
to 54% after binding to EGCG. At the same time, a slight increase in the f-sheet
and the disordered structure of the protein was noticeable. It was also observed
that the binding constants decreased with increasing temperature, indicating that
temperature had a significant effect on HSA-EGCG binding [Bose 2016].

CD spectroscopy was also used to study the interaction between bovine se-
rum protein (BSA) and the epigallocatechin-3-gallate (EGCG) copper complex
under physiological conditions. EGCG is a polyphenol compound, a catechin
derivative, present in the extract obtained from the leaves of Camellia sinen-
sis. (—)-epigallocatechin-3-gallate is one of the most effective antioxidant com-
pounds, showing antimutagenic and antitumor activity [Zhang et al. 2019]. The
results of the experiment carried out by Zhang et al. [2019] showed that the bind-
ing of both EGCG and the EGCG-Cu complex to bovine serum protein (BSA) is
accompanied by structural changes consisting in a decrease in the content of the
a-helical structure [Zhang et al. 2019].

4. Advantages and limitations of circular dichroism
spectroscopy

The most important spectroscopic techniques for studying the conformational
changes of proteins in solutions are CD, FT-IR, Raman, fluorescence and UV
spectroscopy. It should be noted that the CD method, like other spectroscopic
techniques, should not be used alone and the information obtained from CD, is
complemental to the data from other spectroscopic techniques. CD analysis has
several important advantages, one of which is that it can be performed on small
amounts of material in physiological buffers. CD spectroscopy is extremely sensi-
tive to detecting protein conformational changes at a low concentrations (1 mg of
protein). CD spectra in the far-UV region can provide useful information related
to the protein’s secondary structures, while CD spectra in the near-UV region
allow to inference about the tertiary structure of the protein. CD spectroscopy is
one of the best methods for monitoring any structural alterations that may result
from changes in environmental conditions such as temperature, pH, and ionic
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strength. Moreover, the technique is very useful in studies of protein-ligand in-
teractions and protein denaturation. Disturbances in the native protein structure
after ligand attachment, as well as these due to heat exposure or chemical agents,
are visible as changes in the CD spectrum of the protein [Gopal et al. 2012]. It is
also worth emphasizing that circular dichroism spectroscopy is a relatively simple
and uncomplicated technique, and the CD measurements are fast [Choi and Ma
2007; Martin and Schilstra 2008].

The disadvantage of this technique can be quite complicated data analysis.
The programs for estimating the content of secondary protein structures on the
basis of data obtained from CD spectroscopy differ from each other in the calcu-
lation method used. The analysis of protein secondary structure largely depends
on reference databases. CD spectrum processing software and computational ap-
proaches as well as more accurate reference databases are constantly being im-
proved and refined.

In addition, only clear and highly diluted samples can be analyzed. Mostly,
however, in diluted samples proteins are not in typical concentrations as they are
in food products. Reliable assessment of protein conformational changes is pos-
sible only with high purity of the sample and under strictly defined environmen-
tal conditions. For some analyzes, protein solutions for CD measurement should
have a purity of at least 95%. Furthermore, protein sample dissolution buffers
must be transparent and contain no optically active substances. Disturbances in
CD measurements due to the absorbance of various salts and buffering substanc-
es in the far-UV region limit the use of CD spectroscopy to study some effects
of environmental conditions such as the presence of chaotropic salts or other
factors disrupting the structure of proteins [Choi and Ma 2007]. When analyzing
food, usually complex matrices are examined, containing not only proteins, but
also a number of other components, including lipids, starch, dyes, etc. This com-
plexity of real food systems might cause many difficulties in monitoring protein
conformation. Moreover, it should be noted that the accuracy of this technique
is highly dependent on reference databases verified by other techniques [Martin
and Schilstra 2008].

5. Conclusion

Circular dichroism technique is an excellent method to determine the confor-
mation of proteins in solution. CD measurements can be performed using small
amounts of material in physiological buffers. Another important advantage is that
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they allow the monitoring of structural changes in proteins resulting from modi-
fication in environmental conditions such as temperature, pH and ionic strength.
However, CD spectroscopy, like other methods, has its limitations. It demands
quite complicated data interpretation and very often measurement environment
is far from the real one.
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Abstract. Ultrasounds are mechanical waves, which originate from molecular move-
ments oscillating in a propagation medium. The ultrasound waves are characterized
by a frequency from 20 kHz to 1 MHz, that is beyond the range audible by humans.
Depending on the frequency range, their applications in food processing, analysis,
and quality control can be classified into two categories: low and high-power ul-
trasound. Low power ultrasound is used for monitoring the physical properties of
food products, while high power ultrasound mainly supports many food processing
operations (i.a. emulsification, extraction, drying, homogenization, pasteurization).
This review summarizes the basic principles of the generation of ultrasounds and the
main methods and applications of low and high-power ultrasound in food science
and technology.
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1. Introduction

The type of sound wave depends on its frequency. The spectrum of sound, which
represents the different frequencies present in the sound, is shown in Figure 1.
Sound waves below the human hearing range are called infrasound. They are usu-
ally used by underwater sonars and whales. The frequency of sound for human
hearing ranges from 20 Hz to 20 kHz. The audible signal can come from many
sources, such as turbulence of gases or air, passage through fluids, and the im-
pact of a solid against another solid. Sound is a natural phenomenon of waves
therefore, it can contain either one frequency as a pure steady-state sine wave or
complex frequencies (e.g. noise generated by multiple sources) [Arvanitoyannis
et al. 2017; Mohammed and Alhajhoj 2019].

INFRASOUND HUMAN AUDIBLE SOUND ULTRASOUND

- | ]
| il P«

A

v

20 Hz 200 Hz 2 kHz 20kHz 200 kHz 2 MHz 20 MHz

Fig. 1. Spectrum of the sound wave (source: based on Mohammed and Alhajhoj [2019])

The term ultrasound refers to sound waves beyond the range audible by
humans, which is above 16 kHz. In practice, frequencies between 20 kHz and
10 MHz are usually used. Like audible waves, ultrasound is a mechanical wave
in which the mechanical vibrations of medium particles around the equilibrium
position propagate, in the medium, in the form of elastic waves. [Konopacka et al.
2015]. Depending on the angle at which the ultrasonic wave enters the material,
three different types of waves can be generated: longitudinal waves, shear waves
and surface waves (Figs 2A to 2C).

The longitudinal wave is generated as a result of applying the stress wave
perpendicular to the surface materials, while the shear wave is generated by in-
troducing a longitudinal wave parallel to the surface materials. The movement
of molecules in the shear wave is perpendicular to the wave direction, so it has
a lower speed and shorter wavelength than longitudinal waves of the same fre-
quency. In turn, a surface wave (also called a Rayleigh wave) is generated when
a longitudinal wave crosses surfaces at a critical angle of approximately 65° or
more. These waves represent an oscillating motion that travels one wavelength
across the material surface [Khairi et al. 2016].
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Depending on the frequency range, ultrasound used in the food industry can
be divided into two groups: low power ultrasound and high-power ultrasound.
The first, ultrasound waves of low intensity (below 1 W/cm?) and high frequency
(above 100 kHz) are used as energy applicable in anon-invasive way, and are used to
study the physicochemical properties of materials. The second one, high-intensity
ultrasounds (above 1 W/cm?, most often within the range from 10 to 1000 W/cm?)
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Fig. 2. Longitudinal wave (A), shear wave (B), surface wave (C) (source: based on Khairi
et al. [2016])
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and low frequency (usually within the range from 20 to 100 kHz), cause effects in
the environment defined as secondary effects or even direct permanent changes
after the passage of a harmonic wave, which can physically and chemically change
the properties of materials [Awad et al. 2012; Konopacka et al. 2015].

The aim of this review is to summarize the basic principles of ultrasound
and the main measurement methods used in food analysis and processing. In
addition, the paper contains examples of the application of low and high power
ultrasound in food analysis and processing over the last few years.

2. Ultrasound generation

The system generating ultrasonic waves consists of a generator, a transducer, and
an application system. The purpose of the generator is to produce mechanical or
electrical energy, while the transducer converts this energy into ultrasonic sound
energy. The main types of transducers that are currently used are: fluid-driven,
magnetostrictive transducers, and piezoelectric transducers [Khairi et al. 2016].

In fluid-driven transducers, the ultrasonic wave is produced by forcing liq-
uid at high velocity to a thin metal blade, as usually used for homogenization or
mixing. In essence, this type of transducer generates an ultrasonic wave when
the kinetic energy of injected liquid causes the metal blade to vibrate [Ercan and
Soysal 2013; Khairi et al. 2016].

Magnetostrictive transducers were the first to be used on an industrial scale
to generate high power ultrasounds. In this type of transducer (Fig. 3A), the pos-
sibility of stimulating some solid bodies to vibrations through a magnetic field is
used. The transducer is a rod made of a ferromagnetic material placed inside the
wire coil, which is subjected to a magnetic field. The applied magnetic field, which
arises when a current flows through the coil, causes a magnetic induction that
in turn shortens or lengthens the rod. The rod returns to its’ regular dimensions
when the magnetic field is removed. This phenomenon is named magnetostric-
tion. When the magnetic field is applied as a series of short pulses to a magneto-
strictive material, it vibrates at the same frequency.

Materials with magnetostrictive properties include iron, nickel, cobalt, and
many alloys of these metals, and a group of alum compounds called ferrites [Sli-
winski 2001; Ercan and Soysal 2013].

The basis of piezoelectric transducers (Fig. 3B) is the piezoelectric phenom-
enon occurring in monocrystals with piezoelectric properties (quartz, tourma-
line, lithium tantalate, lithium niobate, cadmium sulphide) and the electrostric-
tive phenomenon occurring in polycrystals composed of ferroelectric crystallites
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Fig. 3. Schema of magnetostrictive (A) and piezoelectric (B) transducers (source: based on
Bhargava et al. [2021])

(barium titanate, barium zirconate). The piezoelectric phenomenon consists in the
generation of an electric field in the material (the appearance of charges on its
surface), which is subjected to external pressure. The intensity of the electric field
is proportional to the mechanical stress. The most common form of a piezoelectri-
cal transducer is a disk with a central hole. In practice, two piezoelectric discs are
clamped between metal blocks which serve both to protect the delicate crystalline
material and to prevent it from overheating. The resulting form provides a durable
unit with doubled mechanical effect. This type of transducer is the most common
device employed to generate ultrasound [Sliwiniski 2001; Mulet 2003].

The application system is a coupler device which is used to transfer ultrasonic
vibrations to the sample. This is generally obtained by probe system or ultrasonic
bath. In ultrasonic baths, generally the transducers are fixed to the underside of
the tank. Whereas, probe systems are used to transmit or to amplify the ultra-
sonic signal. Their lengths must be half the wavelengths, or multiple, to maintain
the resonant conditions of the system. The amplitude gain of ultrasonic signal is
defined by the probe shape [Ercan and Soysal 2013].

3. Low energy ultrasound in food processing

Passing an ultrasound wave through a substance, both solids, liquids and gases
medium alters their structural and elasticity properties. When an ultrasonic trans-
ducer emits sound waves into a substance, the mediums molecules transfer mo-



158 Angelika Wojty$

tion to adjacent molecules and then return approximately to their original position
[Mohammadi et al. 2014]. As a result of alternating compression and decompres-
sion cycles depending on the properties of the medium, the properties of ultra-
sonic waves (wavelength, velocity, amplitude, pressure, frequency and period) are
changed. The parameters measured in majority studies are: ultrasonic velocity, at-
tenuation coefficient and acoustic impedance [Awad et al. 2012; Dolas et al. 2019].

Ultrasonic velocity (c)

The main parameter in the ultrasonic sensor systems is ultrasonic velocity (c). It
is sensitive to both the molecular system and intermolecular interactions. The ve-
locity is calculated based on the distance propagated by ultrasonic waves in a unit
of time as in the following equation:

c=— (1)

where:
¢ - ultrasonic velocity,
d - distance,
t - time.

The ultrasonic velocity values depend on the medium (solid, liquid or gas)
through which the wave travels. For a solid medium, a significant role in deter-
mining the output of the velocity have the density (p) and elastic (E) response of
the material, which is affected by the oscillating pressure. The equation showing
the correlation between these parameters depending on the size of the medium
can be written by the formulas (plate and rod, respectively):

C=|— (2,3)

The velocity of ultrasounds determination depends on the modulus of elas-
ticity rather than density. It usually occurs because the differences in the mod-
ules of materials are higher than in density. The ultrasonic wave propagates faster
into materials that are less dense or more resistant to deformation. Therefore, the
wave velocity in the solid medium is faster than in liquid, even though it is less
dense. The values of velocity for longitudinal waves in different types of medium
are shown in Table 1. The following equation shows the modulus of elasticity for
a solid medium that combines a volumetric modulus and a shear modulus:
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E=K+§G (4)

where:
K - bulk modules and
G - shear modulus.

Hence, the substitution of equation (4) into equation (3) results in the follow-
ing formula:

C=y—3— (5)

In the case of liquid medium, which is characterized by homogeneous, com-
pressible and isotropic characteristics, the shear modulus is not considered.
Therefore, the equation is derived as follows [McClements and Gunasekaran
1997; Chandrapala 2015; Khairi et al. 2016; Firouz et al. 2019]:

c= |2 (6)
p

where:
B - adiabatic bulk modulus.

Table 1. The values of ultrasonic velocity in different materials measured at 20°C (based
on McClements and Gunasekaran [1997])

Medium Material Velocity (m/s)
Glass 5560
Solids Aluminium 6400
Steel 6000
Water 1482
Liquids Olive oil 1465
Palm oil 1459
Air 330
Gases Oxygen 310

Hydrogen 1300
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Attenuation coefficient (a)

During the propagating of ultrasonic waves throughout the materials, their
amplitude is reduced due to the attenuation phenomenon. The attenua-
tion happens as a result of fluctuation produced by ultrasonic waves passing
through the material that relates to its microscopic structure. The main factors
that cause the attenuation phenomena are adsorptions and scattering. The ab-
sorption contribution is associated with a homogenous medium, whereas the
scattering exists only in heterogeneous ones. The first factor occurs when the
wave passes through a medium and is caused by a molecular process that con-
verts the ultrasonic energy into thermal energy, reducing the initial amplitude
of the wave signal. This process is called dissipation. In turn, scattering occurs
when the ultrasonic wave strikes a discontinuity with dimensions larger than
the wavelength (e.g. particles of medium) and is distracted in other directions
than the incident wave (beyond the angular range of the ultrasonic transduc-
er). In contrast to absorption, the energy is still transmitted as ultrasound,
however the direction of propagation of the wave is changed, so it cannot be
detected by a receiver in the forward direction. The attenuation coeflicient (a)
is determined by measuring the amplitude of a wave as a function of the dis-
tance propagated through a material and is defined by the following equation
[McClements and Gunasekaran 1997; Chandrapala 2015; Khairi et al. 2016;
Firouz et al. 2019]:

A=Ape™ (7)

0

where:
A - amplitude of the wave,
x - distance traveled,
A, - initial (unattenuated) peak amplitude.

The attenuation coeflicient is reported in the unit of Nepers per meter
(Np/m) or decibels per meter (dB/m), where 1 Np = 8.686 dB [McClements and
Gunasekaran 1997]. The parameter is used to quantify various materials based
on how the amplitude of the transmitted ultrasound decreases as a function of
frequency. A low value of the attenuation coefficient means that the medium is
relatively transparent to the wave passing through it, while a high value means
that the wave beam is quickly”weakened” as it passes through the medium
[Chandrapala 2015].
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Acoustic impedance (z)

Acoustic impedance (z) governs the proportion of transmission and reflectance
of the ultrasound beam at the boundary between component phases. Simplified,
it is the product of density (p) and ultrasonic velocity (c) passing through the
boundary of material, which affects the reflection coefhicients:

z=pc (8)

Materials with different densities are characterized by different acoustic im-
pedance, which results in reflections from the boundary between these materials.
The ST unit of acoustic impedance is kg/mes. This parameter is taken into account
in cases where the ultrasonic wave travels from one medium to another (such
as solid to liquid, gas to solid, liquid to gas, etc.) and is usually determined by
measuring the fraction of an ultrasonic wave that is reflected from the material
surface. Acoustic impedance is expressed by the following relationship [McCle-
ments and Gunasekaran 1997; Chandrapala 2015; Khairi et al. 2016; Dolas et al.
2019; Firouz et al. 2019]:

)

where:
R - aratio of the amplitude of the reflected wave (A ) to the incident wave (4,),
z, and z, - the acoustic impedances of two materials.

The sensitivity of ultrasound velocity to molecular organization and intermo-
lecular interactions, makes, that this parameter measurement is suitable for de-
termination of composition, structure, physical state, some molecular processes
and detection of defects or foreign bodies in processed and packed food. In turn,
the attenuation phenomenon depends on viscosity, compressibility, scattering,
and absorption effects which can give information about some physical prop-
erties of food products, like phase composition, microstructure, bulk viscosity,
rheology or size of the droplet, and stability in emulsions.

Moreover, this parameter is highly related to the way the analyzed material
was produced, so it may be used in quality control assurance of various products.
The application of the ultrasound velocity, attenuation coefficient, and acoustic
impedance in different types of food analysis is summarized in Table 2.
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Table 2. The application of ultrasonic parameters used in food analysis (source: own

elaboration)

Parameter Type of food analysis References
Cha.ractenzatlon of pork fat crystallization Corona et al. [2014]
during cold storage
Evaluation of food-grade vegetable oils Yan et al. [2019]
Identification of meat types Nowak [2015]

Ultrasonic

velocity (c)

Monitoring of changes of moisture and salt
content during post-salting of meat

Contreras et al. [2021]

Identification and investigation of mecha-
nically separated meat (MSM)

Wieja et al. [2021]

Evaluation of selected properties of a gela-
tinized potato starch colloid

Nowak and Markowski
[2020]

Attenuation
coefhicient (a)

Determiantion of particle size distribution
in diluted tomato paste

Ratajski et al. [2014]

Determination of maturity and quality of
tomato

Srivastava et al. [2014]

Determination of fruit quality

Yildiz et al. [2019]

Characterization of fresh pork loin of diffe-
rent feed system

Gonzéalez-Mohino et al.
[2022]

Online control of dough noodle quality

Kerhervé et al. [2019]

Improvements yield during olive oil
extraction

Amarillo et al. [2019]

Acustic
impedance (z)

Evaluation of the quality of oranges

Morrison and Abeyratne
[2014]

Detection of dairy fouling

WallhduBler et al. [2013]

Estimation of coagulation time of milk

Derra et al. [2018]

Monitoring of the cleaning of different
food fouling materials

Escrig et al. [2019]
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4. Ultrasound techniques in food analysis

For food analysis, pulse-echo, continuous-wave, and pitch-catch are the main
techniques that are widely used in most ultrasound sensors. In these techniques,
the transducers generate ultrasound pulses with a controlled frequency by trans-
forming the electric current [Awad et al. 2012]. All of the above sensing modes
can characterize the velocity, thickness, density, defects, and microstructure of
the analyzed sample [Khairi et al. 2016].

Pulse-echo technique

Pulse-echo sensor mode is composed of a sample cell container, a signal gen-
erator, a transducer, and an oscilloscope (Fig. 4). The signal generator produc-
es an electrical pulse which is converted to the ultrasound wave after passing
through the transducer. The generated ultrasound pulse propagates through the
sample and, after colliding with the wall of the sample, the container reflects
to the transducer, which transforms it into the electric signals again. Then, the
oscilloscope records the converted signal. The ultrasonic velocity and the at-
tenuation coefficient can be calculated by analyzing the echoes received at the
oscilloscope, due to the fact that each impulse is both partially transmitted and
reflected. The ultrasonic parameters can be calculated as [Aboudaoud et al.
2012; Firouz et al. 2019]:

C=—; oc:—ln[—} (10, 11)

where:

L - the cell thickness (m), AT - flight time of a sound wave (s), A and A, - ampli-
tude of a sent and received ultrasound waves, respectively. The thickness of
the sample cell (L) is half of the distance passed by ultrasonic pulse and can
be calculated by referring to the material of known velocity.

The echo-pulse technique has found application in i.a. monitoring of yeast
fermentation [Amer et al. 2015], characterization of maturity and quality of fruit
[Morisson and Aeyratne 2014; Valente et al. 2013], estimation of coagulation time
in cheese production [Derra et al. 2018] or comparison of milks, creams, and
their dilutions [Yang et al. 2021].
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Fig. 4. A schematic diagram of ultrasonic pulse-echo technique (source: based on Firouz
etal. [2019])

Continuous wave/through transmission technique

Continuous wave sensor mode is composed of two transducers located in front of
each other (Fig. 5). The sample cell is equipped with two quartz X-cut transduc-
ers that are placed apart by a known distance (L). The pulse generator produces
electrical continuous pulses with specific wavelength and frequency. The gener-
ated signal is fed to the first transducers (transmitter), where is converted to the
ultrasound wave with the same frequency.

After passing through the sample cell, the generated ultrasonic wave is re-
ceived by the second transducer (receiver), which converts it into the electrical
signal. An oscilloscope, connected to both the generator and sample cell is used
to record and monitor the original and final electrical pulses for comparison of
the ultrasound parameters. Next, the recorded data is automatically transferred
and stored in a connected computer. The ultrasonic velocity (c) and attenuation
coeflicient (a) can be calculated as follows [Kim et. al. 2009; Awad et al. 2012;
Vasighi-Shojae et al. 2018; Firouz et al. 2019]:

c=L. o=lml2 (12, 13)
AT LA

[
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where:
L — the cell length (m),
AT — time of flight (s),

Aand A, - amplitude of the sent and received ultrasound waves, respectively.

Because the time needed for travelling of the initial pulse through the sample
(time of flight) can be measured extremely precise, transmission techniques are
widely used for applications, in which high accuracy is required [Mohammadi
et al. 2014], such as improvement yield during olive oil extraction [Amarillo et
al. 2019], evaluation of selected properties of a gelatinized potato starch colloid
[Nowak and Markowski 2020] determining fruit quality and maturity [Yildiz et
al. 2019] and monitoring process of milk curdling [Jiménez et al. 2017], or mea-
suring acoustic properties without contact with the sample [Pallav et al. 2009].
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Fig. 5. A schematic diagram of ultrasonic continuous wave technique (source: based on
Firouz et al. [2019])

Pitch-catch technique

Pitch-catch sensor mode is a modification of previously mentioned pulse-echo
and continuous wave techniques. It is also composed of two transducers — trans-
mitter and receiver, which are installed on the same side (Fig. 6). However, in this
method, the ultrasonic pulse generated at a certain frequency passes through the
sample and is reflected from the container wall back to the source of ultrasound.
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Then, the receiving transducer converts the ultrasound pulse into the electrical
signal [Khairi et al. 2016; Firouz et al. 2019].

The pitch-catch technique has found application in measurement of chilling
injury in tomatoes [Verlinden et al. 2004] and evaluation of the hydration degree
of the orange peel [Jiménez et al. 2012]. However, among the techniques men-
tioned, it is the least used in food analysis and processing.
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Fig. 6. A schematic diagram of ultrasonic pitch-catch technique (source: based on Firouz
etal. [2019])

5. High power ultrasound in food processing

The main parameters affecting the power of ultrasound are energy, intensity,
pressure, speed and temperature. When acoustic field is applied to a liquid the
vibrations impose an acoustic pressure (P,) additional to the ambient hydro-
static pressure (P,) already present in the medium. The acoustic pressure is
a sinusoidal wave dependent on time, frequency, and the maximum pressure
amplitude of the wave; and it is represent by the following formula [Patist and
Bates 2008]:
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P =P sin(2nﬁ) (14)
where:
P, - acoustic pressure,
t - time,
f - frequency,
P, .« — maximum pressure amplitude of the wave

The maximum pressure of the wave (P,
input of the transducer.

The basic principle of high-power ultrasound is a cavitation phenomenon.
A necessary condition for the occurrence of the phenomenon of cavitation in
a solution is exceeding a certain intensity of ultrasound, called the cavitation
threshold. The size of the cavitation threshold depends primarily on the physical
state of the medium in which the waves propagate, its viscosity and density, and
the process conditions (ultrasound intensity and frequency, temperature, pres-
sure) [Konopacka et al. 2015]. Cavitation is the formation, growth and collapse
of microbubbles within a solution as a result of pressure fluctuations caused the
applied ultrasound field (Fig. 7). When the bubbles reach a critical size, they col-
lapse during the compression cycle, creating a transient hotspot. As a result of the
growth and rapid decomposition of gas bubbles, the temperature (to 5000 K) and
pressure (up to 100 MPa) increase which causes waves with high shear force
and turbulence [Chemat et al. 2017; Paniwnyk 2017; Alarcon-Rojo et al. 2019].

) is directly related to the power
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Fig. 7. Graphical summary of the bubble formation, growth, and subsequent collapse over
several acoustic cycles (source: based on Leong et al. [2011])
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The collapse of the bubbles generate high-speed jets of liquids into the sur-
face which creates damages by shockwave. It effects in fragmentation of friable
materials and localized erosion. Moreover, cavitation and shockwaves induce in-
tense macroturbulence, micromixing and subsequently interparticle collisions.
This affects the overall increased reactivity in the medium and mass transfer
of solid particles due to the reduction of particle size [Chemat et al. 2017]. As
previously mentioned, ultrasound depends on the process parameters. Firstly,
the frequency is inversely proportional to the bubble size. Therefore, low-fre-
quency ultrasound produces large cavitation bubbles. There are two types of
cavitation during which microbubbles are created namely stable and transient
cavitation. Stable cavitation is characterized by bubbles which oscillate in regular
fashion for many acoustic cycles. In transient cavitation, bubbles formed under-
go irregular oscillations creating regions of temperature and pressure. Secondly,
a reduction in internal pressure causes a reduction in the number of cavitation
bubbles because of increased cavitation. On the other hand, increasing the ex-
ternal pressure increases the pressure in the bulb as it collapses, causing a fast-
er but abrupt collapse. As for the temperature, the higher the temperature, the
lower the viscosity, which allows the microbubbles to collapse more rapidly. In
addition, there is a direct relationship between the sonication intensity and the
square of the ultrasonic source vibration amplitude. As a rule, increasing the in-
tensity increases the sonochemical effects [Mohammadi et al. 2014; Jiménez
et al. 2017; Dolas et al. 2019].

There are two known mechanisms for the formation of microbubbles or
cavities. The first one includes pre-existing bubbles in the liquid, which are sta-
bilized against dissolution because their surface is coated with contaminants.
The second mechanism concerns solid particles (pollen) present in a liquid in
which the gas is trapped in those particles where nucleation takes place [Leong
et al. 2011]. Regardless of the phenomenon of cavitation, ultrasound generates
various types of physical effects, e.g. vibrations (as a result of compression and
decompression of the medium), resulting in chemical, mechanical, and thermal
effects. Chemical transformations consist in the formation of free radicals in
the form of H* and OH™ as a result of the decomposition of a water molecule in
aqueous solutions. Moreover, chemical transformations include the transfer of
a single electron in the cooling phase and the recombination of hydrogen atoms
and hydroxyl radicals to produce hydrogen peroxide (H,0O,), which is charac-
terized by bactericidal properties. The thermal effects are caused by absorbing
some of the ultrasonic energy and converting it into heat. In turn, the mechani-
cal effects are caused by the generation of mechanical shocks that destroy the cell
structure [Dolas et al. 2019].



VIII. Advances in application of ultrasound in food processing and analyzing

169

In contrast to low-power ultrasound, high-intensity, low-frequency ultrason-
ic waves are destructive and thus have a significant influence on the physical,
biochemical and mechanical properties of food products. They are widely used in
emulsifying, defoaming, regulating microstructures, and modifying the textural
properties of products, and also for sonocrystallization and modification of func-
tional properties of food products. It also has significant applications in many
unit operations of freezing, drying, softening, thickening, thawing, and osmode-
hydration [Bhargava et al. 2021]. Some applications of high-power ultrasound in
various food processing are collected in Table 3.

Table 3. Examples of the application of high power ultrasound in food processing
(source: own elaboration)

Afil(’) llllcsa— Products Process parameters Results References
Drying - Apple Bath system The loss of dry matter, and  Fijalkowska
ultrasound Frequency =21 and  the drying rate increased etal. [2016]
pretreat- 35 kHz with increasing frequency.
ment Intensity = 3 and

4 W/cm?

Time = 30 min
Enzyme Grape  Bath system Inactivation of pectin me-  Aadil et al.
inactivation juice Frequency =28 kHz  thylesterase, peroxidase, [2015]

Ultrasound Power =  and polyphenoloxidase by

420 W 91%, 90% and 89% at opti-

Time = 30 and mal conditions.

60 min
Extraction Peanut  Bath system The mechanism of ultraso- ~ Zhang et al.

seeds Frequency =20, 28,  nic cavitation on oil oxida- ~ [2017]

40 and 60 kHz tion was studied. The best

Ultrasound Power =  resonance frequency for the

300 W oil extraction was identified

Time = 30 min as 40 kHz according to the

model results.

Fermenta-  Sweet  Frequency =20kHz  The reduction of fermenta-  Baruk¢i¢
tion whey Ultrasound Power =  tion time and increasing the et al. [2015]

84 and 102 W
Time = 75 and 150 s

number of viable cell count
at the end of fermentation.
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Table 3. cont.

Afil()) llllza- Products Process parameters Results References
Freezing Apple,  Frequency =28kHz Ultrasound promoted the Zhu et al.
Potato,  Intensity = generation of ice nuclei [2018]
Radish  0.62 W/cm? during immersion freezing
Time = 2 min mainly leading to the shorte-
(in 30 s cycles) ning of the phase transition
time and the improvement
of the freezing rate. Ultra-
sound at 28 kHz resulted in
the best firmness and lowest
drip loss in a potato.
Homogeni- Milk Frequency = 20 kHz ~ Ultrasonic homogenization =~ Aernouts
zation Ultrasound Power =  of milk reduces the size of et al. [2015]
80w its fat globules in relation to
Time = 20, 60, 120,  the exposure time.
300, 600 and 1200 s
Pasteriza-  Peach Bath system The improvement of the Rojas et al.
tion juice Frequency =20 kHz  physical properties of peach [2016]
Intensity juice, increase the stability
793.65 W/cm? against pulp sedimentation
Time =0, 3, 6, 10 and serum cloudiness,
and 15 min maintaining or increasing
the juice consistency, with
insignificant color changes
during the storage.
Tenderiza-  Beef Bath system Ultrasound increased Pefia-Gon-
tion meat Frequency =40 kHz  the tenderness and frag- zales et al.
Intensity = 11 W/cm? mentation of meat. The [2018]

Time = 60 min

microstructure showed a
visible reduction In a size
of fascicles, greater interfi-
brillary spaces and thinner
endomysium. Sonicated
meat were characterized by
more intense fresh smell
and oily flavor.
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Applica-
tions Products Process parameters Results References
Diftusion/  Pork Ultrasound probe Ultrasound enhanced the ~ Visy et al
Brining meat Frequency = 20 kHz  NaCl diffusion into meat [2021]
process Intensity = and resulted in microscopic
5,09 W/cm? pores on the surface of my-
Ultrasound Power =  ofibers.
100 W
Cutting Cheese  Frequency =20khZ  Ultrasound cutting redu- Yildiz et al.
Velocity =40 mm/s  ced lipid peroxidation and ~ [2016]
decreased browning of
analyzed cheeses. All cheese
cut with ultrasound showed
shiny and smooth surface
appearance. Ultrasound
cutting cheese were charac-
terized by higher sensory
quality parameters.
Packaging  Cucum- Frequency =20kHz Ultrasound treatment in- Fan et al.
ber Ultrasound Power =  hibited the growth of total ~ [2019]

400 W

Intensity =

226 W/cm?

Time =5, 10, 15 min
(pulse mode (10 s on
and 5 s off)

number of colonies, mold
and yeast in modified at-
mospheric packaged fresh-
cut cucumber. Ultrasound
treatment for 10 min had

a good effect on the reduc-
tion of weight loss, firmness
and maintenance of ascor-
bic acid content.

6. Conclusion

Ultrasound turns up into an evolving technology in the practical world of food
science and technology. Over the past few years, numerous studies have proven
that low power intensity ultrasound provides simple methods for the monitor-
ing of food quality (even online) and estimation of food composition, especially
in fruit, meat and dairy technology. Moreover, ultrasound is being increasingly
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used to enhance various processes in the food industry, supporting or replacing
preexisting and conventional technologies. The conducted research has shown
that ultrasound increases efficiency and reduce the time required for various pro-
cessing operation, such as fermentation, drying or diffusion. The application of
ultrasound in some food processing can not only improve the food quality, but
also ensure a higher purity and safety of final products. Although there are many
studies relating to ultrasonic application on a laboratory scale, the lack of knowl-
edge, understanding, and reluctance to let go of traditional practices, prevents the
implementation and commercialization of ultrasound at industrial levels.
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Abstract. The assessment of the composition and quality of fats is a complex is-
sue and can be conducted using various analytical techniques. These often involve
certain restrictions concerning the information obtained or requirements related
to the equipment or reagent utilization. This study presents possible applications
of fluorescent spectroscopy both in the assessment of fat oxidative changes and
detection of fat adulteration. This method is relatively sensitive and enable the re-
duction of the utilized reagents, however, often need to be combined with a math-
ematical analysis.
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1. Introduction

Fats in food products perform multiple functions. They affect the assessment of
food texture, for example, tenderness and juiciness of meat [Amaral et al. 2018].
Fats are the solvent for some vitamins; many bioactive compounds, such as carot-
enoids, including lutein, coenzyme Q10, and cholesterol; steroid hormones; and
aromatic substances. Moreover, they themselves are also a source of fragrances.
In the body, lipids function both as an energy-supplying and building compo-
nent as well as a precursor of regulatory substances. From a nutritional point of
view, n-3 and n-6 polyunsaturated fatty acids are particularly valuable. They are,
among others, precursors to bioactive mediators and should be provided in the
diet in appropriate proportions [Lands 2012]. Despite some controversy regard-
ing the nutritionally optimal composition and amount of fat intake [Calder and
Deckelbaum 2011; Twenefour and Shields 2020], the assessment of uncontrolled
fat oxidation products occurring in food products is unequivocal. Another pos-
sible problem connected with fats is their adulteration, especially of those more
expensive.

2. Qualitative changes in fats requiring assessment and
monitoring in food products. The problem
of adulteration

Due to fat importance for the functioning of the human body and health-related
aspects, fats provided with the diet should be of appropriate composition and
quality. The selection of a right fat composition in a diet can be hampered not
only by difficulties in meeting individual body needs, availability of proper fat
types, but also by fat adulteration and a quality loss resulting from products’ pro-
cessing and storage. In stored raw materials and products, fats undergo processes
generally defined as rancidity that includes both hydrolysis and oxidation. Fat
hydrolysis, being a part of the ripening process of fermented meat products (e.g.,
ham, sausages) and cheeses, is an important factor influencing the final organo-
leptic evaluation of product. Apart from water content, the rate of hydrolysis in
raw ripening meat products is influenced by, i.a. temperature, starter culture used
and active acidity [Wdjciak and Dolatowski 2012]. Nevertheless, the products of
triacylglycerol hydrolysis may also affect adversely the fat odour. Depending on
the concentration and the presence of other aroma constituents, this may refer
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to, for example, butyric acid. The appearance of free fatty acids due to undergo-
ing hydrolysis during high-temperature heat treatment of water-rich products,
lowers also the smoking point of frying fat [Dana and Saguy 2001]. As free fatty
acids are oxidized more rapidly, they may also contribute to the freeze-induced
protein denaturation in frozen meat products. However, the mere presence of free
fatty acids in food products does not have an adverse effect on consumer health.
Nevertheless, products of uncontrolled, non-enzymatic oxidation occurring in
stored food products or those formed during high-temperature processing of fats
are already harmful. These products include, i.a., hydroperoxides, peroxides, al-
dehydes and oxysterols as well as products of cholesterol oxidation [Dominguez
et al. 2019]. In contrast, controlled oxidation of fats and cholesterol taking place
in organisms due to action of enzymes such as lipoxygenases, cyclooxygenases
or cytochrome P450, leads to the formation of steroid hormones, hormone-like
mediators, bile acids and other important substances regulating the proper func-
tioning of the body [Hajeyah et al. 2020; Lands 2012]. Lipoxygenases contained
in plant raw materials, presumably involved in plant responses to stress factors,
are also engaged, for example, in the formation of both desirable and undesirable
aromatic substances. These enzymes oxidize polyunsaturated fatty acids and es-
ters (containing cis, cis-1,4-pentadiene system) and take part in the formation of
compounds of plant hormone-like nature [Baraniak and Szymanowska 2006].

Oxidation of the fat present in food productsleads to both changes in its smell,
taste, colour and nutritional value, and the formation of components harmful to
health. Secondary oxidation products of unsaturated fatty acids can have both
negative and beneficial effect on the odour. For example, 2-E-hexenal is con-
sidered to be the basic tomato aroma compound [Baraniak and Szymanowska
2006]. In turn, in meat products, the onset of oxidative changes probably occurs
already during the animal’s life and intensifies at the time of slaughter, when due
to molecular oxygen, unsaturated fatty acids are converted into peroxides. The
phospholipids are oxidized most quickly. These transformations are accelerated
by the presence of iron, salts and enzyme activity. Another step that intensifies
fat oxidation is heat treatment, which causes a relatively rapid development of
undesirable odour of thus-treated meat during its further refrigerated storage
[Amaral et al. 2018]. Oxidation occurring in food products can take place with
the participation of lipoxygenase enzyme; under the influence of light, mainly
ultraviolet radiation; and in the presence of oxygen and sensitizers [Amaral et
al. 2018]. Its most important type — autooxidation, is a typical chain reaction
involving radical species.

Radical chain reactions involved in fat oxidation have three main phases:
initiation, propagation and termination. In the first phase the radical of fatty
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acid is formed, removing a hydrogen atom from it. During propagation, the per-
oxyl radicals, formed after attaching the oxygen atom to the alkyl radical, con-
vert subsequent molecules into alkyl radicals and form hydroperoxides which
are the primary products of fat oxidation. In the phase of termination, the chain
reaction is finishing, two free radicals react with each other to form a non-radi-
cal adduct. Hydroperoxides are converted to a number of compounds, including
aldehydes, hydrocarbons, alcohols, and furans [Wéjciak and Dolatowski 2012;
Amaral et al. 2018].

In the case of high-temperature heat treatment, the process of oxidative fat
decomposition is similar. In the first stage, due to atmospheric oxygen, hydroper-
oxides of unsaturated fatty acids are formed at high temperature. The second stage
involves the decomposition of hydroperoxides. As a result, secondary breakdown
products such as carbonyls (e.g. aldehydes and ketones), alcohols and acids are
formed. In the third stage, secondary products undergo polymerization, which
changes the colour and viscosity of the fried oils [Dana and Sanguy 2001]. During
frying, besides polymerization resulting from oxidation, non-oxidation-related
polymerization also occurs, the extent of which depends on the temperature and
frying time. In addition to polymers, the resulting products include, i.a. cyclic
fatty acids monomers, dimers, carboxylic acids, aldehydes and ketones [Dana
and Sanguy 2001]. As reported by Dana and Sanguy [2001], cyclic monomers
are highly harmful and are formed during high-temperature processing (around
200°C), mainly from linolenic and linoleic acids.

Moreover, both stored and heated products contain many other compounds
that can affect the rate of fat oxidation and, under the action of the fat rancidity
products, can undergo transformations that change the characteristics and lower
the products” quality. Free radicals formed in these processes may influence the
oxidation of other important bioactive constituents, such as vitamins, proteins or
pigments [Baraniak and Szymanowska 2006].

Adulteration may be considered with regard to different fat types like, for
example, fish oils, butter, olive oil or vegetable oils [Rohman et al. 2021]. This is
a problem that may relates to various characteristics of fat declared on the pack-
aging, for example, the addition of cheaper fats from other plant or animal spe-
cies or false information about the declared place of origin of the product. In the
case of vegetable oils, besides their adulteration with oil extracted from another
plant species, adulteration of cold-pressed oils with refined equivalents may also
be practiced [Jamwal et al. 2021]. Vegetable oils may also be adulterated, for ex-
ample, with lard. In consequence, their nutritional value may change; this may
also be a problem for vegetarians or vegans. Fat adulteration may be detected by
the assessment of the profile of triacylglycerols and other additional fat constitu-
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ents such as, e.g. campesterol, stigmasterol, and tocotrienols, and using the DNA
analysis. Another group of methods are those that comprehensively assess the fat
profile [Meenu et al. 2019].

3. Classic methods of fat quality assessment and their
limitations

The measurement of the extent of undesirable changes in fats, due to the large
variety of products, is often based on the analysis of indicators. The assessment
may concern products formed at various stages of fat transformation. Acid value
is one of the commonly used indicators of hydrolytic changes, while peroxide
value enables determination of the primary products of fat oxidation. In turn,
commonly used indicators for secondary rancidity products are anisidine val-
ue, thiobarbituric acid reactive substances (TBARS) value, and total polar com-
pounds; although, carbonyl value and conjugated diene value are also used. At
present, the Kreis test is the less commonly used method. In addition, the content
of such secondary oxidation products as hexanal, nonanal or 2-pentylfuran can
be determined by gas chromatography methods.

Acid value characterise the content of free fatty acids, thus describing the
range of hydrolytic changes in fat. It is determined by dissolving fat and titrating
free fatty acids with KOH solution [AOCS Cd 3d-63 method; AOCS 2004]. This
value is sometimes used to assess the quality of frying oil. For example in Japan,
its acceptable upper limit is 2.5 mg/g of fat [Hara et al. 2006]. Dana and Saguy
[2001] report however that the most commonly used values of this indicator are
between 5 and 25 mg/g, depending on the fried product. Among the disadvan-
tages of this indicator, Kuselman et al. [1998] mentioned the time-consuming
nature of the analysis itself. Therefore, the authors propose a modification involv-
ing a few-minute extraction of free fatty acids themselves from the sample, using
special reagents, and pH-metric measurement of this value.

Peroxide value determines the content of peroxides and hydroperoxides,
which are unstable intermediate products that undergo further transformation.
It is expressed as active oxygen milliequivalents per kilogram of fat. Its determi-
nation is based on the oxidation of potassium iodide by sample peroxides. The
liberated iodine is then estimated by titration with sodium-thiosulphate solution
[AOCS Cd 8b-90 method; AOCS, 2004]. Skiera et al. [2012] claim that the results
obtained for this indicator may be significantly affected by reducing and oxidiz-
ing of compounds present in the examined fats, such as, for example, thymoqui-



182 Magdalena Michalczyk, Joanna Bana$

none or hydroxytyrosol. Moreover the results of peroxide number determination
may depend on factors, such as time of reaction, access to both light and oxygen
and temperature [Tsiaka et al. 2013]. Various studies provide contradictory con-
clusions concerning the correlation between the results of the TBARS test and the
peroxide value, depending, for example, on the types of assessed food products
[Fernandez et al. 1997]. Other limitation of peroxide value is that it is rather not
suitable for evaluating fats used for high-temperature frying, since peroxides are
volatile under such conditions [Dana and Saguy 2001].

One of the most common indicators of the range of changes caused by fat
oxidation is thiobarbituric acid reactive substances (TBARS) value. It is pri-
marily used to determine malondialdehyde (MDA), but other substances can
also react with this acid. Malondialdehyde (MDA) is formed by autooxidation
of unsaturated aldehydes in the second stage of fat oxidation processes and the
substrates in this process are fatty acids with at least three double bonds. This
compound is highly harmful [Dana and Saguy 2001]. Small amounts of MDA
can also be produced from other substrates [Fernandez et al. 1997]. TBARS
indicator, expressed as milligrams MDA per kilogram of a product, allows the
determination of both malondialdehyde and other substances reacting with
2-thiobarbituric acid (TBA), including, for example, other aldehydes, like fur-
fural. This indicator is determined both by extraction and distillation method.
Extraction allows that either a solution of malondialdehyde is obtained or its
complex with 2-thiobarbituric acid is formed in the product sample. The distil-
lation method is recommended for the samples containing sugar. In one of its
stages, the malondialdehyde is distilled from the sample [Salih et al. 1987; Gan-
hao et al. 2011]. For the extraction method, it is recommended to perform an
absorbance scan from 400 to 600 nm, in order to find the maximum absorbance
and exclude errors due to the presence of other absorbing substances near the
TBA-MDA complex. The maximum absorbance of the described complex is in
the nearby 532 nm. MDA itself may also be determined by the HPLC meth-
od after its prior distillation from the sample. However, heating the samples
during distillation may affect to some extent the results obtained, for example,
by increasing the oxidation rate of the sample and raising the aldehyde content
in it. On the other hand, the phenomenon of turbid filtrate can occur in the
extraction method, due to high fat content or transformation caused by the ac-
tivity of microorganisms (peptides, amino acids) [Salih et al. 1987]. In addition,
pigments, even anthocyanins from plant components, or products of browning
reactions present in the sample, can also affect the value of the readings. The
application of additional filtration is not always sufficiently effective. On the
other hand, incubation at room temperature extends its length to even more
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than dozen hours [Ganhio et al. 2011]. The results obtained in this test will also
depend on the fatty acid composition of the examined fat. Malondialdehyde,
which is determined in the TBARS test, is also characterized by instability as
undergoes further oxidative transformations leading to the formation of alco-
hols and acids. This, in turn, limits its usefulness as an indicator of fat quality
[Fernandez et al. 1997].

The anisidine value, like TBARS value, describes the content of non-volatile
carbonyls in fat [Ye et al. 2020]. P-anisidine value gives the content of alde-
hydes, including primarily unsaturated 2,4-dienals and 2-alkenals in fat [Tomp-
kins and Perkins 1999]. The principle of this method is based on the measure-
ment of the coloured Schift base formed after the reaction of p-anisidine with
the carbonyl group [Skiera et al. 2012]. The anisidine value is a commonly used
indicator of the frying fats quality, since it correlates with the results of sensory
evaluation [Dana and Sanguy 2001]. Tompkins and Perkins [1999] found rel-
atively high values of correlation coefficients between the anisidine value and
the content of hexanal, t-2-octenal, t,t,-2,4-decadienal in partially hydrogenat-
ed soybean oil used for frying potatoes. However, as noted by Zuo et al. [2017],
this value does not reflect the content of saturated aldehydes. Furthermore, Ye
et al. [2020] claim that flavouring agents may influence this values. For exam-
ple, according to their studies chocolate-vanilla and lemon flavours increase the
anisidine value in fish oils.

The total polar compounds (PC) is another quality indicator of the frying fat.
This indicator can be determined, for example, by HPLC or near-infrared spec-
troscopy (NIR) methods. Polar compounds include, among others, aldehydes,
ketones, alcohols, acids, free fatty acids, partial glycerides, and oxidized polymers
[Gu et al. 2020]. In EU countries, the value of this indicator was set at a level be-
low 10-25% for frying oil [Hara et al. 2006, Dana and Sanguy 2001]. Frying fats
can also be characterized by polymer content [Dana and Sanguy 2001]. In addi-
tion, other useful indicators for frying fats are: carbonyl value, conjugated dienes
value, anisidine value, acid value, and TBARS [Dana and Sangui 2001].

Conjugated dienes are determined spectrophotometrically by measuring the
absorbance of the dissolved fat sample at 233 nm. In turn, conjugated triene con-
tent can be determined at the range of 268-278 nm [Kim and LaBella 1987]. Ac-
cording to these authors, as the fat oxidation process progresses, both the conju-
gated diene value and TBARS decreases during the storage. Therefore, they stated
that these indicators, when used separately, are not sufficient to assess the extent
of oxidative changes in this raw material.



184 Magdalena Michalczyk, Joanna Bana$

4. Spectrofluorimetric methods in fat quality assessment

As mentioned previously, there are various objections regarding different meth-
ods of fat quality assessment. They concern ecological issues, like for example,
utilization of reagents and reactants that pollute the environment, costs, the
need to have expensive equipment, time-consuming and laborious nature of
analyses, and the results themselves. The values of the fat rancidity indicators
may depend on fatty acid composition, presence of other compounds in the
sample, stage of oxidative changes in the fat, and assumed assay conditions.
Some analyses are considered to be, for example, too little specific or there are
objections to their sensitivity. This leads to a constant search for better methods
of fat quality assessment as well as to modifications of existing ones. Among the
methods that can provide an alternative to classical indicators are those based
on fluorescence.

Fluorescence describes a phenomenon of photon emission by the molecules
excited under radiation. The emission takes place in an excited state, in which
the electron spin is kept the same as in the ground state (both states have the
same multipletion). Such a transition is spin-allowed and runs at a relatively high
speed, in the order of 10® s [Lakowicz 2006]. The radiation emitted has less ener-
gy associated with longer wavelength than the absorbed radiation, characterized
by shorter wavelength [Andrade-Eiroa et al. 2013]. In order to excite molecules,
visible, ultraviolet or near infrared radiation can be used. The fluorescence quan-
tum vyield (@) determines the probability of returning the excited molecule to
its ground state by means of fluorescence. Andrade-Eiroa et al. [2013] note that
quantum yield of chromophore, defined as the quotient of the number of quanta
emitted as fluorescence and total number of quanta absorbed, depends on the sol-
vent used and the presence of other dissolved components. The value of this pa-
rameter for a single fluorophore does not depend on wavelength. The higher the
quantum yield value, the stronger the fluorescence of a given compound. Apart
from the concentration of the fluorophore and its quantum vyield, the excitation
radiation also has an effect on the fluorescence intensity. In practice, medium
power sources (Hg and Xe lamps) are used. In addition to the above-mentioned
factors, the fluorescence intensity is also affected by the temperature, pH and co-
lour of the examined sample. Darker-coloured samples can reabsorb more fluo-
rescent radiation than bright ones [Karoui and Blecker 2011].

Among the fluorescent techniques used to evaluate food products are exci-
tation-emission spectrofluorimetry and synchronous spectrofluorimetry. In the
first group there are two types of spectra, emission and excitation, associated with
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the fluorescence phenomenon. In the first case, the fixed excitation wavelength is
used and the emission wavelength changes. In contrast, in the other case, emis-
sion wavelength remains the constant [Andrade-Eiroa et al. 2013]. However, for
complex systems, single emission or excitation spectra are in many cases insuf-
ficient to analyse them accurately. The total luminescence spectrum, otherwise
referred to as the excitation-emission matrix, provides more detailed informa-
tion. It can be obtained by recording emission spectra at different wavelengths of
exciting radiation. The total luminescence spectra are presented, for example, in
three-dimensional space as the dependence of fluorescence intensity as a func-
tion of excitation and emission wavelength [Sikorska et al. 2012].

The synchronous spectrofluorimetry principle is based on simultaneous
scanning of the selected range of excitation and emission wavelengths. Synchro-
nous spectrofluorimetry can be performed as constant-wavelength synchronous
luminescence (CWSL), constant-energy synchronous luminescence (CESL), and
variable-angle synchronous fluorescence spectrometry. In CWSL, spectra are re-
corded with maintaining a constant difference or increment between the exci-
tation wavelength and the emission wavelength. The CESL spectra are achieved
at a constant difference between the energy of excitation monochromators and
emission monochromators. In the last technique, in turn, different scan speeds
for emission and excitation monochromators are applied [Andrade-Eiroa et al.
2010]. Synchronous spectrofluorimetry can be applied for examining complex
mixtures of fluorophores. Their advantage is the simplification of spectra and
their fast obtaining. However, compared to the emission-excitation matrix, less
information is obtained [Sikorska et al. 2008, 2012]. The simplification of the
spectra results from the preferential enhancement of strong fluorescence bands
[Poulli et al. 2009; Cao et al. 2017].

The fluorescence measurement methods include front-face and right-angle
sampling geometry. Right-angle fluorescence spectroscopy involves the use of
right-angle radiation to the surface of the sample. Classic geometry (right-an-
gle) can only be used for liquid samples and solutions which absorbance does
not exceed 0.1; hence, analysing dark or solid samples is impossible [Karoui and
Becker 2011].

Figure 1 sets together emission spectra recorded in the right-angle geometry
for cold-pressed rapeseed oil. One of them was obtained for the undiluted prod-
uct, while the other for its 1% (v/v) solution in hexane.

As can be seen, during the preparation of solution, almost all information is
lost about the contents of chlorophylls and pheophytins, the fluorescence of which
can be observed in the wavelength range 650-700 nm, as well as about changes
in them, occurring, e.g. during storage [Sikorska et al. 2008]. As for the solution
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Fig. 1. Emission spectra of undiluted cold-pressed rapeseed oil and its 1% v/v solution in
hexane, measured in right-angle geometry (source: own research)

spectrum, the fluorescence band of carotenoids is practically invisible (range 500-
-600 nm) [Lai et al. 2007]; its intensity in the undiluted sample is relatively high.
The smallest differences can be observed in the range corresponding to the fluo-
rescence of secondary fat oxidation products (400-500 nm) [Veberg et al. 2006];
although, also in this case the observed bands have a slightly different shape.

When using the right-angle geometry, the problems with the band broaden-
ing should also be taken into account. This is due to the overlapping of spectra
of individual components, light scattering and its reflection [Karoui and Becker
2011]. The application of front-face geometry solves some of the problems that
arise in classical spectrophotometry. This geometry uses a different value of the
angle between the sample and the detector. The most commonly used angle is 56°,
at which the so-called inner-filter effect may be eliminated [Sadecka and Téthova
2007]. The front-face geometry also enables the analysis of solid and liquid sam-
ples, where the absorbance exceeds 0.1 [Karoui and Becker 2011].

Spectra presenting the fluorescence of a given product consist of bands cor-
responding to the wavelengths of excitation and emission radiation, characteristic
for the compounds constituting such a product. Compounds with the relatively
strong fluorescent properties comprise, among others, those having conjugated
double bond systems or showing an aromatic character [Sikorska 2012]. Substances
that may be a component of fat products and exhibit chemoluminescence include,
among others vitamins A and E, chlorophylls and pheophytins, products of fat ox-
idation or phenolic compounds [Sikorska et al. 2008, 2012; Sikorska et al. 2012].
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The combination of spectrofluorimetry and statistical methods such as Princi-
pal Component Analysis, Linear Discriminate Analysis, Partial Least Squares, Hi-
erarchical Cluster Analysis, Common Components and Specific Weight Analysis,
Discriminate Partial Least Squares Regression, Parallel Factor Analysis and others,
allow, i.a. identification or grouping samples with different properties, quantity
analysis of examined compounds, and indication of samples with similar proper-
ties [Sddecka and Tothova 2007; Andrade-Eiroa et al. 2010; Sikorska 2012].

As Andrade-Eiroa et al. [2010] pointed out, spectrofluorimetry is an ex-
ceptionally sensitive technique and can be used for the analysis of a very wide
spectrum of substances, and in the case of using synchronous spectrofluorimetry
is also a technique with satisfactory selectivity. Other advantages of these tech-
niques are: relatively short analysis time, the absence of a destructive effect on
the examined sample, the small quantities needed for analysis, and the relative
simplicity of determinations and their low cost, including the relatively low cost
of the spectrofluorimeter [Karoui et al. 2006; Andrade-Eiroa et al. 2013]. Spec-
trofluorimetric techniques can be used both to assess storage- and heat-induced
changes in fats, to detect fat impurities and adulteration, and to confirm the de-
clared region of origin.

Of the many applications of spectrofluorimetry in food research, its use in
determination of oxidative changes in fats and fat-containing products during
storage under various conditions, is one of the most important. Figure 2 pres-
ents the emission spectra recorded at an excitation wavelength of 382 nm in the
emission wavelength range of 400-750 nm, which were registered for in-shell
peanuts stored at 20°C in darkness. The selected spectral range makes it possible
to track changes in the fluorescence intensity of secondary products of fat oxida-
tion, mainly malondialdehyde (MDA). In addition, changes in chlorophylls and
pheophytin and carotenoids may also be analysed, as already mentioned in the
discussion of Figure 1.

The storage of the examined product at 20°C significantly intensified oxida-
tive changes in the fat phase, which is visible as a substantial increase in the in-
tensity of the fluorescence band in the emission wavelengths of 400-500 nm after
just three-week storage and an even greater rise in the content of fat oxidation
products after the next three weeks of storage.

In turn, the emission spectra shown in Figure 3 illustrate the effect of light
on the range of oxidative changes in cold-pressed mustard oil. Apart from the
determination of the scope of such changes, the application of fluorimetry makes
it possible to find out the influence of other substances present in the product.

Storage of the examined oil in the dark resulted in slight oxidative changes
combined with a little decrease in chlorophyll content. In turn, LED irradiation of
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Fig. 2. Emission spectra recorded for in-shell peanuts stored at 20 = 1 °C, in darkness
(source: own research)
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Fig. 3. Emission spectra of fresh cold-pressed mustard oil and the product after two-week
storage at 20°C in the dark, under LED illumination (source: own research)
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this oil, when combined with the presence of chlorophylls in a product acting as
photosensibilisers under such conditions, accelerated significantly fat oxidation
and caused almost complete chlorophyll decomposition.

The possible applications of fluorescence analysis in determining the ex-
tent of fat oxidative were also investigated, among others, by Kyriakidis and
Skarkalis [2000], Sikorska et al. [2008], Poulli et al. [2009], Tena et al. [2009],
and Dominguez Manzano et al. [2019]. For example, Kyriakidis and Skarkalis
[2000], who examined corn, cotton, sunflower and soybean oils and registered
their fluorescent spectra at excitation wavelength of 365 nm, found a strong
fluorescence band at 430-450 nm. With regard to extra virgin olive oil, the au-
thors observed 3 bands: doubled at 440 and 445 nm, at 525 nm, and at 680 nm
(chlorophyll), which allows extra virgin olive oil to be distinguished from the
other mentioned fats. According to the authors, heating of virgin olive oil at
70°C caused a decay of green colour, which was accompanied by, among others,
a decreasing peak at 680 nm and decreasing intensity of peak at 440 nm. As for
the peak recorded at 445 nm, the authors noted an increase in its fluorescence
intensity due to heating of the oil samples, which they ascribed to the resulting
oxidation products. In the remaining vegetable oils, the intensity of this peak
was also greater than in unheated olive oils, which the authors attribute to the
higher content of polyunsaturated fatty acids susceptible to oxidation process-
es. Poulli et al. [2009] also claimed that the use of synchronous fluorescence
spectroscopy in combination with mathematical analysis (PCA) can be used in
monitoring olive oil oxidised under UV radiation and heated at 80°C. Similar
studies were conducted by Dominguez Manzano et al. [2019], who oxidized
the olive oil at up to 80°C, under sunlight and UV radiation. In their studies,
the authors applied the parallel factor analysis supervised by linear discrimi-
nant analysis (LDA-PARAFAC). According to them, the front face fluorescence
combined with mathematical analysis can be applied in real time quality con-
trol of virgin olive oil. Spectra regions related to polyphenol and chlorophyll
compounds were important in mentioned work.

Tena et al. [2009] used higher temperatures for olive oil heating. They heated
virgin olive oil at 190°C for up to 94 h, in 8-hour cycles per day. Both undiluted
and diluted in hexane samples were evaluated. Observations were performed in
the right-angle system. In the authors’ opinion, the results obtained are promising
and enable the use of this quick and simple method to evaluate the extent of oil
oxidation under frying, especially since there is a relationship between percent-
age of polar compounds and wavelengths where spectra maximum appears. The
values of more than 25% of total polar compounds corresponded to the maxi-
mum of the spectrum with a wavelength greater than 486 nm.
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5. The use of spectrofluorimetry in authenticity tests and
detection of fat adulteration

As in the case of the analysis of the type and extent of oxidative fat changes, spec-
trofluorimetry has also been widely used in the detection of adulteration of fats
such as extra virgin olive oil and butter. The adulterants added can modify the
intensity or location of individual fluorescence bands or cause the appearance
of new ones. Figure 4 presents synchronous spectra recorded for extra virgin
olive oil (EV) samples with increasing amount of adulterants added in the form
of pomace oil (P), at the excitation wavelengths in range of 280-700 nm and
A\ =30 nm.
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Fig. 4. Synchronous spectra (AN = 30 nm) registered for extra virgin olive oil (EV) with a dif-
ferent addition of pomace oil (P) (source: own research)

The effect of the quantity of the added adulterant is visible as a gradual de-
crease in the fluorescence intensity of chlorophylls and pheophytins (630-680 nm)
as well as tocopherols (280-320 nm). In addition, there is a gradual increase in
band intensity in the range of 320-480 nm, attributed to the fluorescence of poly-
phenols and Maillard reaction products. Such compilation is used for the devel-
opment of adulteration detecting methodology by means of spectrofluorimetry.
On the basis of the registered intensity of the fluorescence bands of substances
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characteristic for a given product and their changes related to the amount of the
adulterant added, a calibration curve can be drawn up that is useful for the de-
tection of potential sample adulteration. Figure 5 compares synchronous spectra
registered for commercial olive oil samples with the calibration samples.

With regard to the sample A, its similarity to the calibration olive EV is rela-
tively high, except for the fluorescence intensity of chlorophylls. These differences
may be due to natural fluctuations in the content of these compounds. In the sam-
ple D, although the fluorescence intensity of chlorophylls and pheophytins was
more similar to the EV sample, presence of a band in the range of 320-380 nm of
much greater intensity and similar to the spectrum of sample P, may indicate the
sample adulteration with pomace oil.

A precise analysis of the type and quantity of the added adulterant can be
performed by means of various chemometric methods. Spectrofluorimetry most
often combined with mathematical analysis was used in studies on the adulter-
ation of fats such as butter or olive oil. Dankowska et al. [2014] applied a syn-
chronous fluorescence spectroscopy combined with multivariate data analysis to
evaluate butter with the addition of palm and coconut oils. The authors set the
lowest limit of adulteration detectability at 5.5%. A similar 5% limit was reported
by Ntakatsane et al. [2013] for detecting butterfat adulteration with canola, sun-
tflower, maize and rice bran oils. The authors stated that due to butterfat adultera-
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Fig. 5. Synchronous spectra (A\ = 30 nm) of commercial olive oil samples (A, D) and cali-
bration samples (EV and P) (source: own research)
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tion with rice bran and maize oils its spectra changed very significantly; whereas,
the detection of adulteration with canola and sunflower oils required the use of
a principal component analysis to be detected. For the spectra obtained, the con-
centration of vitamin A, decreasing with the addition of oils to butterfat, was
important.

Oil adulteration may include the addition of other vegetable oils as well as the
addition of less expensive types of oil, for example, olive-pomace oil or refined
olive oil. Guimet et al. [2005] applied excitation-emission fluorescence spectros-
copy in detection of adulteration of extra virgin olive oil with the 5% addition of
olive-pomace oil. The authors used excitation wavelengths of 300-390 nm and
emission wavelengths of 415-600 nm. Among the tested methods of mathemati-
cal analysis, the discriminant N-PLS analysis was found to be the best in detecting
adulterations. Dankowska et al. [2013], who applied synchronous fluorescence
spectroscopy to examine extra virgin olive oil with the addition of soybean, sun-
flower and rapeseed oils, using 30 nm intervals between excitation and emission
wavelengths, identified the lowest limit of adulteration detectability at 2.5%. The
excitation wavelengths were in the range of 240-700 nm.

Synchronous fluorescence combined with PLS1 (Partial Least-Squares Re-
gression) allowed Dupuy et al. [2005] to separate, with satisfactory results, vir-
gin olive oil samples obtained from five French registered designation of origins.
The authors identified, among others, bands referring to chlorophylls a and b,
pheophytins a and b, a, B, y-tocopherols and phenolic compounds. Synchronous
spectra were measured at wavelengths of 250-700 nm, maintaining a 30 nm dif-
ference between the emission and excitation wavelengths.

Li et al. [2015] presented another example of the fluorescence spectroscopy
application in assessing oil quality. When determining adulteration of walnut oil
with soybean oil, the authors compared two methods: Fourier transform infra-
red and fluorescence spectroscopy combined with a mathematical analysis. They
found that the spectrofluorometric method allowed the detection of a 5% addi-
tion of soybean oil without use of a mathematical analysis. The application of
Fourier transform infrared method combined with soft independent modelling
of class analogies (SIMCA), caused that the classification limit of added soybean
oil was 10%. The authors used excitation wavelengths of 360 nm and recorded
emission at 370 to 700 nm. Fluorescence spectroscopy was also used, with satis-
factory effect, by Dogruer et al. [2021] to detect adulteration of cold pressed oils
from sesame, pumpkin seed, grape seed, and black cumin. The adulterant agent
was sunflower oil.

On the other hand, Ntakatsane et al. [2014] proposed using front face flu-
orescence spectroscopy combined with partial least squares regression (PLSR)
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analysis to distinguish the origin of vegetable and animal fats. They concluded
that there were no significant differences between fatty acids profiles (saturated
and unsaturated fatty acids) predicted on the basis of fluorescence spectra and
those obtained by gas chromatography. The authors, based on their research, pre-
dict that the mentioned technique may be used, for example, for detecting adul-
teration of milk fat with vegetable oils.

6. Conclusion

The aforementioned examples of the applications of spectrofluorometric tech-
niques indicate that despite certain limitations and, often, the need to combine
them with mathematical analysis, they are a useful tool for the relatively quick
analysis of adulterations and oxidative changes in fat products. Moreover, their
advantages include high sensitivity and selectivity and the fact that in most cases
they do not require a complicated procedure of sample preparation.
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Abstract. Flow cytometry (FC) is an analytical technique that allows to quickly enu-
merate and distinguish various types of cells on the basis of the measurement of
scattered light or the fluorescence emitted by properly irradiated cells. It allows the
quantification and biological evaluation of cells as well as some of their components:
nuclei, mitochondria and chloroplasts. FC was discovered as an improvement to the
fluorescence microscopy and is characterized by efficiency that allows to analyze in
a short time various parameters of a large number of cells without losing data about
the properties of a single cell, and the obtained results can be analyzed statistically.
Every year new methods and procedures are developed that use this technique for
research in various scientific disciplines.

Keywords: flow cytometry, fluorochrome, immunology, microbiology, genetics

1. Introduction

The beginnings of flow cytometry date back to 1934, when an article was pub-
lished in the Science journal describing the possibility of using a photoelectric
sensor to count cells flowing through a capillary. This type of cytometer could
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detect only one parameter — the size of cells [Adan et al. 2017]. The author of
this idea Andrew Moldavan never implemented his innovative project. It was not
until 1947 when the first report on the cytofluometric detection of bacterial aero-
sols was published. The research was sponsored by US Army and was invented to
quickly identify bacteria in the air in case of biological weapon use [Baran 2008].
Until 1970, there were only two companies in the cytometric market: Bio/Physics
Systems (America) producing the Cytograph and Cytofluorograph and Phywe
AG (Germany) distributing the Impulscytophotometer (IPC). Then, Technicon
launched in the first of a series of flow hematological counters differentiating the
leukocyte population [Baran 2008].

In the early 1980s, thanks to the simultaneous use of two types of fluorescently
labeled antibodies, it became possible to analyze several types of proteins (anti-
gens) simultaneously. Following this lead, three large companies: Becton-Dickin-
son, Coulter and Ortho introduced laser flow cytometers to their offer, that enabled
the separation of the studied molecules (cells). Other improvements in sorting ef-
ficiency and data processing were also gradually introduced [Baran 2008].

2. Construction of a flow cytometer

There are two basic types of flow cytometers. One group consists of typical an-
alyzers that are used in research laboratories to evaluate the expression of sur-
face or intracellular proteins and antigens (e.g. surface receptors, cytokines,
hormones), enzyme activity (e.g. kinases, caspases) or to assess the gene expres-
sion and mRNA transcription for various cell products (FISH technique) [Alva-
rez-Barrientos et al. 2000; Adan et al. 2017]. Another group are cell sorters hav-
ing the ability not only to collect and analyze data about flowing cells, but also
to sort cells based on their properties. They are able to deflect flowing particles
according to differences in their electric potential and collect them in separate
tubes [Cossarizza 2019]. This allows for additional evaluation of some functional
parameters. The degree of purity of isolation of cells that meet certain (selected
by scientist) criteria is over 99%. Due to their high efficiency, sorters are used to
isolate very rare cells, such as cancer cells suspended in the blood, fetal erythro-
cytes or genetically modified cells. These devices have also found application in
transplantation and in vitro fertilization [Alvarez-Barrientos et al. 2000; Adan et
al. 2017; Cossarizza 2019]. There are also cytometers that are designed for specific
tasks, such as detecting, characterizing and counting microorganisms suspended
in water or somatic and bacterial cells in milk.
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A typical flow cytometer consists of [Skotny and Pucinska 2013; Adan et al.
2017; Cossarizza 2019; Vembadi et al. 2019; Bio-Rad 2021]:

o the fluidics system — a stream of liquid (so called sheath fluid) surround-
ing the suspension of analyzed cells sucked from test tube, which are in
such way transported to the laser beam for interrogation (Fig. 1). The
passing through the point of measurement (part called flow cell) should
be conducted at the appropriate speed, which can be controlled (and
changed) by the cytometer operator. The role of sheath fluid is to keep
the cells flowing inside the stream separate and focus them in the center
of the sample core;

o the optic system, that consist of excitation optics and collection optics;

e the electronics system converting the detected light signals into electronic
impulses, that can be processed and analyzed by computer;

o the data analysis system, that is appropriate software allowing for statisti-
cal processing of the obtained results.

The excitation optics consist of source of light that illuminates tested particles.
Usually an air-cooled argon laser (blue laser with the length beam of 488 nm) is
used, however in some cytometers a diode laser (red diode laser ~635 nm length
beam) can be an option. The laser beam is shaped by special lenses and focused on
the cells that flow within the fluidic stream (Fig. 1) [Adan et al. 2017]. The collect-
ing optics are set of lenses, mirrors and filters. Lenses collect light emitted from
the interaction between tested cell and laser beam, while mirrors split the light
signal to various optical detectors: the photomultiplier tubes (PMTs) or a photo-
diode. The photodiode is less sensitive detector, so it is used to detect the stronger
forward-scatter light (FSC) signal. PMTs are used to detect the weaker signals
generated by side-scattered light (SSC) and fluorescence (FL). The specificity of
a detector for a particular fluorescent dye results from a type of filter placed in
front of the PMTs, which allows to cut off a narrow range of wavelengths which
finally reaches the detector. When cells or particles in a fluid stream pass through
the laser beam light signals are generated. Detectors convert the light signal to
electronic signals (voltage pulse) proportionally to their intensity (strength). Sig-
nals can be amplified, but finally each voltage pulse is assigned a digital value by
the Analog-to-Digital Converter (ADC) representing 0-1,000 mV channels. The
particular channel numbers (separately for FSC, SSC and up to 4 fluorescence
signals) are transferred to the computer and data produced by all the light signals
generated, by one cell flowing through the laser beam, are stored by computer
system as a set of data characterizing this measuring point (i.e., one cell). Such
data can be then processed, graphically displayed and statistically analyzed in
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Fig. 1. The principle of creating a sample stream surrounded by sheath fluid and its flow
through the flow cell — the point of interaction between single cell and incident laser light
(source: based on Adan et al. [2017])

various ways [Ormerod 2008; Skotny and Puciniska 2013; Adan et al. 2017; Cos-
sarizza 2019; Vembadi et al. 2019].

The electronic system is also important for proper adjusting the flow cytom-
eter before analysis. For example, an electronic threshold can be used to limit
the number of events that the flow cytometer acquires. A threshold is the value
of selected, defined by the user, one parameter. Only those signals that have an
intensity greater than or equal to the threshold value are processed and sent to
the computer. For example threshold set on FSC allows to eliminate cell debris.
Consequently, only whole cells are collected and then analyzed. It is important
especially in situation when cytometer is programmed to collect a specific num-
ber of cells (e.g., 10 000) or has to test a given volume of suspension (e.g., 50 pl)
[Ormerod 2008; Adan et al. 2017].
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3. The principle of operation of the flow cytometer

The majority of flow cytometers allows the analysis of particles or cells from 0.2
to 150 um in size. When cells are not labelled with fluorescent stains usually only
2 parameters can be achieved by interaction with laser beam - the signals gener-
ated by forward-scattered (FSC) and side-scattered (SSC) light. Light scattering
occurs when a particle deflects incident laser light (Fig. 2). FSC correlates with
the amount of light that is scattered in the forward direction (along the same axis
the laser beam is travelling) and its intensity is attributed to cell-surface area or
size. The laser light that is scattered at 90° to the axis of the laser path is detected
as SSC and is proportional to the internal complexity (granularity) of the cells,
because cell's membrane, nucleus, inclusions and any granular material inside the
cell disperse the light [Beckton and Dickinson 2002; Ormerod 2008; Adan et al.
2017; Bio-Rad 2021].

Based on the correlated measurement of FSC (size) and SSC (cellular com-
plexity) the differentiation between various cell types in heterogenous population
can be done. For example, when the peripheral blood sample was analysed and
then FSC data are plotted on the x-axis, while SSC data on the y-axis (Fig. 3),

Side Scatter Detector
(cellular complexicity)

NN AN\

> | Forward
Scatter
Detector
Excitation (size)
Laser
Light

v

Fig. 2. The scattering of light: FSC is proportional to cell size, while SSC is proportional to
cell granularity or internal complexity (source: based on Beckton and Dickinson [2002]
and Adan et al. [2017])
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the populations of lymphocytes, monocytes and neutrophils can be distinguished
and further analyzed without their physical isolation. FC software allows to gate
selected subpopulation (gate G1 at Fig. 3) and to analyse cell within gate without
previous cells separation.
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0 50 100 0 200 250
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Fig. 3. The example of SSC vs. FSC analysis of peripheral blood sample (white cells). Each
dot represents an individual cell analysed by the flow cytometer. G1 — gate set on mono-
cytes subpopulation (source: Beckton and Dickinson [2002], p. 11)

Much more information can be achieved when cells are fluorescently stained.
There are several types of fluorochromes (fluorophores) that absorb light ener-
gy of a specific wavelength (excitation) and re-emit light (emission) at a longer
wavelength. When labeled cells pass through the flow cell, every single particle is
irradiated with a focused laser beam. The light is scattered, but at the same time
it excites the fluorochromes attached to the cells or inside it. The resulting sig-
nals are measured with appropriate detectors, converted into electrical impulses,
amplified and sent to a computer for further processing, storage and analysis.
Therefore, if the analysis or distinguishing between cells with similar size and
granularity is demanded, it is necessary to fluorescently label whole cells or their
elements. This can be accomplished by the use of fluorescent molecules alone
(e.g., cellular dyes) or fluorophore-labeled antibodies or DNA probes. There are
many fluorophores used in FC, they differ with wavelengths of maximum absorp-
tion (= excitation) and emission (Tab. 1) [Davey and Kell 1996].
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Table 1. Cellular parameters measured by flow cytometry and examples of
fluorochromes used for staining (source: besed on Davey and Kell [1996]; McCarthy
[2007]; Kim and Sederstrom [2015])

i Excitation = Emission
Determinant/

. (max) (max)
cellular Stain
wavelength wavelength
parameter
[nm] [nm]

Ethidium bromide (EthBr) 510 595

Bis Benzimide (Hoechst 33342) 350 461

2’-(4-Hydroxyphenyl)-5-(4-methyl-1-pipe-

razinyl)-2,5’-bi(1H-benzimidazole) trihyd- 343 540

rochloride (Hoechst 33258)

Nuclear yellow (Hoechst S769121) 355 495

7-aminoactinomycin D (7-AAD) 546 647
DNA TO-PRO-3 Iodide 642 661

4,6-diamidino-2-phenylindole (DAPI) 358 461

1, 5-bis{[2-(di-methylamino)ethylJami-

noj}-4, 8-dihydroxyanthracene-9, 10-dione 646 665

(DRAQ5)

1, 5-bis{[2-(di-methylamino)ethylJami-

no}-4, 8-dihydroxyanthracene-9, 10-dione 644 681

(DRAQ7)

Propidium iodide (PI) 365,535 617
Nucleic acids Thiazole orange (TO) 509 525

Pyronin Y 497 563

Fluorescein isothiocyanate (FITC) 490 530
Protein

Phycoerythrin (PE) 490 570
Antibodies Allophycocyanin (APC) 650 660

Carboxyfluorescein succinimidyl ester

495 519

Proliferation (CFSE)
Oregon Green 488 496 524
Transmembrane Oxonol-V 610 639

potential
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Table 1. cont.

Excitation Emission

Determinant/ (max) (max)
[lul i
cerutar Stain wavelength wavelength
parameter [nm] [nm]
Fats Nile Red 550 640
Apoptosis Annexin V Alexa Fluor® 488 495 519
2+
Ca , 1H-Indole-6-carboxylic acid (INDO-1) 400 475
concentration
Seminaphthorhodafluor dye (SNARF®-1) 548 579
pH BCECF Acid (2,7-Bis-(2-Carboxyethyl)- 490 535

5-(and-6)-Carboxyfluorescein)

It is important to select fluorochromes properly. They should have the same
length of excitation light, but different emission light length. The argon ion laser,
which is the most commonly used in cytometry, emits a light of 488 nm length
and can excite many fluorochromes. Among the most widely used fluorochromes
fluorescein isothiocyanate (FITC) and phycoerythrin (PE) can be mentioned
(Fig. 4). Both have absorption peak spectra at approximately 490 nm, so can be

488 nm
2
2 PE
9 FITC
£
[0}
Q
C
[0}
&
(0]
s Spectral overlap
=}
[

Wavelength

Fig. 4. Fluorescence emission spectra for FITC and PE showing the overlap in emission for
the two fluorochromes (488 nm — argon laser wavelength) (source: based on Davies and
Allen [2007])
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easily excited by the argon lasers. However, the peak emission wavelengths of
FITC and PE are distant enough (530 nm and 570 nm, respectively) to be picked
up by different detectors. Table 1 presents selected cellular parameters and exam-
ples of fluorochromes applied to detect their behavior in flow cytometry analysis.
Fluorochromes used in FC differ in their mode of action. Some of them emit
a signal only after attaching to specific cellular components: proteins (FITC), nu-
cleic acids (PI) or fats (Nile Red). Another group are the so-called fluorogenic
substrates, the activity of which depends on the presence of appropriate enzymes.
There are also markers related to the physiological parameters of the cell (pH,
membrane potential, Ca?* concentration etc.) and fluorochromes attached to an-
tibodies or nucleotide probes that serve to directly detect antigens and DNA or
RNA sequences [Davey and Kell 1996; Alvarez-Barrientos et al. 2000; McCarthy
2007; Skotny and Pucinska 2013; Errante 2015; Kim and Sederstrom 2015].

4. The results standardization and presentation

Due to the fixed optics and digital electronics, the cytometer allows the simulta-
neous multi-color analysis of up to 4-6 fluorescent markers and two scattering
parameters (FSC and SSC). Although it creates great analytical possibilities, it
also carries the risk of error and causes difficulties in comparing the obtained
data [Alvarez-Barrientos et al. 2000; Errante 2015]. For this reason, the course of
the experiment should be each time described in detail. Such a report should take
into account, inter alia, procedures used for the preparation of the test material
and a description of the reagents used, i.e., enzymes, bufters, dyes, including the
data of their suppliers, catalog numbers and clone designations. This information
is essential for control purposes and ensures a high degree of reproducibility of
the results. The type of test sample is also important, which can be, for example,
isolated live cells from peripheral blood, bone marrow, tissue biopsy, lymph node,
saliva, cerebrospinal fluid, alveolar-bronchial lavage, body fluids from body cav-
ities, as well as samples of water, wine, beer and other liquid food products. The
research sample and reagents should not be frozen, and the method of their stor-
age should be included in the description [Alvarez-Barrientos et al. 2000].

The parameters of the flow cytometer itself are equally important. The meth-
odology should include cytometer model, type of software used and manufactur-
er’s data. The laser lines and emission filters used with the appropriate fluorescent
reagents should also be listed. What is important, the use of multiple fluoro-
chromes increases the risk of interference that results from overlapping individ-
ual spectra (see Fig. 4). This can be avoided by properly conducted calibration
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and by using so-called compensation, i.e., narrowing the detection spectrum to
a very narrow wavelength range. This function is set in the cytometer during data
collection and should be included in the description of the experiment, as well as
sample size, statistical data, the threshold value and method of its determination
[Alvarez-Barrientos et al. 2000; Skotny and Puciniska 2013].

The results obtained after cytometric analysis can be presented in several ways.
Typically, they are illustrated as one-dimensional (histograms), two-dimensional
(dot density, contour plot) or three-dimensional (perspective) plots (Fig. 5).
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Fig. 5. Different ways of presenting flow cytometry data: one-dimensional histogram show-
ing the ratio of the selected parameter (X axis) to the number of cells tested (Y axis) (A), the
two-dimensional graph shows the scattered cells depending on the intensity of the emitted
signal in relation to the two selected parameters; cells in the upper left corner are positive
for the Y axis parameter, cells in the upper right corner — for both parameters, in the lower
left corner — double negative, and those in the lower right corner of the chart are positive
for the X axis parameter (B), less common three-dimensional plots can take into account
various parameters on the Z axis, such as the number of cells or the fluorescence signal
(C and D) (source: Alvarez-Barrientos et al. [2000], p. 171)
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There are many publications that contain protocols of pre-analytical cell
preparation, analysis methods and procedures of adequate staining. Cossarizza
etal. [2019] present the guidelines for FC usage in the broad area of immunology
and hematology, providing the theory and key practical aspects of flow cytometry.

5. Applications of flow cytometry

Flow cytometry can be applied in many areas of science and research such as
immunology, microbiology, biotechnology, molecular biology, genetics, clinical
and environmental sciences and many more [Davey and Kell 1996; Brown and
Wittwer 2000; Betters 2015; Wilkinson 2015].

5.1. Immunology

Flow cytometry enables the qualitative and quantitative assessment of the cell pop-
ulation and subpopulations, their morphological features and functional states.
The emergence of the technology of producing monoclonal antibodies and their
combination with fluorescent dyes made it possible to quickly assess the pheno-
type associated with the presence of antigens located on the surface of the cell
membrane. In its simplest form, the immunophenotyping experiment involves the
examinations of the cells stained with fluorochrome-coupled antibodies that are
directed against cell surface antigens typical for particular population of cells, e.g.,
distinguishing between CD4 and CD8 populations of T cells [McKinnon 2018].

The cells immunophenotyping has found application in the diagnosis of,
among others, acute and chronic leukemias, myelodysplastic syndromes, lympho-
mas, hematologic neoplasms, myelodysplastic and myeloproliferative syndromes,
tumors of the bones, head and neck [Orfao et al. 2004; Craig and Foon 2008].
Its use often allows the correct selection of the therapy required, determining
the degree of re-emission and detecting the so-called minimal residual disease
(MRD), i.e., small amounts of cancer cells that remain in the body and cause dis-
ease recurrences. Flow cytometry detects residual blasts in patients who appear
to be completely remitted according to morphological criteria. It is also possible
to evaluate various cytoplasmic and nuclear antigens using FC technique, labelled
specific antibodies and by increasing the permeability of the cytoplasmic mem-
branes (so-called permeabilization).

Flow cytometry can be applied for studying the measurement of antigen spe-
cific responses which is widely used in vaccine research or for analysis of intracel-
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lular cytokine production [McKinnon 2018]. FC has also been used in the diag-
nosis of some autoimmune, rheumatic, respiratory, and gastrointestinal diseases,
as well as for monitoring the host immune response to infection or the diagnosis
of immunodeficiencies [Marrone 2009; Soloski and Chrest 2013; Mortaz et al.
2015; Fleisher et al. 2016; Kanegane et al. 2018; Cabral-Marques et al. 2019; Mad-
kaikar et al. 2019; Rawat et al. 2019; Flores-Gonzalez et al. 2020].

In transplantology, the flow cytometry technique is used to determine hu-
man leukocyte antigens (HLA) on the surface of donor and recipient cells and
in the so-called crossmatch [Tait 2016], i.e., the assessment of the presence of
cytotoxic antibodies against the donor’s cells in the recipient’s serum. Control
studies of the lymphocyte subpopulation in a patient after transplantation pro-
vide data on the state of his immune system and allow to determine the effec-
tiveness of the immunosuppressive therapy. It means that FC plays a well-es-
tablished role in the pre-transplant crossmatching as well as in monitoring the
health and immunological responses in transplant recipient [Maguire et al.
2014; Hutchinson 2015].

In allergology, it is used to assess the effectiveness of desensitization therapy
based on cytofluorimetric analysis of the level of Th1 and Th2 helper lymphocytes
or by assessing the degree of basophil degranulation [Yabu et al. 2016].

5.2. Molecular biology and genetics

Analysis of cell proliferation, cell cycle, apoptosis and necrosis, signal transduc-
tion pathways as well as the expression of various proteins and nucleic acids can
be assessed by FC. Cell proliferation can be measured by FC using several assays
and different markers. Methods such as: incorporation of thymidine analogues
(BrdU) into replicating DNA, generation tracing of hereditary persistent dyes
(CFSE), and expression of proliferation related antigens (Ki67, PCNA) can be
used [McKinnon 2018].

Cell cycle analysis assays involve DNA staining with a saturating amount of
DNA-binding dye (see Table 1). DNA-binding dyes include PI, 7-AAD, Hoechst
33342, 33258 and S769121, TO-PRO-3, DAPI, DRAQ5™ and DRAQ7™ or Pyro-
nin Y [Pozarowski and Darzynkiewicz 2004; Kim and Sederstrom 2015; McK-
innon 2018]. Thanks to the FC the mitotic cycle of neoplastic cells with the as-
sessment of DNA ploidy and the breakdown of certain proteins, e.g., cyclins, can
be studied [Heiden et al. 2000; Pozarowski and Darzynkiewicz 2004; Davies and
Allen 2007]. There are 4 procedures usually used to analyze the cell cycle by flow
cytometry. The first two are based on univariate analysis of cellular DNA content
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following cell staining with either PI or DAPI and deconvolution of the cellular
DNA content frequency histograms. This approach reveals distribution of cells
in three major phases of the cycle (G1 vs S vs G2/M) and makes it possible to
detect apoptotic cells with fractional DNA content. The third approach is based
on the bivariate analysis of DNA content and proliferation-associated proteins.
The expression of cyclin D, cyclin E, cyclin A, or cyclin Bl vs DNA content is
presented as an example. This approach allows to distinguish, for example, GO
from G1 cells, identify mitotic cells, or relate expression of other intracellular
proteins to the cell cycle position. The fourth procedure relies on the detection
of 5’-bromo-2’-deoxyuridine (BrdU) incorporated to label the DNA-replicating
cells [Pozarowski and Darzynkiewicz 2004; Kim and Sederstrom 2015].

Apoptosis (programmed cell death) serves to maintain homeostasis of the im-
mune system by removing cells without causing an inflammatory response. De-
tection of apoptosis by flow cytometry uses multiple targets along the cascade of
apoptotic events [Wlodkowic et al. 2011; Nalbant 2018]. Moreover, FC allows to
discriminate between apoptosis and necrosis [Wlodkovic et al. 2011; Pietkiewicz
et al. 2015]. There are also commercial kits (e.g., Annexin V-FITC kit from
Sigma-Aldrich or Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit from
ThermoFisher Scientific) that allow fluorescent detection of annexin V (protein
implicated in apoptotic mechanism in cells) in apoptotic cells and quantitative
determination by flow cytometry. Mentioned above kits use annexin V conju-
gated with FITC or Alexa Fluor® 488 dye to label phosphatidylserine sites on the
membrane surface. The kit includes also PI to label the cellular DNA in necrotic
cells, where the cell membrane has been totally compromised. This combination
allows the differentiation among early apoptotic cells (annexin V positive, PI neg-
ative), necrotic cells (annexin V positive, PI positive), and viable cells (annexin V
negative, PI negative).

Since its introduction, the propidium iodide flow cytometric assay has been
widely used for the evaluation of apoptosis in various experimental models. It
is based on the principle that apoptotic cells, among other typical features, are
characterized by DNA fragmentation and, consequently, loss of nuclear DNA
content. Use of a fluorochrome, such as PI, that is capable of binding and label-
ing DNA makes it possible to obtain a rapid (the protocol can be completed in
about 2 h) and precise evaluation of cellular DNA content by flow cytometric
analysis, and subsequent identification of hypodiploid cells (Fig. 6) [Riccardi
and Nicoletti 2006].

In most cases of apoptosis, the caspase signaling pathway is activated and it
can be also analyzed by flow cytometry [Telford et al. 2002]. For this, intracel-
lular staining and antibodies specific for the active form of caspase 3 are used.
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Fig. 6. Measurements of apoptotic thymocytes: Dot-plot analysis of thymocytes undergoing
apoptosis. Debris and residuals of necrotic cells (the bulk of which has been eliminated
during acquisition with the flow cytometer) can be recognized (and gated-off by eliminat-
ing the corresponding region) by the lower diameter (FSC) and reduced DNA fluorescence
compared to apoptotic thymocytes. The right panel shows a 3D representation of the peaks
corresponding to normal nuclei apoptotic nuclei and debris (A), A precise and reproducible
estimate of the percentage of normal and apoptotic nuclei can be obtained by analysis of
the DNA histogram after elimination of residual debris (B) (source: Riccardi and Nicoletti
[2006], p. 1460)
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There are additional tests that use fluorogenic substrates which, when exposed to
caspase, are cleaved and then emit fluorescence [McKinnon 2018].

For studying signaling pathways in various cells populations by FC the anti-
bodies to resting and phosphorylated signaling molecules such as pERK, pp38,
pJNK, pSTAT1, pSTATS5, and pSTAT6, MAP-kinases etc. are used [Chow et al.
2001; Krutzik and Nolan 2003; Goldeck et al. 2013; Davies and Allen 2007; Mars-
man et al. 2020].

Flow cytometry combined with fluorescence in situ hybridization (FISH) can
be used to detect RNA expression along with protein expression at a level of a sin-
gle-cell [Arrigucci et al. 2017].

Fluorescent proteins (GFP, mCherry, YFP, mRuby, etc.) are used as markers
for protein expression. Typically, cells are transferred with a plasmid that contains
the promoter sequence and encodes the gene of interest along with the fluores-
cent protein. Expression of a fluorescent protein is used as an indicator of the
expression of the selected gene. It is used in the control of transplanted cells in
vivo, bacterial and viral infections [Errante 2015].

Not only information about the presence or absence of a specific molecule is
important, but also data on its density on the cell surface. This type of analysis is
performed by comparing the fluorescence intensity of the particles with the glow
intensity of the microspheres (beads) coupled to various known amounts of the
fluorochrome. Flow cytometry set new directions of research in medicine, mainly
in immunology and oncology [Almeida Santiago et al. 2016].

5.3. Microbiology

One of the earliest applications of flow cytometry is to analyze the autofluores-
cence of microorganisms present in water (river, lakes, seas, oceans). The autoflu-
orescence of photosynthetic pigments such as chlorophylls, phycoerythrin, phy-
cocyanin, and allophycocyanin, can be used for algae identification [Davey and
Kell 1996]. However, flow cytometry can be used to distinguish not only aquatic
microorganisms. It can be applied for drinking water analysis as well as the anal-
ysis of wastewater treatment [Wilkinson 2015]. Basing on the autofluorescence
signal and different SSC and FSC it is possible to “isolate” various subpopulations
and analyze the cells without the need to culture them. When light scattering
signals and autofluorescence are insufficient, particular microorganisms can be
stained, for example the whole DNA present in cell can be stained with specific
dyes. In order to distinguish biological from nonbiological particles, nucleic ac-
ids staining is the most suitable. Traditionally, ethidium bromide or propidium
iodide are used most often.
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As in other research areas the fluorescently labelled antibodies (for example
with FITC, DAPI, phycoerythrin (PE), PE-cyanine7, PE-cyanine5.5, allophyco-
cyanin (APC), APC-cyanin5.5, APC-cyanin 7, Alexa Fluor™, Brilliant Violet™
421, Vio667, VioGreen, VioBlue, Amine Aqua, Pacific Orange, Pacific Blue), can
be used, thus enabling the enumeration of surface antigens on the target cells or
the detection of a given cell type in a mixed population [Pitsillides et al. 2011;
Hunka et al. 2020]. A particular additional benefit of the approach is that the
cells do not have to be cultured. Using specific antibodies against particular mi-
croorganism, they can be identified in various fluids, such as blood samples, spi-
nal fluid, drinking water and various liquid foodstuff. Flow cytometry is used
for microbiological control of many alcoholic and non-alcoholic drinks, such as
beer, wine, fruit juices, pasteurized milk. It can also be used to the technological
process monitoring (e.g., the number of yeasts in beer or wine) or for detection
of pathogens (Salmonella, E. coli, Listeria monocytogenes, Yersinia, Staphylococcus
aureus, Bacillus etc.) [Davey and Kell 1996; Alvarez-Barrientos et al. 2000; Mala-
crino et al. 2001; Davey and Guyot 2020; Herrero et al. 2006; Novak et al. 2007;
Salma et al. 2013; Wang et al. 2014; Betters 2015; Wilkinson 2015; Kinsinger et
al. 2017; Longin et al. 2017; Props et al. 2018]. Flow cytometry allows for yeast
budding analysis [Porro et al. 2009] as well as to study sporeforming bacteria
[Wilkinson 2015]. When fluorescently labeled probes specific to 16S rRNA (bac-
teria) or 18S rRNA (yeasts) are used the phylogenetic studies can be conducted as
well as species, strains, serotypes can be identified without microorganism culti-
vation [Amann et al. 1990; Fernandez-Lago et al. 2000; Props et al. 2018; Sharma
et al. 2020].

Flow cytometry can also be used for assessment of viability of bacteria and
yeasts [Boyd et al. 2003; Herrero et al. 2006; Quiros et al. 2007; Salma et al. 2013;
Davey and Guyot 2020]. Viable cells can be detected by their ability to cleave
a nonfluorescent precursor to release a fluorochrome (intracellularly). There are
also commercial kits enabling distinguishing and count live and dead bacteria
or yeasts. It should be added that flow cytometry has an advantage over cultivat-
ing methods as is much quicker (result in less than 1h instead of some days of
culturing in plate) and — which is more important - it can detect also bacteria at
viable but non-culturable (VBNC) state [Divol and Lonvaud-Funel 2005; Her-
rero et al. 2006; Quiros et al. 2007, 2009]. Thanks to that the impact of various
disinfectants or bacteriostatic/bactericidal compounds can be assessed [Froh-
ling and Schulter 2015].

Among fluorochromes that are usually used for distinguishing live/dead
cell are: acridine orange (AO), DAPI, EthBr, PI, Hoechst 33258/33342, SYTO-9,
and thiazole orange (TO) that specifically bind to nucleic acids. Some of them,
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such as Hoechst 33342, SYTO-9, or TO cross an intact plasma membrane,
which results in viable cells staining [Robertson 2019]. On the other side, in-
tact membranes in live cells are impermeable to some of mentioned dyes (e.g.,
PI, Eth Br) so they are not allowed into the live cell, and they stain only dead
cells [Chitarra and Van den Bulk 2003, Quiros et al. 2007, Davey and Guyot
2020]. Beside the cell viability, flow cytometry allows also to examine the met-
abolic activity (enzymes, pathways), mitochondrial activity, membrane integ-
rity and plasma membrane potential, production of reactive oxygen species as
well as intracellular pH (using BCECF) or Ca** concentration (using INDO-1)
[McCarthy 2007; Wilkinson 2015].

Finally, flow cytometry technique can also be used for absolute cell counting.
There are commercially available special fluorescent beads of known concentra-
tion (e.g. BD Liquid Counting Beads from BD Biosciences, CountBright™ Abso-
lute Counting Beads for flow cytometry from ThermoFisher Scientific), which are
collected together with the sample and then the sample is analyzed and the gated
cell number for the population of interest is compared with the number of beads
that had pass through the laser beam in the same sample to calculate the absolute
cells number per milliliter [McKinnon 2018].

6. Conclusion

Despite the fact that flow cytometry is a method with several decades of tradi-
tion, modifications are still being developed that allow for new applications in
various fields of science. Flow cytometers can be found in hospitals, industry,
research laboratories and university classrooms. With the development of knowl-
edge, there are more and more new ideas to use this technique to quickly identify
important microorganisms, rare types of cells, or mutations. The best example
is COVID-19, a new disease entity. Flow cytometry allowed for development
a method for the rapid detection of anti-SARS-CoV-2 antibodies [Lapuente et al.
2020; Soni et al. 2020]. It can be assumed that cytometry can find many new ap-
plications.
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Abstract. Cell culture techniques have served as a powerful tool in food sciences for
many decades. Our knowledge of food bioavailability, functionality and safety have
been broadened significantly as the result of testing food or food specific ingredients
in experiments employing human cell lines, of which enterocytes-like Caco-2 cells
are the best example.

The field of intestinal cell culture was recently revolutionized by the develop-
ment of intestinal organoid-type culture. Intestinal organoids are small spheres of
a few hundred micrometers in diameter. The empty lumen of organoids is covered
by the unicellular layer of epithelial cells. They originate from human and model an-
imals’ intestinal crypts or stem cells, creating in less than 10 days three-dimensional
structures comprising the stem cells niche and all differentiated cells of intestinal
epithelium. The next step was to create a miniaturized cell culture where epithelial
cells are grown in microchannels and can be constantly perfused and subjected to
periodical stretch emulating peristaltic movement of the gut.

Although various gut-on-chip models mimic accurately many functions of
intestinal epithelium, their use requires skillful researchers, sophisticated equip-
ment and is also costly. Nevertheless, gut-on-chip technology allows the fast, robust,
and relatively quick testing of many food ingredients or food samples at the same
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time. It creates a new perspective to study an influence of food on the intestinal cell
biology and provides an automatic platform for assessing many aspects of cell phys-
iology, such as proliferation, gene expression and metabolism.

Keywords: gut, cell culture, chip, food testing

1. Introduction

The in vitro modelling is a very important part of investigations in the field of
food sciences. Food ingredients passing through gastrointestinal tract are not
only fragmented, digested and absorbed but also come into close contact with
cells comprising intestinal mucosa and with gut microbiota. These types of in-
teractions are often responsible for both positive (cancer prevention, immunity
boosting, etc.) and negative (toxicity, allergies, cancerogenesis) influence of food
ingredients on human health. These interactions could be effectively studied in
simplified in vitro models employing intestinal cell culture.

The cell culture methodology allows keeping cells and tissue alive after
separation from a source organism. This powerful experimental tool, although
widely used in food studies for decades, is incessantly refined. Its contribution
to the development of our knowledge of active food ingredients could not be
overestimated [Fois et al. 2019]. Nevertheless, due to the complexity of time
and work-consuming procedures of the cell lines propagation and primary
epithelial intestinal cells isolation, the cell culture techniques have not been
broadly employed in routine food testing. This situation may change in the
near future as a result of two recent technical breakthroughs: the introduction
of human intestinal organoid culture systems [Sato and Clevers 2013] and the
development of microfluidic organ-on-chip (i.e. OOC) methodology [Xiang
et al. 2020].

2. Intestinal organoids

Routinely, most types of animal cells are cultured attached to the glass or plastic
surfaces of the bottom of a culture dish where they spread and divide as long
as they cover all accessible area forming a monolayer. This type of cell culture
is called two-dimensional (2D) as the cells lack the ability to create multilay-
er structures characteristic for tissues of origin. As a consequence not all fea-



XI. Gut-on-chip as a powerful new tool for analysis of bioactive food ingredients 225

tures and functions of cells in vivo could be emulated in monolayers. This fact
has led to the development of three-dimensional (3D) cell culture techniques
where the tissue-like environment is introduced along with the thick layer of
gel-forming substances (e.g. extracellular matrix proteins or other natural and
synthetic hydrogels) serving as scaffolds of various mechanical properties on
which the cells can grow, move and aggregate in the three- dimensional space
[Kaur et al. 2021].

The development of 3D culture techniques has had special impact on the
studies on primary intestinal cells - the most important cells in the context of
investigations concerning food ingredients — intestinal mucosa interaction. In 3D
culture conditions many noncancerous types of epithelial cells form conglom-
erates with fluid-filled lumens (spheres), called spheroids. It is also the case of
Caco-2 cells which, although isolated from colon tumour, spontaneously change
into enterocytes-like cells in prolonged, dense culture (Caco-2 cell line is the most
popular type of cells in the field of food sciences). Most tumour cells, however,
in such an environment, tend to form solid ball-shaped aggregates (i.e. micro-tu-
mours) [Gunti et al. 2021].

The intestinal epithelium of vertebrates is a one-layer of cells covering both
villi and crypts of Lieberkithn, with proliferation restricted to small area of
crypts’ bottom. The intestinal crypts form a niche for scarce stem cells and con-
sist of progenitors of all types of cells present in intestinal epithelium. The brush
border area contains millimetre-long protrusions, i.e. villi. In the villus base,
the progenitors differentiate into absorptive enterocytes or other non-absorptive
cell types (such as goblet and enteroendocrine cells, producing mucus and hor-
mones). Differentiated cells migrate upwards to the villus tip, where they under-
go apoptosis, and are constantly shed to the lumen. As a result, “new” epithelial
cells replace the “old” ones with a speed incomparable to any other tissue of the
body. The differentiation and migration cycle on the crypt-villus axis determines
the proper function of the intestine as an organ of absorption, as an efficient
barrier to the external world, and an immunological response modulator [Chin
et al. 2018]. This unique organization is a reason why, to maintain the primary
intestinal epithelial cell culture for a long time, it is not enough to provide cells
with a proper mixture of chemical factors. It has been for many years a sub-
stantial challenge to obtain a normal two-dimensional culture of enterocytes.
To keep such cultures alive and to preserve the stemness of some cells present in
the initial preparation, one also needs to create the 3D environment with special
biophysical properties. In other words, it is necessary to mimic the natural stem
cell niche of intestinal crypts to keep proliferation and differentiation of entero-
cytes going.
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A breakthrough came with the publication by Toshiro Sato et. al. [2009] who
got an idea to embed isolated murine intestinal crypts in protein gel consisting of
extracellular matrix proteins produced by Engelbreth-Holm-Swarm mouse sar-
coma, composed of 60% laminin, 30% collagen IV, and 8% entactin (i.e. Matri-
gel™) — known to support spheroid cultures. When such cultures were fed with
media containing special factors promoting stemness and sustaining proliferation
in epithelium (i.e. R-spondin-1, Noggin, and Epidermal Growth Factor), spher-
oids were shortly formed and, after two or three days of growing, the ball-shaped
aggregates transformed into structures containing both crypt-like protrusions
and villus-like areas between them [Sato and Clevers 2013]. Such structures are
called enteroids, and they can now be obtained from small and large intestines
of human, rodent or farm animals, new-borns, or adults. Moreover, enteroids
were also successfully cultured from murine [Mustata et al. 2013] and chicken
[Pierzchalska et al. 2016] embryonic tissue and from human induced pluripotent
stem cells [Finkbeiner et al. 2012]. In the last case, it is possible to create organ-
oids consisting not only of epithelial, but also mesenchymal cells. Such organ-
oids, called induced human intestinal organoids (iHIOs) [Finkbeiner and Spen-
ce 2013], resemble the most late embryonic intestinal tissue [Wells and Spence
2014]. Organoids were recently used as an in vitro model system in studies on
intestinal regeneration, transformation, metabolism, and intestinal cells — patho-
gens or commensal microorganisms interactions [Finkbeiner et al. 2012; Zhang
et al. 2014; Karve et al. 2017; Ranganathan et al. 2020]. Even though many new
data were obtained with the use of intestinal organoids, the researchers point out
at some disadvantages of the new method. The media, Matrigel and cell culture
vessels are expensive. The procedure of organoid development is time-consum-
ing and complex. It requires skilful researchers as some methods of routine cell
analysis, like protein and mRNA expression studies, are more complicated than
2D cell cultures analysis due to difficulties in releasing organoids from the protein
matrix (Fig. 1).

As a result of the polarization of enteroids (the inside-directed brush border
face the lumen of the closed bulbs) the inside is not easily accessible for applying
factors which physiologically stimulate intestinal epithelial cells from apical side
(e.g. active food ingredients, drugs, gut bacteria or viruses).



XI. Gut-on-chip as a powerful new tool for analysis of bioactive food ingredients 227

Fig. 1. Cell lines and primary cells derived from intestinal tissue or intestinal tumours are

used in the in vitro modelling of intestinal epithelium. They can be cultured on solid sub-

strate (A, C) or as spheroids/organoids in Matrigel matrix (B, D): Caco-2 human cell line

derived from colon carcinoma differentiated in vitro into enterocyte-like cells (A, B); prima-

ry intestinal epithelial cells (IEC, derived from 19-days old chicken embryo; C, D) (source:
own unpublished data)

3. Human gut-on-chip

Most types of cells respond to both chemical and mechanical signals by changing
the expression of many genes but for some cells the importance of mechanical
stimuli is more evident in comparison to others [Janmey and McCulloch 2007].
The endothelial cells and the cells in intestinal epithelium are subjected to pulsa-
tive fluid shear stress caused by the blood flow or the flow of gut contents, respec-
tively. The cells of pulmonary origin are adapted to continuous stretching and re-
laxation accompanying breathing movements and gut mucosa cells are subjected
to similar forces in the rhythm of peristaltic waves. The attachment to very stiff
glass or plastic surfaces does not mimic the situation in vivo, and in consequence
the two-dimensional cell culture does not emulate the crucial environmental fac-
tors encountered by cells in the tissue due to the lack of physiological mechani-
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cal stimuli. The lack of the flow factor and the proper geometry of scaffolds are
probably a reason why intestinal organoids do not develop proper mature villus
compartment (the villus-like areas resemble more the organization of foetal villi).
All these shortcomings of organoids system were the rationale for seeking more
relevant cellular models better mimicking all aspects of intestinal physiology;, i.e.
tissue stiffness, geometry and biochemistry, assuming that all these factors are
critical for emulation of biological processes [Steinway et al. 2020]. These needs
can be fulfilled by microfabrication and microfluidic technologies. In microflu-
idic devices the net of carefully designed microchannels (tubes with micrometric
diameter) are trapped into some solid material like glass or polymer. They are
connected to external flow system (e.g. syringes or pumps) by input and output
holes allowing to perform various laboratory protocols in microscale (lab-on-
chip technology). In the case of cell-culture on chip some part of the channel is
transformed into the micro cell culture surface of desired shape and properties.

3.1 Gut-on-chip in 2D

The typical chip used for an organ culture is a type of cell culture vessel which
has a shape of a flat cuboid block about 40 mm long, 20 mm wide and a few mm
high - so the two dimensions of the chip make it comparable to the glass bottom
microscopic slide, although it is higher. Cells are grown on the much smaller
area of small tubules’ walls or in small round chambers created by microfabrica-
tion technology inside of a solid material from which the chip is made. In most
cases, the organisation of the chips’ space allows a direct observation of growing
cells under the inverted microscope and their incubation in custom cell culture
incubators. Frequently the docking to an external platform permits the continu-
ous, easily programmed, and automatic exchange of cell culture media. Generally,
polydimethylsiloxane (PDMS) - clear-transparent, gas-permeable, and flexible
rubber - is used as a basic chip component. In some gut-on-chip platforms the
cell culture chamber is divided by the porous membrane separating the space
into two compartments - like in classical transwell systems where the apical part
of the insert is separated from the well by polyethylene terephthalate (PET) or
polycarbonate (PC) porous membrane with holes of 0.4 pum diameter. The sim-
plest gut-on-chip models are generally 2D cultures of human Caco-2 cells but
miniaturized and enriched with the factor of fluid flow (Figs 2A and 2B). The last
can be realized by input valves being connected to cell culture medium reservoirs
and external peristaltic pumps - (physiologically-relevant pump-driven flow sys-
tems, PDFS) or by putting the chip on gently rocking platform - (bidirectional
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gravity-driven flow systems, BGDF) [Xiang et al. 2020]. It was recently shown
by whole transcriptome analysis that there are substantial differences in gene
transcription between Caco-2 cells cultured in static and fluidic conditions (from
29635 genes studied the expression of 5927 were substantially changed in cells
kept on-chip with continuous flow of medium in both upper and lower chambers
with the speed of 100 pl/h as compared to static culture) [Kulthong et al. 2021]. In
some devices, like in organ-on-chip designed by Donald Ingber and co-workers
from Harvard’s Wyss Institute, the peristaltic movement of the gut is mimicked
by adding two lateral vacuum chambers and the application of vacuum to the side
chambers under computer control exert cyclic mechanical strain to the cells in
monolayer [Hyun et al. 2012]. The same platform can be used for culture of the
primary intestinal cells of human origin [Kasendra et al. 2018] (Fig. 2C).
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Fig. 2. Schematic representation of a gut chip, including its top view showing: the upper

(blue) and lower (pink) cell culture microchannels as seen from above (A), the vertical

section of typical 2D-gut-on-chip model (B), or 3D-gut-on-chip model with vacuum cham-

bers allowing periodic mechanical stretching of the cells on chip (C), and microbiom-gut

co-culture model on chip with endothelial cells cultured on lower chamber walls forming

microvessel (D) (source: scheme in A part of the panel according to Kasendra et al. [2020],
with own modification; schemes B, C, D — own elaboration)
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3.2. Gut-on-chip in 3D

The construction of real “mini-guts” representing almost all functionalities of
an intestine requires two important steps. First, epithelial cells should form an
open tubule separating an empty lumen which can be perfused to get rid of dead
epithelial cells. It can be done with the use of commercially available organ-on-
-chip platforms (e.g. OrganoPlate® from Mimetas) when the cells can be grown
on the microchannels walls covered by extracellular matrix proteins [Naumovs-
ka et al. 2020]. Secondly, the separated crypts and villi regions should have
a chance to be formed. This possibility can be created on chip platforms by var-
ious technological means. The presence of peristaltic stretch and strain motions
causes a spontaneous restoration of villi-crypts axis when cells are seeded on
porous membrane covered by ECM (mixture of type I collagen and Matrigel)
[Kim et al. 2016], but in such case the tubules are not formed. This problem can
be overcome by another microchip construction in which the main chamber of
the chip is connected to two medium reservoirs, but it is also filled with hydrogel
(collagen I and Matrigel mixture). In this scaffold a microchannel with 150 pm
diameter is laser-light ablated with microdissection method. This channel con-
tains microcavities (170 pm high and 70-50 pm wide) that mimic the geometry
of the native crypts in the small intestine. When intestinal stem cells were intro-
duced into such a device, a structure with the stem proliferating cells located in
the “crypts” and the other differentiated cells of intestinal epithelium inhabiting
other parts of the channel, is spontaneously formed. The culture established in
this way has a potential of self-renewal and can be kept alive for many weeks
[Nikolaev et al. 2020].

4. Gut-on-chip in food analysis

Nowadays, there is the growing interest in the human OOC coming from the
pharmacological industry which perceives this new technology as a promising
tool in drug testing procedures and personalized medicine strategies. It is gen-
erally believed that these methods are going to bridge the gap between animal
and human studies, saving a profound number of human lives and the huge
amount of money, currently lost in unsuccessful clinical trials. But the food
industry is also planning to use gut-on-chips for food testing and safety anal-
ysis and many such experimental approaches have been already undertaken
successfully.
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One of the first attempts to employ microchip technology to food analysis was
the Swiss Nutrichip project aimed at the development of a standardized method
for assessing the immunomodulatory properties of food ingredients. In the one
published study Caco-2 and THP-1 (monocytes) human cell lines co-culture on
a chip was used to assess the immunomodulatory properties of milk [Vergeres et
al. 2012; Ramadan et al. 2013].

Another problem studied recently with the gut-on-chip model is the probiotic
bacteria - intestinal mucosa interaction (Fig. 2D). To study this complicated is-
sue, one must create the conditions emulating closely the in vivo gut environment
encountered by physiological or pathological microflora — an anaerobic condition
and flow of fluid. These factors are generally missing in the traditional transwell
systems. Such environment was created in so called HuMiX model consisted of
long spiral-shaped chambers (a microbial chamber separated by the mucin-cov-
ered nanoporous membrane from an epithelial cell chamber which is subsequently
separated by microporous membrane from a perfusion chamber) with controlled
fluid flow, oxygen level and automatic measurement of transepithelial resistance
(TEER) of epithelial layer (Fig. 3B). The optimized protocol for the co-culture of
human epithelial cells with gastrointestinal microbes with the use of this device was
also developed and tested in the studies on transcriptional and metabolic chang-
es induced in human cells following their co-culture with Lactobacillus rhamnosus
GG or Bacteroides caccae or the mixture of both [Shah et al. 2016]. In the more
complicated system a mitigating role of Lactobacillus rhamnosus presence on the
inflammation caused by an opportunistic strain of Candida albicans was investigat-
ed by another group that used a multilayer chip inhabited by differentiated intesti-
nal epithelial cells (Caco-2 cells), endothelial cells (Huvec) and human peripheral
blood mononuclear cells (PBMC) differentiated in vitro into primary macrophages
[Maurer et al. 2019]. In another system of glass micro-chip the mixture of 17 dioxin
congeners (7 polychlorinated dibenzo-p-dioxins and 10 polychlorinated dibenzo-
furans) were applied to Caco-2 cell monolayers and during 24 hours the absorption
of these toxic, food-born compounds were assessed by gas chromatography - high
resolution mass spectrometry [Kulthong et al. 2021].

There are also some studies on interaction between food ingredients and gut
biology in which primary gut epithelial cells on chip are used. It was shown that
both epithelial cells derived from human small intestine and from colon can be
successfully cultured on chips along with endothelial and immune cells of the
intestinal mucosa [Kasendra et al. 2018; Kasendra et al. 2020]. To establish co-
lon-on-chip culture, colonic organoids obtained from biopsies taken from vari-
ous area of patients’ colon were formed in Matrigel™ and cultured for one week,
then organoids were dissociated into fragments and seeded on S-1 commercially
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available chips (Emulate Inc., Boston, MA, USA). With the use of this type of gut
model it was proven that some human milk oligosaccharides obtained in the pro-
cess of milk fermentation by adult gut microbiota can beneficially modulate gut
barrier function and enhance immunity [Suligoj et al. 2020].

It is now possible to buy commercially available platforms allowing to create
gut-on-chip models, well-suited to specific research goals, from several suppli-
ers located in USA and EU (e.g. Zoé® from Emulate Inc, USA; Humimic™ from
TissUse GmbH, Germany; inCHIPit™ from Biond Solution B.V, Netherlands).
These state-of-art systems, however, are relatively expensive and need very spe-
cial equipment (pumps, incubators, software etc.) dedicated to them and pro-
duced by the same company. The alternative approach was recently presented by
Winkler et al. [2020] who described the organ-on-chip based on double-sided
medical-grade adhesive tapes. The gut-on-tape was characterized and tested in
experiments evaluating the influence of a common food compounds (chili pep-
per-derived capsaicinoids) on epithelial barrier created by Caco-2 cells. As the
authors have suggested, in their analysis, the price of one organ-on-chip in the
form of tape can be as low as 0.5 €. In contrast to that, the price of PDMS chip is
estimated at 100 € per organ [Winkler et al. 2020].
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Fig. 3. Macroscopic view of various organ-on-chip devices used for mini-gut models for-
mation:

Chip-S1, Emulatebio, Inc, https://emulatebio.com/products-services/ [accessed: September
1,2022] (A),

HuMix, https://www.fnr.lu/university-luxembourg-announces-breakthrough-humix-model-
-nature-communications/ [accessed: September 1, 2022] (B),

Humimic Chip2, TissUse GmbH, https://www.tissuse.com/en/humimic/chips/humimic-chip2/
[accessed: September 1, 2022] (C)


https://emulatebio.com/products
https://www.fnr.lu/university
https://www.tissuse.com/en/humimic/chips/humimic
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5. Conclusion

The OOC is a relatively new but dynamically developing technology. This type of
cell culture is charachterized by many important features, like miniaturization,
the better emulation of in vivo environment, robustness and repeatability. It is
particularly suitable for culturing cells originated from gut due to special require-
ments of these cells that are difficult to fulfill when using traditional methods.

It is very likely that the efforts undertaken in many research laboratories to
standardize the gut-on-chip models and to develop some robust and cheap plat-
forms will popularize the use of the gut-on-chip technology in food testing in the
near future.
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Abstract. Food of various origins can be a reservoir of numerous pathogens. There-
fore, it is important to diagnose those microorganisms quickly. Until now, identifica-
tion has been based on breeding methods which are laborious and time-consuming.
However, they cannot be completely abandoned as they may yield preliminary re-
sults. Modern methods of identifying pathogens use molecular biology techniques,
including genotyping, which is based on PCR, hybridization and sequencing. In
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niques are fast and precise. However, due to the consistently high prices of equip-
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1. Introduction

Food and drink, as sources of many organic compounds and nutrients, provide
a good medium for the development of microorganisms, including pathogens.
Pathogenic microorganisms can cause food poisoning which is dangerous to the
health and life of consumers. The factors that cause poisoning are microorgan-
isms or their toxins, as well as viruses. Annual reports of the WHO indicates
600 milion cases of foodborne diseases and 420 000 deaths [Wojtatowicz 2009;
WHO 2015]. Therefore, the priority is to ensure the microbiological safety of
food, which is also regulated by law.

Controlling the microbiological quality of food is a very important part of
its processing. There are many tools that allow such control. These include the
HACCP system (Hazard Analysis and Critical Control Point), based on the ef-
fective control of critical points of a given production process determined on the
basis of a hazard analysis [Kolozyn-Krajewska 2013]. Procedures for the Hazard
Analysis and Critical Control Points (HACCP) system and guidelines for their
application are also provided in the Codex Alimentarius. This document stan-
dardizes quality control procedures, guidelines, standards and other recommen-
dations for food hygiene at the international level. Such procedures should be
implemented in each country.

Health safety of food and beverages, in terms of microbiological quality, is
defined as the absence of pathogens and their toxins in a given amount of food
product [Kolozyn-Krajewska 1995]. The quality and quantity of microorganisms
in food and beverages results from the observance of hygiene at every stage of
production, from the raw material and the thermal treatments used. Treatments
allowing to minimize the number of microorganisms may sometimes be insufhi-
cient or insufficient, which increases the number of microorganisms in food, in-
cluding pathogens. The food product becomes a source of pathogens, enters our
body, and then the gastrointestinal tract, mucous membranes and the lymphatic
system of the throat become the gate of infection. Quality control and rapid iden-
tification of pathogens are therefore essential to reduce food poisoning.

Initially, the methods used to identify microorganisms (pathogens) were
based on culture studies, macroscopic and microscopic analysis, as well as bio-
chemical and physiological properties. Such studies were labor-intensive and
time-consuming [Haé-Szymanczuk 2012]. Over time, it was possible to minia-
turize biochemical and biophysical tests, which shortened the time of analyzes
and gave faster results. Identification kits in the form of plates were created and
the systems enabling computer analysis of results were automated. Finally, with



XII. Modern methods of rapid identification of pathogens in food 239

the advancement of molecular biology, there has been another breakthrough in
microbiological diagnostics. Molecular analyzes are used to quickly and directly
detect pathogens in clinical samples and food. According to EU standards, de-
pending on the food or drink, various pathogens are analyzed in them, e.g. Liste-
ria monocytogenes, pathogenic strains of Escherichia coli, Salmonella sp., Entero-
bacter sakazaki or enterotoxins Staphylococcus aureus and others. Molecular
biology techniques allow for the rapid identification of pathogens and allow the
detection of microorganisms that are difficult to cultivate on plates. Molecular
biology-based tests for the detection of pathogens should be sensitive to obtain
reliable results, easy to perform, should allow the identification of the genus, spe-
cies and strain of the pathogen, and allow the determination of phylogenetic re-
latedness [Palka 2007; Walczak et al. 2009]. The demand for rapid diagnostic tests
based on molecular methods is very high. Thanks to them, especially in highly
developed countries, pathogens can be detected quickly and easily [Stomski 2008;
Buchowicz 2009; Kondak 2009].

2. Techniques of molecular biology — genotyping

Molecular biology methods are based on the determination and analysis of nu-
cleic acid sequences. Each organism has a specific nucleotide sequence that can
be compared to a known pattern and identifies the organism and/or the degree
of phylogenetic relatedness. In the diagnosis of pathogens, the sequences coding
the ribosomal RNA of both ribosome subunits or the rRNA itself, e.g. 16S rRNA,
16-23S rRNA is most often analyzed. The molecular techniques that enable such
analysis are based on the amplification of DNA by the polymerase chain reac-
tion (PCR) method. Based on the amplification, restriction analysis is also used
[Pizzigella et al. 1993]. In addition, hybridization techniques with DNA probes
[Palka 2007; Olejnik-Schmidt et al. 2009], as well as sequencing are used. Micro-
organisms can also be identified by resistance-coding genes or bacterial plasmids
[Kondak 2009; Ha¢-Szymanczuk 2012; Szemraj and Szemraj 2013].

The information obtained on the identified microorganism depends on the
selection of the molecular method used in microbiological diagnostics. This in-
formation concerns the classification of microorganisms in terms of taxonomy,
i.e. belonging to a specific family, genus, species and, above all, strain [Olejnik-
-Schmidt et al. 2009].
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2.1. Polymerase chain reaction and its modifications

In the PCR method (polymerase chain reaction), a DNA fragment is used for
amplification, most often with a size of 0.2 to 40 Kb. Ideal amplicon length/size
depends on many variables and design preferences. For standard PCR scientists
generally design amplicons to be between 200-1000 bp. For quantitative PCR,
standard amplicons range from 75-150 bp. PCR is a cyclic reaction (approx. 30
cycles). After each cycle, the number of copies of the amplified DNA fragment
doubles and increases exponentially after amplification. Amplification consists
of several steps: denaturation, binding of primers and synthesis of DNA strands
by a thermostable polymerase [Stomski 2008; Harwood and Wipat 2011]. PCR
amplification uses template DNA (e.g. genomic DNA), a DNA thermostable
polymerase, set of appropriate primers for the desired target gene or DNA seg-
ment to be amplified, deoxynucleotides (ANTPs: dATP, dCTP, dGTP, dTTP), for
the specific DNA polymerase, and Mg?* ions. The specificity of the PCR reac-
tion is ensured by primers, which are single-stranded DNA fragments of about
20 nucleotides in length. The primers attach to a specific fragment of DNA by
hybridization. The condition for the exact matching of primers is the appropri-
ate process temperature. The amplification process begins with the denaturation
of the double-stranded template DNA at about 95°C for 45-60 seconds. After
the temperature is lowered, the hybridization reaction of the single-stranded
DNA templates with the oligonucleotide primers begins. The temperature re-
quired for this reaction depends on the length and the G + C base content of
the primers and is about 50-60 C. The reaction takes 30 to 120 seconds. The
last stage is elongation, i.e. the synthesis of a DNA strand complementary to the
template. This process takes place at a temperature of about 72°C and is cata-
lyzed by the thermostable DNA polymerase from the 3 ‘end on both templates.
This stage takes 30-180 seconds. Increasing the temperature to 95°C restarts
the entire PCR cycle. The in vitro amplification process is possible thanks to
thermocyclers, which allow for a rapid temperature change. After the reaction
is complete, the number of copies of the DNA fragments produced is very high,
depends on the amount of starting DNA and the efficiency of the reaction. The
amplification products are identified by e.g. ethidium bromide or fluorescent
dyes, which binds to the DNA molecule and is excited by UV after an agarose
gel electrophoresis process. It is also possible to measure the fluorescence of the
resulting complex of DNA with a fluorescent dye [Stomski 2008; Kondak 2009;
Harwood and Wipat 2011].

The development of molecular biology techniques made it possible to modify
the traditional PCR procedure depending on the needs of microbiological di-
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agnostics [Kadri 2019]. In the last few years, many methods of identifying mi-
croorganisms based on the polymerase chain reaction have been developed that
improve the efficiency and specificity of the reaction. Such methods include mul-
tiplex PCR, nested PCR, RT-PCR, touchdown PCR, Hot Start PCR, PCR-DGGE,
PCR-PFGE, PCR-RFLP, PCR-RAPD, Real-time PCR and others.

The multiplex PCR process uses sets of specific primers, thanks to which it is
possible to amplify many DNA fragments during the same reaction. The result-
ing DNA fragments of different lengths are separated using gel electrophoresis.
Multiplex PCR is often used to detect the presence of harmful microbes in food,
and is also used in laboratories carrying out routine microbiological diagnostics
[Kondak 2009; Walczak et al. 2009; Szemraj and Szemraj 2013].

Two pairs of primers with different species specificities are used in nested
PCR. It is intended to reduce non-specific binding in products due to the ampli-
fication of unexpected primer binding sites. In a first step, spanning 15-20 cycles,
the primary amplification of the desired DNA stretch takes place with a first pair
of low specificity primers. The second step uses a pair of high specificity primers,
and the template is the DNA produced in the first step of the reaction [Walczak et
al. 2009; Szemraj and Szemraj 2013]. This technique is used to detect and identify
microorganisms and viruses [Binduga-Gajewska et al. 1999; Chotuj and Prze-
wodowski 2014], but also in human genetics and forensics.

Touchdown PCR (Multiple Touchdown PCR) is a method that uses a very
high initial annealing temperature of primers to complementary sequences,
which is lowered in subsequent cycles. In this method, primers do not amplify
non-specific sequences. Lowering the temperature increases the specificity of the
PCR reaction [Green and Sambrook 2018; Walczak et al. 2009]. The technique
allows for quick and specific results in the identification of microorganisms and
in clinical samples [Lai 2017].

A typical reaction will start with a one minute denaturation at 94°C. Any lon-
ger than 3 minutes may inactivate the DNA polymerase, destroying its enzymatic
activity. One method, known as hot-start PCR, drastically extends the initial de-
naturation time from 3 minutes up to 9 minutes. With hot-start PCR, the DNA
polymerase is added after the initial exaggerated denaturation step is finished.
This protocol modification avoids likely inactivation of the DNA polymerase en-
zyme [Walczak et al. 2009].

RT-PCR (reverse transcriptase PCR) is a PCR reaction with reverse tran-
scriptase in which is able to the synthesis of cDNA fragments resulting from the
transcription of mRNA information into cDNA during the process of reverse
transcription. This reaction is catalyzed by reverse transcriptase. In microbiologi-
cal diagnostics, this method is used to detect pathogens whose genetic material is
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RNA, but also allows the discrimination of live and dead microorganisms [Kon-
dak 2009; Szemraj and Szemraj 2013].

PCR-DGGE (denaturing gradient gel electrophoresis) is a method that en-
ables the detection of differences between DNA fragments of the same size but
with different sequences. DNA fragments are separated during a gel gradient in
denaturing conditions. Double-stranded DNA under the influence of denaturing
agents (urea or formamide) melts in regions called melting domains, which vary
for specific sequences (specific melting point). Therefore, DNA fragments of the
same length and different sequences can be separated in the gel during electro-
phoresis. As a result of electrophoretic separation, a specific bacterial "DNA im-
print” is obtained, i.e. a characteristic pattern of bands — a DNA pattern for each
analyzed sample, which corresponds to a specific microorganism in the sample
[Ercolini 2004]. The PCR-DGGE method can be used to identify microorganisms
in environmental, medical and food microbiology, for screening tests, in foren-
sics [Ziembinska-Buczynska and Krasnicki 2016; Lyszcz and Galazka 2017].

PCR-PFGE (Pulsed-Field Gel Electrophoresis) is electrophoresis in a pulsed
electric field. This method is used for the analysis of large segments of DNA frag-
ments from 30-2000 Kb. The technique is based on the use of short electrical puls-
es oriented in a direction different than the corresponding migration of nucleic
acid fragments, and the fragment separation is based on the time when a single
DNA molecule changes direction again in the electric field and can last more than
24 hours. PFGE is used to differentiate species such as Listeria monocytogenes
and Listeria innocua, and to distinguish between strains of one microbial species
[Olejnik-Schmidt et al. 2009; Harwood and Wipat 2011].

PCR-RFLP (Restriction Fragments Length Polymorphism) consists in di-
gesting genomic DNA, isolated from the tested strain and amplified during PCR
reaction, with specific restriction enzymes. The resulting restriction fragments
of different lengths are separated by agarose gel electrophoresis. For each micro-
organism, a characteristic pattern of bands (pattern) is obtained, i.e. DNA frag-
ments of different molecular weight. This imprint is compared with the restric-
tion pattern of the genomic DNA of other microbial strains. RFLP is used for the
classification of microbial strains, in the diagnosis of microbiology and genetic
diseases [Palka 2007; Wlodarczyk 2007; Olejnik-Schmidt et al. 2009].

PCR-RAPD is a method of randomly amplifying polymorphic DNA frag-
ments. This method uses a single, 5-15 nucleotide long oligonucleotide primer
that anneals at multiple sites on both DNA strands. As a result, many DNA ampli-
fication products are produced. With the help of RAPD, it is possible to diagnose
and differentiate many organisms, as well as to determine phylogenetic relation-
ships between them [Robak et al. 2005].
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Real-Time PCR, or real-time polymerase chain reaction, is a technique that
allows to determine the number of copies of a replicated nucleic acid fragment in
a sample. It combines the classic PCR reaction and the detection of the obtained
product thanks to the use of dyes or fluorescent probes. The concentration of
the PCR product is monitored by measuring the fluorescence, which increases
in proportion to the amount of DNA during the PCR reaction. The dyes used in
Real-Time PCR are dyes that bind either non-specifically or specifically to a DNA
molecule. SYBR Green I is a dye that binds unspecifically to double-stranded
DNA. Fluorescent probes labeled with fluorescent dyes are also used, which bind
complementarily to the nucleic acid sequence tested, therefore they hybridize
with internal sequences of the amplified fragment (e.g. Molecular Beacons probe
with a hairpin structure, which contains a reporter dye at the 3’ and 5’ ends and
quencher molecule or the TagMan probe) [Stomski 2008; Kondak 2009; Olsze-
wska 2013]. Quantitative analysis of the product, using the phenomenon of dye
fluorescence or hybridization with a probe labeled with a fluorescent dye, gives
a graph showing the increase in the fluorescence signal depending on the increase
in the amount of the product in the subsequent PCR cycles. The Real-Time PCR
method is a faster and more sensitive method than classic PCR, it enables qual-
itative and quantitative analysis, therefore it is used in medical diagnostics and
food analysis [Stomski 2008; Szemraj and Szemraj 2013], for example: Salmonella
detection meat samples [Delibato et al. 2011], Listeria monocytogenes in foods
[Junge et al. 2012] or E. coli O157:H7, L. monocytogenes/ivanovii, S. enterica,
V. parahaemolyticus, pStreptococcus hemolyticus, Yersinia enterocolitica, E. faeca-
lis, Shigella spp., Proteus mirabilis, Vibrio fluvialis, S. aureus and Campylobacter
jejuni in food and drinking water [Liu et al. 2019].

2.2. Hybridization techniques

Hybridization is one of the most important methods used in molecular microbio-
logical diagnostics. Nucleic acid hybridization consists in joining together nucleo-
tides according to the principle of complementarity. In the case of DNA, it is neces-
sary to denature the nucleic acid into two single strands. Denaturation takes place
in a strongly alkaline environment or under the influence of high temperature. The
single-stranded DNA section required for hybridization to the target nucleic acid
fragment of the pathogen (DNA or RNA) is obtained by restriction digestion from
the bacterial strain or by synthesis on the matrix of bacterial genetic material. This
single-stranded nucleic acid segment labeled with radioisotopes or other non-ra-
dioisotope techniques acts as a molecular probe. Radioisotope labeling consists
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in inserting **P or *S radioisotope in place of non-radioactive phosphorus atoms
[Creager 2009]. After hybridization, autoradiography is used, which enables the
detection of signals. Non-radioisotope labeling consists in linking the nucleic acid
with fluorescent tags or natural heptanes, biotin (vitamin) or digoxigenin (a ste-
roid isolated from the Digitals purpurea plant), which are detected with the help of
antibodies [Weglenski and Golik 2006; Sfomski 2008; Kondak 2009].

Hybridization with a molecular probe takes place in several steps. In the first
step, denatured DNA or RNA is immobilized on solid supports. Next, incubation
takes place in the molecular probe solution, during which the probe hybridizes
with complementary nucleic acid fragments. After rinsing the non-hybridized
probes, detection of the resulting hybrids is performed using radioisotope or
non-radioisotope methods [Stomski 2008].

We distinguish several hybridization methods depending on the type of nucle-
ic acids [Cooper 2000]. Northern hybridization is the binding of RNA molecules
separated during denaturing gel electrophoresis with a molecular probe. Prior to
hybridization, restriction fragments are transferred to a nylon filter. After hybrid
formation, detection of the molecular probe signal is performed. The northern
technique is used in the analysis of gene expression and allows the study of the
quantity detection of mRNA in the cell [Weglenski and Golik 2006; Stomski 2008].

Southern blot hybridization allows the identification of DNA fragments. It
involves hybridization of the probe with complementary DNA fragments. Ini-
tially, the DNA is cut by restriction enzymes, then separated by electrophore-
sis, denatured and transferred to a nylon or nitrocellulose filter. The labeling of
probes that hybridize to the DNA immobilized on the filter can be very different.
Typically, phosphorus (**P, **P) radioisotopes or ligands which are detected by
enzyme immunoreaction, or biotin or digoxigenin, detected by immunochemi-
cal reactions or colorimetry, are used to label the probes. Highly specific probes
determine the sensitivity of the Southern method and allow the detection of very
small amounts of DNA [Stomski 2008; Szemraj and Szemraj 2013].

An interesting solution is the fluorescent in situ hybridization (FISH), which
is used to detect the sought DNA or RNA sequences directly in the cells. A mo-
lecular probe, labeled with fluorochromes or with a nucleotide linked to the tag,
hybridizes to a complementary nucleic acid sequence. After formation of the hy-
brid, the signal of the bound probe is detected either directly or indirectly. Due
to its high speed, the FISH technique is widely used in medical diagnostics, in
research on transgenic animals, in food analysis (for example: non-Saccharomy-
ces yeast species [Xufre et al. 2006] or Listeria monocytogenes [Rocha et al. 2019])
and in chromosome mapping [Bottari et al. 2006; Stomski 2008; Olszewska 2013;
Szemraj and Szemraj 2013].
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2.3. Sequencing

Sequencing revealed the full genomic sequences of many organisms and creat-
ed databases to identify organisms by comparison with the sequences in differ-
ent databases. There are several first, second and third generation sequencing
methods [Kotowska and Zakrzewska-Czerwinska 2011; Artyszuk and Wotko-
wicz 2018]. First generation sequencing includes methods based on DNA chain
termination. The most widely used sequencing technique is the Sanger meth-
od. This method is based on the synthesis of various lengths of labeled DNA
fragments. The process is catalyzed by a polymerase that replicates the DNA.
The reaction uses labeled dideoxynucleotides that inhibit the step of extend-
ing the amplified DNA [Sanger et al. 1977]. After performing PCR-like label-
ing reactions, material is obtained in the form of DNA fragments of various
lengths (single nucleotide difference) terminated with differently labeled fluo-
rescently labeled dideoxynucleotides. High voltage capillary electrophoresis is
used to read the sequencing reaction. With this method, relatively long DNA
fragments, up to 1 Kb, can be obtained. It can be also verified by the readings
obtained by analyzing the chromatograms [Stomski 2008; Harwood and Wipat
2011; Artyszuk and Wotkowicz 2018].

An alternative sequencing technique to the Sanger method is the tech-
nique developed by Allan Maxam and Walter Gilbert in 1976-1977. In this
method, both DNA strands are labeled first at the 5’ end. The DNA molecule is
then denatured and separated by gel electrophoresis. The next step is to purify
a given DNA fragment from the gel and divide it into four parts. Each part is
labeled separately with reagents specific to a specific nucleotide. The modified
nitrogen base is detached from the sugar residue. The addition of piperidine
(the second reagent) cuts the DNA where there is no nitrogen base. Labeled
DNA fragments of various lengths are created. The DNA fragments are sepa-
rated again by gel electrophoresis and visualized by autoradiography. Patterns
of DNA bands with different molecular weights allow the determination of
DNA sequences. However, this method is not very popular [Stomski 2008; Ar-
tyszuk and Wotkowicz 2018].

First generation sequencing methods are constantly being modified and im-
proved. The introduction of the automatic sequencing method and fluorescent
tags allowed for Sanger sequencing and separation of DNA fragments in one re-
action and real-time sequence analysis [Prober et al. 1987].

In 1995, an analysis of the genome of Haemophilus influenzae and Mycoplas-
ma genitalium was carried out, using the “shotgun” method (blind shot) [Fleis-
chmann et al. 1995; Fraser et al. 1995] became a breakthrough in sequencing. The
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method involves breaking the genome into a collection of small DNA fragments
that are sequenced individually. A computer program looks for overlaps in the
DNA sequences and uses them to place the individual fragments in their correct
order to reconstitute the genome. In the shotgun method, DNA is fragmented by
sonication or nuclease digestion. The fragments are separated by gel electropho-
resis, isolated and ligated into a plasmid vector. The bacteria are transformed with
the vector with the cloned fragment, which is amplified and sequenced. A DNA
library is created that is used to sequence the bacterial genome. Characteristic for
this type of sequencing is the use of computer techniques, thanks to which the
obtained fragments of the genome can be assembled and stored in the so-called
contigs — contiguous sequences of different parts of the genome that make up the
entire genome [Fleischmann et al. 1995; Brown 2012].

Modern sequencing methods rely on the shotgun method because they take
advantage of the production of a large number of short and random reads that
make up the entire genome. These new sequencing techniques were created in
2005 and are called the next-generation sequencing era — NGS (Next-generation
Genome Sequencing) [Margulies et al. 2005]. In second generation sequencing
methods, a single strand of DNA is replicated on a solid support and subjected
to the sequencing process. The appropriately modified DNA fragments are se-
quenced and assembled into contigs during the readings. With second genera-
tion techniques, library preparation and sequencing processes are streamlined
and more efficient [Pareek 2014]. Thanks to miniaturization and automation,
sequencers have been created that enable the simultaneous sequencing of up to
a million DNA fragments. On the other hand, the achievements of nanotechnolo-
gy enable direct reading of the sequence from a single DNA molecule (SMS - Sin-
gle Molecule Sequencing) without the need for its amplification - 3rd generation
sequencing [Satyr and Zmienko 2020]. However, the division of NGS methods
into the second and third generation is rather conventional and collectively re-
ferred to as WGS (Whole Genome Sequencing) techniques.

2.4. The use of genotyping to identify pathogens in food

There are many scientific publications on the use of genetic engineering tech-
niques in scientific research, broadly understood laboratory diagnostics, to obtain
new microbial strains for biotechnological purposes (Tab. 1). Food and drink are
also an area where genotyping can be used. Thanks to the techniques described
above, microbial contamination in food can be detected quickly. In contrast to
the classic, labor-intensive and time-consuming methods, genotyping methods
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are fast, ensuring quality and food safety [Misiewicz and Goncerzewicz 2013; Za-
dernowska et al. 2014].

RAPD-PCR can be used to detect Bacillus cereus. Thanks to this method,
it is possible to study the phylogenetic relationship between bacteria. Lee et al.
[2011] observed that with a constant primer sequence all Bacillus species ampli-
fied 500 bp DNA fragments, B. cereus strains additionally 910 bp products, and
B. subtilis 880 bp.

RAPD-PCR can identify and differentiate Listeria monocytogenes in food
(poultry, pork, beef, milk and cheese) using a primer HLWL 74 [Park et al. 2012],
and in other studies S1F and SIR to amplify the 460 bp fragment and S2F and S2R
for the 890 bp fragment [Paillard et al. 2003]. The genetic diversity of Escherichia
coli O157:H7 was identified and analyzed [Radu et al. 2001] in beef tenderloin
and chicken burgers. The analyzes were performed using the GEN15001 primer.
Usually, in order to confirm the results obtained in the RAPD-PCR method, an-
other method is used, e.g. in this case PFGE. In this way, Campylobacter jejuni and
C. coli in poultry meat were identified [Silva et al. 2015]. In other studies, primers
OPQ-01 - OPQ-20 that identity Escherichia coli O157: H7/NM were designed
and tested. The OPQ-3 primer was particularly useful for detection [Lin i Lin
2007]. In this experiment, additionally pathogenic E. coli strains were sequenced.
L. monocytogenes isolates from avocado fruit from South Africa with primers
were identified and typed by RFLP-PCR: seq01 and seq02 [Strydom et al. 2013].
According to Kotakowska and Madajczak [2011], the most effective methods of
intra-species typing of L. monocytogenes are REA-PFGE and ribotyping, while
rep-PCR (repetitive element palindromic PCR) and ERIC-PCR (Enterobacterial
Repetitive Intergenic Consensus PCR) methods are important in the standard
diagnostics of these bacteria.

Campylobacter jejuni and Escherichia coli in food can be identified by RFLP-
PCR. The flaA gene (1700 bp) was split into smaller sequences ranging from 120
to 900 bp. The band patterns of the analyzed bacteria were compared with the
reference strains of C. jejuni and C. coli strains. As a result, 3 different C. jejuni
strain profiles and 2 C. coli profiles were obtained [Wieczorek and Osek 2005].
Campylobacter was identified by the AFLP-PCR (Amplified Fragment Length
Polymorphism PCR) method, which also uses restriction enzymes and phylo-
genetic relatedness on the basis of polymorphisms [Dium et al. 2001], Listeria
monocytogenes [Lomonaco et al. 2011].

Campylobacter jejuni bacteria isolated from poultry were identified by RFLP-
PCR [Nebola and Steinhauserova 2006]. Strain identification was performed by
analyzing the 23S rRNA sequence, and for subtyping strains, the flagellin gene
(fla-RFLP) was analyzed.
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Identification of Listeria in fruits and vegetables is also possible thanks to
multiplex PCR. Listeria bacteria amplify products with a size of 938 bp, while
the very dangerous pathogen Listeria monocytogenes, apart from the above-men-
tioned product, also amplifies the product with a size of 287 bp. In the experiment
of Szymczak et al. [2011], all strains of bacteria isolated from organic fruit and
vegetables contained Listeria monocytogenes. The multiplex PCR method has also
been used to test the microbiological purity of production lines used in the food
industry and to analyze water and soil in terms of microbiological contamination
[Kaczmarek et al. 2008]. Multiplex real-time PCR is used to identify different
species of Salmonella spp., E. coli O157:H7 and L. monocytogenes [Garrido et al.
2013]. Real-time PCR is a good tool to identify Shiga toxins produced by patho-
genic E. coli O157: H7 strains in food [Di and Tumer 2010].

Listeria monocytogenes is the cause of listeriosis. The bacteria can contami-
nate cheese, dairy products, especially raw milk, fish, fresh meat and untreated
food. Listeria bacteria are resistant to preservatives, multiply easily at low tem-
peratures and have effective defense mechanisms against food sterilization meth-
ods. All this is a significant problem in maintaining the microbiological purity of
food and ensuring its good quality and safety. For molecular methods of rapid
identification of Listeria, among others, serotyping. L. monocytogenes has 12 se-
rotypes, of which three serotypes: 1/2a, 1/2b and 4b, are responsible for 90% of
listeriosis in humans and animals. The infectious agents of Listeria are Hly encod-
ed by the hly virulence gene, which encodes the protein listeriosin O (hemolysin),
the InlA and InlB proteins encoded by the internalin in/A and inlB genes, the iap
infectivity gene which encodes the extracellular protein p60 and whose internal
fragment is species specific Listeria bacteria. It is also used to identify them in the
PCR technique (ADIAFOOD method, BAX System, GeneDisc Listeria monocy-
togenes) and Real-Time PCR (IQ-Check Listeria monocytogenes kit) [Wroblewska
and Misiewicz 2009; Nowak and Oltuszak-Walczak 2012]. This species can also
be identified by the method of hybridization of the 16S rRNA region with a spe-
cific oligonucleotide molecular probe. Several alternative hybridization methods
have been developed to rapidly detect the presence of L. monocytogenes in food:
LumiProbe 24 Listeria monocytogenes and AccuProbe Listeria monocytogenes kits
[Nowak and Ottuszak-Walczak 2012].

The source of Salmonella bacteria are meat products, especially poultry and
pork, dairy products, eggs, fruit, vegetables and fodder. The most frequently iden-
tified pathogen of this type is Salmonella enterica, which is responsible for food
poisoning. To perform PCR, specific primers based on gene fragments encoding
ribosomal RNA (rDNA) are used: 18S rDNA, 28S rDNA and 5.8S rDNA char-
acteristic for Salmonella sp. gene sequences fimA i invA. Another method for
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the rapid identification of Salmonella in meat is Real-time PCR [Misiewicz and
Goncerzewicz 2013].

Bacteria of this type can also be identified using in situ hybridization. How-
ever, the use of this method for effective detection of pathogens in food requires
optimal conditions for the preparation of the tested samples, because the tested
food sample may contain other pathogens. And this may produce erroneous re-
sults. Therefore, it is important to select the appropriate probe for specific species
of microorganisms. It is also important to determine the optimal conditions for
preparing samples for further molecular analysis [Zadernowska et al. 2014]. So
Salmonella sp., in food is measured in 25 g of the product. Typically, for the detec-
tion of S. enterica in poultry by the FISH method, an oligonucleotide Sal3 probe is
used, which is labeled with fluorescent dyes at the 5’ ends. Before testing, the cells
should be separated from the protein and fat molecules present in the meat. In the
first stage, the microorganism is multiplied in a non-selective medium. Skipping
this step may result in false-negative results. The detection limit of the FISH meth-
od is approximately 10° cfu/g, and the pre-propagation step significantly increas-
es the sensitivity. The parameters of bacterial cell permeabilization should also be
properly established, thanks to which molecular probes can easily penetrate the
cell interior. Penetration of probes into cells is hindered by their large size, as well
as the fixation of cells [Zadernowska et al. 2014]. Other oligonucleotide probes
for detecting S. enterica by FISH are labeled with Cy5 and Cy3 fluorescent dyes
at the 5" ends (EUB,33— Cy5, NONj,,, — Cy5i Sal3 - Cy3). The complete coverage
of the signals that was observed indicates a well-performed permeabilization of
Salmonella sp. The tests of mixed cultures confirmed the specificity of the probes
described for this bacterium. The NON,,, probe was used in the negative control,
allowing the detection of nonspecifically bound probes. The FISH technique was
used to diagnose the presence of Salmonella sp. in all infected samples, which
confirms its high specificity and reliability. This technique significantly shortens
the analysis time, which is important when testing food products with a short
shelf life [Zadernowska et al. 2014].

One of the methods of genotyping, not described earlier, are DNA microar-
rays using hybridization (DNA microarray, DNA chip, gene array). DNA mi-
croarrays are used in food as one of the ways to identify food pathogens. With this
technique, pathogens in minced meat can be identified: Listeria monocytogenes
A and B, Salmonella, Campylobacter [Murawska et al. 2004]. The advantages of
cDNA microarrays include: the possibility of identification and comparing the
expression of many genes in one experiment, no need to know the sequence of
the studied genes, the possibility of analyzing various types of microarrays in one
reader, there is also the possibility of modifying the obtained sets of genes, which
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Table 1. Review of diagnostic techniques of selected food pathogens (source: own

elaboration)

Pathogens Identification method Literature

Bacillus cereus ~ RAPD-PCR Leeetal. 2011

Listeria RAPD-PCR Park et al. [2012]; Paillard et al. [2003]

monocytogenes ~ RFLP-PCR Strydom et al. [2013]
REA-PFGE Kotakowska and Madajczak [2011]
Ribotyping Kotakowska and Madajczak [2011]
AFLP-PCR Lomonaco et al. [2011]
Multiplex PCR Szymczak et al. [2011]; Kaczmarek et al.

Multiplex real-time PCR
Serotyping

PCR

Real-time PCR

[2008]

Garrido et al. [2013]

Wroblewska and Misiewicz [2006]; Nowak
and Oltuszak-Walczak [2012]

Wréblewska and Misiewicz [2006]; Nowak
and Ottuszak-Walczak [2012]

Wréblewska and Misiewicz [2006]; Nowak
and Ottuszak-Walczak [2012]

Hybridization Nowak and Ottuszak-Walczak [2012]
DNA miccroarray Murawska et al. [2004]
Escherichia coli RAPD-PCR Radu et al. [2001]; Silva et al. [2015]; Lin
0157:H7 and Lin [2007]
RFLP-PCR Wieczorek and Osek [2005]
Multiplex real-time PCR  Garrido et al. [2013]
Real-time PCR Di and Tumer [2010]
Campylobacter ~ RAPD-PCR Silva et al. [2015]
jejuni RFLP-PCR Wieczorek and Osek [2005]; Nebola and
Steinhauserova [2006]
AFLP-PCR Dium et al. [2001]

DNA miccroarray

Murawska et al. [2004]

Salmonella sps.

Multiplex real-time PCR
PCR

Real-time PCR
Hybridization in situ
Hybridization FISH
DNA miccroarray

Garrido et al. [2013]

Misiewicz and Goncerzewicz [2013]
Misiewicz and Goncerzewicz [2013]
Zadernowska et al. [2014]
Zadernowska et al. [2014]
Murawska et al. [2004]
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means that the research is not dependent on commercial products [Ziarno 2007].
Like microarrays, DNA chips allow the analysis of a large number of genes in
one test (quantitative measurements). In addition, the tests are easy and reliable
thanks to the automation of the staining process, it is also possible to enclose the
plate with its own hybridization chamber. DNA chips also have their disadvan-
tages: the use of chips depends on commercial sources, the reading is adequate
to the method (it is not adapted to the cDNA matrix reading). The use of oligo-
nucleotide microarrays is associated with high costs, and the methods used are
characterized by low flexibility [Ziarno 2007].

3. Phagotyping methods

Phagotyping is a technique that can distinguish bacteria. It is mainly used in epi-
demiological studies to identify and characterize the strains causing an epidemic
[Schofield et al. 2012]. The basis of the method is the ability of bacteria to infect
bacteria by bacterial viruses, bacteriophages that infect only a specific group of
bacteria. Phage contain genetic material (DNA or RNA) encased in a protein or
lipidoprotein coat or capsid. The virus must infect bacteria because it lacks a set
of genes for energy production and ribosomes for protein production. Due to the
life cycle, bacteriophages can be divided into lytic (virulent) and lysogenic (mod-
erate). In the lytic cycle, the bacterial cell is lysed and the phages are released. In
the lysogenic cycle, the bacteriophage genome is dormant, integrated into the
bacterial genome (profage). It is replicated and passed down from generation to
generation, but under certain conditions the prophage can become virulent [Kut-
ter and Sulakvelidze 2004].

Bacteriophages can infect different kinds, species, strains, and even the highly
specialized serotypes of bacteria. The ability to infect depends on bacterial surface
receptors that phages recognize. The phagotyping method involves growing an
unknown culture in a petri dish and then adding a small amount of different bac-
teriophages. The appearance of phage plaques, i.e. transparent zones after the lysis
of bacterial cells, indicates infection. By observing the occurrence of an infection
caused by a specific bacteriophage, the investigated bacterial colony is identified.
The phagotyping method can identify most pathogens, even up to serotypes and
serogroups. Unlike genetic or serological methods, bacterial cells must be alive
where living objects cannot be distinguished from dead [Scheper et al. 2010].

Viral biosensors, such as bacteriophages, play an important role in the detec-
tion of pathogens in food. Bacteriophages are biological entities that are actively
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used as probes for the detection and recognition of pathogens. A promising vari-
ant of phagotyping for the identification of Salmonella typhimurium LT2 is the
use of a fluorescent dye to label the bacteriophage (P22 phage bound to the SYBR
gold dye). After viruses have infected cells, the emission of fluorescent phage
DNA inside the cell allows for detection with a fluorescence microscope. Thanks
to this, it is possible to observe their shape and size [Mossier-Boss et al. 2003].

Phagotyping methods are used to distinguish Salmonella, including the
most common in Poland serotype Salmonella Enteritidis [Dera-Tomaszewska
and Tokarska-Pietrzak 2012]. Phagotyping is also used to identify soil bacteria
of the genus Bacillus that can be a source of food contamination [Shah Mahmud
et al. 2017].

4. Spectrophotometric methods

4.1. Mass spectrometry method

Mass spectrometry is a new, very fast method used to identify microorganisms.
One of the most popular methods of mass spectrometry is MALDI-ToF (Ma-
trix-Assisted Laser Desorption /Ionization — Time of Flight) — laser desorption
and matrix-assisted ionization. It allows you to quickly and accurately study the
protein profile (proteome). The analysis of proteins — products of gene expres-
sion allows the classification of the microorganism into species and strains. The
protein composition of the cell is influenced by time, the change in the compo-
sition of the medium, fluctuations in pH and temperature of the culture, as well
as the cell type and the growth phase [Szczepanska and Robak 2013; Mielko and
Mtlynarz 2020]. Therefore, in this method, proteins specific for a given micro-
organism are determined, which will not change despite changing cultivation
conditions.

The test organisms should come from 18-24 hours of pure culture. Cells un-
dergo preliminary chemical protein extraction. The obtained analyte is applied to
a metal plate. After drying, the matrix is applied. The plate, dried at room tem-
perature, is placed in the MALDI Biotyper measuring chamber. The laser beam
ionizes the proteins that begin to migrate in the electric field. It is the measure-
ment of the time of flight of molecules that is the basis for creating a unique mi-
crobial profile. The molecular weights and the charge of the migrating elements
are also analyzed. The spectra made by the spectrometer are compared with the
databases [Kosikowska et al. 2015].
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MALDI-ToF is widely used in the food industry for the identification of mi-
croorganisms. Therefore food safety control is ensured, hygienic conditions of
work in production plants can be improved, and pathogens responsible for food
poisoning can be identified [Czyrko et al. 2015]. That's why MALDI-TokF, it is pos-
sible to recognize strains from the same species because they have the same m/z
ratio (mass of ion to ion charge), but different intensity. [Szczepanska and Robak
2013]. The method allows to obtain results faster than in classical tests, provides
a large number of results, and the procedure is not complicated. The disadvantage
is the cost of purchasing an analytical camera. Of course, the analyzes allow to
obtain reliable results if the biological material is pure culture [Zabicka and Lite-
racka 2013; Czyrko et al. 2015].

4.2. Fatty acid analysis

In addition to a specific protein profile, microorganisms also have a unique fatty
acid profile that allows them to be identified. These compounds can be analyzed
qualitatively, focusing on the specific components of lipids and the quantity of in-
dividual acids, as well as their mutual quantitative relations in the examined mi-
croorganism. The diversity of lipid compounds is due to the presence of carbon
chains of various lengths, non-permanent cis-trans conformations, the presence
of substituents, aromatic rings and branching. The measurement is influenced
by the culturing conditions (pH, nutrient solution, temperature) which must
be standardized [Bzducha 2007]. A method that allows the analysis of fatty acid
profiles to identify the microorganism is MIDI-FAME combined with gas chro-
matography. A characteristic system of fatty acids with a chain length of 9 to 20
carbon atoms is obtained [Sekora et al. 2009].

A pure culture of 18-24 h of culture should be prepared for the analyzes. The
appropriate number of cells is saponified (cell lysis and the release of fatty acids
from it, which, after reaction with sodium hydroxide, transform into sodium salts).
The next step consists in bathing the samples in a boiling water bath, and then cool-
ing the sample and mixing it with appropriate reagents. The sample is returned to
the 80 ° C bath for the formation of volatile fatty acid methyl esters (FAME). The
next step - extraction with appropriate reagents - transfers the FAMEs to the organ-
ic phase from the aqueous phase of the sample. The last step is to transfer the upper
phase and add more reagents to get an emulsion and get rid of unmethylated acids.
The upper phase with fatty acids is transferred to the vessels intended for chro-
matographic analyzes [Biedron et al. 2013]. The databases used by software such as
Sherlock Microbial Identification System by MIDI, Inc. are used to identify bacteria
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on the basis of fat profiles. The method is especially useful in the case of problems
with sample identification by biochemical methods [Buyer 2002].

4.3. The use of spectrometric methods to identify pathogens
in food

In the food industry, thanks to biophysical methods, e.g. MALDI-ToF or MIDI-
-FAME, it is possible to quickly identify pathogens (Pseudomonas aeruginosa,
Escherichia coli, Staphylococcus aureus), control the safety of food products, and
improve production hygiene [Buyer 2002; Welker 2011].

Clostridium perfringens anaerobic bacilli can cause food poisoning and con-
taminated food can be a reservoir of the pathogen. Identification of C. perfringens
strains was carried out using the MALDI-TOF method, and to verify the results,
also sequencing of 16S rRNA and the cpa gene [Brodzik et al. 2016]. E. coli [Calva-
no et al. 2016; Randall et al. 2017; Zurita et al. 2019], Staphylococcus w tym S. au-
reus [Bohme et al. 2012; Tajdar et al. 2019], Enterococcus faecalis and E. faecium
[Lindenstrauf3 et al. 2011; Ledina et al. 2018] bacteria or serotypes of Salmonella
spp. [Ojima-Kato et al. 2017] can be identified in food with MALDI-ToFE. Also
based on the lipid profiles of these bacteria [Shu et al. 2012].

5. Conclusion
Advantages and disadvantages of identifying pathogens
with molecular techniques

Molecular techniques that are increasingly used to detect pathogens in food have
many advantages and disadvantages. The development of molecular techniques
has reduced the identification of microorganisms by classical methods. Molecular
methods will not completely replace traditional methods. Classic methods, which
are often faster and cheaper, can extend and supplement diagnostics with molec-
ular methods [Olszewska 2013; Szemraj and Szemraj 2013]. The advantages of
molecular biology diagnostics are: acceleration of the procedure and faster detec-
tion of microorganisms, heir quantity and reduction of the analysis time, which
allows to obtain results faster. Due to the high sensitivity of molecular methods,
the obtained results are more reliable. Molecular techniques make it possible to
detect microorganisms that are difficult to cultivate and pathogens that cannot be
cultured in vitro. The use of these techniques enables the diagnosis of related bac-
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terial species, the differentiation of specific strains, as well as the degree of relat-
edness between them. The disadvantages of molecular biology methods include
the high purchase costs of equipment, appropriate reagents, primers, molecular
probes, which may limit their use, especially in small food industry plants. Proper
preparation of samples for testing may also be a problem, because food, as a ma-
trix, is characterized by quite a significant complexity, which makes it difficult to
extract bacterial cells [Olszewska 2013].

PCR-based techniques are specific, sensitive and selective. They are distin-
guished by a simple procedure and relatively low reaction costs. It is possible to
automate the reaction process, which is associated with the reduction of the test
duration. The biggest advantage of PCR methods, however, is the possibility of
using them to identify non-cultivable microorganisms or bacteria whose culti-
vation takes time [Osek 2005; Szemraj and Szemraj 2013]. In addition, in the
case of real-time PCR, quantitative measurements can be made and the amount
of tested microorganisms can be determined. The disadvantages of this method
may be the exponential increase of the amplification product and the number
of variants obtained with subsequent cycles of the PCR reaction, as well as the
risk of obtaining false positive results [Palka 2007; Kondak 2009]. An important
feature of the RT-PCR method is the ability to distinguish living cells from dead
ones and identifying microorganisms that have RNA [Kondak 2009]. Hybridiza-
tion techniques, on the other hand, are sensitive and results are obtained quickly.
Their main advantage is high sensitivity and relatively short hybridization time.
Thanks to hybridization, you can map the genomes (Southern method), or exam-
ine the level of gene expression and identify the type of RNA in the cells (north-
ern analysis) [Stomski 2008]. The technique of fluorescence in situ hybridization
FISH, in addition to the previously mentioned advantages, allows you to monitor
the biodiversity of the bacterial flora in food and difficult to remove biofilms that
arise on technological lines and packaging. Unfortunately, the test sample must
contain a large number of cells, otherwise there is a possibility of false negative
results [Olszewska 2013; Szemraj and Szemraj 2013; Zadernowska et al. 2014].

Molecular methods should be widely used to detect the presence and amount
of pathogens in food. Good knowledge of molecular biology techniques has
a positive effect on the durability of the product, contributes to the optimization
and modernization of technological processes and, above all, guarantees high
quality and safety of food products. All this leads to an increasing use of molecu-
lar methods in microbiological diagnostics of food. Nevertheless, the limitations
of molecular methods mean that their widespread use will only be possible in the
distant future [Olszewska 2013].
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Abstract. The term glycemic index (GI) is often used in practical applications by
consumers and nutritionists, despite some criticism mainly related to methodology
for designation its value. Over the past 40 years, numerous papers have been pub-
lished worldwide on the methodology of glycemic index indication. The aim of this
work is to present the in vivo and in vitro methods used for determining glycemic
index value. The advantages and disadvantages of their use are presented.

The research concerning the concept of starch digestibility and bioavailability
is a controversial issue due the different methods applied to study this subject. Al-
though many years have passed, since the introduction of the glycemic index con-
cept, its impact on human health and the prevention of chronic diseases is still in
the research phase, and the number of publications in this area has increased signifi-
cantly. This is related both to the unclear effects on human health of a low glycemic
index diet and to methodologies that leave many uncertainties, both for in vivo and
in vitro methods.

The introduction of the International Standard [ISO 26642:2010] for glycemic
index determination permits a wide range of choices for researchers when designing
a GI testing plan, rather than a single standardized protocol, which can significantly
affect the GI results obtained. Despite the advent of the International Organization
for Standardization (ISO) method, in vivo testing can be difficult to interpret, espe-
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cially when comparing results between laboratories due to different standards, dif-
ferent methods of blood glucose analysis (from sample collection to the final result).
But with a well-designed test report, inter-laboratory results can give good similarity.
Enzyme-kinetic parameters obtained from high-throughput in vitro amylolysis as-
says therefore have potential for rapid prediction of GI for starch-rich foods. Cur-
rently, there are no international standards for in vitro starch digestibility tests, and
methods vary widely. This paper presents the key differences between the most pop-
ular methods. It is pointed out that some methods seem to be more suitable for the
evaluation of specific foods than others. Therefore, there is a certain necessity to
compare results only within samples tested in the same way, which significantly lim-
its the possibility of wide practical use of these analytical methods. A great potential
for the use of in vitro methods is when testing completely new food products.

Keywords: glycemic index, carbohydrate food, starch digestibility

1. Introduction

Carbohydrates are polyhydroxy aldehydes, ketones, alcohols, acids, their simple
derivatives and their polymers having linkages of the acetal type [FAO 1998].
Terminology and classification of carbohydrates remain a difficult issue. The Sci-
entific Update endorsed the primary classification, recommended by the 1997
Expert Consultation, based on chemical form, while acknowledging that classifi-
cation of carbohydrates based on chemistry should also have dimensions of phys-
ical effects (food matrix), functional/physiological effects and health outcomes
[Cummings and Stephen 2007]. The chemical classification provides a practical
basis for measurement and labeling, but does not allow a simple translation into
nutritional effects. Each chemical class of carbohydrate has overlapping physio-
logical properties and health effects. As a result several terms have been used to
describe their functional properties [Mann et al. 2007].

The term glycemic index (GI) is often used in practical applications by con-
sumers and nutritionists, despite some criticism mainly in relation to research
methodology [Vrolix and Mensink 2010; Wolever 2013; Flavel et al. 2021].

Over the past 40 years, numerous papers have been published worldwide on
the methodology of glycemic index determination using both in vitro and in vivo
methods. While the in vivo glycemic index method has been standardized and
unified by the International Organization for Standardization (ISO), the in vitro
method is still under development. The aim of this work is to present the in vivo
and in vitro methods used for determining glycemic index value.
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2. The idea of the glycemic index

The concept of glycemic index (GI) was introduced in 1981 by Jenkins et al., as
a means of classifying different sources of carbohydrate and foods containing car-
bohydrates, according to their effect on postprandial glycemia. The GI is defined
as the postprandial incremental glycemic area after a test meal, expressed as the
percentage of the corresponding area after equi-carbohydrate portion of a refer-
enced food [Jenkins et al. 1981].

Dietary carbohydrates are digested and absorbed at different rates and to dif-
ferent extents in the human small intestine, depending on their botanical sources
and physical form of the food [Englyst et al. 1999; Bello-Perez et al. 2020]. GI
indicates the extent to which the available carbohydrate of a food raises blood
glucose level in relation to an equal weight of glucose. It was reasoned that, by
expressing the results as a percentage of orally taken with food glucose, any difter-
ences between subjects would be normalized; that is, the GI of a food would have
the same value in nearly everyone [Wolever 2013].

Hundreds of foods have been tested for GI with the aim of ranking foods
within and between food categories. A GI classification system is in common
use with which foods are categorized as having low (<55), medium (55-69) or
high GI (>70) [Brand-Miller et al. 2003; Atkinson et al. 2008; ISO 26642:2010].
Based on clinical trials conducted shortly after the GI concept was introduced by
Jenkins et al. [1981]. FAO/WHO Expert suggested that the concept of GI might
provide a useful means to help of the selection of the most appropriate carbohy-
drate-containing foods for the maintenance of health and the treatment of several
diseases [FAO 1998]. Low GI diets have been suggested to protect against diabe-
tes, heart disease, cancer, acne and improve cognition, endurance exercise, weight
loss and eye function [Wolever 2013; Flavel et al. 2021]. Not surprisingly, in the
last 20 years there has been an abundance of papers related to both the assessment
of the impact of a low GI diet on health and the prevention of chronic disease, as
well as methods to assess the GI of foods.

Nowadays it is acknowledged that choice of carbohydrate-containing foods
should not be based solely on GI since low-GI foods may be energy dense and
contain substantial amounts of sugars, fat or undesirable fatty acids that con-
tribute to the diminished glycemic response but not necessarily to good health
outcomes. Despite these reservations it does appear that distinguishing between
foods with appreciable differences in the indices may produce some benefit in
terms of glycemic control in diabetes and lipid management. The benefits demon-
strated in randomized-controlled trials are smaller than those conferred by other
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dietary and lifestyle changes especially those which facilitate weight loss in the
overweight and obese [Mann et al. 2007; Venn and Green 2007]. Nevertheless,
new research in this area is still being published and the results are not conclusive
[Gangwisch et al. 2020; Vlachos at al. 2020; Toh at al. 2020; Li et al. 2021].

3. Determination of the glycemic index according to ISO
26642:2010 (in vivo)

Until 2010, most of glycemic index studies were conducted based on the Jenkins
et al. [1981] study and the requirements outlined in the FAO/WHO [1997] re-
port. Although there have been publications aimed at systematizing the method-
ology [Wolever et al. 1991; Brouns et al. 2005; Venn and Green 2007], but none of
them has become permanent. The development of International Standard [ISO
26642:2010] originated from a recognized need to standardization the determi-
nation of glycemic index of food for practice and research purposes, particularly
with its increasing use as a nutrition claim, illustrating the importance of GI in
human nutrition.

The International Standard [ISO 26642:2010] is based on a Joint FAO/WHO
Expert Consultation [1998] and the research presented by Wolever et al. [2003,
2008] and Brouns et al. [2005].

The International Standard defines the concept of GI as a “property of the
carbohydrate of different foods, specifically the blood glucose-raising ability of
the digestible carbohydrates in a given food”, noting that GI of food is incremen-
tal area under the (blood glucose response) curve (IAUC) after consumption of
the carbohydrate portion of a test food expressed as a percentage of the average
IAUC response to the same amount of carbohydrate form a reference food taken
by the same subject on a separate occasion. Carbohydrate portion mean portion
of food containing either 50g of glycemic carbohydrate or if the portion size is
unreasonable large 25g of glycemic carbohydrate. The IAUC should be calculated
geometrically by applying the trapezoid rule [ISO 26642:2010].

Glycemic index analysis should be performed on products/meal that contain
available carbohydrates in an amount that has a significant effect on the blood
glucose-raising, the minimum amounts is specified as 10 g or more of glycemic
carbohydrate per serving. The GI of heterogeneous food must be tested by the
International Standard, not determined by mathematical calculation of GI of in-
dividual ingredients or food items. Similarly, re-testing is necessary if the macro-
nutrient composition composition changed as a result changed formulation, and
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also when processing method changed concentration, osmolality, acidity or other
physical or chemical factor.

Conducting a study requires considerable preparation for the analysis, which
is connected with obtaining the appropriate permits from ethical committees
available in the country, in addition, subject should be informed of all the details
and risks involved in participation and should sign an informed consent form
prior to testing. Adequate preparation of the place where: products/meals will be
prepared and consumed and blood will be taken.

The International Standard clearly specifies how subjects should be selected
(what conditions they should fulfill and what causes their exclusion from the group)
that the test should be conducted with a minimum of 10 healthy individuals. Sub-
jects in the study may include people with no known food allergies or intolerances
and who are not taking any medication known to affect glucose tolerance. Excluded
are people who have known history of diabetes mellitus or use of antihyperglycae-
mic drugs or insulin, undergone medical or surgical event within 3 months, patients
with digestive and nutrient absorption disorders, and those using steroids, protease
inhibitors or antipsychotics. However, when planning the study, one should take
into account that some subjects may be eliminated at the stage of calculating the
results. It happens when singular values are inconsistent with other in the group (GI
value for a particular subject that falls outside the range of I; + 2s; where: I; is the
mean value of GI and s is the standard deviation, of a group of all subject).

Although some part of the methodology is very clearly defined, some of the
parameters (Table 1) must be selected by the researcher, based on guidelines.

The International Standards recommend a classification of foods as low, me-
dium or high GI, for which respectively GI is less or equal than 55, greater than
55 and less or equal than 70, and greater than 70. This classification is appropriate
to food or food items, not for mixed meals.

3.1. Experimental procedure

The period for glycemic index testing should be no longer than 3 months. During
this period, the reference food should be tested three times in addition to the
foods being tested (tested once); it is acceptable to test the reference food twice.
All tests must be conducted on separate days. Tested foods should be in the phys-
ical state in which they are normally consumed, in an amount dependent on their
glycemic carbohydrate content. When the product is available in various flavor
(identical macronutrient composition) it is allowed to testtwo flavors within one
group of subjects (at last five subjects test each flavor), but if the two flavors pro-
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duce statistically different GI values (p < 0,05), the individual flavors should be
tested in 10 or more subjects.

Subject in the day of test shall be in the fasting state. They should take no food
or drink for 10 h or more, prior to the test. Alcohol intake on the previous eve-
ning and vigorous exercise on the morning of the test are prohibited. First, fasting
glucose is measured, and this measurement should be taken at least 2 times at
a maximum interval of 5 minutes. The average of the values obtained will consti-
tute the baseline blood glucose concentration.

After testing the blood glucose levels, subjects consume a properly prepared
product (test food or reference food), it is important that the product is con-
sumed within 12-15 minutes each time (drinking is acceptable (Tab. 1)). Blood
samples should be taken at 15, 30, 45, 60 and 120 minutes after consumption of
the product. During the 2 hour analysis subject should rest, physical activity is
not permitted.

Table 1. Variable parameters in the methodology 1SO 26642:2010 (source: own
elaboration)

Parameters

Note
to selected

Guidelines

Portion of

tested and
reference food

Portion containing 50 g of
glycemic carbohydrate

Portion containing 25 g of
glycemic carbohydrate

The smaller portion of carbohydrate
can be used for food with lower con-
centration of carbohydrates, because
the portion of the meal that should have
been consumed at the time of the test
was too large.

Referenced
food

Anhydrous glucose powder
(50 g) dissolved in 250 ml of
water and refrigerated

Dextrose (glucose monohydra-
te, 55 g)

Commercial solution used for
oral glucose tolerance test con-
taining glucose (50 g)

White bread or other specific
carbohydrate food of con-
sistent composition and GI, as
alternative reference food

Use of alternative reference food is
acceptable provided its content of gly-
cemic carbohydrate is standardized

and its GI relative to glucose has been
established and verified as consistent by
the laboratory using it. Final GI values
obtained using reference foods other
than glucose shall always be expressed
relative to glucose.




XIIl. Evaluation of research on glycemic index of carbohydrate food 271

Parameters

Guidelines Note
to selected
Drinks serve ~ Water Drinks shall be served in quantities of
with test food 250-500 ml for all performed test, al-

Coftee .
ways in the same way.

Tea (with 30 ml milk and non-
nutritive sweetener, if desire)

Blood samples Capillary blood (finger prick)  Capillary blood is preferred because of
rapid changes in blood glucose imme-
diately after a meal may be identified at
Plasma finger sites better than at venous whole
blood or plasma. GI results derived
from capillary blood glucose have been
found to be less variable than those
obtained via venous sampling.

Venous whole blood

Analysis of Spectrophotometry Very important is that the laboratory’s
blood glucose inter-assay CV (coefficient of variation)
on standard solution should be <3,6%.
Glucometer devices used for self-blood
glucose monitoring have analytical CV's
above 3,6 and are therefore not suitable
for GI testing.

Electrochemical detection-
-coupled enzyme systems

3.2. Calculation of glycemic index

The results obtained should be worked out individually for each subject and prod-
uct. Only the average of the GI values of at least 10 subjects constitutes a valid
result. Test data shall be analyzed geometrically by applying the trapezoid rule to
calculation of incrementally area under the curve (IAUC - area under the curve
as the incremental area under blood glucose response curve, ignoring the area
beneath the fasting concentration). First, the IAUC of the reference product for
each replicate is calculated as the sums of the areas of the triangles and trapezoids,
than the mean IAUC of the three repetitions standard deviation and coefficient
of variation — CV (as a percentage the ratio of the standard deviation to mean) is
calculated. The subject CV for the reference food for the group of subjects tested
shall be < 30%, if the mean CV is greater one outlying result for the reference test
in each subject can be deleted, if reference food was testing tree times.
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For each individual subject, the GI of the test food (I;; ,) is calculated by:

A
I, ==Lx100 (1)
Aref

where A, is the IAUC of the test food, obtained by the trapezoidal method. The
final GI of the test food is expressed as the mean GI value of 10 or more subjects
tstandard error of the mean, as a nearest whole number.

A useful instrument in interpreting the results can also be the analysis of the
average blood glucose response curve calculated from the average blood glucose
concentration of all subjects at each time point or blood glucose response curve
calculated as the absolute blood glucose values or the change in blood glucose
values from the fasting values on the ordinate. An important point of the an-
alyzed method is to indicate what exactly should be included in the final test
report, because as the international standard indicates, apart from calculating the
basic values it is necessary to present the details of the methodology. It is import-
ant to show, the amount and content of carbohydrates in the tested product and
in the reference product as well as the method of their determination, the portion
size and the way of preparing meals and drinks. All these parameters can directly
influence the results obtained.

4. In vitro digestibility of starch and estimated glycemic
index

The number of studies related to in vitro GI determination has steadily increased
each year. Although the first reports on the possibility of relating the rate of starch
digestion to the glycemic index of foods date back to 1992 [Englyst et al. 1992],
the real interest in prediction glycemic index based on in vitro assays has oc-
curred in the last decade (Fig. 1).

Following an intense period of analytical controversy, a European Concert-
ed Action (EURESTA) was undertaken, confirming that a significant fraction of
starch in foods is not digested and absorbed in the small intestine, reaching the
colon, where it is fermented to variable extent by the microbiome. This fraction
was called resistant starch (RS) [Asp and Bjorck 1992; Englyst et al. 1992; Bello-
-Perez et al. 2020]. From that moment, many research groups were interested in
the classification of RS types [Englyst et al. 1992; Bello-Perez et al. 2020], methods
to determine RS [Goqi et. al. 1996; McCleary et al. 2015]. Starch digestibility is
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Fig. 1. The increasing number of articles related to glycemic index in vitro method (based
on Elsevier database)

associated with the proportion of starch that is absorbed in the small intestine.
The kinetic component of starch digestion is mainly associated with so-called gly-
cemic index (GI), which has a strong influence on postprandial metabolism. The
GI is used to quantify the postprandial blood glucose response to starchy foods
and it is a tool for their characterization and classification in terms of the physio-
logical response they elicit [Goii et al. 1997; Germaine et al. 2008].

Despite the fact that all in vitro starch hydrolysis analyses boil down to diges-
tion with appropriately selected enzymes of the tested food product, the way of
interpreting the results varies. Analysis of in vitro starch digestibility data varies
between publications, with some using the percent starch hydrolysis directly like
Englyst et al. [1992, 1999] whereas others have selected specific time points in the
starch hydrolysis curves [Goiii et al. 1997; Zhang at al. 2019] to predict GI. One
approach used to compare starch digestibility curves with in vivo results is the
hydrolysis index (HI).

4.1. Interpretation of in vitro glycemic index by Englyst
[1992, 1996, 1999]

The in vitro methodology for determination of the rapidly digestible starch
(RDS), slowly digestible starch (SDS) and resistant starch (RS) of carbohydrate
digestibility fractions was developed and further validated in conjunction with
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a series of in vivo studies on the rate and extent of starch digestion in the human
small intestine [Englyst et al. 1992, 1996, 1999]. This method quantifies the car-
bohydrate digestibility fractions through enzymatic hydrolysis and measure-
ment of the glucose released. Samples are analyzed “as eaten” with a food matrix
fragmentation representative of chewing, followed by an initial acid-protease
treatment to simulate gastric conditions. The subsequent amylolytic hydrolysis
phase was designed to use an excess of pancreatic enzymes, overcoming vari-
ability introduced by enzyme activity or sample amount. Conforming to these
principles ensures reproducible measures of: RDS as the glucose release after
incubation for 20 min adjusted for any sugar glucose present; SDS as the addi-
tional glucose release by 120 min incubation; and RS as the remaining starch
[Englyst et al. 1992, 1999].

On the basis of these data, Englyst et al. [1992] proposed to calculate the
Starch Digestible Index (SDI) (% fast digestible starch to total starch) as a mea-
sure of relative rate of starch digestion:

RDS

[=— %100 2)

TotalStarch

At the same paper, they showed a significant correlation between the SDI and
GI determined by the in vivo method. This approach seems to be fully justified
in the case of analysis of high-starch products, which contain little simple sugars.
Therefore, the next step in the analysis of the effect of consumed carbohydrates
on postprandial blood glucose concentration was the determination of rapidly
available glucose (RAG) as the glucose measured after 20 min incubation with
pancreatin, amyloglucosidase and invertase. RAG represents the actual amount
of glucose that will be rapidly assimilated by the body, this value is determined in
g/100g food [Englyst et al.1999]. Since the RAG value relates to the food as eaten
and includes both RDS and free sugar glucose, it should be a better indicator of
blood glucose and insulin response than SDI. The great advantage is that this pa-
rameter can be successfully used to analyze foods rich in such sugars as fruits and
vegetables containing in their composition; there are very often large amounts of
precisely glycemic carbohydrates. Moreover, this value is even better correlated
with high-starch products than SDI itself.

Like the glycemic index, the SDI reflects the rate of digestion of the starch
present in the food, but it does not give any information about actual amount
of glucose likely to be rapidly available from the food. The RAG appears to be
a simple-to-use indicator of the amount of glucose rapidly available, and it may
be a useful adjunct to the GI results determined in vivo and an important tool in
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the management of diabetic patients and dietitians [Englyst et al. 1999]. Thus,
it is not entirely explainable that for products containing significant amounts of
sugars, it is more common to determine only the SDI [Zhang at al. 2019; Muttagi
and Ravindra 2020; Rajkumar et al. 2020] and not the SDI and RAD ([Srigiripura
at al. 2019] to determine the body’s response to the product consumed.

4.2. Interpretation of in vitro glycemic index by Goni et al. [1997]

A non-linear model established by Goni et al. [1997] is applied to describe the
kinetics of starch hydrolysis. The first order equation has the form:

C=C._ (1—e"“) (3)

where: C corresponds to the percentage of starch hydrolyzed at time ¢, C_ is the
equilibrium percentage of starch hydrolyzed after 180 min, k is the kinetic con-
stant and ¢ is the time (min). The parameters C_ and k were estimated for each
food products and each treatment based on the data obtained from the in vitro
hydrolysis procedure. The AUC was calculated as the integral of the kinetic equa-
tion, and used to obtain the HI for each food. The HI is calculated as the area
under the hydrolysis curve (AUC) for the test food, as a percentage of the corre-
sponding area under the curve (AUC,,) for reference wheat bread.

Goni et al. [1997] showed this hydrolysis index to be a good predictor of gly-
cemic response. Expected GI was thus estimated using the model:

GI=39.71 + (0.549 HI) (4)

In this model, the linear correlation between in vivo glycemic response and
in vitro. Hydrolysis Index (HI) was 0.894 (p < 0.05), but the best correlated value
with in vivo glycemic responses was the percentage of starch hydrolysis at 90 min
(0.909, p < 0.05) estimated using the model:

GI =39.21 + 0.803 (H,) (5)

where: Hy, is percentage of total starch hydrolyzed at 90 min.
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4.3. Experimental procedure

There are currently no international standards for in vitro starch digestibility test-
ing and methods vary widely. Key differences between published methods in-
clude variations in the initial preparation of food, amounts and types of enzymes
used and incubation using non-restricted (test tube) versus restricted (dialysis)
systems. Method of determination of sugars, reporting of results and predicted
glycemic response also varies (Tab. 2). Of these methods, some appear more ap-
propriate for evaluating specific food types than others.

Despite recent advances in developing in vitro methods to assess carbohy-
drate digestibility, there is an obvious need to design a standardized batch gastro-
intestinal digestion method based on physiologically relevant conditions. The use
of mammalian digestive enzymes should be prioritized over the use of microbial
enzymes since the former better reflect the carbohydrase activities of enzymes of
the human gastrointestinal tract [Hernandez-Hernandez et al. 2019].

5. Advantages and disadvantages of in vitro and in vivo
studies

Glycemic index testing is one of the better known one analytical methods to de-
termine the effects of food on the human body. However, it should be recog-
nized that these methods are not fully standardized despite their great popularity
[Wolever et al. 2008; Yu et al. 2018; Hernandez-Hernandez et al. 2019]. The in-
troduction of the International Standard [2010] for glycemic index determina-
tion permits a wide range of choices for researchers when designing a GI testing
plan, rather than a single standardized protocol, which can significantly affect the
GI results obtained. That suggests the international standard has assisted with
framing the general parameters of GI testing, further standardization of testing
procedures is still required to ensure the continued relevance of the GI to clinical
nutrition [Flavel et al. 2021].

More inaccuracies arise in the determination of starch digestibility and in vi-
tro prediction of GI. With the development of enzyme-based methods [Hernan-
dez-Hernandez et al. 2019], it seems necessary to systematize this analysis as soon
as possible, which would certainly make it possible to definitively confirm or ne-
gate the relationship between these methods. Since the current state of knowledge
is not clear and require further research [Ferrer-Mairal et al. 2012; Bellmann et al.
2018; Bohn et al. 2018].
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Table 2. Variable parameters in the in vitro starch digestibility methodology (source:
own elaboration)

Parameters
to selected

Applied solutions

References

Sample
preparation

Homogenized in liquid medium

Goni et al. [1997]

Breakdown using chewing

Holm and Bj6rck [1992]; Germaine
et al. [2008]

Mincing

Englyst et al. [1992, 1996, 1999];
Germaine et al. [2008]; Regand et al.
[2011]; Muttagi and Ravindra [2020]

Mincing with amylase

Germaine et al. [2008]

Rotary mixer with PBS

Edwards et al. [2019]

Not presented

Zhang et al. [2020]

Amounts and

Pepsin, a-amylase (type VIB)

Goni et al. [1997]

Pepsin, amylase (type XIII-A)-
during mincer, pancreatic amyla-
se (Type I-A) - during incubation

Germaine et al. [2008]

Pepsin, Porcine pancreatin, amy-

t f .
ype o loglucosidase Regand et al. [2011]
enzyme
. . Englyst et al. [1992, 1999]; Muttagi
AanglZi?rfosﬁfjle;;:::rtase’ and Ravindra [2020]; Zhang et al.
P P 2020]
porcine pancreatic a-amylase Edwards et al. [2019]
Shaking water bath, inactivation =~ Goiii et al. [1997]; Germaine et al.
enzyme at 100°C - 5 minut [2008]
Restricted systfm, 1nact.1vat10n Germaine et al. [2008]
enzyme at 100°C - 5 minut
Shaking water bath with glass
Incubation beads, inactivation enzyme with ~ Regand et al. [2011]
method ethanol

Shaking water bath with glass
beads and guar gum, inactivation
enzyme with ethanol

Englyst eta al. [1992, 1999]; Muttagi
and Ravindra [2020]; Zhang et al.
[2020]

Rotary mixer, 0.3 M inactivation
enzyme with Na,CO,, pH 9

Edwards et al [2019]
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Table 2. cont.

Parameters

to selected Applied solutions References

Goni et al. [1997]; Englyst et al. [1992];
Regand et al. [2011]; Zhang et al.
[2019]; Muttagi and Ravindra [2020]

The glucose oxidase-peroxidase
Method for ~ assey
the determi-

nation 3,5-dinitrosalicyclic method Germaine et al. [2008]
of sugars HPLC Englyst et al. [1999]

PAHBAH assay Edwards et al. [2019]

HI and predicted GI Goni e.t az [1937]; G;ermame et al.
The way of [2008]; Edwards et al. 2019
interpreting Englyst et al. 1992, 1999; Regand et al.
the results Starch Digestible Index (SDI) 2011; Muttagi and Ravindra [2020];

Zhang et al. [2019]

Even if similar trends in the rate of starch digestion are observed [Ferrer-Mai-
ral et al. 2012], it should be taken into account that a range of intrinsic and extrin-
sic factors that alter the rate of gastrointestinal motility, digestion, and absorption
also influence the GI, and these cannot always be predicted using an in vitro mod-
el [Jenkins 2007].

Measurement of GI requires the use of human subjects for evaluation of the
2 h blood glucose response after food intake. This resource intensive, physiologi-
cal test is not suitable for new food product development or quality assurance. In
vitro testing has been proposed as a faster, more cost effective method of screen-
ing food products for their predicted GI during product development, prior to
selection of optimized products for in vivo GI testing [Brand-Miller and Holt
2003; Jenkins 2007; Bellmann et al. 2018].

6. Conclusion

The research concerning the concept of starch digestibility and bioavailability is
a controversial issue due the different methods applied to study this subject. Al-
though 40 years have passed since the introduction of the glycemic index con-
cept, its impact on human health and the prevention of chronic diseases is still
in the research phase, and the number of publications in this area has increased
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significantly. This is related both to the unclear effects on human health of a low-
-GI diet and to methodologies that leave many uncertainties, both for in vivo and
in vitro methods.

Despite the advent of the ISO method, in vivo testing can be difficult, especially
when comparing results between laboratories due to different standards, different
methods of blood glucose analysis (from sample collection to the final result). But
with a well-designed test report, inter-laboratory results can give good similarity.

Enzyme-kinetic parameters obtained from high-throughput in vitro amyloly-
sis assays therefore have potential for rapid prediction of GI for starch-rich foods.
However, the methodology should be standardized internationally. At present,
there is a certain necessity to compare results only within samples tested at the
same time, which significantly limits the possibility of wide practical use of these
analytical methods.
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Abstract. An extensive use of assays for the evaluation of antioxidant activity of food
products, caused that DPPH, ABTS, ORAC, CUPRAC, TRAP, DMPD, CBA, LPIC,
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papers and internet websites. These methods are characterized by great diversity and
none of the methods developed so far has been recognized as the standard method.
This study compares the basic methods for the determination of antioxidant activity.
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research field to develop novel analytical methods to determine the antioxidant ca-
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1. Introduction

In the etiopathogenesis of many diseases, including cancer, an important role is
attributed to the damage caused by reactive oxygen species (ROS), reactive ni-
trogen species (RNS) and other free radicals. According to the chemoprevention
principle, it is assumed that the use of compounds with antioxidant properties
may prevent the development of cancer at the initiation and promotion stag-
es. Antioxidants can be defined as reducing and/or anti-radical substances that
counteract ROS-induced damage in cells. The role of antioxidants is not limited
to inactivation of free radicals, but also involves mechanisms of induction of cy-
toprotective proteins in the cell, including antioxidant enzymes, enzymes cata-
lyzing glutathione synthesis, and others involved in repair of oxidative damage
[Matschke et al. 2019; Sies and Jones 2020].

Reactive oxygen species are defined as products of incomplete reduction of
an oxygen molecule, both neutral molecules or ions and oxygen free radicals.
A radical is a group of atoms that behave as a single entity, whereas a free radical
is an atom or molecule that can exist by itself and has one or more unpaired elec-
trons [Ifeanyi et al. 2018]. Reactive oxygen species are necessary for the proper
body functioning. They act as signal transmitters, regulate cellular repair pro-
cesses and gene expression as well as take part in metabolic processes, redox re-
actions in the respiratory chain, regeneration of high-energy compounds (ATP),
and oxygen transport by haemoglobin. They also activate cytochrome P450 and
phagocytosis of microorganisms [Bou-Fakhredin et al. 2021]. However, they can
also exert harmful effect [Ali et al. 2020]. Excess ROSs cause a state of oxida-
tive stress leading to damage to cell components and cell dysfunction, includ-
ing oxidation of low molecular compounds (glutathione, ascorbate), collagen
degradation, depolymerization of hyaluronic acid, oxidation of haemoglobin,
and inactivation of enzymes and transport proteins. This also results in damage
of DNA and chromosomes, peroxidation of cell membrane lipids, erythrocyte
degradation, disorders of intracellular Ca®* ion homeostasis, modification of
antigenic properties of cells, platelet aggregation, changes in cell morphology,
mutation formation, and neoplastic cell transformation. The effect of reactive
oxygen species on cells depends to a large extent on their concentration and ex-
posure time [Galadari et al. 2017]. Low concentration of ROSs has physiological
functions, while higher concentration leads to cell damage and the development
of many diseases. As a result of oxidative modification of lipids, proteins and
DNA, homeostasis is disturbed leading to cellular death through apoptosis or
necrosis [Ali et al. 2020].
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2. Characteristics of basic methods for the determination
of antioxidant activity

In food analysis, many analytical methods are used to provide information about
the antioxidant properties in foods [Durazzo 2017]. In vitro studies employ the
ability of antioxidants to deactivate free radicals. These reactions may follow
mechanisms:

e hydrogen atom transfer (HAT),
e single electron transfer (SET).

However, taking into account the measurement system used, these methods
can be divided into:

e additive,
e post-additive.

Using additive methods, the delay in the onset of the oxidant action on the
indicator antioxidant is determined. The delay is due to the earlier, easier, com-
petitive oxidation of the sample antioxidants. Its magnitude is an indicator of the
magnitude of antioxidant activity. These methods mimic the protective processes
taking place in living organisms.

Post-additive methods determinate activity by measuring the change in con-
centration of the test reagent or a product as a result of a direct chemical or rad-
ical reaction between an oxidant (molecular or radical) and antioxidants present
in the sample [Grajek 2007; Cybul and Nowak 2008; Capanoglu et al. 2018].

3. Basic differences between various methods

3.1. Methods using SET-type mechanism

In the SET-type methods, the antioxidants activity or capacity is determined
spectrophotometrically by their ability to reduce a fluorescent or colored probe
(oxidizing agent/ oxidant/substrate) [Siddeeg et al. 2021]. The change in absor-
bance as a function of the concentration of antioxidant in the sample is a linear
relationship, while the slope of the line reflects the reducing ability of the antiox-
idant present in the sample. Generally, the antioxidant reactivity during the SET
assay depends mainly on two major antioxidant functional group preterits name-
ly, the ionization and deprotonation potentials. Under acidic pH, the protonation
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on the antioxidant is increased leading to a decrease in the ionization potential
and so suppressing the overall antioxidant reducing abilities. The results obtained
are often converted into Trolox equivalents, as TEAC (Trolox Equivalent Anti-
oxidant Capacity). In these analyses, Trolox, which is a synthetic, water-soluble
vitamin E derivative with high antioxidant activity, serves as a reference material
[Arts et al. 2004; Cybul and Nowak 2008; Moharram and Youssef 2014].

3.1.1. DPPH Assay

The DPPH methods depend on measuring the scavenging potential of certain
antioxidants by using the synthetic-free radical generator, DPPH (2,2-diphe-
nyl-1-picrylhydrazyl) [Prior et al. 2005]. DPPH is a relatively long-lasting free
radical and can therefore be easily prepared for the analysis. Upon reacting with
the H*donating antioxidant, the reduction in DPHH to hydrazine leads to a re-
duction in the absorbance of the reaction as measured at 515-517 nm [Kedare
and Singh 2011]. The reaction also results in an obvious discoloration from pur-
ple to yellow. The degree in the absorbance decrease, as well as, in discoloration
correlates with the H*-donating abilities, concentration, and activity of the an-
tioxidant in the sample. At the practical levels, the DPPH assay is conducted by
mixing certain volumes of the samples with a certain volume DPPH solution fol-
lowed by incubation at room temperature and reading the tubes at 515-517 nm.
The reaction medium for this assay should preferably be alcoholic (ethanol or
methanol) to avoid processes of aggregation of the stable radical. [Grajek 2007;
Cybul and Nowak 2008; Siddeeg et al. 2021]. In order to facilitate the interpreta-
tion of the results, the efficient concentration (EC;,) has been introduced, which
is defined as the concentration of antioxidant required to obtain a 50% antiox-
idant effect. The percentage of remaining unreduced DPPH radical is inversely
proportional to the antioxidant concentration in the sample. In turn, the time
needed to reduce the value of the initial DPPH radical concentration by 50% is
graphically determined from the curve reflecting kinetics of reaction and is re-
ferred to as the Ty¢s, parameter [Molyneux 2004; Barton et al. 2005; Grajek 2007;
Cybul and Nowak 2008].

The DPPH assay is a fast, simple, accurate, comparable and reproducible
method. It proved to be effective in evaluating the antioxidant properties of
lithium, sodium, potassium, rubidium and cesium alkali metal salts complexed
with chlorogenic acid. This method is widely used to measure the antioxidant
capacity of natural raw materials and food; metal-based nanocomposites for
applications as nano-antioxidants and several metal complexes. It is particular-
ly often used to determine the antioxidant properties of phenolic compounds
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[Nenadisand Tsimidou 2002; Cybul and Nowak 2008; Frezzini et al. 2019; Mar-
chi et al. 2022].

The main limitation to the method lies in the absorption range of the DPPH
radical, which occurs in a visible region where several antioxidants also absorb,
possibly hindering detection of the end of the reaction between DPPH and the
antioxidant [Marchi et al. 2022]. During measurements, the access of light and
oxygen to the sample should be limited, and the pH and solvent should be care-
tully selected, as all these factors are responsible for a decrease in the absorbance
of the DPPH solution [Kedare and Singh 2011]. Another limitation is that DPPH
dissolves only in organic solvents that does not allow the determination of hydro-
philic antioxidants [Yeo and Shahidi 2019; Cybul and Nowak 2008].

3.1.2. ABTS Assay

The use of the ABTS [2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] re-
agent enables the measurement of the total antioxidant activity of samples. It has
a broad range of tested materials, including body fluids and food samples. The
ABTS assay is a test that directly measures the quantity of H,0O, in the sample
or to reflect the activity of H,0,-producing enzymes [Roginsky and Lissi 2005].
At the practical levels, an ABTS working reagent is prepared by mixing equal
quantities of freshly prepared 7 mM ABTS solution with 2.45 mM potassium per-
sulphate solution [Siddeeg et al. 2021]. The oxidation of ABTS occurs immedi-
ately. The maximum absorbance and full stability of the radical are obtained after
6 hours. The radicals generated during the reaction are blue-green in color and
show maximum absorbance at several wavelengths: 417, 645, 734 and 815 nm.
Antioxidants reduce the cation radical to a degree depending on the length of the
reaction, the concentration of the antioxidant and its activity [Cybul and Nowak
2008]. The solution becomes discolored and decrease in color intensity is pro-
portional to the antioxidants content in the solution) (expressed as the number
of Trolox equivalents per unit volume or mass of the sample). This method also
enables the measurement of reaction kinetics based on lag time. This is the time
delay in the initiation of the ABTS radical oxidation by the addition of an anti-
oxidant. The length of the lag time is proportional to the concentration of the
examined antioxidant. The radical scavenging potential (activity) of ABTS in the
sample (percent of inhibition) is evaluated from the standard curve [Osman et al.
2006; Grajek 2007; Cybul and Nowak 2008; Marchi et al. 2022].

The ABTS* is a stable radical that produces colored green solutions that rap-
idly react with the antioxidants [Marchi et al. 2022]. The ABTS assay performance
makes it a routine and simple analysis used to determine the antioxidant capacity
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of both hydrophobic and hydrophilic antioxidant samples. Additional advantages
are high rate of the reaction between ABTS cation radical and antioxidants as well
as the ABTS solubility, both in water buffers (with various pH) and in organic
solvents [Cybul and Nowak 2008].

The result depends on the reaction time; the reaction must be kept in the dark
to avoid false values [Marchi et al. 2022]. During the reaction of ABTS with fla-
vonoids (such as luteolin and chrysin) products are formed with stronger antiox-
idant properties and faster reacting with the radical than the parent compounds.
The Trolox equivalent antioxidant capacity is then the sum of the activity of the
examined substance and the products of its reaction with the radical and this may
cause falsification of analytical results due to overestimation of the antioxidative
properties [Arts et al. 2004; Cybul and Nowak 2008].

3.1.3. DMPD Assay

The method using the N,N-dimethyl-p-phenylenediamine (DMPD) compound is
also classified under discoloration methods, i.e. methods based on the measure-
ment of the degree of discoloration of a reagent solution [Cybul and Nowak 2008].
In the availability of Fe** and under acidic conditions, DMPD produces a highly re-
active radical, DMPD" radical that has a stable purple color which can be detected
at 514 nm. This radical can scavenge the antioxidant in the sample (AOH) which
transfers an electron to the DMPD" radical, thus decoloring the solution. Therefore,
the decrease in the light intensity (absorbance) is correlated negatively with the
concentration of the antioxidant in the sample [Siddeeg et al. 2021].

The proposed initial concentration of 1 mM DMPD solution with absorbance
values in the range of 0.8—-1.0 guarantees high sensitivity of the measurements
as well as the optimal range of oxidant inhibition. The analyzed sample is add-
ed after the free radicals are formed. Antioxidants quench the color that results
in, proportional to their amount and activity in the sample, discoloration of the
solution. The antioxidant capacity of the samples is driven by the Trolox standard
curve [Grajek 2007; Cybul and Nowak 2008; Siddeeg et al. 2021].

However, since the plasma contains high levels of Fe**, this method is not
recommended to detect the antioxidant capacity in this blood fraction The disad-
vantage of this method is its low specificity [Siddeeg et al. 2021].

3.1.4. FRAP Assay

Ferric reducing antioxidant power (FRAP) assay is a widely used method that uses
antioxidants as reductants in a redox-linked colorimetric reaction, wherein Fe3*
is reduced to Fe**. Ferric (Fe*") to ferrous (Fe**) ion reduction at low pH causes
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formation of a colored ferrous-probe complex from a colorless ferric-probe com-
plex. As a result, color of the substrate changes and the colorless reagent converts
to intensely blue product with an absorption maximum at 593-595 nm. The sam-
ple antioxidant capacity is determined by comparing the change in absorbance
of the analyzed sample with the value of the Fe** standard solution. Absorbance
is changing linearly over a wide range and the determined value of the sample is
directly proportional to the antioxidant concentration [Firuzi et al. 2005; Cybul
and Nowak 2008].

This method is highly reproducible, sensitive, rapid and lowcost. It can mea-
sure the combined activity of redox-active antioxidants in a food, or in plasma or
urine following ingestion of a food [Marchi et al. 2022].

The pH assay requires acidic conditions (pH 3.6) and the antioxidants with
redox potential lower than that of the redox pair Fe**/Fe?* can reduce the Fe®*,
leading to a false result [Marchi et al. 2022]. FRAP results might vary depending
on the analysis time as observed for the reaction between antioxidants and Fe**,
which ranged from several minutes to several hours. Therefore, a single-point
absorption end point may not represent a complete reaction, since different an-
tioxidants require different reaction times for detection [Prior et al. 2005; Pastor
et al. 2020].

3.1.4.1. CRA Assay

The copper reduction assay (CRA) and CUPRAC (the cupric ion reducing an-
tioxidant capacity) are the variants of the FRAP method. The difference is that
instead of iron, another ions are reduced. Due to the presence of antioxidants in
the sample, the Cu?* complex is reduced to a colored copper Cu*! complex and
its absorption is then measured. In this method the bathocuproine (2,9-dimeth-
yl-4,7-diphenyl-1,10-phenanthroline) is used, which forms an orange complex
with copper Cu*!. This complex is a chromophore with a maximum absorbance
at 490 nm [Apak et al. 2004; Cybul and Nowak 2008].

3.1.4.2. CUPRAC Assay

The cupric ion reducing antioxidant capacity (CUPRAC) measures the antioxi-
dant potential of a sample by measuring the rate of conversion of Cu*? to Cu*! in
the presence of neocuproine (Nc) or athocuproine (BC) (chelating agents). In the
test, the chelators complex with the Cu*! containing compound to yield a stable
color that can be read at 450 nm [Siddeeg et al. 2021]. The sample antioxidant
capacity is expressed as uric acid equivalents and the graph is drawing expressing
the dependence of the Cu*! complex absorbance, which has a rectilinear course
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in the uric acid concentration range of 0.05-2 mM [Apak et al. 2005; Cybul and
Nowak 2008].

There are stable and rapid methods. Cupric ion reducing antioxidant capacity
(CUPRAC) is one of the best tests to measure the antioxidant potential of the thi-
olgroup and plasma antioxidants like AA, B-carotene, bilirubin, tocopherols and
albumin. The Cu?* ion has a redox potential (0.16 V) lower than that of the Fe**
ion, which makes the CUPRAC reaction more selective than the FRAP reaction.
Unlike FRAP, CUPRAC method is performed in aqueous solution with neutral
variety of antioxidants with hydro- or lipo-soluble chemical structures. In addi-
tion, CRA and CUPRAC measurement methods has been applied to assess the
antioxidant capacity of Mo®*, Ru**, Oxovanadium**, Co?*, Pd**, Cu®*, Fe** and
Mn?* [Siddeeg et al. 2021; Marchi et al. 2022].

In CUPRAC method only hydrophilic antioxidants are suitable and it is diffi-
cult to set an appropriate reaction time [Marchi et al. 2022].

3.2. Mechanism of hydrogen atom transfer (HAT)

In the HAT process, the antioxidant neutralizes the radical species by donating
a hydrogen atom, H. The reactivity of this mechanism is dependent on the pH
of the solution, the environment, and the bond dissociation energy (BDE) of the
O-H bond, which is correlated to BDE value [Marchi et al. 2022]. An antioxidant
present in the analyzed sample and the model antioxidant of known concentra-
tion, called a “molecular probe” compete with each other for the opportunity to
react with the peroxyl radical. In these methods, measurement of antioxidant
activity is based on monitoring the course of these competing reactions [Grajek
2007; Cybul and Nowak 2008].

3.2.1. ORAC Assay

Analyses based on this mechanism include a method of determining the oxy-
gen radical absorbance capacity (ORAC). This assay measures the decrease in
the fluorescence of the fluorescein probe which detects peroxy radicals generated
by 2,2’-Azobis(2-amidinopropane) dihydrochloride (AAPH) due to free radicals
scavenging by the antioxidant in the presence of free radical scavengers. The de-
crease in fluorescence is linear. This test is usually performed in commercially
available 96-well polypropylene fluorescence plates and the decreases are fluo-
rescence is read at excitation/emission 485/520 nm every 1 min for 35 min. Dif-
ferent concentrations of Trolox are used as standards and the antioxidant activity
(concentration) is calculated from the standard curve or the area under the curve
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[Price et al. 2006; Cybul and Nowak 2008; Prior 2005; Siddeeg et al. 2021; Marchi
et al. 2022].

This method is more sensitive than the FRAP one. In this method, oxidative
activity is determined by integrating the area between the fluorescence curves for
the test sample and the blank. This assay enables the determination of the activity
of fat- or water-soluble compounds with antioxidant properties. At present, in
the ORAC method, among others, fluorescein or dichlorofluorescein are used as
molecular probes. The method belongs to those of high precision and sensitivity
[Osman et al. 2006; Cybul and Nowak 2008].

The antioxidant capacity estimation requires the integration of the area under
curve (AUC) of the fluorescence curves for the examined sample and the refer-
ence sample. Photobleaching of the probe and control reaction conditions (tem-
perature and oxygen) are also disadvantages of this method [Cybul and Nowak
2008; Marchi et al. 2022].

3.2.2. TRAP Assay

The total radical-trapping antioxidant parameter (TRAP) method is based on
the continuous formation of lipid or peroxyl radicals under aerobic conditions,
and is detected by fluorescence. This method measures the ability of an antioxi-
dant to scavenge ROO in the presence of a molecular probe [Marchi et al. 2022].
The TRAB method relies on preserving the decomposition of fluorescence of
the R-phycoerythrin (R-PE) by azo compound 2,2’-azobis(2-amidinopropane)
dihydrochloride (AAPH) (a radical generator). The antioxidant activity of the
extract is proportional to the decoloration of the product. Antioxidants react ca.
100 times faster with radicals than R-PE and due to this, they are able to break
the chain of free radical-induced reactions. When the lag phase period of reac-
tion is over, i.e. when the antioxidants have completely reacted, the R-PE protein
oxidation begins and a gradual fluorescence decay of the mixture is observed.
This method is carried out at 37 °C and the reactants are soluble in phosphate pH
buffer pH 7.4. TRAP may be either directly measured by a fluorescence-based
method (TRAPm) or calculated (TRAPc) by a mathematical formula, consider-
ing the serum levels of four natural antioxidants. The quantitative determination
of the antioxidant activity in the analyzed sample is based on determining the lag
times for the sample and for the known amount of Trolox, during the oxidation
process [Grajek 2007; Cybul and Nowak 2008; Dresch et al. 2009; Santos-Sanchez
et al. 2019].

TRAP is the best test to be used for plasma samples. Its advantage is great
simplicity [Siddeeg et al. 2021].
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This is a complicated method that requires a long time of equipment use and
an expert experimenter; in addition, TRAP also uses an aqueous solution, which
is not necessarily a physiological medium, to mimic and generate lipid peroxyl
radicals [Marchi et al. 2022].

3.2.3. LPIC Assay

The lipid peroxidation inhibition capacity (LPIC) method measures the abil-
ity of both lipophilic and hydrophilic antioxidants to protect a lipophilic flu-
orescent probe 4, 4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-
-s-indacene-3-undecanoic acid, incorporated in the membrane, from 2,2’-azo-
bis(2-amidinopropane)hydrochloride generated radicals in the surrounding
aqueous solution [Zhang et al. 2006]. This assay is based on the estimation of
the ability of antioxidants occurring in the sample, to inhibit the peroxidation
products of model lipids of the LDL-cholesterol fraction or linoleic acid. The
course of the oxidation is monitored spectrophotometrically at 234 nm. During
the absorption measurement, three phases can be observed (induction, prop-
agation and termination of the reaction). During the induction phase, linoleic
acid or polyunsaturated fatty acids of the LDL fraction are protected against ox-
idation by the sample’s antioxidants. Once they have reacted, the peroxidation
process moves into the propagation phase. In addition to the UV-VIS spectro-
photometer, liquid or gas chromatographs are also applied [Cybul and Nowak
2008; Apak et al. 2016].

The advantages of this method are accuracy and precision [Zhang et al.
2006]. In its more advanced form, it requires specialized equipment [Zhang
et al. 2006].

3.2.4. CBA Assay

Crocin, a carotenoid derivative naturally occurring in crocus, becomes discolored
only by radical oxidation and this property is used in the crocin bleaching assay
(CBA). The CBA is suitable for screening radical scavenging activity. Originally,
an inhibition of crocin bleaching by a range of substances was monitored by com-
petition kinetics in the presence of photolytically produced alkoxyl radicals. In
CBA, abstraction of hydrogen atoms and/or addition of the radical to the polyene
structure of crocin results in a disruption of the conjugated system accounting for
crocin bleaching [Dontha 2016]. At the first stage, phosphate buffer is prepared,
containing crocin and an appropriate amount of the analyzed antioxidants. Then,
azo-initiator (AAPH or ABAP) is added to start the radical reaction. The course
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of the oxidation process of samples, both with and without the addition of anti-
oxidant, is usually monitored spectrophotometrically at 443 nm, for 10 minutes
[Cybul and Nowak 2008; Zieniuk et al. 2021].

It is believed to be a suitable method for the analysis of complex samples
containing many components and fast and slow acting antioxidants [Cybul and
Nowak 2008].

This method measures the antioxidant activity of only hydrophilic antioxi-
dants and is one of the most commonly used for the quantitative analysis of fruit
and vegetable extracts, as well as individual compounds and body fluids. This
method is characterized by low reproducibility, problematic quantification of re-
sults, differences in reagent preparation, doubtful need for a preheating phase and
sensitivity to factors such as temperature, pH, solvents and metals [Caldwell et al.
2000; Ninfali et al. 2002; Cybul and Nowak 2008].

3.3. Methods using other mechanisms

3.3.1. TOSC Assay

The total oxidant scavenging capacity (TOSC) assay is a method allowing the
determination of the ability of the examined solution to inhibit three strong ox-
idants, i.e. hydroxyl radicals, superoxide radicals and peroxynitrite radicals. In
the total oxyradical scavenging capacity (TOSC) assay different reactive oxygen
species can be generated at a constant rate. In this manner, reactive oxygen spe-
cies can oxidize the substrate a-keto-y-methiolbutyric acid (KMBA) to ethylene
gas and the course of ethylene formation is measured. The efficiency of cellular
antioxidants as scavengers of the generated reactive oxygen species is a function
of their ability to inhibit the reaction between reactive oxygen species and KMBA.
The degree of inhibition of ethylene formation relative to controls yields a pa-
rameter termed the TOSC value, which is an index of the antioxidant capacity
of a sample for a defined reactive oxygen species [Regoli et al. 2000]. ethylene
formation time is tracked using a gas chromatograph. The antioxidant properties
of a sample are the greater, the greater the ability of its antioxidants to inhibit the
reaction of ethylene formation. The analysis is carried out on the examined sam-
ple as well as on a control sample containing no antioxidants [Lichtenthéler et al.
2003; Cybul and Nowak 2008].

This method is used to determine both water- and lipid-soluble antioxidants
and also is applied to testing a pure antioxidant solution as well as complex bio-
logical samples (liquids, tissues) [Cybul and Nowak 2008].
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In this method large deviations of both hydrophilic and lipophilic substances
can’t be observed despite their sometimes lower concentration range. This meth-
od requires more advanced equipment [Regoli et al. 2000].

3.3.2. Chemiluminescent (CL) method

This method is based on the reaction of oxygen radicals with an appropriate tracer,
resulting in the formation of excited chemiluminescence-emmiting forms. Among
different chemiluminogenic species exploited for the evaluation of antioxidant ac-
tivity, luminol seems to be the most commonly used CL reagent. The assays em-
ploying aluminol CL detection are based on the scavenging of free radicals (includ-
ing reactive oxygen species) involved in the sequence leading to an electronically
excited 3-aminophtalate dianion (3-APA*), which emit the light on return to its
ground state. The determination of antioxidants is mainly based on the inhibiting
of CL derived from few enzymatic reactions: luminol-H,O,-horseradish peroxi-
dase, luminol-xanthine-xanthine oxidase, luminol-hypoxanthine-xanthine oxi-
dase, but also luminol-H,O,-Co(II)/EDTA, luminol-H,O,-Fe(II), luminol-ClO~
and luminol-2,2’-azo-bis-(2-amidinopropane) CL system [Nalewajko-Sieliwoniuk
et al. 2008]. The antioxidant activity of a sample is determined by comparing the
reaction kinetics of a control sample (without chemiluminescence suppressants)
to an analysis with antioxidants. The vast majority of chemiluminescent methods
used to determine the total phenolic antioxidants are stationary methods; only
a small part of them are the methods conducted in flow injection analysis (FIA)
systems, flow sequential injection analysis (SIA) system, multi-pumping flow sys-
tems (MPFS), and multicommutation flow analysis (MCFA) system [Cybul and
Nowak 2008; Koss-Mikotajczyk et al. 2017; Zadykowicz et al. 2018].

The advantages of the chemiluminescent method include a very low thresh-
old of antioxidant detection, a wide range of linearity and a rate, faster than that
of standard methods. The method is often used to determine the content of re-
active oxygen species in various biological systems, and also as an indirect meth-
od for the analysis of antioxidant properties [Cybul and Nowak 2008]. Simplic-
ity and low cost of the apparatus are its advantages. The SIA, MCFA and MPFS
techniques are more advanced in terms of apparatus than the classic FIA tech-
niques. So, they make it possible to increase the level of automation employed
in measuring systems. In addition, their use is beneficial taking into account en-
viro-economic aspects, as they allow for the significant reduction of the amount
of reagents used and produced waste, thus meeting the criteria for the so-called
“Green analytical chemistry” [Atanassova et al. 2005; Cybul and Nowak 2008;
Koss-Mikotajczyk et al. 2017].
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The disadvantages of this method are the lack of analytical characteristics of
the developed methods and their rarely-tested selectivity. In order to determine
individual antioxidant compounds in raw materials and plant-derived products,
as well as to find those most responsible for the antioxidant activity of the exam-
ined samples, it is necessary to apply the stage of their preliminary separation on
the chromatographic column. Separation of plant phenols is mainly performed
by means of high-performance liquid chromatography methods [Atanassova
et al. 2005; Cybul and Nowak 2008; Koss-Mikotajczyk et al. 2017].

3.3.3. Electrochemical methods

These methods use the current generated during the electrochemical reaction of
oxygen on the electrode. Antioxidants reduce the intensity of this current by re-
acting with oxygen and its derivatives. There are several variants of electrochem-
ical measurement of antioxidant activity. The most important of them, cyclic
voltammetry (CV) and differential pulse voltammetry (DPV), allow the measure-
ment of the sample antioxidant potency using a special glass carbon electrode. In
cyclic voltammetry, a glass carbon or platinum electrode is used as the working
electrode, and a silver chloride or calomel electrode as the reference electrode
[Zielinska et al. 2008; Chevion et al. 2000; Koss-Mikotajczyk et al. 2017].

This method is characterized by the high level of automation. The surface
area may be taken as a parameter to compare the antioxidant capacity of a num-
ber of samples or relate its value to that of a given concentration of a reference
substance. The most commonly used reference substances are Trolox and ascor-
bic acid [Chevion et al. 2000; Zielinska et al. 2008].

This method has limited efficiency in terms of the number of analyses per-
formed per day (only 20 samples) due to the long electrode cleaning procedure.
In addition, the signal observed for samples with a complex matrix is the result
of the oxidation potentials for many compounds and there are problems in deter-
mining the value of the peak current or the total charge under the oxidation peak.
This method will not provide information on the mechanism or kinetics of the
free radicals neutralization reaction [Chevion et al. 2000; Zielinska et al. 2008].

3.3.4. Electron paramagnetic resonance (EPR) spectroscopy

This method allows the detection of compounds with unpaired electrons (para-
magnetics), i.e. free radicals. Most EPR spectrometers use a constant frequency
of radiation and an alternating magnetic field; resonance detection is performed
by the continuous wave (CW) method [Epel et al. 2014]. CW EPR spectrometers
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record the spectrum of a paramagnetic substance as an absorption curve, and this
is usually displayed as the first derivative of the absorption curve due to this-way
increased resolution and signal-to-noise ratio. Double integration allows the cal-
culation of the signal area, which is directly proportional to the concentration of
paramagnetic centers. The radical identification is conducted on the basis of the
spectroscopic splitting factor (g), which determines the strength of the interaction
with an external magnetic field. The difficulty in observing free radicals is their
short lifetime. In order to avoid this problem, spin traps are used. These are dia-
magnetic compounds, which, due to the presence of -N=0 bonds, form relatively
stable spin adducts with free radicals [Zawada 2009; Epel et al. 2014; Jarco 2017].

EPR spectroscopy provides valuable information on a variety of paramag-
netic systems, for example, with an unpaired electron, which attract the interest
of pharmacy and medicine. Due to its specificity, it allows for the study of free
radicals in various materials: drugs, tissues, body fluids [Zawada 2009].

The disadvantage of EPR imaging is the low spatial resolution of the method,
resulting from a large spectral line width and the occurrence of hyperfine cou-
pling [Ninfali et al. 2002; Zawada 2009].

3.3.5. Other, less frequently used methods

Mass spectrometer (MS), nuclear magnetic resonance (NMR) and Fourier trans-
form infrared (FT-IR) spectroscopy are use occasionally to study antioxidant
activity. In turn, there are methods using combined techniques, such as, for ex-
ample, HPLC/MS or HPLC/MS/MS, which are applied for the detection of indi-
vidual compounds with antioxidant activity as well as to determine antioxidant
activity [Koss-Mikotajczyk et al. 2017].

These methods are characterized by high accuracy and innovative nature, de-
pending to a large extent on the research skills of the person performing analyses
[Szeleszczuk et al. 2018].

These techniques are time-consuming; require pre-treatment of the exam-
ined product, expensive equipment (detectors, chromatographic columns) and
high-purity reagents [Szeleszczuk et al. 2018].

4. In vivo methods

For all in vivo methods the samples that are to be tested are usually administered
to the testing animals (mice, rats, etc.) at a definite dosage regimen as described
by the respective method. After a specified period of time, the animals are usually
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sacrificed and blood or tissues are used for the assay [Alam et al. 2013]. In in vivo
methods, liposomes and microsomes, due to their similarity to the composition
of biological membranes, are used to assess antioxidant activity in oxidation re-
actions, in systems that mimic real conditions inside the body. The inhibition
of low density lipoprotein (LDL) oxidation in the blood plasma of experimen-
tal animals and in humans after oral administration of a polyphenol mixture, is
also used as a measure of antioxidant activity [Salleh et al. 2002]. The degree of
inhibition of DNA damage occurring in biological systems (helix breakage, sin-
gle-strand breakage or chromosomal abnormalities) is used to estimate the activ-
ity, too. In vivo methods applications include: free radical scavenging capacity of
human blood; inhibition of apoptosis-inducing oxidation of living human cells;
lipid peroxidation of liposome membranes exposed to UV radiation; oxidation of
the rat liver cell-derived mitochondria; lipid oxidation in lecithin microsomes of
chicken eggs; oxidation of human LDL induced by copper or radicals; NADPH/
iron-induced peroxidation in liver microsomes; antioxidant capacity of rat blood
plasma with induced formation of cholesterol ester hydroperoxides; and DNA
oxidation and fragmentation assays [Moure et al. 2001; Cybul and Nowak 2008].

5. The problems with the objectivity of the methods used
to determine antioxidant activity

5.1. The methods used to determine antioxidant activity in vitro

An extensive use of aforementioned assays for the evaluation of fruits, vegeta-
bles, leaves and stems, herbs and spices, caused that TEAC, DPPH, ABTS, ORAC,
CUPRAC, and FRAP acronyms are today commonly used words in scientific
publications and general audience popular science articles. However, none of the
methods developed so far has been recognized as the standard method. These
methods are characterized by great diversity, since they are based on different
reaction mechanisms (e.g. single electron transfer, hydrogen atom transfer) and
measurement conditions (different forms of analytes depending on the pH used).
The selection of a suitable alcoholic/non-alcoholic/apolar extractant is also a seri-
ous problem as well as the measurement time used for methods where the sample
becomes discolored. Usually, individual research groups rely on their previous
experiences. As a result, no standards have been developed, as own modifica-
tions have been introduced to the commonly known methods. In addition, these
methods use different standard substances and different ways of expressing re-
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sults (e.g. the percentage of unreduced radical or as the EC,, parameter, which
indicates the antioxidant concentration causing a decrease of the initial radical
concentration by 50% or expressed as Trolox). The differences described make
it impossible to compare the values obtained in an unambiguous way. Unfortu-
nately, the results obtained by means of spectrophotometric methods are subject
to large errors. Doubts concerning the unambiguous classification of some sim-
ple reactions as following the SET mechanism have been reported in the litera-
ture. This includes suggestions of the co-occurrence of reactions based on SET
and HAT mechanisms as well as the occurrence of more complex mechanisms
- SPLET (sequential proton loss electron transfer) and PCET (proton coupled
electron transfer). This also makes it impossible to clearly define the mechanism
of the reactions. First of all, taking into account quantitative analyses, chemical
aspects of methods are unclear. They were developed for rapid screening, so there
are no detailed studies on basic initiators, objectives, antioxidant interactions,
kinetics, and effects of solvents or the concentration used, etc. The routinely ig-
nored problems include also such issues as: not fully understanding of ongoing
reaction, some aspects of control, oxygen forms (dissolved and atmospheric),
light, temperature, reagent concentrations, solvents, pH, and the blanks used. In
the vast majority of methods, stoichiometry (capacity) rather than kinetics of an-
tioxidant reactions is measured. Furthermore, in each laboratory, procedures de-
velop to work with available instrumentation and under laboratory capabilities.
It is observed that there is an almost complete lack of standardization of experi-
mental procedures, especially in the expression of results. Here, there are various
methods, often irrelevant in terms of in situ performance. Overall, the majority of
“screening” methods and natural antioxidants are water-based, while lipid phases
are ignored [Liang and Kitts 2014; Ilyasov et al. 2020].

5.2. The methods used to determine antioxidant activity in vivo

From many conceptual limitations, one of the most important relates to antiox-
idant assays designed to identify which antioxidants should ensure the strongest
protective effects against free radicals in vivo. However, the radical quenching
noted in test tubes probably does not take place in vivo. Majority of antioxidants
are not easily absorbed or are rapidly conjugated and excreted in the urine. There-
fore, the amount of circulating phenol reaches trace levels at best. There is low
probability that such slight amounts can influence the physiological antioxidant’s
action by radical quenching only. In the vast majority of in vitro methods, chem-
ical reactions and molecular targets are not reflecting in vivo conditions. These



XIV. Difficulties in objective comparison of antioxidant activity results 299

methods apply antioxidants in the amounts, which are orders of magnitude high-
er than that occurring in vivo. As opposed to small, easily available but unsta-
ble radicals, which are active in vivo, in these assays, sterically-hindered stable
radicals are used as targets. If an antioxidant needs minutes to hours for radical
scavenging, its action in vivo in cells or even in situ in foods must be negligible
[Schaich et al. 2015].

6. Conclusion

Chemical methods for the determination of antioxidant capacity are based
on measurement of the effect of antioxidants on the rate of oxidation pro-
cesses occurring in the sample (ORAC and TRAP), reduction of metal ions,
e.g. iron (FRAP) or copper (CUPRAC), synthetic radical scavenging capacity
(ABTS, DPPH) or measuring the amount of lipid oxidation products or LDL
fractions. Independently of the analytical technique selected to evaluate the
antioxidant activity against free radicals, the tests should fulfill to some main
requirements. Firstly, all analytical methods used to quantify antioxidant ac-
tivity must present repeatability, reproducibility and standardization to be val-
idated. Secondly, all available methodologies should have their effectiveness
tested by comparing the antioxidant compounds with an appropriate com-
mercial standard to quantify their antioxidant capacity. Although a number
of methods exist to assess antioxidant properties, there is no standardization
of the obtained results. Unfortunately, this situation makes it impossible to
compare the results achieved by different researchers. Therefore, it is a serious
methodological challenge.
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