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Legend of acai

Many years ago, there was an Indian tribe in the region of the Para
state in Brazil that became very numerous. There was a period of
food scarcity. Therefore, the Indian chief, Itaki, had to make the

very hard decision to have all newborn babies sacrificed.

This chief had a daughter called lacad, who soon gave birth to a
baby girl, who had to be sacrificed. lagd was devastated and cried
day and night, going for long days without food or drink and not
leaving her house at all. She remained in her hut praying to Tupd
the jungle god that she might show her father another way to help
her people and save the tribe without sacrificing any more babies.

Then one night, she heard the crying of a baby coming from the
forest. She followed the sound and found her baby at the base of a
palm. She darted out and hugged her baby. However, mysteriously,

her baby disappeared.

laga, heartbroken, cried until death. Days after, Itaki found her

lifeless body, her arms wrapped around the trunk of a palm tree,

her face was peaceful with a smile and her eyes were open and

strangely fixed to the top of the palm that was laden with dark
purple fruit.

Itaki then ordered that the fruits be harvested, tasted and noted that
they were tasty and sustaining. In homage to his daughter he named
the berry Acgai (laga spelled backwards). The chief lifted his order,
saving the babies, and the tribe prospered thereafter.

Story of the Amazonian folklore
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AAPH : 2,2’-azobis(2-amidinopropane) dihydrochloride
AA : arachidonic acid
ACN : acetonitrile
AGEs : advanced glycation end products
Akt : also known as “Protein Kinase B” (PKB) (a serine/threonine-specific-protein kinase)
amu : atomic mass unit
AP-1 : activator protein-1
APCI : atmospheric pressure chemical ionization
API : atmospheric pressure ionization
ASK-1 : apoptosis signal-regulating kinase 1
ABC : adenosine triphosphate-binding cassette

C8, C18: reversed-phase column-packing designations, indicating length of alkyl ligand
bonded to the particle

CBG : cytosolic f-glucosidase

CEM : channel electron multiplier

COMTs : catechol-O-methyltransferases

COX : cyclooxygenase

CID : collision-induced dissociation

CREB : cAMP response element-binding protein
CRM : consecutive reaction monitoring
cy3glu : cyanidin 3-glucoside

cy3rut, cyanidin 3-rutinoside

Da : Dalton

DAD : diode-array detector, also PDA detector

EIC : extracted-ion chromatogram



eNOS : endothelial nitric oxide synthase

EOF : Euterpe oleracea fruits

EOJ : Euterpe oleracea juice

ERK : extracellular-signal-regulated kinase

ESI : electrospray ionization

EtOAc : ethyl acetate

FT : Fourier transform

FT-ICR : Fourier transform—ion cyclotron resonance
FTMS : Fourier transform mass spectrometry
FWHM : full width at half maximum

HPLC : high-performance liquid chromatography
GLUTI-2 : glucose transporter 1 or 2

HPLC—MS : high-performance liquid chromatography—mass spectrometry
HRMS : high resolution mass spectrometry

ICAM-1 : intercellular adhesion molecule 1

ICR : ion cyclotron resonance

1.d. : internal diameter

IL : interleukin

iNOS : inducible nitric oxide synthase

IS : internal standard

IT : ion trap

JNK : c-Jun N-terminal kinase

LC : liquid chromatography

LC—MS : liquid chromatography—mass spectrometry
LDL : low-density lipoprotein

LIT : linear ion trap, also called LTQ



LLE : liquid-liquid extraction

LOD : limit of detection

LOX : lipoxygenase

LOQ : limit of quantitation

LPH : lactase phlorizin hydrolase

LPS : Lipopolysaccharide

LTQ : linear trap quadrupole or quadrupole linear ion trap, also LIT
m/z : mass-to-charge ratio

MA : mass accuracy

MAPK : mitogen-activated protein kinase

mAU : milli-absorbance units

ME : matrix effect

MeOH : methanol

MEW : mass extraction window

MRP1,-2-3 : multidrug resistance protein 1, 2 or 3
MS : mass spectrometry

MS/MS : tandem mass spectrometry
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MS" : multiple-stage mass spectrometry, where “n” is the number of product ion stages (n"-

generation product ions)
NADPH oxydase : nicotinamide adenine dinucleotide phosphate-oxidase
NAF : non-anhocyanin flavonoids
NF-«kB ; nuclear factor-kappa B
NO : nitric oxide
NOS : nitric oxide synthase
OAT?2 : organic anion transporter 2

ORAC : oxygen radical absorbance capacity



p38 MAPK : p38 mitogen-activated protein kinase

PDA : photodiode-array (detector); also DAD

PE : process efficiency

PIC : projet interuniversitaire ciblé

P13 kinase : phosphatidylinositol 3-kinase

PKC : protein kinase C

PLA2 : phospholipase 2

ppm : parts per million

Q : quadrupole

RAGE : receptor for advanced glycation end products (AGEs)
RDA : retro-Diels—Alder

RE : recovery

RP : resolving power

RSD : relative standard deviation

S/N : signal-to-noise ratio

SEM : secondary-electron multiplier

SGLTT1 : sodium-dependent glucose transporter 1

SIM : selected-ion monitoring

SMCT1-2 : sodium-coupled monocarboxylate transporter 1 or 2
SPE : solid-phase extraction

SRM : selected reaction monitoring

STAT-1 : signal transducer and activator of transcription-1
SULTs : sulfotransferases

TIC or TICC : total ion chromatogram or total ion current chromatogram (synonymous).
TNF-a : tumor necrosis factor-o

TEAC : trolox equivalent antioxidant capacity



TOF : time of flight

TOSC : total oxidant scavenging capacity

TRAP : total radical trapping antioxidant parameter
UFPA : universidade federal do Para

UGTs : uridine-5’-diphosphate glucuronosyltransferases

UHPLC : ultra-high pressure liquid chromatography, also ultra-high performance liquid

chromatography
UV : ultraviolet

VCAM-1 : vascular cell adhesion molecule 1
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General introduction

Euterpe oleracea is a palm tree very abundant in the Brazilian Amazon forest. The juice
produced from its fruits, called “acai” is the most commonly consumed beverage in the
Amazon region, where the individual consumption can reach one litre per day. The fruits have
been acclaimed as “superfruit” and have received much attention of the food industry and
health sector, because of their abundance in bioactive compounds, mainly phenolic
derivatives. The interest for phenolic compounds has remarkably increased in the last fifteen
years because of their elevated antioxidant activity, and scavenging potential of free radicals
associated to various diseases. The increasing commercialization of these fruits have directly
improved the benefits of small cooperatives, organized for the harvest, transport and process

of the fruits to juice and other derived products [1].

The general context of this thesis is a collaboration between Peruvian (UNALM, Lima),
Brazilian (UFPA, Belém) and Belgian (UCL and ULB, Louvain-la-Neuve and Bruxelles)
universities from a Projet Interuniversitaire Ciblé (PIC) entitled « Etudes approfondies sur la
valorisation de composés bioactifs de plantes andines et amazoniennes pour un
développement régional durable ». This project has the financial support of the Commission
Universitaire pour le Développment (CUD). The main objective of the PIC is to give added
value to different plant products from the Andean and Amazonian biodiversity, through a
better knowledge on their bioactive compounds, for a sustainable regional development. In
this project, chemical, biochemical, toxicological and engineering studies have been
performed to achieve this objective. In this context, this thesis selected the fruits of E.
oleracea palm in order to perform their phenolic characterization and quantification. E.
oleracea fruits were chosen because of their economic importance for the Amazon region.
Additionally, their characterization and quantification are crucial steps for their valorization
because they can help producers and research institutions to improve the quality of the fruits

and derived products.

In the first part of this work, a general review of the scientific literature will be
presented about (a) validation of analytical methods, (b) phenolic compounds, including their
chemical structures and analytical methods used for their characterization, and finally, (c)
generalities about E. oleracea fruits, including the current knowledge about their phenolic
composition. After that, the objectives of the thesis will be detailed. Chapter 2, a validated
analytical method that allowed the identification and quantification of anthocyanins in fruit
extracts of E. oleracea palm will be described. The anthocyanins correspond to the first group

of phenolic compounds studied in this work. Due to the specificities of the different classes of
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General introduction

phenolic compounds, another analytical method was developed and validated for the
identification and quantification of non-anthocyanin flavonoids in juices of E. oleracea. It
will be presented in Chapter 3. Then, a general discussion will be performed regarding the
results obtained in those experimental chapters. Finally, the conclusions and perspectives will

be presented.
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1. Bibliographic review

1.1. Validation of analytical methods
Analytical method validation is a mandatory step before routine analysis in analytical
laboratories of the chemical, pharmaceutical, biopharmaceutical and agro-food industries [2—
5]. The validation of quantitative procedures gives guarantees that each measure that will be
performed in routine analysis will be close enough to the unknown true value of the sample to

be analysed [6,7].

Today, several international organisations offer guidelines on method validation and
related topics, e.g. AOAC [8], FDA [9-11], ICH [12], ISO [2,5], EURACHEM [4]. These
organisations proposed several validation criteria that should be tested in order to ensure the

reliability of the developed method. The criteria that will be discussed here are:
» Selectivity
* Response function
* Trueness
* Precision (repeatability and intermediate precision)
* Accuracy
* Linearity
* Limit of detection (LOD)
* Limit of quantitation (LOQ)

* Dosing range

Although the consensus on which criteria should be evaluated during the validation
analytical methods, some confusion about terminologies of these validation criteria were
observed between the references. Some papers have discussed the incoherencies and
confusions established about these terminologies [6,13—16]. Some of the main ambiguities

will be noted in the next section.

In this context, a commission of the « Société Francaise des Sciences et Techniques
Pharmaceutiques » (SFSTP) [6,13,14,17,18] looked for a consensus on the norms usually
recognized for the validation, and principally proposed a harmonized approach for

quantitative method validation that uses the accuracy profile as decision tool, based on the /-
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expectation tolerance interval and the concept of total error. This approach gives predictions

about the quality of the future results that will be produced.

This approach of method validation, as well as this consensus about the terminologies of

validation criteria discussed in these references were used in this work.

1.1.1. Objectives of method validation

Before addressing the purpose of the method validation, we can define the objective of a
quantitative analytical procedure as the quantification, as accurate as possible, of each of the
unknown quantities of analytes that the laboratory will have to determine, which means that
the difference between the obtained result and the unknown true value of the analyte will be

inferior to acceptance limits (Eq. 1):

~A<x=py <A = |x—p|<A Eq. 1

where x is the result obtained by the analytical method, pr is the true value of the sample, and
A is the acceptance limit. The acceptance limits are fixed a priori by the analyst according to
the objective of the analytical procedure. The objective is linked to the requirements usually
admitted by the practice. In biological matrices as in our case (vegetal extracts) the acceptance

limits between + 20% and + 30% can be used [17].

The objective of method validation is then to provide by examination evidences that an
analytical procedure meets its objective. In other words, the objective of validation is to give
guarantees that each of the future results that the laboratory will obtain with the validated
method during routine analysis will be accurate enough, so sufficiently closed to the true

value.

1.1.2. Validation criteria
1.1.2.1. Selectivity and Specificity

Selectivity refers to the extent to which the method can be used to determine particular

analytes in mixtures or matrices without interferences from other components of similar
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behavior [19]. A method, which is perfectly selective for an analyte is said to be specific [20].
Therefore, specificity can be considered as the ultimate selectivity, meaning that no
interferences are supposed to occur [19]. Selectivity can be graded while specificity is an

absolute characteristic [19,21].

A clear distinction should be made as discussed in a recent review [22] “A specific
reaction or test is one that occurs only with the substance of interest, while a selective reaction
or test is one that can occur with other substances but exhibits a degree of preference for the
substance of interest. Few reactions are specific, but many exhibit selectivity”. This is

consistent with the above definitions of selectivity and specificity.

As recommended by the IUPAC [19], the term selectivity should be promoted in
analytical chemistry and particularly in chromatographic techniques and the term specificity
should be discouraged. Therefore, in the present work, selectivity will be used instead of
specificity. The selectivity level of chromatographic methods depends on the quality of the

chromatographic separation and on the intrinsic selectivity of the detection method [17].

In plant extract analysis, it is impossible to obtain a blank sample (containing all
compounds, except the analyte(s)) to evaluate the selectivity. Nevertheless, this parameter can
be evaluated by checking the deviation of the retention time which should fall within the
range of £0.5% [23] and mainly by checking the peak purity of the chromatographic peak, by
comparing the spectra (i.e. UV, MS or MS/MS) at different levels of the peak, with standard

compound data [24—-27]. This may be done by softwares in several analytical instruments.

1.1.2.2. Response function

The response function of an analytical procedure is the relationship between the
response (signal, e.g. area under the curve, peak height) and the concentration (quantity) of
the analyte in the sample, within a specified range. The calibration curve is the most
appropriate response function. The response function can be linear (straight line) or non
linear, depending on the detection method or the concentration range. Non linear models have

often been observed in bioanalytical methods using LC-MS/MS [28,29].

As the purpose of an analytical procedure is to give accurate measurements, the standard
curve must be evaluated on its ability to provide accurate results. This may be evaluated by

the accuracy profile by analysing which response function gives the best accurate results
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[16,29-31]. Explanations on the use of accuracy profile, as a decision tool to evaluate the

accuracy of the results, will be given in /.1.2.6. Accuracy section.

1.1.2.3. Linearity

The linearity of an analytical procedure is the proportional relationship within a definite
range between the results and the concentrations of the analyte in the sample that were back-
calculated from the calibration curve. As discussed in a recent review [16] linearity is
confused with response function, e.g. the ICH Q2 (R1) document [12] is ambiguous : in one
section of the document, linearity is defined as aforementioned, but in another section it is
mentioned that it should be evaluated from a visual inspection of a plot of signals as function
of the concentrations. The notion of signals vs concentration is presented in other references

[32,33].

Figure 1 [14] illustrates the linearity graphic with the intercept, the slope (close to 1) and #*

estimations.

1000
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0 Interc. Slope 2
-11.45 1.027 0.996

0 200 400 600 800 1000
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Figure 1 Representation of the linearity of an analytical procedure, with the estimations of the intercept, the
slope and #° [14]. The dots represent the back-calculated concentrations obtained from a linear regression as
response function. The line represents the linear regression model that was fitted on the back-calculated
concentrations (experimental results) as a function of the target concentrations (introduced concentrations in the
validation standards).

32



1. Bibliographic review

1.1.2.4. Precision

Precision of an analytical procedure expresses the closeness of agreement between a
series of measurements obtained from multiple sampling of the same homogeneous sample
(independent assays) under the prescribed conditions. It gives some information on random
errors. Considering “within laboratory evaluation”, precision can be estimated at two levels,
repeatability and intermediate precision, both are expressed in terms of standard deviation

(SD) and relative standard deviation (RSD) values:

1) Repeatability expresses the precision under conditions where the results of independent
assays are obtained by the same analytical procedure on identical samples in the same
laboratory, by the same operator, using the same equipment and during a short interval of time

(intra-day);

2) Intermediate precision expresses the precision under conditions where the results of
independent assays are obtained by the same analytical procedure on identical samples in the

same laboratory, with different operators, using different equipment, on different days, etc.

The following notations will be employed in the equations:

= jseries index (ranging from 1 to /)
= jconcentration level index (ranging from 1 to J)

= krepetition index (ranging from 1 to K)

Repeatability and intermediate precision are evaluated by analysis of variance
(ANOVA) of the back-calculated results coming from the validation standards for each
concentration level j. Here, we will consider that the design is balanced, i.e. the same numbers

of replicates per series for each concentration level.
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For each concentration level ;:

= X, is the mean of the back-calculated concentrations of K repetitions and one i series

(intra-series mean) (Eq. 2):

X, 1s the overall mean of the back-calculated concentrations of the / series and K

repetitions of a concentration level (Eq. 3):

1
Z fok
Xy = [:11 k:;{ Eq.3

* S’ is the estimator of the intra-series variance (Eq. 4):

Szintra = S Eq 4
I(K -1)

where x, is the back-calculated concentration of th i series and ™ repetition.
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* S’ is the estimator of the inter-series variance (Eq. 5):

(C )2

>
k=1 i l
Szinter = K _1 1 Eq 5

!
=1

If S%uer <0, then this estimator must be 0.

Finally, the repeatability is expressed by the standard deviation of the S”iw. and will be

represented by S, . (Eq. 6):

Sintra = A Sjnm Eq. 6

In addition, the sum of the intra and inter-series variance estimators gives the

intermediate precision estimation represented by S*» (Eq. 7):

2 Q2 2
S P = S intra +S inter

Intermediate precision is expressed as a standard deviation (Sip) (Eq. 8):

Sr=48%  +8§?

intra inter

Eq. 8

or as a relative standard deviation (RSDyp) (Eq. 9):

RSDir = % x100 Eq.9
Xig
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1.1.2.5. Trueness

Trueness of an analytical procedure refers to the closeness of agreement between a
conventionally accepted value and a mean experimental one obtained from a series of
measurements. The first one can be obtained by the use of validation standards, which
corresponds to samples prepared with a known amount of the analyte. The trueness is
estimated for each concentration level of the dosing range and gives information on

systematic error.

This criterion is generally expressed in terms of absolute bias (Eq. 10), relative bias (%)

(Eq. 11) or recovery (%) (Eq. 12) and calculated as follows:

Absolute bias =x, -, Eq. 10

Relative bias (%) = 1001 gq 11
7,

T

Recovery (%) = IOOXé Eq. 12

T

where X, is the mean of the back-calculated concentrations obtained in the / series and K

repetitions; and fZ is the mean of the introduced concentrations that are conventionally

considered as the true values.

Trueness is confused with accuracy in some documents, but this terminology is not

recommended [13,16].

1.1.2.6. Accuracy

The accuracy of an analytical procedure expresses the closeness of agreement between
the value obtained by this procedure and the value that is accepted either as a conventional
true value or as an accepted reference value. The closeness of agreement observed is the
resultant of the sum of the systematic and random errors, i.e. the total error linked to the
result. Consequently, the accuracy is the expression of the sum of the trueness (or bias) and

precision, as shown below for a X measurement and a /4 conventional true value:
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X = U; +bias + precision

X — Uy = bias + precision

X — u; =total error

X — Uy =accuracy

Therefore, the total error of an analytical procedure evaluates its ability to produce
accurate results. Thus, the total error estimation of a procedure is fundamental to assess the
validity of a method. Additionally, another aspect of method validation is to give guarantees
about the quality of future results. This is the role of the S-expectation tolerance interval,
which is a prediction interval where £ is the proportion of the future results expected to fall
into the acceptance limits £ . Values of f are usually chosen between 80% and 95% [29,34—

36].

[f-expectation tolerance interval (77) can be calculated from the relative bias (%) (Eq.
11) and the relative standard deviation of the intermediate precision RSD:»(Eq. 9), following

the equation proposed by Mee R. Mee (Eq. 13) [14,37].

For each concentration level ; :

TI = bias(%) + kRSDi(%) Eq. 13

where k is a cover factor of the 77 calculated as follows (Eq. 14):

o+ S
k :Q, V;1+ﬂ 1+ IS m12er S mt;a Eq 14
2 IXK(S +S mtm)

inter
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with S and S’imer being the intra-series and inter-series variances, respectively;

1+4
2

and Q, (v; j the f quantile of the Student’s distribution with v degrees of freedom.

The v (number of degrees of freedom) is calculated as follows (Eq. 15):

+ 2
- (R ? Eq. 15
(R+lj 1_1
\ 1) 1
K-1 KI

where R is the ratio of the inter-series over the intra-series variance (Eq. 16):

2

R=5me Eq 16

2
Intra

In order to simplify the equation 14, the term B can be used (Eq. 17):

+
= |- gq 17
KXR+1
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The lower and upper limits of the 77 are calculated as follows (Eq. 18 and Eq. 19):

= bias(%) — Q( 1+'Bj‘/ ~RSDr Eq. 18
0 IP .
lower 2 IKB q

=bias(%)+Q,| v 1 A \ / ~RSDr Eq. 19
s 2 IKB?

As shown in Eq. 18 and 19, the tolerance interval limits are constituted by the bias

(trueness) and the RSD,, (intermediate precision) multiplied by a factor that is proportional to
O, . Additionally, the intermediate precision includes the intra and inter-series variances (Eq.

8). As discussed above, the accuracy is the expression of the sum of the trueness (bias) and
precision. Consequently, as the tolerance interval limits contain these two terms, they can be
considered as expressing the results accuracy. Furthermore the 77 integrates another
dimension, the chance (f chance level) for future results to fall within the acceptance limits.

The f probability is expressed in the f quantile of the Student’s distribution (Eq. 14).

The limits of the 77 are calculated for each concentration level and finally the accuracy
profile is obtained by connecting the lower limits between themselves and, in the same way,

the upper limits.
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The accuracy profile is a decision criterion from which we can decide about the validity

of the analytical method. Figure 2 illustrates the accuracy profile.

Bias Intermediate precision Total error
bias = 1, =X 8%inta + S inter
A
+ _ -
Ni --------------- N P -+A
§ == ~l~ - —= = — =1 — = = <
5 3
Eo B-expectation
@ tolerance interval
= —————— x T
: _ <. (T1)
- - -4, ------------------------- - - -—;\,
<
/
/
P Concentrations
Dosing range
LOQ LOQ
Lower Upper

Figure 2 Schematic representation of the accuracy profile in relative values.

The green dots represent the relative error of the back-calculated concentrations of the validation standards and
were back-calculated from the calibration standards, the dots are plotted with respect to their targeted
concentration; the continuous line represents the relative bias; the blue dashed lines the f-expectation tolerance
limits and the black dashed lines represent the acceptance limits.

The tolerance interval is the region in which it is expected to find the future results with
a probability S %. The method is considered as valid within the range for which the f-
expectation tolerance interval is comprised inside the acceptance limits (£ A). LOQ (lower and

upper) is the lower and upper limits of quantification (Figure 2).

1.1.2.7. Limits of detection

The limit of detection (LOD) is the smallest quantity of the targeted substance that can
be detected, but not accurately quantified in the sample in the experimental conditions of the

analytical procedure.

Several approaches for determining the detection limits are described and they may give
somewhat different results. We will discuss here the two most used. The LOD can be
estimated based on the signal-to-noise ratio (S/N). The signal is measured from the middle of
the baseline noise to the top of the peak (Figure 3). Both the S and N are illustrated in Figure

3. A signal-to-noise ratio of 3 is generally considered acceptable for estimating the detection
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limit.

Figure 3 Measurement of chromatographic signal (S) and noise (N) [23].

LOD can also be estimated by Eq. 20, depending on the residual standard-deviation of
the standard curve and its slope (Eq. 20).

LOD = % Eq. 20

where Y is the slope of the calibration curve of the analyte and o is the residual standard

deviation of the ANOVA of the regression line.

1.1.2.8. Limits of quantification

The lower limit of quantitation is the smallest quantity of the targeted substance in the
sample that can be assayed under experimental conditions with well-defined accuracy (Figure
2). The definition can also be applicable to the upper limit of quantitation, which is the
highest quantity of the targeted substance in the sample that can be assayed under

experimental conditions with well-defined accuracy.
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1.1.2.9. Dosing range

The dosing range is the interval between the lower and upper limits (including these
limits) where the analytical procedure achieves adequate accuracy (trueness + precision) and

linearity.

1.2. Phenolic compounds
Phenolic compounds are a large category of plant secondary metabolites. These
compounds have a common structural feature, a phenol, which is an aromatic ring bearing at
least one hydroxyl substituent, which can be in its free form or involved in another function:
ether and ester. A general classification divides this broad category in simple phenols (only
one phenol in the structure) and polyphenols (containing at least two phenol groups) [38,39].
Phenolic compounds have a wide variety of roles in plant life as structural, growth,

reproduction, protection against pathogens or UV light, etc [40,41].

In foods, phenolic compounds are associated with colour, sensory qualities, and
antioxidant properties [42]. Fruits, vegetables and cereals are important dietary sources of
phenolic compounds and their phenolic levels depend on cultivation techniques, cultivars,
growing conditions, ripening stage and process, as well as processing and storage conditions,
among others [43—45]. They are mainly used in the food industry as colorant, dietary
supplement, or natural preservative ingredient, and are also often found in the cosmetic sector.
The level of phenolic compounds in foods and extracts is of high importance because of the
health benefits of these compounds. In fact, the literature provides a lot of information that
correlates the consumption of fruits and vegetables with the disease prevention. This effect is
partly attributed to the phenolic compounds. Several works associated the high antioxidant
activity of the phenolic compounds with the inhibition of oxidative damage diseases such as

coronary heart disease, stroke, and cancers [46—48].

Because of their health implications, plant polyphenols have received much attention of
the complementary medicine and food industry [49]. We can quote for example the tropical
“exotic” fruits, whose production, trade and consumption have increased significantly on the
domestic and international markets, not only due to their attractive sensory properties but also
to a growing recognition of their nutritional and therapeutic values, that are partly associated
with the presence of phenolic compounds [50,51]. In addition we can mention the

potentialities of “exotic” plants from which polyphenol-rich extracts are produced and have
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contributed to regional development in Latin American countries [52—57]. The large and yet
growing interest of medicine and food industry in phenolic compounds is one of the reasons
of the great effort that has been made in the development of analytical methods and in the

chemical characterization of several plant matrices [S8—60].

1.2.1. Biosynthesis and chemical structure of phenolic compounds

Plant secondary metabolites known as phenolic compounds are a wide group of
substances, from simple phenols to polymeric molecules. The most important phenolic

compounds are derived from two major routes: the shikimate and/or acetate pathways [61,62].

In general terms, the shikimate pathway is closely interlinked with the aromatic amino
acid and phenylpropanoid pathways (Figure 4). L-phenylalanine and L-tyrosine amino acids
are produced from the shikimate route, and deamination of L-phenylalanine produces
cinnamic acid (Figure 4), that is followed by the production of its many derivatives such as

phenolic acids, lignans, coumarines, etc. [63—65].

The acetate pathway begins with combinations of two-carbon units derived from the
acetate, which lead to the formation of poly-f#-keto chains of variable length. Cyclization of a
poly-f-keto chain by Claisen or aldol reactions frequently promotes the formation of

polycyclic compounds such as anthraquinones, chromones, etc. [61,62,66,67].

The diversity of the phenolic compounds is improved by the possibility of a
simultaneous participation of the shikimate and the acetate pathways to the biosynthesis of

compounds of mixed origin, such as flavonoids, pyrones, xanthones, etc. [61,68,69].

A brief explanation about the biosynthesis of some classes of phenolic compounds will

be done, as well as a discussion about their chemical structures.

1.2.2. Phenolic acids

Phenolic acids have only one phenol subunit and one carboxylic acid functionality. They
contain two constitutive carbon frameworks: benzoic acid derivatives (C¢-Cy, e.g. gallic acid
in Figure 4) and cinnamic acid derivatives (C¢-Cs, e.g. 4-coumaric acid) [61,70]. The
shikimate pathway comprises the early steps for the biosynthesis of these compounds as well

as for several plant secondary metabolites. The different steps of this metabolic route are
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discussed in some reviews [71-73] from which a detailed background can be found. In
Figure 4, the main steps of the phenolic acid biosynthesis are shown. The shikimate pathway
begins from phosphoenolpyruvate and erythrose 4-phosphate and comprises seven reactions
catalyzed by six enzymes to produce chorismate. Phosphoenolpyruvate and erythrose 4-
phosphate are respectively derived from the glycolysis and the non-oxidative branch of the
pentose phosphate pathway. Chorismate is a central metabolite in plant cells, serving as a
common precursor for the synthesis of three aromatic amino acids, L-tryptophan, L-
phenylalanine and L-tyrosine. The two latter are the precursors of the cinnamic acid

derivatives [63].
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Figure 4 General biosynthetic pathways of benzoic and cinnamic acid derivatives. Dotted lines represent multi-
step reactions. Enzymes are described in Table 1. Figure adapted from [61,63,70,72,74].
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L-phenylalanine is the principal precursor of the cinnamic acid derivatives.
Phenylalanine ammonia-lyase (PAL), one of the most studied enzymes in plant metabolism,
catalyzes the non-oxidative deamination of L-phenylalanine to #rans-cinnamic acid. Cinnamic
acid 4-hydroxylase (C4H) is a cytochrome P450 monooxygenase which catalyzes the
hydroxylation of frans-cinnamic acid at C-4 position to yield 4-coumaric acid [75,76]. In
some plant species, 4-coumaric acid may not only be synthesized from L-phenylalanine, but
may also be synthesized directly from L-tyrosine by Tyrosine ammonia-lyase (TAL) [63,77].
4-Coumaric acid can be hydroxylated by the action of the enzyme C3H to form caffeic acid,
which can be methylated (enzyme COMT) to form ferulic acid, and this last acid can be
hydroxylated and methylated (enzyme F5SH and COMT, respectively) to produce sinapic acid
[78]. The cinnamic acid as well as the cinnamic acid derivatives can be activated to form the
corresponding Coenzyme A (CoA) thioester through a reaction catalyzed by 4-coumarate:
CoA ligase (4CL). This enzyme accept several substrates, however 4-coumaric and caffeic
acids are generally the preferred ones. This activation will facilitate further conversion to

other secondary metabolites, as the flavonoids [40,78].

Concerning benzoic acid derivatives, generally they are formed by removal of a two-
carbon fragment from the three-carbon side-chain of the correspondent cinnamic acid
derivatives. For example, 4-hydroxybenzoic acid, protocatechuic acid, vanillic acid and
syringic acid can be produced from the 4-coumaric acid, caffeic acid, ferulic acid and sinapic
acid, respectively [79,62,70,38]. They can also be formed from 3-dehydroshikimate
(intermediate product of the shikimate pathway), as the direct synthesis of gallic acid [80];
from chorismate that produces salicylic acid via isochorismate [81]; or from hydroxylations of
benzoic acid [82]. Formation of benzoic acid, itself, can be performed from cinnamic acid,
which also requires shortening of the C3 side chain by two carbons [83]. An alternative
pathway could involve oxidative decarboxylation of phenylpyruvic acid to phenylacetic acid,
followed by benzylic hydroxylation to produce a benzylic alcohol. Further oxidation and

decarboxylation of this benzylic alcohol gives benzoic acid [38].
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Table 1 Some enzymes directly or indirectly associated with biosynthesis of benzoic and cinnamic acid
derivatives. Substrates and products of the reactions are presented in Figure 4.

Enzyme Abbreviation EC number
Shikimatedehydrogenase SD 1.1.1.25
Phenylpyruvate aminotransferase PPY-AT 2.6.1.5
Phenylalanine ammonia-lyase PAL 43.15
Tyrosine ammonia-lyase TAL 4.3.1
Cinnamate 4-hydroxylase C4H 1.14.13.11
4-coumarate 3-hydroxylase C3H 1.14.14.9
Caffeate O-methyltransferase COMT 2.1.1.68
Ferulate 5-hydroxylase F5H 1.14.-.-
4-Coumarate:CoA ligase 4CL 6.2.1.12
Benzoate 2-hydroxylase BA2H -

Both benzoic acid and cinnamic acid derivatives can be found in plants in different
forms: free form, dimers, glycosylated, esterified to one or more hydroxyl groups of the sugar
of flavonoid glycosides or esterified directly to a flavonoid hydroxyl, etc. In addition gallic
acid and its dimer, the hexahydroxydiphenic acid, are constituents of hydrolyzable tannins

[61,84-86].

1.2.3. Flavonoids

Flavonoids are formed out of the products of shikimate and acetate pathways. Main
routes for biosynthesis of the principal flavonoid classes and proanthocyanidins in plants are
shown in Figure 5. Flavonoids are synthetized from the condensation of a cinnamoyl-CoA
thioester with 3 molecules of malonyl-CoA. The first element is the final product of the
phenylpropanoid pathway (Figure 4). In most cases, the suitable CoA thioester is the 4-
coumaroyl-CoA, but in a few species caffeoyl-CoA and feruloyl-CoA may also be used as
substrates. On the other hand, one molecule of malonyl-CoA is produced from the acetyl-CoA
by action of acetyl-CoA carboxylase (ACC) (Figure 5) [61,87]. Initially, the three sequential
reactions of 4-coumaroyl-CoA with malonyl-CoA give a poly-f-keto chain intermediate,
which according to the nature of the enzyme responsible, can be folded in two different ways,
by aldol or Claisen reaction, e.g. the flavonoid naringenin chalcone is produced by Claisen
reaction catalized by chalcone synthase (CHS) [62,88]. Chalcones are the precursor
metabolites for the biosynthesis of compounds belonging to different classes of flavonoids.

Stilbenes correspond to another class of phenolic compounds, biosynthetically close to the
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flavonoids. The several enzymes associated with the flavonoid and proanthocyanidin
biosynthesis (Figure 5) are presented in Table 2. Detailed information about the different
enzymes and reactions shown in Figure 5 are discussed in several sources in the scientific

literature, including books, reviews and papers [40,87,89-91].

Table 2 Principal enzymes associated with flavonoid biosynthesis. Substrates and products of the reactions are
presented in Figure 5.

Enzyme Abbreviation EC number
Acetyl-CoA carboxylase ACC 6.4.1.2
Chalcone synthase CHS 2.3.1.74
Chalcone isomerase CHI 5.5.1.6
Flavonoid 3'-hydroxylase F3'H 1.14.13.21
Flavonoid 3',5'-hydroxylase F3',5'H 1.14.13.88
Flavone synthase | FNSI 1.14.11.22
Flavone synthase 11 FNSII 1.14.13.-
Flavanone 3-hydroxylase F3H 1.14.13.21
Flavonol synthase FLS 1.14.11.23
Dihydroflavonol 4-reductase DFR 1.1.1.219
Anthocyanidin synthase ANS 1.14.11.19
Leucoanthocyanidin reductase LAR 1.17.1.3
Anthocyanidin reductase ANR 1.3.1.77
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Figure 5 Principal routes for biosynthesis of flavonoids and proanthocyanidins, and generic molecular structure
of flavonoids. For enzyme abbreviation definitions see Table 2. Figure adapted from [87,90-92].
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The most common transformations that the aglycones can undergo are methylations,
glycosylations and acylations. For glycosylation, the heteroside is more commonly glucose,
arabinose and xylose. Sugars can be O-linked at the phenolic hydroxyl group, which is the
case of O-glycosylation. In the case of diglycosylation in a same position, firstly a glycose
unit is attached, followed by another one. Tri, tetra and pentaglycosylation are also observed
[40,93]. When anthocyanidins are glycosylated they are called anthocyanins. Glycosylation
can also be performed directly on the flavonoid skeleton by a C-C bond. It has been
demonstrated for flavones that the C-glycosylation takes place as an early reaction during
flavonoid biosynthesis [94,95]. Figure 6 shows a proposed biosynthesis pathway for C-
glucosylflavones in plants. Finally, several aliphatic acids (e.g. acetic, malonic, lactic, etc.)
and aromatic acids (e.g. 4-hydroxybenzoic, gallic, 4-coumaric, etc.) can be esterified to one or

more hydroxyl groups of flavonoid glycosides or directly to a flavonoid hydroxyl [84].

R:
2 R, R1
OH
HO. I 0. 0. ‘ ) O OH O )

Figure 6 Biosynthesis pathway for C-glucosylflavones in plants. Flavanone (compound 1) undergoes conversion
to the 2-hydroxyflavanone (compound 2a), which exists in equilibrium with its open-chain form (compound 2b),
the latter is transformed to 2-hydroxyflavanone C-glucosides (compounds 3, a—c) by the action of the C-
glucosyltransferase (CGT). These are then dehydrated to yield the flavone-6C-glucoside (compound 4) and

flavone-8C-glucoside (compound 5). Figure adapted from [94,95].
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Flavonoids are low molecular weight compounds, consisting of fifteen carbon atoms,
arranged in a C6—C3—C6 configuration. Essentially, the structure consists of two aromatic
rings A and B, joined by a 3-carbon bridge, usually in the form of a heterocyclic ring C
(Figure 5). Variations in substitution patterns to ring C result in the major flavonoid classes.
Among the many classes of flavonoids, those of particular interest to this work are
flavanones, flavones, flavonols, dihydroflavonols, flavan-3-ols and anthocyanidins.
Substitutions to rings A and B give rise to the different compounds within each class of
flavonoids. These substitutions may include oxygenation, alkylation, glycosylation, acylation,

and sulfatation [96]. Important characteristics of some flavonoid classes are given below.

Flavanones are characterized by having a saturated C—ring and the C4 carbonyl group.
Flavones differ from flavanones in having a double bond between carbons C2 and C3.
Additionally in both classes there is no substituent at C3. Flavonols differ from flavones by
their hydroxyl group at C3. Dihydroflavonols constitute a related class that differs in lacking
the double bond between C2 and C3. Flavan-3-ols have also a hydroxyl group at the C3
position and lack the C4 carbonyl. Finally, anthocyanidins differ from the other flavonoids
mainly by possessing a charged oxygen atom in the C ring [97]. These compounds and their
glycosylated forms, the anthocyanins, can be found in different chemical forms in equilibrium
which depend on the pH of the solution [98-100], as shown in Figure 7. At pH < 2, the
flavylium cation is the predominant and stable form and contributes to purple and red colours
(Figure 7A). At pH values between 2 and 4, the quinoidal blue species are predominant
(Figure 7B-D). At pH values between 5 and 6 two colourless species can be observed, which
are a carbinol pseudobase (Figure 7E) and a chalcone (Figure 7F), respectively. At pH values

higher than 7, the anthocyanins are degraded depending on their substituent groups.
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pHZ -6

pH2 -4

Figure 7 Predominant chemical forms of anthocyanin depending on pH. Where R1 = H or saccharide, R2 and
R3 = H or Methyl. A: flavylium, B-D: quinoidal, E: pseudobase, and F: chalcone forms [ 100].

1.2.4. Bioavailability of phenolic compounds

Phenolic compounds are naturally occurring compounds widespread in plant-derived
foodstuffs and therefore abundant in our diet. There are evidences regarding the positive
association of their intake with healthy biological effects displayed in vivo. This section will
review the recent advances on the absorption, bioavailability, biotransformation and

elimination of these compounds and their metabolites.

Some studies demonstrated a polyphenol absorption in the oral cavity. In a recent work,
black raspberry anthocyanins could be detected in their hydrolysed aglycone form
(anthocyanidins) in the oral cavity, resulting from the activity of f-glycosidase derived from
both bacteria and oral epithelial cells [101]. In this same study, parent anthocyanins and
protocatechuic acid, a metabolite of cyanidin-3-glucoside, were detected in the saliva.
Furthermore, saliva samples revealed the presence of glucuronidated anthocyanin conjugates,
consistent with intracellular uptake and phase II metabolism of anthocyanins. Another study
also demonstrated that flavonoid glucosides, such as quercetin 4’-glucoside and genistein 7-
glucoside can be hydrolyzed in the oral cavity by both bacteria and epithelial cells to deliver
the aglycones at the surface of the epithelial cells [102]. The importance of these oral
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transformation reactions for local biological effects in the oral epithelium is difficult to assess

considering the relatively short residence time of most foods in the oral cavity [103].

At the gastric level, Talavéra et al. [104] demonstrated that a high proportion
(approximately 25%) of anthocyanin monoglycosides, including cyanidin 3-glucoside, and in
their flavylium cation form, were absorbed from the stomach in rats, whereas absorption of
cyanidin 3-rutinoside was lower (approximately 8%). They also showed that cyanidin 3-
glucoside was rapidly excreted into the bile as intact and metabolized forms. Analysis of bile
samples revealed that cyanidin 3-glucoside appeared in bile after as little as 20 min after in
situ gastric administration. Peonidin 3-glucoside (the methylated form of cyanidin 3-
glycoside) as well as other unknown anthocyanin metabolites were also observed in bile.
Felgines et al. [105] examined the gastric absorption of pelargonidin-3-glucoside using rat
models. Once more, a high proportion of this anthocyanin monoglycoside was found to be
rapidly absorbed from the stomach (23%). From these studies, it appears that anthocyanins
(mainly monoglycosides) are absorbed in high proportions in the stomach and reach the
systemic circulation in their native or metabolized forms, being available to exert their
biological activities approximately 30 min after ingestion. There are also a few references
concerning the gastric absorption of flavonoid aglycones. Quercetin, but not quercetin 3-O-
glucoside nor quercetin 3-O-rutinoside, was found to be absorbed in rat stomach [106].
Additionally, some phenolic acids were also found to be absorbed at the gastric epithelium

[107].

The mechanism of phenolic compound gastric absorption remains unknown. Some
transporter candidates may include GLUTI1, OAT2, SMCTI and SMCT2, since the

expression of these transporters has already been detected in stomach tissue [108—110]

Regarding intestinal absorption, flavonoids (aglycones and glycosides) are typically
absorbed in the small and large intestine. The absorption of flavonoid glycosides, as
illustrated in Figure 11, is associated with sugar cleavage and release of the aglycone as a
result of the action of lactase phlorizin hydrolase (LPH) in the brush border of the small
intestine epithelial cells. The released aglycone may then enter the epithelial cells by passive
diffusion as a result of its increased lipophilicity and its proximity to the cellular membrane
[111]. An alternative hydrolytic step is mediated by a cytosolic f-glucosidase (CBG) within
the epithelial cells. For CBG-catalyzed hydrolysis to occur, the polar glucosides must be
transported into the epithelial cells, possibly with the involvement of the active sodium-

dependent glucose transporter 1 (SGLT1) [112] and the glucose transporter 2 (GLUT2) [113].
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Thus, there are two possible routes by which the glycoside conjugates are hydrolyzed, and the
resultant aglycones appear in the epithelial cells, namely LPH/ diffusion and transport/CBG
(Figure 11). The flavonoid glycosides into the enterocyte can also be transported to the blood
stream by action of GLUT2, or back into the lumen of the small intestine by action of the

multidrug resistance protein (MRP) 1 or 2 (Figure 11).

Before going into the blood stream, the aglycones can undergo some degree of phase I1
metabolism forming sulfate, glucuronide, and/or methylated metabolites through the
respective action of sulfotransferases (SULTs), uridine-5’-diphosphate
glucuronosyltransferases (UGT), and catechol-O-methyltransferases (COMTs). There is also
efflux of some of the metabolites back into the lumen of the small intestine, and this is
thought to involve MRP1 or MRP2 (Figure 11). The MRP3 and the GLUT2 have also been
implicated in the efflux of metabolites from the basolateral membrane of the enterocytes
[114,115]. Once in the portal bloodstream, metabolites rapidly reach the liver, where they can
be subjected to further phase II metabolism, and enterohepatic recirculation may result in

some recycling back to the small intestine through bile excretion [116].

The anthocyanins, mainly in their carbinol pseudobase form (predominant form in the
basic condition of the small intestine) are also absorbed in the small intestine [117]. Their
potential mechanisms of absorption may involve the GLUT2 and SGLTI1 transporters. They
can also be hydrolyzed by brush border enzymes, such as LPH, prior to passive diffusion of
the aglycone [103].

(Poly)phenol conjugates with sugar moieties that did not undergo the action of
LPH/CBG are not absorbed in the small intestine and pass to the colon. Analysis of ileal fluid
after the ingestion of various foodstuffs has shown that even when dietary (poly)phenols are
absorbed in the proximal gastrointestinal tract, substantial quantities nonetheless pass from
the small to the large intestine [118], where the colonic microbiota cleave conjugating
moieties, and the resultant aglycones undergo ring fission leading to the production of smaller
molecules, including phenolic acids and hydroxycinnamates. These can be absorbed and may

be subjected to metabolism in the liver before being excreted in urine [119].
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Figure 11 Proposed mechanisms for the absorption and metabolism of (poly)phenolic compounds in the small
intestine. CBG, cytosolic f-glucosidase; COMT, catechol-O-methyl transferase; GLUT2, glucose transporter;
LPH, lactase phlorizin hydrolase; MRP1-2-3, multidrug-resistant proteins; PP, (poly)phenol aglycone; PP-gly,
(poly)phenol glycoside, PP-met, polyphenol sulfate/glucuronide/methyl metabolites; SGLT1, sodium dependent
glucose transporter; SULT, sulfotransferase; UGT, uridine-5’-diphosphate glucuronosyltransferase [120].

Concerning tissue distribution of phenolic compounds, intact anthocyanins were
detected in liver, eye, cortex, and cerebellum in pigs after ingestion of blueberries for
4 weeks. The results suggest that anthocyanins can accumulate in tissues, including tissues
beyond the blood-brain barrier [121]. In a more recent work, proportions of anthocyanin
derivatives (methylated anthocyanins and glucurono-conjugated derivatives) were identified
in various organs (bladder, prostate, testes, heart, and adipose tissue) in rats fed with a

blackberry anthocyanin-enriched diet for 12 days [122]

Non-anthocyanin flavonoids, such as quercetin, can also accumulate in brain tissue
[123]. Others, like (—)-epigallocatechin gallate and its metabolites were detected in lungs,
heart, liver, spleen, pancreas, kidney, brain, bone, bladder and skin in mice [124]. Finally,
catechins cross the placenta and reach the foetal organs in rats (~ nM concentration) 0.5—1

hour after the mother received the dose [125].
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In a pharmacokinetic perspective, in human studies, a recent review [126] discusses
pharmacokinetic data of several classes of phenolic compounds, including anthocyanins,
flavonols, flavones, flavanones, flavan-3-ols and isoflavones. In this review, some phenolic
compounds exhibit rapid absorption and appearance in plasma, e.g., tm.x (time for maximum
plasma concentration to appear) were the fastest for anthocyanins, for which they ranged from
0.5 hours [127] to 2.2 hours [128]. On the other hand, other compounds show slow
absorption, e.g., tmax Of isoflavones were the slowest. They ranged between 2.5 and 11 hours
[129]. The values of Cp.x (maximal plasma concentration (peak) after single dose oral
ingestion) ranged from 0.56 nM for anthocyanins (after ingestion of a juice containing 94 mg
of anthocyaninis) [130] to 25.4 uM for isoflavones (after ingestion of purified isoflavones in a
dose of 25 mg/kg)[129]. However, nM concentrations were predominant considering all the
classes of phenolic compounds reviewed. The t;» (elimination half-life) values ranged from

0.42 hours (for flavan-3-ols) [131] to 28.1 hours (for flavonols) [132].

Flavonoid bioavailability is very low, due to extensive metabolism at the intestinal level
and low overall permeability. However, the low bioavailability of phenolic compounds must
not be confused with low bioactivity. Recent studies suggest that some of the flavonoid
metabolites also have the potential to possess similar pharmacodynamics as the parent
compound [133]. Moreover, a given flavonoid could have opposite, additive, or synergistic
effects with its metabolites; therefore, the bioactivity observed in in vivo settings depends on
the particular phenolic profile. The synergistic bioactivity of multiple flavonoids, as found in
food matrices, is also important. For instance, the antiproliferative activity in vascular smooth
muscle cells of four red wine polyphenols, i.e., resveratrol, quercetin, ethyl gallate and (+)-

catechin, was stronger than the predicted additive activity of each individual substance [134].

Moreover, low concentrations of flavonoids (in the physiological range: nM and uM
concentrations) can affect the expression of genes involved in vascular aging. For instance,
treatment of cultured human umbilical vein endothelial cells with ferulic acid, quercetin or
resveratrol (in 0.1 pM concentration) resulted in down-regulation (> 2-fold) of 363 genes and
up-regulation (> 2-fold) of 233 genes. [135]. Furthermore, cellular antioxidant activity assay
showed that both monomeric cyanidin 3-glucoside and a mixture of 15 bilberry anthocyanins
[136,137] have strong intracellular antioxidant activity in the low concentration range (nM),
which correlates with the typical human plasma concentrations. The effects of polyphenols at
physiological concentrations along with the possibility of synergistic activities suggests an

explanation for several epidemiological observations whereby dietary flavonoids, even if

56



1. Bibliographic review

present in low concentrations (nM range) in plasma, display health-protective properties

[138-140] .

1.2.5. Antioxidant properties of phenolic compounds

In the last decades, phenolic compounds have attracted much interest because of their
association with the prevention of cardiovascular and neurodegenerative diseases, by acting as
antioxidants [141,142]. This interest was improved by the discovery of the so-called ‘‘French
Paradox”, i.e. the observation that although the French people have smoking tendency and a
fat rich diet, they show much reduced rates of coronary heart diseases when compared with
northern European nations such as UK and Germany [143]. This has been partially explained

by the French high consumption of red wines, which are rich in phenolic compounds [144].

The best described property of phenolics is the antioxidant activity towards free radicals
and reactive oxygen species (ROS), which are chemically reactive molecules containing
oxygen and comprising free radical and non-free radical species. They are normally produced
by cell metabolism or in response to external factors, such as pollutants, tobacco, smoke,
drugs, etc [145]. These species can damage biomolecules such as lipids, nucleic acids,
proteins, cause cellular membrane peroxidation, and attract various inflammatory mediators

[146,147]. Polyphenols scavenge free radicals that are in turn made inactive [148].

Phenolic compounds have been reported to have several other activities, such as
antinflammatory, antiallergic, antiviral, etc. Flavonoids also demonstrated chemopreventive
or antitumor effects, whose mechanisms seem to depend on their structure, each compound
displaying various biological potency and mechanism(s) of action [149]. However, the
essential feature of flavonoids is their free radical scavenging activity, partially responsible

for these antitumor effects [150].

The molecular basis for the antioxidant properties of polyphenols is recognised into
three main mechanisms, arising from the direct reaction with free radicals and from the
chelation of free metals, which are involved in reactions that generate free radicals [145], but
they can also inhibit prooxidant enzymes, associated with the production of ROS, such as
xanthine oxidase. Flavonoids, in particular quercetin and luteolin, are potent inhibitors of
xanthine oxidase, which is implicated in oxidative injury, as it reacts with molecular oxygen

and releases superoxide [151].
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Polyphenols inactivate free radicals by a hydrogen atom transfer (Figure 8A) or a single
electron transfer mechanism (Figure 8B). In the first transfer mechanism, the antioxidant
polyphenol, ArOH, reacts with the free radical, R’, by transferring a hydrogen atom, through
homolytic rupture of the O—H bond. The products of the reaction are the harmless RH species
and the oxidised ArO’ radical, which is less reactive with respect to R’. In the single electron
transfer mechanism, an electron is donated to R'. The anion R is an energetically stable
species with an even number of electrons, while the cation radical ArOH"" is also in this case
a less reactive radical species. The ArO" and ArOH " are aromatic structures in which the odd
electron, originated by the reactions with the free radical, has the possibility to be spread over

the molecule, resulting into a radical stabilization.

Chelation of transition metals is another antioxidant mechanism that arises from the
possibility that transition metal ions (M™") may be chelated by polyphenols, leading to stable
complexed compounds [145]. Flavonoids with their multiple hydroxyl groups and the
carbonyl group at the 4 position on ring C (Figure 8C) may offer several available sites for

metal complexation.

Some metals in their low oxidation state (mainly Fe’") may be involved in Fenton

reactions with hydrogen peroxide [152], from which OH’ is formed:

H,0, + M"" — HO + HO" + M"D*

The OH’ is generally accepted to be one of the most reactive radicals. It has a very short
half-life (around 10~ s) and a very high reactivity. This hydroxyl radical cannot be eliminated
by enzymatic reactions, in contrast to hydroperoxides that are metabolized by catalase and
glutathione peroxidase. Transition metals like copper, manganese, and cobalt are able to
catalyse the above mentioned reaction, when these metal ions are not bound to proteins or
chelators. Fenton-like reaction may take place and cause site specific accumulation of free
radicals and initiate biomolecule damage processes [145]. Fenton reactions can occur in
dopaminergic neurons of the nervous tissue, where normally dopamine catabolism produces
some levels of hydrogen peroxide. The accumulation of free radicals in these neurons may be

recognised as the main aetiological agent of Parkinson disease [152].
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Figure 8 Main mechanisms for the antioxidant activity of phenolic compounds.

In the literature, the in vitro antioxidant activity of juice and extracts derived from acai
were mainly measured by the ORAC method (oxygen radical absorbance capacity). The
mechanism of the test is based on the degradation of fluorescein (a fluorescent substrate) by
peroxyl radicals produced by the thermal decomposition of the 2,2’-azobis(2-
amidinopropane) dihydrochloride (AAPH) in aqueous phase [153]. The presence of an
antioxidant compound inactives peroxyl radicals, pretecting the fluorescein. Thus, the more
effective the antioxidant, the lower the observed decrease of the fluorescence. These reactions

occur in particular conditions: temperature of 37°C and serum pH of 7.4 [154].

In the ORAC assay, the difference between the area under the fluorescence decay curves
obtained in the presence and absence of an antioxidant is measured for the quantification
(Figure 9) and accounts for all the phases of the kinetic curve in a single value. This is an

advantage in relation to other similar methods (e.g., the total radical trapping antioxidant
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parameter (TRAP*)), because this helps to avoid an underestimation of antioxidant activity
and to account for potential effects of secondary antioxidant products. Additionally, the

ORAC method is considered as a reference method, used by food industries [155]

The ORAC values are reported in equivalent of trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid) which is the water-soluble analog of vitamin E.
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Figure 9 Antioxidant activity of a sample measured by the ORAC method from the net area under the

curve (Net AUC) [155].

1.2.6. Anti-inflammatory properties of phenolic compounds

Inflammation is an orchestrated biological process, induced by microbial infection or
tissue injury. A major trigger of inflammation is the recognition of microbes by specific
receptors of the innate immune system, which play a crucial role in the induction of early
signals initiating and establishing the inflammatory setting [156]. A main function of
inflammation is to resolve infection and to repair the damage in order to achieve homeostasis
equilibrium. Thus, the ideal inflammatory response is rapid and destructive, yet specific and

self-limiting [157]. Inflammation and the immune system are intimately tied. Indeed, an over

" TRAP assay. This method is based on the oxygen uptake associated to the peroxidation process of human
plasma. The method evaluates the induction period (lag time), generated in the kinetic profiles of oxygen uptake
during the incubation of human plasma with AAPH (a peroxyl radical generator).
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activation of innate immune response can cause chronic infection or chronic inflammation
due to an inefficient regulation or resolution of the inflammatory response [158]. In addition,
inflammation is increasingly found to be involved in the development of several chronic
diseases such as arteriosclerosis, obesity, diabetes, neurodegenerative diseases and even

cancer [159].

Many investigations have shown that a variety of flavonoid molecules exhibit anti-
inflammatory activity both, in vitro and in various animal models of inflammation [160,161].

The most important are described here.

Several mechanisms explaining the anti-inflammatory activity of flavonoids have been
described, including (a) regulation of cellular activities of inflammation-related cells, (b)
modulation of the activities of arachidonic acid metabolism enzymes (phospholipase A2,
cyclooxygenase, lipoxygenase) and nitric oxide synthase, (¢) modulation of the production of

other proinflammatory molecules, (d) modulation of proinflammatory gene expression.

a) Modulation of inflammatory related cell functions

The immune system is integrated by a highly complex regulated group of cells that may
interact in a cell-cell manner and may also respond to intercellular messages including
hormones, cytokines and autacoids. The immune response can be modified by diet,
pharmacological agents, environmental pollutants, and naturally occurring food chemicals
such as vitamins and flavonoids [162—-164]. Some flavonoids display a remarkable array of
biochemical and pharmacological actions that affect the function of immune and
inflammatory cells such as T cells, B cells, macrophages, neutrophils, mast cells, or basophils

[165].

Several flavonoids specifically affect enzyme systems critically involved in the
generation of inflammatory processes, especially tyrosine and serine-threonine protein
kinases. These enzymes are involved in signaling transduction and cell activation processes
such as T cell proliferation [166], B lymphocyte activation [167] or cytokine production by

stimulated monocytes [168].

They also exhibit an effect on secretory processes of inflammatory cells. Thus, Bennett
et al. [169] have shown that several flavonoids were capable of inhibiting stimulated rabbit
neutrophil lysosomal enzyme release. In other studies, quercetin impaired secretion of

lysosomal enzyme from human polymorphonuclear leukocytes induced by concanavalin A
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[170]. Quercetin also inhibited human neutrophil degranulation as well as catalytic activity of

the released elastase [171].

b) Modulation of proinflammatory enzyme activities

Many investigations have shown that different flavonoid molecules modulate the
activity of arachidonic acid (AA) metabolizing enzymes such as phospholipase A2 (PLA2)
[172,173], cyclooxygenase (COX) and lipoxygenase (LOX) [174] and the nitric oxide (NO)
producing enzyme, nitric oxide synthase (NOS) [175,176]. The inhibition of these enzymes
reduces the production of AA, prostaglandins, leucotrienes, and NO, which are crucial
mediators of inflammation. Thus, the inhibition of these enzymes by flavonoids may be one

of the most important mechanisms for their anti-inflammatory activity.

¢) Modulation of the production of other proinflammatory molecules

Several cytokines are deeply associated with inflammatory diseases. In particular, tumor
necrosis factor-o (TNF-a), interleukin-6 (IL-6) and IL-1b are prominent contributors to
chronic inflammatory responses. Genistein was reported to inhibit IL-1b, IL-6 and TNF-a
production at a concentration of 37 uM in LPS-induced human blood monocytes [168]. The
inhibitory effect of genistein on IL-6 production has been shown in different settings: cultured
human intestinal cells Caco-2 [177], osteoblast cells [178], and human gastric epithelial cells
[179]. In these studies the the inhibitory effects were observed in the range between 10 and
50 uM. In another work, pretreatment of RAW 264.7 with luteolin, luteolin-7-glucoside,
quercetin, and genistein inhibited both the LPS-stimulated TNF-o and IL-6 release, whereas
eriodictyol and hesperetin only inhibited TNF-a release. From the compounds tested luteolin
and quercetin were the most potent in inhibiting cytokine production with an ICs, of less than

I and 5 uM for TNF-a release, respectively [180].

The comparison of molecular structures from different flavonoids shows that the
presence of a double bond at position C2—C3 of the C ring with oxo function at position 4,
along with the presence of OH groups at positions 3’ and 4’ of the B ring, are required for

optimal inhibition of LPS stimulated TNF-a release [180].
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d) Modulation of proinflammatory gene expression

Several lines of evidence have supported the idea that certain flavonoids are modulators
of proinflammatory gene expression, thus leading to the attenuation of the inflammatory
response. The mechanisms by which flavonoids block proinflammatory gene expression
involve an effect on transcriptional activity suppression in response to inflammatory stimuli

[181].

Flavonoids inhibiting COX-2 activity are rarely reported, but some studies have
demonstrated an effect on suppression of COX-2 expression. Thus, apigenin, genistein, and
kaempferol inhibited COX-2 induction in LPS-stimulated macrophages (ICsp < 15 uM) [182].
Other experiments using the gene-reporter assay to express COX-2 showed that some
flavones and flavonols were effective suppressors (ICsy range = 10.5 — 52.5) in human colon
cancer DLD-1 cells [183]. Luteolin decreases protein and mRNA levels of the
proinflammatory iNOS and COX-2 at a concentration of 25 uM in LPS-stimulated
macrophages [184].

Several studies have shown that some flavonoids inhibit NO production in response to
inflammatory stimuli [185,186]. Hamaldinen et al. [187] compared the effects of a series of
compounds on NO production in activated macrophages. The flavonoid classes containing the
most effective compounds were isoflavones and flavonols. They identified eight compounds
as being able to inhibit LPS-induced iNOS expression at a concentration range between 30
and 100 uM: flavone, daidzein, genistein, isorhamnetin, kaempferol, quercetin, naringenin

and pelargonidin.

Cellular mechanisms of flavonoids modulating gene expression have been actively
studied. The most prominent keys of cellular regulation affected by flavonoids are the various
protein kinases involved in signal transduction including protein kinase C (PKC) and
mitogen-activated protein kinase (MAPK). Through the inhibition of these enzymes, DNA-
binding capacity of transcription factors such as nuclear factor-kappa B (NF-xB) or activator

protein-1 (AP-1) is regulated, and the expression rate of the gene target is controlled [188].

Mitogen-activated protein kinases (MAPKSs) are a family of serine/threonine kinases,
which connect inflammatory and other extracellular signals to intracellular responses, such as
gene expression. The three better characterized MAPKs are extracellular signal-regulated

kinase 1 and 2 (Erk1/2), p38, and c-Jun N-terminal kinase (JNK) [189].
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Inhibition of MAPKSs is likely to result in a suppression of inflammatory mediators and
these kinases may be targets for anti-inflammatory approaches. Xagorari et al. [190] have
shown that the exposure of RAW 264.7 macrophages to LPS caused phosphorylation of
ERK1/2, p38 and JNK pathways, and pretreatment of cells with luteolin at a concentration of
10uM abolished the LPS-induced stimulation of ERKI1/2 and p38, but not JNK
phosphorylation. Simultaneous inhibition of the two pathways results in drastic reduction of
TNF-a release in macrophages [190]. Similar results have been obtained with quercetin,
which inhibited ERK and p38 activation in concentration range between 50 and 200 uM on

LPS-stimulated RAW 264.7 cells, but not JNK activation [191].

Another control point of gene expression is the NF-«kB transcriptional system, which is a
major effector pathway involved in inflammation and innate immune responses. Many genes
that are implicated in the initiation of inflammatory responses are regulated at the level of
transcription by NF-kB. Activation of this nuclear factor is regulated by its endogenous
inhibitor IkB, which complexes and sequesters NF-«xB in the cytoplasm. Following
stimulation, the successive activation of various kinases leads to the phosphorylation and
degradation of IkB and subsequent release of NF-kB, which then translocates to the nucleus
and activates the transcription of multiple genes, including TNF-a, IL-6, IL-8, and other
chemokines, ICAM-1, iNOS, COX-2, etc. [192]. Several flavonoids have been shown to
downregulate the production of inflammatory mediators through the blockade of NF-xB

pathway at different levels.

In this context, luteolin has shown potent anti-inflammatory properties by inhibiting
LPS-induced proinflammatory molecule expression both in vitro [193] and in vivo [194]. The
molecular mechanisms of luteolin mediated immunomodulation have been studied in different
cellular lines. In murine macrophages RAW 264.7, luteolin inhibits gene expression and
proinflammatory cytokine production at a concentration of 1uM by blocking protein tyrosine
phosphorylation and NF-xB activation [180]. It has been reported in mouse alveolar
macrophages that luteolin inhibits LPS-induced inflammatory reactions, at a concentration of
25 uM, by blocking the NF-«xB and AP-1 activation pathways [184]. Another study
demonstrated that genistein, kaempferol, quercetin, daidzein inhibited both NF-xB and STAT-
1 activation at a concentration range between 30 and 100 uM, in activated macrophages

[187].
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1.2.7. Health benefits of phenolic compounds

Phenolic compounds have been positively associated with several diseases, mainly due
to their antioxidant and anti-inflammatory properties discussed in the previous sections.
Among these diseases, cardiovascular diseases (CVD) and cancer are the main causes of
mortality in many countries [195,196], and neurodegenerative diseases represent an
increasing problem in our aging societies, as there is an increase prevalence of these diseases
with age [197]. In this section, the health benefits of these compounds related to cancer,
cardiovascular (CVD) and neurodegenerative diseases will be discussed. This section is not an

exhaustive review, but a series of recent publications related to each disease are mentioned.

1.2.7.1. Polyphenols and cancer

Cancer is a hyperproliferative disorder that involves morphological cellular
transformation, dysregulation of apoptosis, uncontrolled cellular proliferation, invasion,
angiogenesis, and metastasis [198]. Indeed, the unbalanced control of cellular proliferation is
a primary characteristic of cancer cells and, as such, any molecule capable of inhibiting
transformation of normal cell to cancer cell, may be useful as a potential chemopreventive
agent [199]. Plant foods contain a wide variety of phytochemicals with potential bioactivities
that may contribute to the prevention of cancer. Among then, flavonoids are especially
promising candidates [200]. Recently, several cohort investigations have shown an inverse
association between fruits and vegetables consumption and the risk of development of various
types of cancer [138,201]. An 8-year study by cancer researchers found that the consumption
of a diet rich in three flavonols, kaempferol, myricetin, and quercetin, as well as catechin, a

flavan-3-ol, resulted in a 23% reduced risk of developing pancreatic cancer [202].

In addition to their chemopreventive activities, polyphenols were also shown to have a
direct toxicity or antiproliferative effects on cancer cells. Several in vitro studies demonstrated
that polyphenols can interfere in the modulation of cancer cell signaling [203] and cell cycle
progression [204], and promotion of apoptosis [205]. Their metabolites have also showed
anticancer effects. Forester and Waterhouse [206] tested in vitro the anthocyanin microbial
catabolites produced from the gut microbiota for their ability to inhibit cell proliferation in a
colon cancer model using Caco-2 cells. Gallic acid, 3-O-methyl-gallic acid, and 2,4,6-
trihydroxybenzaldehyde all reduced cell proliferation (ICso = 68, 24, and 76 uM, respectively)

without being cytotoxic and were more effective than the parent anthocyanins. However, in
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these cases, phenolic compounds should be used not in their natural (from foods), but perhaps

in their pure form for the therapy, where large doses may be needed.

In terms of mechanism of action, the enhancement of glutathione peroxidase, catalase,
NADPH-quinone oxidoreductase, glutathione S-transferase and/or cytochrome P450 enzyme
activity by polyphenols may help in the detoxification of carcinogenic agents [207]. This
modulation of enzymatic activities can respond to the chemopreventive effects of these

compounds.

They may also modulate the activity of signaling pathways [208] (i.e., MAPK kinase
and PI3 kinase), which are involved in cancer cell proliferation [209]. This can respond to
some of the chemotherapeutic effects of polypheonols. The three better characterized MAPKs
are extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38, and c-Jun N-terminal kinase
(JNK) [210]. The MAPK signaling pathway has long been viewed as an attractive pathway
for anticancer therapies, based on its central role in regulating the growth and survival of cells
from a broad spectrum of human cancers [211], and its role in the transcriptional and post-
transcriptional activation of COX-2 [212] (Figure 10). Modulation of cell signalling pathways
may also respond to the chemopreventive effects of polyphenols, since it can interfere in
inflammatory processes that lead to cell transformation, hyperproliferation, and initiation of

carcinogenesis.

Phenolic compounds of olive oil extract, including hydroxytyrosol, tyrosol and
oleuropein have been shown to exert a strong inhibitory effect on the in vitro growth of colon
adenocarcinoma cells through the inhibition of p38/CREB signaling and a decrease in COX-2
expression [213]. In addition, (—)-epicatechin and procyanidin B2 [214] have been shown to
inhibit ERK1/2 phosphorylation and downstream cyclin D1 expression leading to a block in
the in vitro cell cycle progression of Caco-2 cells (Figure 10). Alternatively, polyphenols such
as hydroxytyrosol and tea flavanols such as epigallocatechin gallate have been shown to
reduce COX-2 over-expression, which is associated with colorectal neoplasia in colorectal
cancer [215-217]. Additionally, several anthocyanins have also shown the ability to down-
regulate COX-2 expression and enzyme activity, a mechanism which could explain its

antiproliferative actions on many different human cancer cell lines in vitro [218,219].
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Figure 10 The interaction of polyphenols with cellular signaling pathways involved in chronic disease.
Flavonoid-induced activation and/or inhibition of MAP kinase and PI3 kinase signaling leads to the activation of
transcription factors which drive gene expression. For example, activation of ERK/Akt and the downstream
transcription factor CREB by flavonoids may promote changes in neuronal viability and synaptic plasticity,
which ultimately influence neurodegenerative processes. Polyphenol-induced inhibition of the JNK, ASK1 and
p38 pathways leads to inhibition of both apoptosis in neurons and a reduction of neuroinflammatory reactions in
microglia (reduced iNOS expression and NO" release). Alternatively, their interaction with signaling may lead to
direct activation of proteins such as eNOS, which controls nitric oxide release in the vasculature and thus
influences cardiovascular diseases risk. Additionally, polyphenols may exert a inhibitory effect on the growth of
cancer cells through the inhibition of p38/CREB signaling and a decrease in COX-2 expression, they may also

inhibit ERK1/2 phosphorylation and downstream cyclins expression leading to a block of the cell cycle

progression [220].

Tumors are also characterized by an increase in glucose uptake and a high rate of
glycolysis, which can led to the non-enzymatic glycation of proteins and the generation of so
called advanced glycation end products (AGEs). Indeed, the detection of two AGEs, NE-

carboxymethyllysine (CML) and argpyrimidine in several human tumors has been linked to
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cancer progression [221]. Certain polyphenols, such as rutin, theaflavin 3-3’-digallate and (—)-
epigallocatechin, have been proposed to counteract AGE formation both in vivo and in vitro
and thus may limit their impact on the carcinogenesis process [222,223]. Furthermore, as
receptors for AGEs (RAGE), are activated by ligand, they promotes an oxidative stress and an
increase of the inflammatory response, which is associated with cancer cell invasion and
metastasis. Therefore, they also are a target for for cancer therapy [224]. Flavanols such as
epigallocatechin gallate may inhibit the cancer cell proliferation by blocking RAGE related
signaling [225].

1.2.7.2. Polyphenols and cardiovascular diseases

Coronary heart disease, a type of cardiovascular disease (CVD), is a leading cause of
death and disability worldwide. It occurs predominantly in older age groups with a lower
prevalence in women than men [195]. CVD is a chronic, multi-factorial disease in which a
range of genetic and environmental factors plays a role in its initiation, progression and
development. For example, smoking, high saturated fat diets and physical inactivity are well
known environmental factors that are considered to increase the risk of CVD [226,227]. There
is considerable epidemiological evidence indicating that the regular consumption of diets rich
in fruit and vegetables is associated with a reduction in the risk of CVD [139,228,229]. The
health benefits provided by fruits and vegetable consumption are partly associated with their
polyphenol contents. Recently, a prospective study of postmenopausal women showed that
dietary intakes of flavanones, anthocyanidins, and certain foods rich in flavonoids were
associated with a reduced risk of death due to coronary heart and cardiovascular diseases
[230]. Additionally, a decrease in blood pressure has been reported after chronic intakes of
anthocyanins rich tea, flavonoids rich extract from chokeberry fruits, blueberries, and
Concord grape juice by hypertensive individuals, myocardial infarction survivors, and those
with markers of the metabolic syndrome [231-234]. Improvements in vascular function have
been reported with pure anthocyanins (12 weeks, improved endothelium-dependent
vasodilation) [235], and after consumption of cranberry juice (4 weeks; decrease in carotid
femoral pulse wave velocity) [236]. It was also showed that berries, including Concord grape

juice, inhibited platelet aggregation [237,238].

One suggested mechanism for the action of polyphenols on vascular function involves
their ability to modulate the levels and activity of nitric oxide synthase (eNOS) and therefore
nitric oxide (NO) bioavailability to the endothelium [239,240] (Figure 10). This regulation of
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vascular nitric oxide is thought to involve the ability of polyphenols to interact with kinase
signaling pathways such as the PI3 kinase/Akt pathway and intracellular Ca™ | inducing
eNOS phosphorylation and subsequent NO production [241,242] (Figure 10). As well as

activating eNOS, trans-resveratrol has also been shown to increase eNOS expression [243].

Furthermore, flavanoids may act to prevent AGE-related vascular injury via their
regulation of MAPK signaling through RAGE (see section 1.2.7.1.) [244] and the down-
regulation of transcription factors such as NF-AB leading to the suppression of NADPH
oxidase [245] (Figure 10).

In addition, flavonoids contributes to the prevention of atherosclerosis [246]. One of the
earliest events in the arterial wall to initiatie atherosclerosis is the adherence of mononuclear
cells to endothelium, which is triggered by a number of adhesion molecules such as P-
selectin, E-selectin [161], vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1) [162]. These molecules are expressed by endothelial and/or
vascular smooth muscle cells upon proatherogenic stimuli such as oxidized LDL or oxidative
free radicals [163, 164]. After that, a series of inflammatory responses will induce the
accumulation of lipids and fibrous elements in the large arteries. As demonstrated by many
studies, phenolic compounds and their phase II metabolites have shown antioxidant activity,
which can be a mechanism for their effects on atherosclerosis by preventing LDL oxidation

[247].

1.2.7.3. Polyphenols and neurodegeneration

Alzheimer's disease is the first most common neurodegenerative disorder followed by
Parkinson's disease. Both diseases are expected to impose an increasing social and economic
burden on societies as populations age [197]. These and other neurodegenerative disorders
appear to be triggered by multi-factorial events including neuroinflammation, glutamatergic
excitotoxicity, increases in oxidative stress, iron and/or depletion of endogenous antioxidants
[248]. Epidemiological studies have suggested that moderate wine consumption may reduce
the incidence of certain age-related neurological disorders including Alzheimer’s disease
[249,250]. Furthermore, in a study of the dietary intake of 1367 subjects, aged of 65 years or
older, it was found that the intake of flavonoids from fruits and vegetables was inversely
associated with dementia. In this study, the regular dietary intake of flavonoids was associated

with 50% reduction in the risk of dementia [251] Another population-based study on the
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association between flavonoids intake and disability due to Alzheimer’s disease and related
dementias found that the higher the consumption of dietary flavonoids, particularly flavonols,
the lower the rate of dementia [140]. Other studies demonstrated that the consumption of
flavonoid-rich plant foods may also be capable of inducing improvements in cognitive

performance [252].

Many studies have reported the bioavailability of polyphenols in the systemic
circulation. Whilst less is known regarding their degree of brain bioavailability, flavanones
such as naringenin and their in vivo metabolites, as well as quercetin (a flavonol) have been
shown to cross the blood-brain barrier in relevant in vitro and in situ models [253]. Moreover,
several anthocyanins have also been identified in the cortex and cerebellum of rat [254] and
pig [121] following feeding with blueberries. Together, these results suggest that polyphenols
are able to transverse the blood-brain barrier, albeit to varying degrees depending on their
structure. Thus, such compounds are likely to be candidates for direct neuroprotective and

neuromodulatory actions.

Flavonoids may act to protect the brain in a number of ways, including the protection of
vulnerable neurons, the enhancement of existing neuronal function or by stimulating neuronal
regeneration [255]. For example, (+)-cathechin has been shown to protect neurons against
oxidative stress [256], which is generally caused by the excessive accumulation of ROS in
cells and has been implicated in the development of many neurodegenerative diseases,
including Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, and
Alzheimer’s disease [257]. Polyphenol-rich Ginkgo biloba extracts have also been shown to
be neuroprotective by protecting hippocampal neurons from nitric oxide-induced toxicity
[258]. In addition, tyrosol, caffeic acid, and gallic acid have also been shown to protect the

neurons against peroxynitrite neurotoxicity in vitro [259].

There is a growing interest in the potential of polyphenols to improve memory, learning
and general cognitive ability [260]. The effects of polyphenols on cognition and against
neurodegenerative processes appear to be mediated via their interactions with neuronal and
glial signaling pathways that affect gene expression and interfere with the cell death
mechanisms [261]. For example, flavonoids may exert direct modulation of protein and lipid
kinase signaling pathways via the inhibition of MAPK signaling cascades, such as p38 or
ERK1/2 (Figure 10) [262]. The effects of flavonoids on these kinases may influence
downstream transcription factors, including NF-kB [263], which responds to p38 signaling

and 1s involved in iNOS induction [264]. This suggests that there may be interference between
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signaling pathways, transcription factors and cytokine production in determining the
neuroinflammatory response in the CNS (Figure 10). In addition, the actions of flavonoids on
neuronal signaling may mediate their ability to protect against neurotoxicity induced by AGEs
[265]. Verzelloni et al. [266] observed that 3’-hydroxyphenylacetic acid, 3’,4’-
dihydroxyphenylacetic acid, and 3’-methoxy-4’-hydroxyphenylacetic acid, known
anthocyanin microbial catabolites (gut microbiota), at physiological concentrations, inhibited
the formation of AGEs. The same set of catabolites was effective in preserving cultivated

neuron cells from death due to oxidative stress.

1.3. Analytical methods for separation, identification and quantification of phenolic
compounds

Phenolic compounds can be separated, identified and quantified in one operation by
high-performance liquid chromatography (HPLC) coupled to detectors such as diode array
detectors (DAD, also called photodiode-array (PDA)), and mass spectrometers [267]. More
details will be given on mass spectrometry (MS) in the present section. On the other hand,
spectrophotometric methods can also be used for the determination of the total (or a specific
class) of phenolic content in plant and food extracts, using several reagents. Folin-Ciocalteu
reagent is the classic reagent used for the determination of total phenols. These methods are
less expensive than (U)HPLC methods. However, the spectrophotometric measurements can

show poor selectivity and can give an over-estimation of the phenolic content [268,269].

1.3.1. High-Performance Liquid Chromatography

In HPLC methods, not only for phenolic compound analysis, the stationary phase,
solvent, and gradient need to be optimized for separation of the different compounds.
Vegetable matrices, as crude extracts, are very complex, containing several classes of
polyphenols and other compounds that may interfere in the polyphenol analysis. This
complexity hampers the optimization of the separation of compounds in a single
chromatographic run. Mobile phases such as acetonitrile-water or methanol-water mixtures
are very common in reversed-phase systems. Additionally, small amounts of acid are very
often used in the mobile phases, mainly formic acid and acetic acid. In the case of
anthocyanin analysis, for the best resolution of the peaks, structure equilibria have to be

displaced toward their flavylium forms by increasing the acid concentration in the solvent,
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generally between 3 and 10%, v/v. In these conditions, peak tailing is minimized and peak
sharpness is improved. Polyphenol separations are performed mainly on octadecylsilyl
bonded (C18) phases and less frequently on octasilyl bonded (C8) phases. Among these
stationary phases, C18 columns are the most used. Generally, the column lengths have
between 100 and 300 mm and with internal diameters between 2 and 5 mm. Granulometry
vary from 3 to 10 um, and more frequently it is 5 pm. Separation runs are in general up to 60

minutes [40,270].

Over recent decades, different advances in the development of silica-based particles
have been made with the aim of improving the separation efficiency of the HPLC analysis. As
a result of these improvements in the packing material used for the chromatographic
separations, an advanced form of liquid chromatography has been reported. This novel
technique is known as ultra-high performance liquid chromatography (UHPLC), also known
as ultra-high pressure liquid chromatography. This technique uses narrow-bore columns
packed with very small particles, sub-2pm (from 1.7 to 1.9 pm), and mobile phase delivery
systems operating at high back-pressures (up to 1300 bar or 15,000 psi). The major
advantages of UHPLC over conventional HPLC are higher separation efficiency and
resolution, the increased speed of analysis, higher sensitivity and much lower solvent
consumption. On the other hand, the main drawback of UHPLC is that columns packed with
small particles generate higher backpressures, which are inversely proportional to the particle
size. This makes the use of dedicated instrumentation mandatory [271-273]. UHPLC is a very
interesting technology for the analysis of complex matrices. It allows the separation of several
compounds in a short run time. Several works used this technology for the analysis of

phenolic compounds of plant and food samples [273-275].

Separated compounds are currently detected by UV detectors and/or analyzed and
detected by mass spectrometers. The coupling of liquid chromatography to MS (LC-MS) will

be discussed in section /.3.5.

1.3.2. HPLC-UYV detection

Since all phenolics contain at least one aromatic ring, they can consequently absorb UV
light. So, UV detectors are used to detect this absorbance. However, UV detectors can be
operated in only one wavelength per chromatographic run. On the other hand, the DAD

enables simultaneous recording of chromatograms at different wavelengths, as well as to
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obtain UV—Visible (UV—Vis) spectral data, allowing compound characterization and rapid
diagnosis of certain structural features of each eluted compound. In fact, each class of
phenolics, in general, has a distinctive UV or UV—Vis spectra [276]. However, the UV-Vis
spectra of the different phenolic classes can be variable in function of the solvent and the
concentration of the analytes. As many of the absorption spectra can be very similar within a
class of phenolic compounds, peak assignments are made from the retention times, as well as
by comparing the UV-Vis spectra of analytes to purchased standards. An important advantage
of DAD 1is that it improves the possibilities of quantification because detection can be
performed at the wavelength of maximum absorption (Amax) of each compound. Table 3 shows
the maximum absorbance wavelengths of several classes of phenolic compounds. In the case
of anthocyanins, the flavylium cations are coloured and can be selectively detected in the
visible region, avoiding the interference of other phenolics and flavonoids that may be present

in a same extract [40,277,278].

Table 3 Absorption spectra of the various classes of phenolic compound. Adapted from [279].

Class of compounds UV Band 11* UV Band I? Visible®
Benzoic acids 270-280

Cinnamic acids (290-300) 305-330

Anthocyanic pigments 240-280 (315-325)° 450-560
Flavonols 250-270 (300) 350-380

Flavanols 270-280

Coumarins 220-230 310-350

Flavones 250-270 330-350

Flavanones, Flavanonols 270-295 (300-330)

Chalcones 220-270 (300-320) 340-390
Aurones 240-270 340-370
Isoflavones 245-270 300-340

# Usual solvent is methanol except methanol-HCI for anthocyanins.
® In the case of acylation by cinnamic acids.

1.3.3. Mass spectrometry: instrumentation and techniques

Regardless of the type of instrument, a mass spectrometer is composed of three main
components as illustrated in Figure 12, and consists of 1) an ion source to produce ions from
the sample, in the case of ESI source the ions are also partially preformed in the solution; 2)

one or several mass analyzer(s) to separate the various ions according to their mass-to-charge
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ratio; 3) a detector to detect the ions emerging from the last analyser and measure their
abundance. The signals from the detector are processed in a data processing system that

produces the mass spectra [280,281].

Ionization Mass , Detector
Source Analyzer =
Sample I I I 1
Inlet ESI Quadrupole Photomultiplier
APCI Ion Trap Electron Multiplier %’
etc Time-of-Flight Micro — Chennel Plate 8
Orbitrap etc =
etc m/z
MS spectrum

Figure 12 The basic components of a mass spectrometer. ESI, Electrospray lonization, APCI, Atmospheric
Pressure Chemical Ionization. Adapted from [282,283].

1.3.3.1. Ionization sources in LC—MS

The popularity of LC-MS today is largely due to Atmospheric Pressure Ionization (API)
interfaces, where solvent elimination and ionization steps are combined in the source and take
place at atmospheric pressure. API, known as a soft ionization technique which means the
formation of gas-phase ions without extensive fragmentation, mainly includes electrospray

ionization (ESI) and atmospheric pressure chemical ionization (APCI).

APCI is suitable for low and moderate polarity compounds, while ESI is most widely
used for the analysis of polar molecules. Moreover, ESI technique allows the analysis of
compounds of high molecular weights (Figure 13), as proteins, etc. Both techniques are
applied for polyphenol analysis [284], but the most employed ion source is ESI because both

the polarity and molecular weight of most of these analytes match well the requirements of

this interface [285].

ESI in the negative ion mode is more selective in the analysis of phenolic compounds,
but may also be more sensitive, because they are often better ionized negatively. Their
hydroxyl group can easily lose a proton. However, in acidic conditions, the flavylium cation is
the predominant species of the anthocyanins, i.e. naturally these compounds are positively
charged and, consequently, higher sensitivity is obtained from ESI in the positive ion mode

[270,271]. When ESI source is operated in the positive ion mode, the ions detected by the

74



1. Bibliographic review

mass spectrometer are mainly protonated molecules [M+H] ", but also occasional adducts can
be detected, such as [M+Na] *, [M+K] ". In the case of anthocyanins, they are detected in their
flavylium cation forms [M] . In ESI negative ion mode the ions are mainly detected in their
deprotonated forms [M—H] , but some other species can be observed, such as adducted ions

[M+C1] ~, [M—H-HCOOH] ~ [286-288].

100000 ——

1000 ——

Molecular weight (Da)

100 —

Nonpolar Very polar
Polarity of analyte

Figure 13 Diagram showing the mass range and polarity range covered by different ESI and APCI sources

[289].

Particularly, a representation of the ESI source is shown in Figure 14A. The analyte
solution is injected through a metal capillary (Figure 14A). A very high voltage is applied to
the tip of the metal capillary relative to the surrounding ion sweep cone or heated capillary.
This strong electric field causes the dispersion of the sample solution into an aerosol of highly
charged electrospray droplets. An inner coaxial sheath gas (most often N,) flow around the
capillary results in better nebulization. This gas flow also helps to direct the spray emerging

from the capillary tip into the mass spectrometer. Another gas participates during operation of
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the ESI, the auxiliary gas is the outer coaxial gas that assists the sheath gas in the nebulization
and evaporation of sample solutions. The charged droplets diminish in size by solvent
evaporation. Finally, the charged analytes are released from the droplets, most of which pass
through a sampling cone and the orifice of a heated capillary (kept in the interface of
atmospheric pressure and the high vacuum) toward the analyzer of the mass spectrometer,
which is held under high vacuum. The heated capillary causes the complete desolvation of the

ions passing through it and removes the last solvent molecules [280,282].
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Figure 14 A schematic representation of (A) the ESI-ion source and (B) the electrospray ionization process in
positive ion mode (Adapted from [282]).
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ESI transforms ions in solution to ions in the gas phase prior to their mass analysis in a
mass spectrometer. The source can be operated in positive or negative ion modes to extract
positive or negative ions for analysis, respectively. The mechanism of ESI is represented in
Figure 14B for the positive ion mode (in this paragraph, information about the negative ion
mode will be given in parentheses). Since the introduction of ESI source for mass-
spectrometric analysis by the Fenn group in the mid 1980s, its ionization mechanism is the
object of extensive research and was not yet fully understood. ESI can be viewed as a special
type of electrolytic cell. The analyte is pumped through the high-voltage spray needle, and an
electrochemical oxidation (or reduction) reaction of species in the solution at the spray needle
tip occurs, when the polarity of this capillary is positive (or negative). These reactions cause
an electron flow from the spray needle (or to the spray needle), as illustrated in Figure 14B. In
addition, they also supply extra positive (or negative) ions to the solution that prevents the
build-up of a charge imbalance [280,282,290]. The origins and nature of these additional ions
are very complex and depend on the experimental conditions. Solvents like water, methanol,
acetonitrile, etc. can easily undergo electrochemical reactions in the spray needle. The
positive charges mainly come from protons, whereas the negative charges mainly come from
some negative ions such as OH . Redox reactions of water and methanol are shown in Table
4 [282]. Additionally, metal ions of the spray needle could be entering the solution causing a
release of electrons to the circuit [290]. These different ions generated by the redox reactions
from different species may contribute for the ionization of analytes. The analytes themselves
can undergo these redox reactions and be ionized. However, analyte ions can also be
preformed in solution, before the arrival of the analyte solution in the ionization source

[270,290,291].

The solution delivered to the tip of the spray needle experiences the electric field
associated with the positive (or negative) high-voltage applied to the needle. Assuming a
positive potential, positive ions in solution will accumulate at the solution-air interface, which
is thus drawn out in a down field direction to establish a “Taylor cone”. At a high enough
imposed field, the cone is drawn to a filament which produces positively charged droplets via
a “budding” process when the surface tension is exceeded by the applied electrostatic force
[292]. Solvent evaporation occurs when the droplets traverse the space between the spray
needle and the heated capillary, which leads to a reduction in diameter until a point called
“Rayleigh limit”, where the surface tension can no longer sustain the Coulomb force of

repulsion between the charges on the droplets surface. At this point, “Coulomb fission”
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occurs. The process of solvent evaporation and Coulomb fission occurs repeatedly to generate
smaller and smaller progeny droplets and finally the charged nanodroplets from which the

gas-phase charged analyte molecules are formed [282].

Table 4 Typical redox reactions of the solvents expected to occur in the electrospray emitter (spray needle).

Solvent systems Positive-ion mode Negative ion-mode
Oxidation reactions Reduction reactions

Water 2H,0=0,+4H" +2¢ 2H,0 + O, +4¢ =40H"
2H,0 =H,0,+2H" +2¢” H,0+0, +e =HO, +OH"

2H,0+2¢ =H, +20H
2H,0 + O, +2¢ =H,0,+20H"
H,0+0,+2e =HO, + OH"

Methanol CH,OH = HCHO + 2H +2¢_ CH;OH + H,0 + 2¢ =CH, + 20H
CH;OH + H,0 = HCOOH + 4H" + 4¢” | CH;OH + 2H" + 2¢” = CH, + H,0
HCOOH = CO, + 2H" + 2¢~

Two main mechanisms have been proposed to account for the formation of gas-phase
analyte ions from very small highly charged droplets, the charge residue model (CRM) and
the ion evaporation model (IEM). For the first one, as a result of a series of solvent
evaporation and Coulomb fission, an extremely small charged droplet is formed (radius R = 1
nm) which contains only one analyte molecule as well as the ionic charges on the surface of
the droplet. Solvent evaporation of this droplet causes its charges to land on the analyte
molecules. For IEM, after repeated solvent evaporation and Coulomb fission, the radii of the
charged droplets decrease to a given size, when the electric field due to the charges at the
surface of the droplet is strong enough to cause direct emission of the solvated ions.
Typically, when the droplet reaches the radius R<10 nm, the ion emission dominates over
Coulomb fission. Thus, unlike CRM, this mechanism does not require the production of very

small droplets (R = 1 nm) that contain only one analyte molecule. [282,290].

1.3.3.2. Mass analyzer

Several mass instruments including the single quadruple (Q), ion trap (IT), time-of-
flight (TOF), Fourier transform ion cyclotron resonance (FT-ICR) and Orbitrap can be used as
on-line analyzers. The physical property of ions that is measured by a mass analyzer is their
mass-to-charge ratio (m/z). The main characteristics for measuring the performance of a mass

analyzer are the resolving power, the mass accuracy, the m/z range, and the acquisition speed.
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Resolving power (RP) is the mass spectrometer’s ability to resolve two adjacent mass
peaks and is defined, in the current LC-MS practice, as the m/z value (m) of a particular peak
divided by the peak width 4m at x % of the peak height (Eq. 21). x is often taken to be 50%
and 4Am is designated as full width at half maximum (FWHM)[280,293,294]:

Definition of FWHM is represented in Figure 15.

90%

Figure 15 Representation of the “full width at half maximum” (FWHM) definition.

“Resolving power” and “resolution” are used synonymously in most of the scientific
publications and commercial manuscripts [280,294-297]. Additionally, most of the
manufacturers of mass spectrometers use the value of RP defined in terms of FWHM to
compare the performances of their instruments. Nevertheless, “resolution” can be calculated
as follows, according to some references [295,298]: resolution = m/RP. To avoid confusions,
here the two terms will be used as synonyms, and calculated according to Eq. 21, using

FWHM.
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Low resolution or high resolution is usually used to describe analyzers with resolving

power that is less or greater than 10 000, respectively [280].

Mass accuracy (MA) is defined as the relative difference between the experimental m/z
value (m.,) and theoretical (calculated) m/z value (me0), including the sign (plus or minus)

and expressed in ppm (Eq. 22) [280,294,295]:

(m exp— mthe()r)

MA = x10° Eq.22

Mtheor

The m/z range (also called “mass range”’) determines the limits (lower and upper limits)

of m/z over which the mass analyzer can measure ions [280].

Acquisition speed (also called “analysis speed” and “scan speed”) is the rate at which
the analyzer measures over a particular mass range. It is typically expressed in technical
specifications in Da/s for low-resolution mass analyzers and in Hz for high-resolution ones. In
Table 5 all values are in Hz over the mass range of 1000 m/z to allow the comparison among

all instruments [280,295].

A general view of the recent performances of different mass analyzers is shown in
Table 5. Details of performance values for a specific instrument can be found in the following

references [295,297].

Table 5 General values for common performance parameters of mass analyzers used in LC—MS.

Mass analyzer Maximum Resolving Mass m/z range Acquisition
type® power [x 10%] accuracy (ppm) (upper limit) [x 10°] " speed (Hz)
Q 3-5 Low 2-3 2-10
IT 4-20 Low 4-6 2-10
TOF 10-60 1-5 1020 10-50
Orbitrap 100240 1-3 4 1-5
FT-ICR 750-2500 0.3-1 4-10 0.5-2

* Include different mass spectrometers on the market containing these analyzers [295,297].
® Values for the typical measurement range of 1000 m/z.

Better values of RP and MA are achieved by FT-ICR analyzer, followed by Orbitrap

and TOF analyzers, respectively. Higher resolving power values result in a higher capacity to
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separate adjacent ions of slightly different m/z values, which is the case of isobaric
compounds that have the same nominal mass but different molecular formula. High MA
(<5ppm) obtained by these analyzers allows determination of analyte elemental composition,
unlike the low resolution analyzers, which have typical MA of about 100 ppm [280].
Obviously, a better MA results in more reliable determination of the elemental composition of
analytes. TOF instruments in LC—-MS configuration can analyze a mass range having upper
limits of > 10 000 m/z. Therefore it is an interesting option for the analysis in LC—MS of
macromolecules. As the molecular weight of most of the polyphenols classes is inferior to
1000 amu, they can be analyzed by all instruments of Table 5. Acquisition speed is especially
important for LC—MS methods for quantitative purposes because higher analysis speed results
in more data points on the chromatographic peaks. Additional discussion in this respect will

be given in the item “a” of the 7.3.5.2. section that deals with LC-MS.

Prices of mass spectrometers strongly depend on the particular configuration of the
instruments and individual offers from the manufacturer. In general, Q analyzers are simplest
and cheapest devices followed by IT. TOF analyzer is the cheapest high-resolution mass
analyzer with relatively good RP and MA and some interesting characteristics in terms of
acquisition speed and m/z range. FT mass analyzers, Orbitrap and ICR, are high-end MS
technologies with the best operational parameters, but they have an additional investment
cost. FT-ICR instrument provides better RP and MA, but it has the highest price. Orbitrap has
a lower cost and a much simpler and compact design than FT—ICR instruments. Therefore, in
general terms, it can be considered, among these three HR mass spectrometers, as a good

compromise in terms of RP, MA and cost.

Additionally, it has been reported that Orbitrap provides high accuracy in a much more
stable fashion than TOF analyzers, which can have mass shifts between 5 and 20 ppm within
24 h, and this stability over time becomes worse with slight temperature fluctuations [294].
This capacity to provide reproducible MA over time is important in LC—MS analysis because

sometimes a series of experiments can take more than 24 h, even with UHPLC runs.

Another important consideration is that both TOF and Orbitrap analyzers can have a
hybrid configuration with a Q or IT. These combinations allow at least MS/MS experiments,
which improve the characterization of compounds. HRMS is now widespread for polyphenols
analysis, specially using TOF analyzers, but the recent Orbitrap technology has gained much
attention. On the other hand, only a few papers using FT-ICR instruments for polyphenols

analysis has been reported [271].
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Brief information about instrumentation and principle of operation will be given for the

Orbitrap mass analyzer.

The Orbitrap analyzer itself is an electrostatic ion trap that, as the FT-ICR, uses the
Fourier transform to obtain mass spectra. The first commercial mass spectrometer containing
an Orbitrap was introduced on the market by the Thermo Electron Corporation in June 2005.

Figure 16 illustrates the analyzer.

Figure 16 Cutaway view of the Orbitrap mass analyzer. lons are injected into the Orbitrap at a point (arrow)
offset from its equator plane (z = 0) and perpendicular to the z-axis; where they begin coherent axial oscillations
without the need for any further excitation. The ion trajectories also involve angular (¢) and radial () motions

(Adapted from [299,300]).

The Orbitrap analyzer consists of two axially symmetrical electrodes: an outer barrel-
like electrode and a central spindle-like electrode. The first one is split in two parts in the
equator plane (z = 0) of the Orbitrap, and one of these parts has a small entrance aperture,

through which the ions enter into the analyzer (Figure 16) [299,300].

Ions are injected into the Orbitrap at a position where z # 0, and perpendicularly to the z-
axis, after application of an increasing voltage to the central electrode, while the outer
electrode is maintained at ground potential [300]. The voltage of the central electrode is
increasing only in this first step when the ions are injected and trapped into the analyzer.

Under these conditions, and thanks to the astute geometry of the Orbitrap, the electrodes
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create an electric field that can be divided in fields that have axial (z) and radial (») direction.
Axial field strength is at zero in the equator plane of the Orbitrap, but increases uniformly in
opposing directions along the z-axis as the two coaxial electrodes become progressively
closer. As it reaches substantial values at the point of entry of the ions, it starts to pull all ions
towards the equator plane as soon as they enter the field. This initiates axial oscillations
without any additional excitation, in a manner analogous to pulling back a pendulum bob and
then releasing it to oscillate. Ions of a given m/z enter into the Orbitrap practically
simultaneously, in the form of a packet. The axial size of the ion packet remains almost
unchanged (i.e. the ion packet remains with small thickness, considering the axial amplitude
of the central electrode). The radial field increases very fast with time and being stronger near
the central electrode, attracts the ions towards this electrode. This field bends the trajectories
of the ions into circular arcs. The radii of the arcs become progressively smaller, so that ions
cannot return to the entrance radius to hit the outer electrode as they begin their axial

oscillations, and thus be lost for detection [300,301].

After stabilizing the central electrode voltage (outer electrode remains at ground
potential), the electric field between the two electrodes is also stabilized, being thus termed
electrostatic field. This field has a quadro-logarithmic potential distribution thanks to the
shape of the electrodes. In these conditions, stable ion trajectories within the Orbitrap are
obtained, and involve oscillations along the z-axis and rotation (composed of radial and
angular (p) motion) around the central electrode [280,300,302]. Frequency o of axial ion
oscillations depends only on ion mass/charge ratio (m/z) and field curvature £ (that is held
constant) (Eq. 23). The parameter £ is determined by the exact shape of the electrodes and the

stabilized applied potential between the outer and central electrodes [302]:

o =,/(zzm)k Eq.23

On the other hand, frequencies of the ¢ and » motions of the ions (Figure 16) are
strongly dependent on other initial parameters of the ions, as kinetic energy, position, and
angle of ions. Because of this, each ion packet (that have ions of a same m/z, but with slightly
different initial ion parameters) quickly spreads (i.e. dephase) over the angular coordinate and
forms a thin rotating ring [301]. Unlike angular and radial frequencies, axial frequencies are

completely independent of initial ion parameters. Therefore, the thin ring continues to
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oscillate along the z-axis, remaining in-phase (i.e. with axial thickness of the ion ring

remaining small compared with the axial amplitude of the central electrode) [299-301].

Moving from one half outer electrode to the other, this ring will induce opposite currents
on these halves (detection electrodes), thus creating a signal called of “image current” that is
detected by differential amplification [299]. The image current is acquired as a time-domain
signal (signal intensity as a function of time). This time domain signal, containing all the
characteristic frequencies of the measured ions at intensities corresponding to the amount of
the molecular species in the sample, is converted by a fast Fourier transform into a frequency
spectrum (intensity as a function of frequency). Each frequency can be assigned to a specific
m/z ratio by Eq. 23, and finally a MS spectrum (intensity as a function of m/z ratio) is

obtained [280,300-302].

It is important to note that a nonzero image current can be detected only if ions are
moving in-phase with each other. This means that ions of each m/z inside the Orbitrap
analyzer should be concentrated in packets that have an axial length shorter than the
amplitude of oscillations, i.e. ions should oscillate coherently. Radial and angular frequencies
do not appear in the frequency spectrum precisely because of the fast loss of coherence caused

by dependence of these frequencies on the initial parameters of the ions [301].

This method of detection brings Orbitrap analyzer into the family of Fourier transform
(FT) mass spectrometers which was, until recently, represented by FT—ICR alone. Very high
fidelity of frequency determination is inherent to FT mass spectrometry, consequently very

high resolving power and mass accuracy are achieved by this family of instruments [303].

1.3.3.3. Detector

The ions pass through the mass analyzer and are then detected and transformed into a
usable signal by a detector. Detectors are able to generate from the incident ions an electric
current that is proportional to their abundance [280]. Among several ion detectors in mass
spectrometry, the most widely used is the electron multiplier, also called secondary-electron
multiplier (SEM). Several Qs, ITs, and TOF instruments are connected to this detector type
[304]. It works on the phenomenon of secondary electron emission. A variety of designs are
in common use. The most used are: discrete-dynode SEM, and continuous-dynode SEM, also
known as channel electron multiplier (CEM). The first one consists of a series of dynodes,

generally 16 or 20 dynodes, usually made of copper—beryllium (Figure 17). The first dynode,
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called a conversion dynode, is held at a high voltage generally from £1 to +30 kV, opposite to
the charge on the detected ions. The other sequential dynodes are held at decreasing
potentials, from the conversion dynode, e.g. £0.7 kV, £0.5 kV, etc. A positive or negative ion
striking the conversion dynode causes the emission of several secondary particules. These
secondary particles can include positive ions, negative ions, electrons and neutrals. When
positive ions strike the negative high-voltage conversion dynode, the secondary particles of
interest are negative ions and electrons. When negative ions strike the positive high-voltage
conversion dynode, the secondary particles of interest are positive ions. As shown in
Figure 17, for positive ions, the secondary particles emitted by the conversion dynode are
accelerated to the next dynode because it is held at a lower (negative or positive) potential.
They strike the second dynode, where the secondary particles are converted to secondary
electrons. This process continues as the secondary electrons travel towards the last dynode
(the anode). For each dynode, more secondary electrons are emitted for each electron that has
struck the dynodes. Thus a cascade of electrons is created and the final flow of electrons
provides an electric current at the last dynode. This dynode is called anode, because it collects
the negative charges (electrons). The electric current is then increased by conventional
electronic amplification to provide a gain in excess of 10’ electrons for each incident ion

[280,305].

Positive ion

beam Anode
To
—_—
amplifier
—3kV
Conversion
dynode

Figure 17 Principle of ion detection by the discrete-dynode electron multiplier. Adapted from [305].

The CEM is a horn-shaped or funnel-shaped assembly, in which a conducting surface
acts as an array of continuous electrodes (Figure 18). Generraly, it is constructed from a
special type of glass that has either been heavily doped with lead or whose inner surface is

coated with beryllium. A high voltage is impressed across the two ends of the tube to create a
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uniform field throughout the length of the tube. The beam of ions coming from the analyzer
strikes the surface of a conversion dynode, generating secondary particles, in the same way
that for the discrete-dynode SEM, previously described. These secondary particles collide
with the curved inner wall at the detector entrance, and produce secondary electrons. The
electrons ejected are reflected toward the opposite surface until they reach a metal anode
located at the other end of the detector. With each impact on the inner surface of the tube, the
current is amplified, due to the emission of more electrons for each striking electron. Finally,
a metal anode collects the stream of secondary electrons and the current is amplified. A CEM
is more compact and less expensive than a discrete dynode SEM and provides gains as high as

10® [280,305].

Secondary
particles

Secondary

electrons

Figure 18 Principle of ion detection by the continous-dynode electron multiplier. HV: high voltage (negative for

positive ions). I: electric current [304].

LTQ—-Orbitrap instrument (model XL) consists of a hybrid system that has two mass
analyzers, which are a linear trap quadrupole (LTQ) and an Orbitrap. The particularity of the
LTQ XL analyzer is that it is connected to two CEM detectors, each one is combined to a

conversion dynode. Two detectors improve the signal by a factor of two, as compared with
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the signal obtained by only one detector. Figure 19 illustrates the general operation steps of

the ion detection system connected to the LTQ XL analyzer.

A B
ANODE [_]
CATHODE CEM
SECONDARY
4 PARTICLES
EXIT ROD OF
o 55 THE ANALYZER
F CONVERSION
CONVERSION DYNODE
DYNODE

Figure 19 Summary of ion detection system operation associated with the linear trap quadrupole XL.
(A) Different ions (represented by the colored or gray shaded spheres) are ejected from the trap in order of
increasing mass-to-charge ratio. The ions exit the trap through slots in the exit rods. The ions then strike the
conversion dynodes on each side of the trap. (B) Collision of the ions on a conversion dynode produces
secondary particles that are ejected towards the cathode of the channel electron multiplier (CEM). The secondary
particles strike the inner walls of the cathode to eject electrons. They strike again the inner walls of the cathode
in a sequential process so that a cascade of electrons is created. Finally the electrons are collected by the anode
of the CEM. The final electric current obtained is proportional to the number of secondary particles striking the
cathode. The current is converted to a voltage by the electrometer circuit and recorded by the system. Adapted

from [283,306].

Detection of ions in FT analyzers, FT-ICR and Orbitrap, is characteristically different
of the detection by electron multipliers. In this case, the detector consists of a pair of
electrodes within the mass analyser region close to the ion trajectories. Ions are detected by
the image current that they produce in a circuit connecting the electrodes [280,289,307]. Ion

detection in the Orbitrap analyzer was described in /.3.3.2 section.
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1.3.4. Tandem mass spectrometry

Tandem mass spectrometry is a multistage mass spectrometry technique that can
precisely ascertain the progeny of ions. It involves mass selection of a precursor ion,
activation and fragmentation of the mass-selected precursor, and mass analysis of the charged
products. This is labelled as a MS/MS experiment. It is possible to increase the number of
steps by selecting ions from the obtained fragments to perform further fragmentation and
mass analysis of the product ions, and so on. This is labelled as a MS" experiment (where n

refers to the number of generations of ions being analyzed) [280,305].

1.3.4.1. Tandem mass spectrometry in space or in time

Tandem mass spectrometry instruments are classified into two broad categories: tandem
in-space and tandem in-time. In tandem in-space instruments, two or more physically distinct
instruments are coupled to perform MS/MS or MS" experiments. Common space instruments
have two mass analysers, allowing MS/MS experiments to be performed. A frequently used
instrument of this type is the triple quadrupole (QqQ). The QqQ configuration indicates an
instrument with two quadrupoles analyzers (Q) and one quadrupole collision cell (q). To
improve the ion-transport efficiency, some contemporary instruments are outfitted with an
octopole or hexapole collision cell in place of a conventional quadrupole cell. In the triple
quadrupole the first analyser is used to isolate a precursor ion, which then undergoes
activation and fragmentation in the collision cell to yield product ions that are analyzed by the
second quadrupole analyzer [288,297]. To obtain higher order MS" spectra requires n
analysers (Q) to be combined. Successive analysers can be arranged in any number, but
because the fraction of ions transmitted at each step is low, the practical maximum is three
[280,305]. TOF/TOF instruments, and hybrid instruments are also examples of tandem in-
space instruments. Hybrid tandem mass spectrometers are constructed by coupling two
different types of mass analyzers with the objective of accruing the benefits of the best
performance features of each analyzer type. This arrangement enhances the capabilities of a
single type of mass analyzer. Some examples of hybrid systems are IT-TOF, Q-TOF,
LTQ—-Orbitrap, etc. In LTQ—-Orbitrap instruments, the LTQ is an ion trap analyzer type also

known as Linear Ion Trap (LIT), or two-dimensional ion trap (2D ion trap) [305].

Tandem in-time instruments perform MS/MS or MS" experiments in the same region

but by using a temporal sequence. Ion traps and FT-ICR instruments fall into the latter
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category. The basic steps performed by these instruments are: accumulation into the analyzer
of the ions coming from the ionization source, isolation of the precursor ions by ejection of all
other ions, then activation and fragmentation of the selected ions, finally, analysis of fragment
ions. The main advantage of IT instruments is the possibility to perform MS" experiments.

The maximum practical number of steps for these instruments is seven to eight [280,305].

1.3.4.2. Scan modes in mass spectrometry

In single MS analysis two scan modes can be performed, full scan and selected-ion
monitoring (SIM). Other scan modes can be performed only with multiple MS analysis, thus
they are performed in tandem mass spectrometers (tandem in-space or in-time). Some

classical scan modes are described below [280,297,308,309]:
Full scan: in this scan mode all ions of a wide mass range are detected.

SIM: consists in recording ions signals of one or more specific m/z values. As several
ions with different m/z ratios have to be detected, the analyser goes rapidly from one mass to

another.

The four main scan modes available using tandem mass spectrometry are described

below[280,305]:

1. Product ion scan consists of selecting a precursor ion of a chosen mass-to-charge
ratio and determining all of the product ions resulting from the activation and fragmentation

process of this precursor ion.

2. Precursor ion scan consists of choosing a product ion and determining the precursor
ions. This method is called ‘precursor scan’ because the ‘precursor ions’ are identified. This
scan mode cannot be performed with time-based mass spectrometers. This scan requires the
focusing of the second spectrometer on a selected ion while scanning the masses using the
first spectrometer. All of the precursor ions that produce ions with the selected mass through

fragmentations thus are detected.

3. Neutral loss scan consists of selecting a neutral fragment and detecting all the
fragmentations leading to the loss of that neutral. As in the case of the precursor ion scan, this
scan mode is not available with time-based mass spectrometers. This scan requires that both
mass spectrometers are scanned together, but with a constant mass offset between the two.

Thus, for a mass difference @, when an ion of mass m goes through the first mass
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spectrometer, detection occurs only if this ion has produced a fragment ion of mass (m—a)

when it leaves the collision cell.

4. Selected reaction monitoring (SRM) consists of selecting a fragmentation reaction.
For this scan, both the first and second analysers are focused on selected masses. The method
is analogous to selected ion monitoring. But here the ions selected by the first mass analyser
are only detected if they produce a given fragment, by a selected reaction. A triple-quadrupole
instrument is ideally suited for SRM experiments, although IT instruments have also been

used.

1.3.4.3. Collision-Induced Dissociation

To gather information about structure-specific fragment ions in tandem mass
spectrometry, ion activation and dissociation of the mass-selected precursor is essential. There
are several reasons for this activation step: (1) the abundance of the ion source—activated ions
that fragment spontaneously in the field-free regions is usually low; (2) only a few selected
reaction pathways are detectable from those spontaneously fragmenting ions; and (3) ions that
are generated by currently popular softer modes of ionization (API ion sources) are either
stable or exhibit a weaker fragmentation pattern to yield any meaningful structural
information. Ion activation not only increases the population of precursor ions with energies
beyond the threshold of dissociation, but the number of dissociation channels increase as well,
to provide useful structural information. A variety of ion-activation techniques are available
as collision-induced dissociation (CID), surface-induced dissociation (SID), ultraviolet
photodissociation (PD), infrared multiphoton dissociation (IRMPD), electron-capture
dissociation (ECD), etc.

By far the most common means of ion activation and dissociation for ions of phenolic
compounds is CID [271]. In this technique, collisions between a fast precursor ion and a
neutral target gas molecule lead to an increase in internal energy of the ion through the
conversion of part of its translational energy into internal energy. If the internal energy
imparted is beyond the threshold for dissociation, precursor ion fragmentation may occur

[310].

To achieve collisional activation in MS/MS instruments with spatially separate
analysers, a collision cell is placed between the two mass analysers. This cell often

corresponds simply to a small chamber with entrance and exit apertures and contains an inert
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target gas at a pressure sufficient for collisions with ions to occur. In MS/MS instruments
based on time-separated mass analysis steps, an inert gas is simply introduced into the mass
analyzer. In more sophisticated devices, this gas is only introduced into a certain region or at a

particular time in the operating sequence using a pulsed valve [280].

1.3.5. Liquid chromatography coupled to mass spectrometry

Liquid chromatography coupled to mass spectrometry (LC-MS) is a technique that
combines the chromatographic separation of a mixture of compounds of a complex matrix
with the selectivity and sensitivity of the MS detector to allow the identification and
quantification of individual compounds. The technique is diversified by the use of UHPLC
systems, tandem mass spectrometers and high resolution mass spectrometers. When LC is
coupled to tandem mass spectrometry, the technique is abbreviated as LC—MS/MS. In the
text, when it is not important whether the system is LC-MS or LC-MS/MS, the term LC-MS

will be used.

LC—MS is very popular to analyze non volatile compounds of complex mixtures, such
as natural products. API sources (described in 7.3.3.1. section), allowing ionization of
analytes from solutions, are ideal for coupling liquid chromatography with mass spectrometry.
Generally, these ion sources can tolerate flow rates up to 1 ml/min (APCI) or 0.5 mL/min
(ESI), allowing an easy coupling to an (U)HPLC system. Nevertheless, buffers and pH
modifiers should be volatile [280,287]. For the analysis of phenolic compounds, formic acid
and acetic acid are the most employed pH modifers, and the most used solvents are methanol
and acetonitrile [271]. Acidification provides a better retention and separation on the C8 and
C18 columns which are almost exclusively employed. In the negative ion mode, a
concentration of 0.1% formic acid or 5 mM ammonium acetate buffer seems to be preferable,
whilst the addition of basic eluents has a negative influence on both the LC separation and the

ESI process [311,312].

LC-MS techniques are nowadays the best analytical approach to study polyphenols
from different biological sources. LC—MS instruments are also very effective tools in the
study of the structure of phenolic compounds [267]. It was also reported that the sensitivity of
UHPLC-MS was 3 orders of magnitude higher than that reported using HPLC-UV detection
for the determination of phenolic compounds in food samples [273,275,313].
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1.3.5.1. Mass Spectral Data Acquisition

As described in 7.3.4.2. section, mass spectra can be obtained from different scan
modes. In LC-MS, different types of ion chromatograms can be retrieved from the mass

spectrometry data, some examples are described below [305,314].

A total ion chromatogram (TIC), also called total ion current chromatogram (TICC) is
the sum of the intensities (proportional to the number of ions) of all the m/z values in each
mass spectrum plotted against the time (or less frequently versus the scan number). Figure
20A illustrates a mass spectrum obtained by the full scan mode, where the ions were detected
in the 100—1000 m/z range. Figure 20B shows the intensities of all the m/z values of this mass
spectrum. The sum of the intensities obtained for all m/z values at a retention time is called of
“total ion current” (Figure 20B). This term is also abbreviated as TIC, which can cause some
confusion with total ion current chromatogram. Here, total ion current will not be abbreviated.
Figure 20C shows a segment of a TICC, between 17.5 and 21 min of a chromatographic run,
where three peaks can be observed. The total ion currents obtained for each scan are shown.
For example, the total ion current presented in Figure 20B corresponds to the scan of number
429 in Figure 20C. Therefore, the TICC is obtained by plotting the total ion currents of all
scans performed as a function of time. By connecting all total ion currents, the TIC

chromatogram is obtained, showing the peaks of the detected compounds.

The retention times of peaks of a TICC can be used for identification purposes.
Additionally, a mass spectrum can be retrieved for any chosen retention time of a TICC to

provide qualitative informations of on a compound.
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Figure 20 Generation of ion chromatograms. (A) mass spectrum obtained by the full scan mode and (B) its total ion current. (C) segment of a total ion current chromatogram,
showing the number of scan. (D) extracted-ion chromatogram for the ion at m/z 287.0556, assuming a MEW of 5 ppm.
(...): data not shown. * Intensity relative to the highest intensity, obtained for the m/z 287.1.
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An extracted-ion chromatogram (EIC), also known by various other names, such as ion-
extraction chromatogram, reconstructed ion chromatogram and mass chromatogram, is a plot
of the intensity of a defined m/z value versus time (or less frequently versus the scan number).
It is obtained by selecting a m/z value, among all values of the mass range of the scan, and a
limit of error around this m/z value. This limit is known as the “mass extraction window”
(MEW). Figure 20D shows an EIC for the ion at m/z 287.0556, assuming a MEW of 5 ppm.
The intensity plotted in Figure 20D corresponds to the intensity of the ion at m/z 287.0556 in
Figure 20A. The EIC is a useful means to distinguish coeluting components and to identify a

homologous series of compounds.

A selected-ion monitoring (SIM) chromatogram is similar to the EIC. It is acquired by
recording the ion signal due to only one or more compound-specific ions as a function of
time. However, in this case the mass spectrometry data are only monitored for one or some
m/z values. Consequently, the SIM chromatogram can only be retrieved for these m/z values,

but not for other m/z.

A selected reaction monitoring (SRM) chromatogram is obtained from the intensities of

a specific product ion from a specific precursor ion, so using the SRM scan mode.

The last three types of ion chromatograms are the most used for quantitative purposes,

as discussed in the next section.

1.3.5.2. Considerations in quantitative analysis using LC—MS systems

Quantitative analysis by mass spectrometry involves establishing the accurate
correlation of the ion signal of a compound with the quantity of the compound in the sample
[280,305]. Several quantitative analysis methods using mass spectrometry have been
developed for phenolic compounds in plant and food samples and recently the most used mass

analyzers were TOF, Orbitrap and triple quadrupole [271].

a. Data acquisition
LC—MS systems equipped with low resolution mass spectrometers, such as IT, Q, and
triple Q are operated in the SIM or SRM scan mode for quantification purposes. In the later

case tandem mass spectrometer instrument is necessary.
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For quantification, the area (or less frequently the height) of the analyte peak is
recorded. Although an extracted-ion chromatogram and an SIM chromatogram are identical in
terms of selectivity, the latter provides much higher sensitivity, owing to the increased time
spent monitoring each ion selected. The selecitivity of both ion chromatograms can be
compromised because of the low resolution of the instruments (unit-mass resolution), that
does not distinguish very close m/z values. Additionally, in SIM chromatograms, some

analytical information is lost due to the monitoring of only one or a few ions.

A triple quadrupole instrument is ideally suited for SRM experiments and widely used
for quantification of phenolic compounds [309,313]. Using SRM scan mode for
quantification, the precursor—product reaction must be unique to the analyte and should
provide a strong ion current signal. Additionally the collision energy, collision gas pressure
and cone voltage should be optimized in order to improve the sensitivity of the method
[272,288]. An obvious advantage of SRM over SIM is the increased level of selectivity
because of the exclusive structural link that is maintained during the analysis between the
mass-selected precursor ion and its product ion. On the other hand, as for SIM scan mode, in
SRM scan mode only the precursor and product ion are monitored and thus there is a lack of

information in relation to other compounds for post-acquisition analysis.

Several LC—MS systems equipped with high resolution mass spectrometers can be
operated in the SIM and SRM scan modes. However, they are more frequently operated in the
full scan MS mode. In these instruments, all ions of the mass spectra obtained from full scan
MS mode are acquired with high resolution and high mass accuracy. From these spectra, EIC
can be obtained using the exact mass of any ion, and a narrow MEW, which is generally of
some ppms. Consequently, high selectivity of the chromatographic peaks is achieved by
elimination of interferent signals of isobaric compounds. The selectivity obtained by high
resolution mass spectrometry (HRMS) is comparable with the selectivity obtained in
LC—SRM experiments using triple quadrupole instruments [295]. A disadvantage of these last
instruments is that they need optimization of MS/MS parameters which is avoided in
LC—HRMS analysis when full scan mode is used. On the other hand in a LC-HRMS method
the MEW must be optimized for the acquisition of EICs. When a large mass extraction
window 1is used, the selectivity is poor and accurate quantitation is impossible. If the
extraction window is narrowed, the selectivity is improved, allowing accurate quantitation
[272,288], but this step is much easier to optimize as compared with the MS/MS optimization
for LC—SRM methods. Additionally, in contrast to LC—SRM, LC—HRMS instruments have
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the ability to detect adducted ions (sodium or ammonium adducts, etc.) generated from the
target analyte, and also ions generated from other compounds in the injected sample.
Adducted compounds give additional information for the characterization of analytes [309].
Accordingly, post-acquisition data queries can be conducted if the need arises to obtain
information about components other than the target analyte. Thus, qualitative information
about compounds can be obtained from the same sample injection used for the quantitation of
the target analyte. Therefore, HRMS coupled to fast-LC separation is now becoming one of

the most important techniques in the field of quantitative bioanalysis [272].

HPLC separations provide peaks of relatively narrow width, even narrower when using
UHPLC separations. For quantification purposes the higher acquisition speed of the mass
analyzer, the higher is the number of data points across the chromatographic peak,
consequently a better integration of the peaks is obtained. FT analyzers have the RP inversely
proportional to the acquisition speed (i.e. the higher resolving power, the slower acquisition
speed) [294,295,315]. Consequently in most of the qualitative and quantitative studies on
polyphenols, using (U)HPLC coupled to a LTQ—Orbitrap XL instrument, the Orbitrap
analyzer was set to operate with a RP <30000, which is as a compromise between RP and
acquisition speed [316-319]. It is worth noting that with this RP value, the Orbitrap provide
sufficiently high MA (<5 ppm). However, the last generation of Orbitrap instruments
(Exactive Plus Orbitrap mass spectrometer) can easily be set to RP of 70000 as coupled to
UHPLC. Using TOF-MS, RP is not affected by acquisition rates. A last generation
quadrupole-TOF mass spectrometer (Synapt G2 Q-TOF mass spectrometer) is claimed to

provide high RP (max. 40000) at acquisition frequencies compatible with UHPLC [320].

b. Matrix effect

Matrix effect appears when coeluting compounds induce a change in ionization
efficiency of the analyte. It is considered to be the main obstacle of quantitative LC-MS
methods. The exact mechanism of matrix effect is unknown, but it probably originates from
the competition between an analyte and the coeluting matrix components. It is probably based
on competition, during evaporation in the ionization source, between non-volatile matrix
components and analyte ions for the access to the droplet surface and for the transfer to the
gas phase. The coeluting compounds can alter the signal response causing either ion

suppression or enhancement, which can compromise not only the accuracy, but also the
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trueness of the method, since the results can be biased [272]. More detailed informations
about matrix effect can be obtained in [321]. To evaluate the matrix effect, the post-extraction
addition was the main strategy for the determination of phenolic compounds in food samples
by UHPLC-MS. In this approach, the signal of the analyte in a standard solution was
compared to that of a post-extraction spiked sample at the same concentration (matrix-
matched standard) [322]. In LC-MS method, there is a need to remove or minimize the

presence of matrix effect.

A strategy to avoid or minimize the matrix effect is the use of internal standards. The
best internal standard is the isotopically labelled analog whose physico-chemical properties
including the retention behavior, fragmentation behavior and extraction efficiency are almost
identical, as compared with those of the analyte. Isotopically labelled standard [323] as well
as deuterium-labelled standard [324] have been used for polyphenols quantification to reduce
signal variability and improve precision. However, these compounds are not always available

and most of them are very expensive.

An alternative to isotopically labelled and deuterium-labelled standards is to use as
internal standards compounds closely related to the compounds of interest. Nevertheless in
the case of the analysis of plant and food extracts, that contain several compounds and classes
of compounds, the use of several internal standards is not practical. So generally one or up to
three internal standards are selected as a compromise among all compounds that will be
quantified. To improve the compensation of the matrix effect by the internal standard method,
a combination of internal standard with matrix-matched calibration was suggested [325]. In

this case the standards used for the calibration were prepared in the matrix.

The use of an extensive clean-up procedure prior to UHPLC-MS analysis, such as oft-
line LLE and off-line SPE is another reported strategy to reduce the presence of interfering
components for the quantification of phenolic compounds in food samples. By using an
extensive sample pre-treatment in combination with UHPLC, that provides efficient
chromatographic separation, the matrix effect was reported to be low (lower than 20%) for the

determination of phenolic compounds in two food samples [326,327].

1.3.5.3. Structural characterization of phenolic compounds by LC—MS/MS analysis

LC-MS techniques are very well suited for the analysis of phenolic compounds in plants

and foodstuffs and play a key role on the characterization, since they can provide significant
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structural information on small quantities of complex samples. LC-MS is rarely used for full
structure characterization, but it provides the nominal molecular mass of the different
constituents, and in the case of HRMS, the molecular formula can be assigned. With these
knowledges, LC-MS/MS can be pursued for further structure characterization. The last
approach has mainly been made in combination with collision-induced dissociation (CID) that

provides several structural informations from the fragment ions yielded.

Useful information about the classes of the analytes can be obtained from the
chromatographic retention times. For the C18- or C8-reversed-phase columns, the most
frequently used, the retention time, in general, follows the expected reversed-phase pattern of

benzoic acids < cinnamic acids < flavonoid glycosides < flavonoid aglycones [328].

In this section some aspects about CID-MS/MS characteristic fragmentation for the

characterization of different groups or subgroup of polyphenols will be discussed.

a. Fragment nomenclature

Fragment ions yielded by mass spectrometric analysis of flavonoids are usually
designated according to a widely accepted nomenclature system elaborated for aglycones

[329] and glycosylated compounds [330]. The applied labels are depicted in Figure 21.
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Figure 21 Fragment nomenclature commonly applied for (a) O-glycosides and (b) C,0- and C-glycosides
[331].

For free aglycones, labels /A, and /By are used to refer to fragments containing intact
A- and B-rings, respectively, where superscripts i and j indicate the broken C-ring bonds.
Glycoside fragments, with retained charges on the carbohydrate portion, are designated as
k’lA,-, B;, and C;, where i represents the number of glycosidic bond(s) cleaved, counted from
the terminal sugar unit, and the superscripts k& and / indicate the cleavages within the
carbohydrate rings. A is used when cleavages are inside the sugar ring, B when the cleavage
occurs in the first bond of the interglycosidic link, and C when it is observed in the second
bond of the interglycosidic link (see Figure 21). On the other hand, ions containing the

aglycone are labeled as “’X;, Y,, and Z, where j is the number of the cleaved related
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interglycosidic bond, counted from the aglycone. The glycosidic bond linking to the aglycone
is numbered 0. In the case of C,0-glycosides O-glycosylated on the C-glycosyl moiety
(Figure 21b), as the C-glycosidic moiety is linked directly on the A-ring of the aglycone, the
Zy fragment observed for O-glycosides is absent, as well as the last C; fragment,
corresponding to C, fragment in Figure 21a. For anthocyanins the discussion will be made
considering MS/MS fragmentation in the positive ion mode. Therefore, the fragments
aforementioned will be presented with a superscript (+), representing the charge of the
fragment ion, e.g. Yy, 0’2X0+, etc. For all other phenolic classes, the discussion will be based

in the negative ion mode and the negative ions will be presented as Yy , O’ZXO_, etc.

b. Flavonoid aglycones

Flavonoid aglycones generally undergo both losses of small molecules, such as CO,
CO; and C,H;0, and retro Diels-Alder (RDA) fragmentation [328,332]. Figure 22 shows
important RDA fragments observed for flavonoid aglycones. Cleavage of the C-ring by a
RDA mechanism leads to ions that provide information on the number and type of

substituents in the A and B-rings [333].

HQ

144

Iy

Figure 22 Nomenclature for different retro Diels-Alder (RDA) cleavages for flavonoid aglycones [332].

Figure 23 illustrates the proposed MS/MS fragmentation for luteolin (1a), as example of

flavone aglycone fragmentation [332]. 1b and 1f represent neutral losses (CO and CO,). In
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further fragmentation, 1b and 1f lose CO or CO; group from the A ring, leading to fragments
le, g and h. Another small neutral loss, sometimes prominent, concerns C,H,O. This
fragmentation may occur on the C ring followed by a new cyclization implying the B ring and
the carbons 3 and 4 of the C ring, leading to the two plausible fragments 1d or 1d’. The
consecutive losses of CO, from 1d or 1d’ give rise to 1e or 1e’ fragments. This latter cleavage
also concerns the contraction of the A ring. In addition, the C30; loss from 1a also implies the
A ring. The resulting 1i fragment proposed includes a methyl group and undergoes further
C,H,0 loss leading to two plausible fragments (1j and 1j’). In a similar way as proposed for
1d and 1d’, the C,H,O loss involves the C ring and a cyclization implying the B ring. This
allows the formation of two bicyclic fragments (1j or 1j°) depending on the free rotation of
the bond between carbons 2 and 1°. Concerning the RDA fragmentations, the "*A” ion can

undergo further CO; loss leading to an ion noted as L3 A —CO,.
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Figure 23 Proposed MS/MS fragmentation of luteolin, supported by MS" experiments and comparison with
several other flavonoid aglycones. 1¢ and 3 A"—CO, ions were observed only in MS® experiment. Adapted from
the reference [334].

The fragmentation pattern of la is similar to the fragmentation of other flavone
compounds, as well as several flavanone and flavonol aglycones, notably by the occurrence of
the initial small neutral losses of CO, CO,, C30; and C,;H,O groups and the L3p~ fragment
ion [332,335]. For flavanones, this last fragment ion is frequently reported as the major
fragment ion [328,332]. Additionally, methylated aglycones are characterized by the loss of
15 u resulting in a [M—H—CH3;] " radical ion which generally constitutes the base peak [336].
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c. Flavonoid O-glycoside, di-O-glycosides, and O-diglycoside

For O-glycosides, the fragmentation results in heterolytic cleavage of their hemi-acetal
O—C bonds, yielding distinctive Y; fragments (Figure 21). These fragments may be used for
an easy characterization of the type of sugar unit, from the difference of the mass of the parent
ion and the mass of the corresponding Y; fragment ions. For example, differences (neutral
losses) of 132 u, 146 u, and 162 u correspond to pentose, deoxyhexose and hexose losses,
respectively. Di-O-glycosylated flavonoids present combinations of these neutral losses, e.g.
308 (146+162), 324 (162+162), etc, corresponding to deoxyhexose + hexose, or dihexoses,
respectively. Additionally the Y, fragment ion characterizes the aglycone moiety, which is

also characterized by RDA fragment ions (see Figure 21) [337].

Differences were observed in the relative abundances of some ions for two O-glycosyl
isomer forms, O-diglycosides and di-O-glycosides. For O-diglycosides, the Y, ion was
reported to be the base peak (100% relative abundance), and the Y; of medium
(approximately 22%) or low (approximately 3%) intensity. On the other hand for di-O-
glycosides, the ions that corresponded to the loss of one sugar unit (Y; ions), exhibited the
highest abundance, while the ion corresponding to the loss of two sugar units (Y, ions)
showed approximately 30% relative abundance [338]. This approach can be useful to
differentiate O-diglycosides and di-O-glycosides particularly if the two forms are present in

the samples.

d. Flavonoid C-glycoside

In C-glycosylated flavonoids, the sugar is directly linked to the flavonoid nucleus via
an acid-resistant C—C bond. The major MS/MS fragmentation pathways for these compounds
are obtained by cross-ring cleavages of the saccharidic residue (Figure 24), and the loss of
molecules of water [333]. In several works that analyzed different C-glycosylated flavonoids,
the neutral losses of 60 u, 90 u or 120 u were the most reported ones [339,340], the losses of
120 u and 60 u characterizing the presence of an hexose or a pentose, respectively. Isomer
compounds differing by the glycosylation at position C6 or C8, such as vitexin (apigenin-8-C-
glucoside), isovitexin (apigenin-6-C-glucoside), orientin (luteolin-8-C-glucoside) and
homoorientin (luteolin-6-C-glucoside) were distinguished on the basis of the intensity of the
[M—-H-90] MS/MS fragment ion which was more pronounced for 8C-glycosylated
flavonoids [339].
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Figure 24 Characteristic product ions formed by cross-ring cleavages in a hexose and pentose residue [312].

e. Flavonoid di-C-glycosides and C-diglycosides

Di-C-glycosylated flavonoids have similar characteristics than the mono-C-glycosylated
flavonoids, concerning MS/MS fragmentation, but for di-C-glycosides additional neutral
losses are observed, corresponding to the intraglycosidic cleavages (Figure 24) occurring
simultaneously in both sugar units. For example, for a di-C-glycoside flavonoid the following
neutral losses are frequently observed: 90 u, 120 u, corresponding to the intraglycosidic
cleavages of one of the two hexoses, and 210 u (90+120) and 240 u (120+120), corresponding
to the intraglycosidic cleavages of the two hexoses simultaneouly [339,340]. When the oses
were different (6C-pentose and 8C-hexose or vice versa), their positions were distinguished

for isomer compounds, considering the relative abundances of some ions [339].

Flavonoids C-diglycosides correspond to compounds that are O-glycosylated on the
sugar linked to the aglycone by a C—C bond, forming a disaccharidic unit. The intense ion
corresponding to the Z; ion (Figure 21) is characteristic for this type of heteroside. Neutral
loss obtained from this ion (parent ion — Z; ) also characterizes the terminal sugar: neutral
losses of 150 u, 164 u and 180 u correspond to pentose, rhamnose, and hexose, respectively

[340,341].
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f. Flavonoid di-C,O-glycosides

In this group of compounds, the two glycose units are attached in different positions,
forming monosaccharides, corresponding to an O-glycosilation and a C-glycosilation. MS/MS
fragmentation of this group presents characteristic neutral losses of both C-glycosylated and
O-glycosylated flavonoids. However the main characteristic is the abundant Y, ion resulting

from a loss of a sugar moiety from O-glycosylation on a phenolic hydroxyl group [341,342].

g. Anthocyanidins and anthocyanins

MS/MS anthocyanidin fragmentation, analogously to the fragmentation observed for
other flavonoid aglycone classes, can generally be classified into cross-ring cleavage of the C-
ring; and ring-opening followed by subsequent loss of small neutral molecules, such as CO,
C,H,0 or H,O (Figure 25). Crossring cleavage involves the breaking of two bonds of the C-
ring. The A-type fragments are the same for most common anthocyanidin species, but the B-
type fragments will differ based on the anthocyanidin type, due to changes of the substituents
on the B ring [343,344]. Additionally, the loss of a 15 u, corresponding to the radical anion

CHj5' was reported to be distinctive for methoxy group containing anthocyanidins [344].

n "Al
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OH Loss of CO,
0.2 C,H,0, H,C

e YN\

U2B*- CO "2B*-CO-CO

Figure 25 Fragmentation of the anthocyanidin by (left) cross-ring cleavage or by (right) neutral small molecule
loss from ring opening [343].
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Analysis of the O-diglycosylated and di-O-glycosylated anthocyanins showed that they
also produced the above discussed i’ij+ and Yj+ fragments (Figure 21) [345-347].

h. Phenolic acids

Hydroxybenzoic and hydroxycinnamic acids show in their MS/MS spectra fragment
ions corresponding to the loss of a CO, group [M—H—44] . This loss is generated from the
carboxylic acid function. Aside from this loss, methoxylated compounds show the loss of a
CHj5' radical anion. For dimer compounds, a monomer is lost, as for chlorogenic acid (quinic
acid + caffeic acid) that shows quinic acid as product ion. For O-glycosylated phenolic acids,
the glycosyl type may be determined in a same way as for O-glycosylated flavonoids

[328,348].

1.4. Generalities about E. oleracea fruits
1.4.1. Botanical description and geographic distribution

Euterpe oleracea Martius belongs to the Arecaceae family and is a multi-stemmed,
monoecious palm with a tall, slender stem that grows up to 25 m height. The fruits form green
clusters during the immature stages and become deep purple when fully ripe. Each berry has
one large seed of 7-20 mm. The hard, purple epicarp is a very thin layer and the mesocarp
(pulp + epicarp as shown in Figure 26) is only 1 to 2 mm thick. The seed represents the main

volume of the fruit (80-95%) [1,349].

 Pulp }1-2 mm
Epicarp

Seed

2cm

Figure 26 A bunch of Euterpe oleracea fruits (a) and a cross section of a fruit (b). Adapted from the references

[350,351].
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The E. oleracea palm is widely distributed in the northern part of South America, with
its greatest abundance in the Amazon estuary floodplains. In these areas the islands and lands
along the rivers and channels are flooded twice a day, for the regions close to the Atlantic
Ocean, or in one period (= 5 months: January — May) of the year, for the regions where the
influence of the Atlantic Ocean is lower or absent. The Para state, in the Brazilian Amazon, is

the area that has the highest abundance of this palm (Figure 27).

Area of high abundance
of Euterpe oleracea palm

Figure 27 Area of high abundance of Futerpe oleracea palm in Brazil (1cm = 500 km) (a), this area is located in

the Para state (1cm = 350 km) (b). Adapted from [351].

E. oleracea fruits can be harvested throughout the year with higher yields and better
organoleptic qualities during the ‘dry months’, August—December representing the high
harvest season [286] in the delta of the Amazon schematized in Figure 27. Overall, the
management of agai (systematic and organized harvest in some areas) is preferred over a
systematic cultivation due to its abundance in the Amazon estuary, its adaptability to flooding

and its productivity in both the forest environment as well as intensive management [352].

107



1. Bibliographic review

1.4.2. Traditional uses

The juice of E. oleracea fruits, called “acai juice” or simply “acai”, is the most
commonly consumed beverage in the eastern Amazon region, where individual consumption
can reach one litre per day. Basic steps for the preparation of the juice include weighting the
fruits, washing them, pulp softening and pulp crushing, and finally, filtration of the pulp to
obtain the acai juice. The pulp softening consists of a maceration of the fruits in lukewarm
water. The step of pulp crushing is made in an adapted juice extractor that has a cylindrical
form and is placed in a vertical position. The pulp is obtained by the rotation motion of a
metal shaft inside of the machine while water is added. At the bottom of the extractor there is
a metallic filter for the final step of filtration [350,353]. The juice has a significant proportion
of lipids, ranging from 40.7 to 60.4 percents of its dry matter, and contains 6.7 to 10.5 percent

protein.

Locally, the fruits have also been used in traditional medicinal practices. The grated fruit
rind is used topically for skin ulcers and infusion of toasted crushed seeds is used for fever.
The seeds of E. oleracea were also shown to contain phenolic compounds: five different
procyanidins (from di- to pentameric derivatives), furthermore, protocatechuic acid and (—)-
epicatechin were identified as minor compounds [354]. It is likely that the procyanidins are

partly responsible for the activities of the seeds.

Indigenous healers used the berries to treat skin complications, digestive disorders and

parasitic infections such as eczema, diarrhoea, and helminth infections [352].

1.4.3. Production and global trade

Until the end of the 90’s, E. oleracea juice was almost exclusively consumed in the
Amazon region, mainly in the Pard state. From the years 2000, the Para state started the
exportation of agai juice. In 2000, the consumption in the state was of 120000 tons, 2000 tons
in the rest of Brazil, and only 100 tons abroad. Since, the consumption increased significantly.
In 2012, the local consumption was of approximately 240000 tons, 100000 in the rest of the
country, and 25000 in other countries [355]. Exportations concern not only acai juice but also
other derived products as acgai juice blended with other fruits such as acerola (Malpighia
emarginata DC.) and guarana (Paullinia cupana Mart.). Acerola and guarana are found to
contain high levels of vitamin C and caffeine, respectively [349,356]. According to W&G

Global Trade, recent agai sales from Brazil were estimated to US$45 million per year. The
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Para state is responsible for approximately 95% of the Brazilian production of agai, which is
equivalent to US$63 million per year in domestic revenue. This intense economic activity is a
significant source of jobs, and income, mainly for the Paré state, but also in other Brazilian

regions [352].

Exports from Brazil are mainly destined to United States, Japan, Italy and the
Netherlands. The US has the largest functional food and beverage market in the world and it
was estimated to have an annual growth rate of 6.1 percent between 2007 and 2012. Concerns
about health is driving a number of sub-trends in the US market and fuelling interest in certain
ingredients, such as low-calorie sweeteners, fiber, probiotics, omega fatty acids, and
antioxidants. Antioxidants are turning up in all sorts of food products, from beverages to baby
food. These products are using ‘superfruits’ as ingredients, which are fruits that have high
ORAC values. Common superfruits include blueberries, pomegranate, acai and cranberry.
Overall, between 2003 and 2008, pomegranate and agai appeared in the greatest number of
new products. These trends demonstrate that consumers are increasingly looking for
antioxidants, which they associate with health promotion, mainly in terms of the prevention of

cancer, cardiovascular diseases, and neutralization of free radicals [1].

1.4.4. Phenolic compounds of E. oleracea fruits

The major phenolics of ripe E. oleracea fruits are the anthocyanins, mainly cyanidin 3-
glucoside and cyanidin 3-rutinoside. The individual concentrations of these compounds are
very variable [286,353,357]. The highest value already reported for the sum of these two
compounds was 2890 mg/Kg fruits. Other anthocyanins were reported, such as peonidin 3-
rutinoside, peonidin 3-glucoside, pelargonidin 3-glucoside, but at very low concentrations
[358]. In contrast, much more different non-anthocyanin polyphenols have been identified
e.g. rutin, homoorientin, orientin, taxifolin deoxyhexose, isovitexin, scoparin, (+)-catechin,
(—)-epicathechin, procyanidin dimers and trimers [359], phenolic acids, such as
protocatechuic, vanillic and caffeic acids, etc [353], but in quantitative terms, they have a
lower total concentration than the anthocyanins [359]. Among them, there are also two major
compounds, orientin and homoorientin. The sum of their concentrations is over 50% of the

total of non-anthocyanin polyphenols [359].
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1.4.5. Health benefits

Juice and pulp of Euterpe oleracea fruits have substantially higher antioxidant
capacities compared to other dark-colored berries, fruits or vegetables, as measured either by
the oxygen radical absorbance capacity (ORAC, see section 1.2.5.) [360] or the total oxidant
scavenging capacity (TOSC") [1,286] assays. Non-anthocyanin flavonoids isolated from E.
oleracea pulp also presented a high antioxidant activity measured by ORAC [361].

E. oleracea juice has become a product of international interest, not only because of its
exotic flavor, but also because of its potential benefits for human health. In fact, many studies
demonstrated that polyphenol-rich diets are directly associated with reductions in
cardiovascular diseases [141,362-366]. The presence of a high quantity and variety of
antioxidant compounds in the fruits is very promising regarding health benefits. An increase
in the antioxidant capacity of plasma after E. oleracea juice consumption by healthy
volunteers was observed, using the total reactive antioxidant potential (TRAP"), the trolox
equivalent antioxidant capacity (TEAC ™) [367], and the ORAC methods [368], indicating
that the polyphenols absorbed had antioxidant activity in vivo. Moreover, it has been observed
in vitro that polyphenolic extracts of acai protected human vascular endothelial cells upon
oxidative stress and inflammation [369]. Therefore, these compounds could play a role in the

prevention of cardiovascular diseases.

1.4.6. Liquid chromatography based analytical methods for phenolic compounds from

E. oleracea fruits

In general, the agai samples analyzed in the phytochemical literature are juices but they
can also be derived products such as powders. In many cases the samples were acquired at the
market and no detailed information is provided on the process of production of these samples
[358,370]. One of the main steps during the sample preparation for analysis is the clean-up

procedure by either liquid-liquid extraction (LLE) for the juices or solid-liquid extraction for

" The TOSC assay is based on the ethylene-yielding reaction of o-keto-y-methiolbutyric acid with either peroxyl
radicals, hydroxyl radicals, or peroxynitrite. The capacity of the analysed compound(s) or extract to inhibit this
ethylene production from the three oxygen reactive species are analysed by gas chromatographic ethylene
quantification.

“ TRAP assay is based on the oxygen uptake associated to the peroxidation process of human plasma. The
method evaluates the induction period (lag time), generated in the kinetic profiles of oxygen uptake during the
incubation of human plasma with AAPH (a peroxyl radical generator).

" TEAC assay is based on the scavenging ability of antioxidants to the radical cation ABTS™. In this assay,
ABTS is oxidized by peroxyl radicals or other oxidants to its radical cation, which is intensely colored, and the
antioxidant capacity is measured as the ability of test compounds to decrease the color reacting directly with the
ABTS" radical. Results of test compounds are expressed relative to Trolox (the water-soluble analog of vitamin
E).
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the powders in order to eliminate lipophilic compounds. The solvents used for these
procedures are mainly petroleum ether and hexane [353,371]. Solid-phase extraction (SPE),
using C18 cartridges is also frequently used. This process allows not only to eliminate
lipophilic compounds, but also to isolate different classes of phenolic compounds. Elution
steps of the SPE procedures consisted, in a simplified form, in the elution of non-anthocyanin
polyphenols with ethyl acetate, followed by an elution of the anthocyanins with methanol
while the lipophilic compounds remain on the cartridge [372]. LLE has also been used to
obtain different fractions of phenolic compounds. For example, when LLE is performed with
ethyl acetate on an aqueous solution containing phenolic compounds, most of the non-
anthocyanin polyphenols are extracted by the organic phase and the anthocyanins remain in

the aqueous solution [359].

Liquid chromatographic as well as mass spectrometric conditions used for the analysis
of phenolic compounds of E. oleracea fruits were similar to those already discussed in the
previous sections related to the analysis of polyphenols. Basically, these conditions consisted
in the use of (U)HPLC C18 columns, acidified aqueous solutions and methanol, acetonitrile,
or mixtures of both organic solvents, as eluents. Non-anthocyanin polyphenols and
anthocyanins are analyzed in the negative and positive ion mode, respectively. In general,
good HPLC separation is observed for the phenolic compounds of E. oleracea fruits, but long
run times are required, generally in the range between 60 and 90 min [286], but some
important exceptions have been reported, as for the separation of major non-anthocyanins
polyphenols, namely, orientin and homoorientin, for which a supplementary gradient elution
was used to improve separation for quantitative purposes [353]. Recently UHPLC CI18
columns have been introduced as stationary phase for the separation of phenolic compounds
of E. oleracea fruits, in a qualitative and semi-quantitative study. Reduction of the retention
times and consequently of the solvent consumption were observed, as compared to the HPLC
methods. Nevertheless, full separation of major non-anthocyanin polyphenols was not reached
[373]. Up till now, only few studies used this technique for polyphenols of E. oleracea fruits
[373,374].

System detection in the analysis of phenolic compounds of E. oleracea is usually based
on DAD and mass spectrometry. The first one is very advantageous because polyphenols
exhibit a high response in terms of absorbance, as discussed in the previous section.
Particularly, this system of detection is very suitable for anthocyanins, because they can be

selectively distinguished from the other classes of phenolic compounds, since the other
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flavonoids and phenolic acids are not detected by wavelengths >500 nm [371]. In addition,
UV-Vis spectra obtained by DAD have been useful for the characterization of the classes of
phenolics. The maximum wavelength of absorption gives information, at least, on the type of
class to which the compound belongs [358]. On the other hand, DAD can be not sensitive
enough for compounds at low concentrations, with very low signal-to-noise ratios [358,371].
In contrast, MS detection showed to be very useful to detect and quantify phenolics at low
concentrations in samples of acai juice. Several compounds were quantified by Gordon et al.
by a LC-MS/MS method [353]. In addition it shows better selectivity in the signal detection,
because it can discriminate co-eluted or very closely eluting compounds on the basis of their
molecular ions (extracted ion chromatograms (EICs) and SIM chromatograms) or on the basis
of precursor—product reactions (SRM chromatograms), as also observed in some works
[353,373]. On the other hand, in MS detection, it is not possible to distinguish co-eluting
isomer compounds, so that, if they are not fully separated, the signal of an isomer will
interfere with the signal of the other, as observed for major non-anthocyanin polyphenols in a

recent work [373]. In this case, no accurate quantification can be obtained.

For quantitative analysis, both DAD [286] and MS detections [353] were used. As
anthocyanins are generally present in high concentrations in the samples, DAD detection is
sensitive enough to quantify them [286]. When we started our research, no validated method
was published to quantify anthocyanins. We developed an UHPLC-DAD method [374] (see
Chapter 2) whereas another team developed a LC-HRMS method [375]. On the other hand,
other less concentrated non-anthocyanin polyphenols generally were quantified with MS
detection [353]. However, an important disadvantage of the MS detection is that the analytical
response of the analyte is very often compound and matrix-dependent. In MS, it is very
important to quantify each analyte with its respective calibration curve, because the ionization
can vary depending on the molecular structure. However, when commercial phenolic
standards were not available, the phenolic compounds were tentatively quantified with respect
to other similar phenolic compounds [271]. Gordon et al. used the corresponding standard for
each of the several compounds quantified of E. oleracea juice [353]. Additionally, the matrix
of the samples can interfere with the response of the analyte, so that a calibration curve in the
matrix is useful to improve the accuracy of the quantification [272]. Up till now, no LC-MS

method addressed the matrix effect in the analytical response of the analytes.
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Thesis aims

General purposes

The general purposes of this thesis are to characterize and quantify phenolic compounds
in fruits and juices of Euterpe oleracea in order to improve the added value of these foods and

consequently to contribute to the development of the Amazon region.

Phenolic compounds have potential health benefits, mainly as antioxidant substances.
Characterization of phenolic compounds in foods improves the knowledge on their phenolic
profile and helps producers to determine quality parameters for their products. Therefore, the
phenolic profile represents an added value to the products. Additionally, the phenolic
composition of the products is a requirement of purchasers and regulatory bodies. Thus,
methods used for phenolic characterization can contribute to the quality control of the
products, and for research purposes, they can help to the optimization of fruit and juice

processings in order to improve their quality.
General objectives

e To identify major (anthocyanins) and minor (non-anthocyanin) phenolic compounds

in fruit extracts and juices of E. oleracea;
¢ To quantify both major and minor compounds.
Specific objectives:
e To develop an extraction procedure for anthocyanins directly from the fruits.
e To develop an extraction procedure for non-anthocyanin polyphenols from lyophilized
juice.
e To develop two UHPLC-PDA-HRMS-MS" methods to separate, identify and quantify
e the anthocyanins
¢ the non-anthocyanin polyphenols

e To validate the methods for the quantification of the major compounds of each group

studied:
¢ the anthocyanins, using PDA detection
¢ the non-anthocyanin polyphenols, using HRMS detection

To apply the quantification methods on different batches of products: fruits and juices.
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2. UHPLC-PDA method for major anthocyanins from E. oleracea fruit extracts

Euterpe oleracea fruits contain high quantities of anthocyanins, mainly cyanidin 3-
glucoside and cyanidin 3-rutinoside. Among other reasons, the fruit juices interested the food
industry because those compounds give potential health benefits, mainly associated with their
antioxidant activities. Moreover, products derived from the fruits, such as purified extracts,
have demonstrated several applications, as natural pigments, and dietary supplements. At the
beginning of this work, no validated analytical method, based on liquid chromatography, was
available in the literature for the quantification of anthocyanins of the fruits and derived
products, such as fruit extracts. The validation of a method is a crucial step for the different
institutions interested in the reliability of the results. Moreover, the methods of the published
works were very time-consuming and some of the works showed anthocyanin profiles
qualitatively and quantitatively very different. They mainly analysed commercial juices and
powders, for which no detailed information was given with respect to the processing of the
initial samples, which can partially explain the different profiles observed. On the other hand,
for the producers and research institutions of the Amazon region, such as the partner
university (UFPA), the accessibility of fruits is favored by the proximity of the production
zones, so that a rapid extraction procedure directly on the fruits can be helpful, avoiding
further steps for the preparation of the juices. Additionally, the partner university has the

possibility to study fruits harvested in a specific location of production.

Therefore, this chapter presents the development and validation of a rapid analytical
method for the identification and quantification of anthocyanins of E. oleracea fruit extracts.
This work was performed with the collaboration of research groups of ULg, UFPA and UCL.
The developed method will help producers and researchers in Brazil and in Belgium to know
the anthocyanin composition of the fruits of a specific region and will be a support for other

studies in order to improve the quality of the fruits.
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ABSTRACT
The aim of this work is to develop the first validated UHPLC—PDA method for major
anthocyanin quantification in Euterpe oleracea fruit extracts after fast extraction procedure
and samples preparation. The separation was performed on HSS C18 column (1.8 pm) using a
gradient elution with acetonitrile and 5% formic acid in a total run time of only 17 min. Total
error and accuracy profiles were used as criteria for the validation process. Calibration in the
matrix was found to be more accurate than calibration without matrix. Trueness (<6.76%
relative bias), repeatability (<4.6% RSD), intermediate precision (<5.3% RSD), selectivity,
response function and linearity for major anthocyanins, cyanidin-3-glucoside and cyanidin-3-
rutinoside, were evaluated. The concentration range validated was 1-48 ug/mL for both
compounds. In addition, two cyanidin-di-O-glycosides were detected for the fist time in this
fruit. We also showed that a first extraction of the fruits with ethyl acetate removes the
lipophilic compounds and allows an easier extraction by methanol and quantification of

anthocyanins in this extract.
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2.1. Introduction

It is generally accepted that anthocyanins are the most important pigments in vascular
plants. These pigments are responsible for the blue, purple, red colors and intermediate hues
present in many plant tissues. They belong to the very large class of molecules called
flavonoids synthesized via the phenylpropanoid pathway. There are hundreds of anthocyanins
(glycosides) in nature that are derived from several anthocyanidins (aglycones). The main
differences between them are the number of hydroxylated groups, the nature and the number
of bonded sugars, the aliphatic or aromatic carboxylates bonded to the sugar and the position
of these bonds [376,377]. Anthocyanin extracts from fruits are of great interest for the food
industry and health sector. In fact, many biological activities of the anthocyanins related to

their potent antioxidant properties are described in the literature [378,379].

The palm FEuterpe oleracea is widely distributed in northern South America. It is
particularly abundant in the floodplains of the Amazonian delta where it has high economic
importance. The fruits are mainly harvested between July and December. They are round-
shaped drupes (diameter of about 12 mm) and associated in racemes [1]. The seed represents
around 85% of the volume of the fruit. The epicarp is a thin layer and the mesocarp is 1-2
mm thick [350]. The fruit color goes from green to black during the ripening process. In
addition, fully ripen fruits are covered with a wax cuticle [1]. The ripen fruits have a very
high content in phenolic compounds and, notably, anthocyanins. Cyanidin-3-rutinoside
(cy3rut) and cyanidin-3-glucoside (cy3glu) are the major anthocyanins in E. oleracea fruits
(EOF) [1,371,380] and, as a consequence, the content of anthocyanins attributed to fruit or
fruit juices are basically based on these two compounds [286,357]. Some other minor
anthocyanins have been identified in trace levels, like pelargonidin- 3-glucoside, peonidin-3-
glucoside, cyanidin-3-sambubioside, and peonidin-3-rutinoside [358,381]. The fruits have
also presented substantially higher antioxidant activity than most other fruits [286,382]. This
contributed to the huge increase of the exports from Brazil and internal consumption of this

fruit observed recently [352].

EOF are harvested at different maturity stages. Recently, special attention has been
given to the analysis of phenolic compounds of EOF during ripening [353,357] and to
fingerprinting analysis of dietary supplement raw materials derived from this fruit [373]. In
fact, accurate characterizations of these compounds from reliable analytical methods are very
important for the post-harvest and food industry. In addition, the validation of analytical

methods gives to laboratories as well as to regulatory bodies “guarantees” of the reliability of
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the measures [383], which improve the confidence of producers and consumers on the
products. To our knowledge, no article describing a (UHPLC-UV method for the
quantification of the major anthocyanins from EOF has been validated [286,350,353,357—
359,372,381,384], probably, for some of them, because they are not so recent. One poster was
found about method validation and analysis of the major anthocyanins from EOF using UPLC
and HPLC methods, but no validation data were available [385]. The run times of these
HPLC methods are very long. Nowadays, the use of UHPLC methods has become a trend
because of improved resolution, higher sensitivity and reduction of the run time and solvent
volumes [386]. A few validated UHPLC methods have been reported for the quantification of
cy3glu and/or cy3rut [387-390]. But these methods analyzed milk-based products or
biological fluids and tissues for bioavailability and pharmacokinetic studies. They use MS
detectors for the quantification in trace levels. Therefore, the sample matrix of these methods
is very different of a plant matrix. In addition, these compounds are present in EOF in high
and variable concentrations [286,357]. In this case, the validation of a wide dosing range, with
concentration levels covering also high concentrations, is more suitable. The use of highly
sensitive MS detectors is adapted for trace analysis. However, the PDA detectors are sensitive
enough for the concentration of cy3glu and cy3rut generally found in EOF
[286,350,358,359,371,381]. The aim of this work is to develop and validate an UHPLC-PDA
method for the cy3glu and cy3rut quantification in EOF after fast extraction procedure and

sample preparation.

2.2. Experimental
2.2.1. Chemicals and plant material

Cy3glu (98.0%), cy3rut (97.2%), pelargonidin-3-glucoside (100%), peonidin-3-
glucoside (95.0%), peonidin-3-rutinoside (95.5%) and cyanidin-3,5-diglucoside were
purchased from Extrasynthése (Genay, France). HPLC grade acetonitrile from Fisher
Scientific (Tournai, Belgium) and formic acid from Prolabo, VWR (Leuven, Belgium) were
used for the UHPLC runs. The Chromabond® C18 cartridges (1 g/6 mL) were acquired from
Macherey-Nagel (Diiren, Germany).

The EOF were harvested in the municipal district of Abaetetuba, between July and
December 2010, at four different maturity stages, identified as A, B, C, and D, corresponding
to the maturity stages 2, 6, 8, and 11, respectively, according to Rogez et al. [357]. The
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following fruit characteristics were used to classify the maturity stages: 20% of black fruits
and 80% of green fruits (A), 100% of black and bright fruits (B), 60% of black fruits and 40%
of opaque fruits (C), and finally, 100% of black fruits with intense gray coverage due to the
presence of the intense wax cuticle (D). The samples were quickly transported to the

laboratory in Belém (Para State, Brazil) and immediately processed.

2.2.2. Extraction and clean-up procedure

The fruit samples were weighed (49.1-50.3 g) and introduced in 150 mL brown glass
bottles. The fruits were extracted sequentially by EtOAc (0.1% HCl), MeOH (0.1% HCI) and
MeOH/H,0 (50/50, v/v) (0.1% HCI) (Figure 28). Each extraction was carried out twice with a
ratio fruits/solution of 1:3 (g/ mL), for 30 min, at ambient temperature and without shaking.
The extracts were called EtOAc, MeOH, and MeOH 50% extracts, respectively. The extracts
were centrifuged for 10 min at 4300 % g. The residue of the EtOAc extract was re-extracted in
MeOH/HCOOH (99/1, v/v) (10.0 mL) by ultrasound extraction (5 min), the other residues
were re-extracted in their respective extraction solution. After centrifugation, the supernatants
of each extraction were mixed before drying. The supernatants of the EtOAc and MeOH
extracts were evaporated to dryness with an acid-resistant CentriVap® vacuum concentrator
(Labconco, Kansas City, MO) at 40 °C. The MeOH 50% extract supernatant was concentrated
in the same conditions and, then, freeze dried. They were stored at —21 °C and sent to

Belgium to be analyzed.

As the EtOAc extract was a little viscous, probably due to the presence of nonpolar
compounds, like lipids and chlorophylls, it was purified by solid phase extraction (SPE)
(Figure 28). First, the extract was reconstituted in MeOH/H,O/HCOOH (90/9/1) to the
concentration of 14 mg/mL (for all EtOAc extracts) and 0.80 mL was applied on a C18 SPE
cartridge (1 g6 mL) (Chromabond, Diiren, Germany). This cartridge was previously
conditioned in MeOH/H,O/HCOOH (90/9/1). Then, the anthocyanins were eluted with 9.0
mL of MeOH/H,O/HCOOH (90/9/1) and recovered in a test tube. Afterwards, the
anthocyanin fraction was evaporated to dryness with a RapidVap multi-tube evaporator
(Labconco), which was adjusted at 40 °C. The dried fraction was called “anthocyanin

fraction” and was stored at —21°C until analysis.
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Figure 28 Extraction of E. oleracea fruit and clean-up procedure of the EtOAc extract.

The day of the analysis, the totality of the anthocyanin fraction, obtained from each
SPE, was solubilized with 1.0 mL of MeOH/ACN/H,O/HCOOH (15/5/75.25/4.75) (Solution
S). The solubilized fraction was then filtered on a 0.2 pum filter (Interchrom, Montlugon,

France) and immediately injected into UHPLC.

The solutions from dried MeOH and MeOH 50% extracts were prepared at 0.25 mg of
dried extract/mL. The final solvent composition of this solution was the same as the solvent

composition of the Solution S. The solutions were also filtered and directly injected into

UHPLC.

2.2.3. Apparatus and UHPLC-PDA—-ESI-MS/MS analysis

The analyses were performed on an Accela UHPLC system acquired from Fisher
Scientific (Thermo Fisher Scientific, Bremen, Germany) that consisted of a PDA detector, an
autosampler equipped with a column oven and a tray compartment cooler, and a quaternary
pump with a built-in solvent degasser, all piloted by ChemoQuest software. The
chromatographic separation was performed on an Acquity UPLC HSS C18 column 1.8 um,
100 mm x 2.1 mm ID (Waters, Belfast, Ireland), which was equipped with a VanGuard UPLC
HSS C18 pre-column 1.8 um, 5 mm X 2.1 mm ID, obtained from the same supplier. 5 pL of
samples was injected in a full loop injection mode. The separations were performed with a

constant flow rate of 400 pL/min with the eluents being (A) H,O/HCOOH (95/5) and (B)
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CAN, and with the following gradient program: 0—10 min: 5-15% B; 10-10.1 min: 15-95%
B; 10.1-12 min: 95% B; 12—-12.1 min: 95-5% B; 12.1-17 min: 5% B. The column oven and
tray cooler temperatures were set to 30 and 4 °C, respectively. For the quantitative analysis
the PDA detector was used at 515 nm. The quantification was performed using the external

calibration method.

The Accela UHPLC system was hyphenated with a LTQ-Orbitrap XL mass
spectrometry system (Thermo Fisher Scientific, Bremen, Germany), from UCL MASSMET
platform. This system was employed to perform the identifications and evaluation of the
selectivity of the method for all extracts and all maturity stages, using the same separation
conditions aforementioned. The system was equipped with an ESI interface that was used in
positive ionization mode with the following conditions: capillary temperature and voltage at
270 °C and 9 V, respectively, ion spray voltage at 5 kV and tube lens voltage at 95 V.
Nitrogen was used as the sheath gas and helium as auxiliary gas with a flow rate of 20 and 10
arbitrary units. The compounds were identified by comparison with reference compounds
from retention times, MS and MS/MS analysis. For the MS experiments, two scan events
were applied. The first was a full MS scan, for which the spectra were recorded in the range
of m/z 100-1000 with a resolution of 30,000. The second was a data dependent scan that
selected the most intense ion (or specified ions in another setting) from the first scan event,
for the acquisition of MS/MS spectra. The collision-induced dissociation (CID) activation was
set to a normalized collision energy of 20% or 15%. An external calibration of the equipment
for mass accuracy was carried out the day before the analysis, according to the manufacturer’s

guidelines.

2.2.4. Standard solutions

The Stock solution containing cy3glu and cy3rut at 0.98 and 0.972 mg/mL, respectively,
was prepared in MeOH/HCOOH (99/1) and stored at —21 °C. Good stability of anthocyanins
is known in similar storage conditions [391]. An aliquot of this solution was diluted to 98.0
and 97.2 ug/mL (cy3glu and cy3rut, respectively) to have the same final solvent composition
as Solution S. This solution, called “Standards Intermediate Solution 1, was diluted to obtain
the calibration standards at 5 concentration levels (m = 5) ranging from 1.0 to 49.0 for cy3glu
and from 1.0 to 48.6 pg/mL for cy3rut. Each concentration was analyzed three times (n = 3),

for 3 series of experiments (k = 3). Another set of calibration standards was prepared in the
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MeOH extract itself in order to compare the calibration with and without matrix. A solution of
MeOH extract (maturity stage B) of 0.5 mg/mL was prepared (final solvent composition =
Solution S composition) and was used to prepare the calibration standards in the matrix. They
were prepared by diluting in the extract the same volumes of Standards Intermediate Solution
1 that were employed for the preparation of the calibration standards without matrix. The
signals from the cy3glu and cy3rut, initially present in the extract, were subtracted from the
peaks obtained with these solutions. The final concentration of the extract in each solution
was the same (0.25 mg of extract/mL). The number of concentration levels, series and

repetitions per series were the same as without matrix calibrations (m =5, k=3 and n = 3).

The validation standards were prepared in the same way as the matrix based calibration
standards. Five concentrations were analyzed (m = 5) and the dilutions from the stock
solutions of standards and extract were independent for each sample (n = 3). Three series (k =

3) of experiments were performed.

2.2.5. Evaluation of the SPE clean-up procedure and the matrix effect

For the clean-up procedure of the EtOAc extract, the recovery (RE) of the SPE process
was determined, along with the overall “process efficiency” (PE) and the matrix effect (ME).
It was calculated for both cy3glu and cy3rut, according to an adaptation of the procedures of
Matuszewski et al. [392]. From the standard stock solution, an intermediate solution called
“Standards Intermediate Solution 2” was prepared at 196.0 and 194.4 pg/mL (cy3glu and
cy3rut, respectively) for a final solvent composition of MeOH/H,O/HCOOH (90/9/1). Three
different SPE called SPE 1, SPE 2 and SPE 3 were performed, each one in triplicate, as

described below from a solution of EtOAc extract of the maturity stage B.

Along with the extract solution volume, an additional volume of 0.125 mL was applied
on the SPE cartridges. This volume consisted of a blank solution of MeOH/H,O/HCOOH
(90/9/1) that was applied for SPE 1 and SPE 2 cartridges, while it consisted of the Standards
Intermediate Solution 2 that was applied for SPE 3 cartridges (spiked with standards before
SPE extraction). After SPE elution and drying of the fraction, the same volume of 0.125 mL
of the blank solution was applied in the tubes containing the anthocyanin fraction obtained
from SPE 1 and SPE 3, while 0.125 mL of Standards Intermediate Solution 2 was applied in
the tubes containing the anthocyanin fraction obtained from SPE 2 (spiked with standards

after SPE extraction). The solutions in all tubes were adjusted to 1.0 mL and the final solvent
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composition was the same as the solvent composition of the Solution S, cited in section 2.2.2.
Finally, in order to have a reference of the standard responses without SPE, 0.125 mL of the
Standards Intermediate Solution 2 was diluted in triplicate, in new tubes, to 1.0 mL. The final
concentrations of this solution were 24.5 and 24.3 pg/mL for cy3glu and cy3rut, respectively,
and the final solvent composition was also the same as the Solution S. All solutions of
anthocyanin fractions obtained from SPE 1, SPE 2 and SPE 3, as well as the diluted Standards
Intermediate Solution 2 (reference without SPE) were filtered and injected into the UHPLC

for peak area recording.

The ME, RE and PE values for the cy3glu and cy3rut were calculated as follows:

ME (%):MPA2 -MPAL, 100 Eq. 24
MPAs
RE (%) = MPA3-MPAL, 100 Eq. 25
MPA2 - MPAI
PE (%):MPA3'MPA1><100 Eq. 26
MPAs

where MPAI1, MPA2 and MPA3 are the mean peak areas of the compounds of the
anthocyanin fraction obtained from SPE 1, SPE 2 and SPE 3, respectively, and MPAs are the

mean peak areas of reference without SPE.

The response of the cy3glu and cy3rut spiked after SPE extraction (MPA2 — MPAI)
were back-calculated from a calibration curve prepared in the matrix (MeOH extract), whose
preparation was explained in Section 2.2.4. Eq. 24 and the back-calculated concentrations
were used to evaluate the influence of the matrix on the detection and on the quantification
from a calibration curve prepared in the matrix. For the MeOH 50% extract of maturity stage
B, only the matrix effect was evaluated, as it did not undergo a SPE process. The procedure
for this evaluation is the same as previously described. The extract solution was prepared at
0.5 mg/mL and had the same final solvent composition of the Solution S. In order to measure
MPA 2 (spiked solution referred to in Eq. 24), the extract solution was spiked with the
intermediate solution 1, cited in section 2.2.4, with a final concentration of 24.5 and 24.3

png/mL for cy3glu and cy3rut, respectively. To measure MPA 1 (not spiked), the extract
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solution was diluted twice with blank solution S. Finally, the Standards Intermediate Solution
1 was diluted to the same concentration but in blank solution S in order to have the reference
without matrix (MPAs in Eq. 24). All solutions were prepared in triplicate and injected into
UHPLC to record the peak areas, to calculate ME and to evaluate the back-calculated

concentrations, as for the EtOAc extract.

2.2.6. Validation of the method

The validation of the method was realized from three series of experiments. For each
series, the eluents of the mobile phase were renewed and 78 injections were performed. From
these series, the following criteria were tested: response function, linearity, selectivity,
precision (repeatability and intermediate precision), trueness, accuracy, limits of detection
(LOD) and quantification (LOQ) and matrix effect. Total error was used as decision criterion
for the validation process [383,393-395]. The acceptance limits were set at A = £20% and the
minimum probability to obtain future results within these limits was set at f = 95% (f-
expectation limits). Statistical analyses were performed using the e-noval V3.0 (Arlenda,

Liege, Belgium) software.

2.3. Results and discussion
2.3.1. Extraction, SPE clean-up procedure and matrix effect

A sequential extraction method with different solvents was developed for the extraction
of anthocyanins. On the surface of the fruits, a thin layer of lipids could interfere with the
transfer of anthocyanins, from the cells to any polar extraction solution, in the conditions of
extraction used in this study. Thus, before applying quite polar extraction solutions, as
MeOH, a less polar solution, the EtOAc (0.1%HCI), was applied to remove the lipids and

other apolar compounds like chlorophylls and to begin the extraction of the anthocyanins.

We developed a clean-up procedure for the EtOAc extract by SPE from C18 cartridges
and observed that a complete elution of the anthocyanins was obtained with 7.0 mL of
MeOH/H,O/HCOOH (90/9/1), for the different maturity stages. No further anthocyanin
elution was observed after an additional elution with 6.0 mL of acidified MeOH (data not

shown).
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The matrix effect (ME + SD) was calculated by Eq. 24 and gave 94.5% (+2.0) and
96.7% (x1.9) for cy3glu and cy3rut, respectively, indicating no significant influence of the
matrix on the response. The back-calculated concentrations of the spiked solution from a
calibration curve in the MeOH extract matrix, as described in section 2.2.5, were 23.7 (SD =
0.5) and 24.2 pg/mL (SD £ 0.5) for cy3glu and cy3rut, respectively, which were not
significantly different from the spiked concentrations of cy3glu and cy3rut (24.5 and 24.3
ng/mL, respectively). These results confirm that the responses of the “anthocyanin fraction”

can be analyzed from the calibration curve in the MeOH extract matrix.

The recovery (RE + SD) was calculated by Eq. 25, as described in section 2.2.5. The RE
values were 58.7% + 4.9 and 74.6% =+ 3.6 for cy3glu and cy3rut, respectively. These values
were taken into account for the calculation of their concentrations in the EtOAc extract.
Recoveries of these orders can be used to correct the final results [396]. In addition, the
recoveries obtained have a good repeatability. Similar values of “process efficiency” (PE +
SD) were obtained, according to Eq. 26, which corresponded to 55.4% + 4.0 and 72.0% + 2.4
for cy3glu and cy3rut, respectively, which is logical as no matrix effect was observed. The
recovery obtained was inferior to the one obtained by Pacheco-Palencia et al. [397], who used
a C18 cartridge, and an acidified MeOH as eluent, for anthocyanin extraction from the
clarified E. oleracea juice. Considering that the SPE conditions were relatively similar, the
inferior recovery we obtained could be explained by the different lipid content of the samples,
or by the degradation of compounds during drying procedures, which probably was more time
consuming because of the presence of water. Indeed, cy3rut is more thermostable than the
cy3glu [359], which can explain its higher RE value. We also have to note that the amount of
cy3glu and cy3rut in the EtOAc extract is very low, compared to the total concentrations in

the fruits.

For the MeOH 50% extract (ME = 98.8% =+ 3.2), also no significant matrix effect was
observed, and back calculated concentrations were 24.6 pg/mL + 0.8 for both compounds.
This confirms that the quantification of cy3glu and cy3rut from this MeOH 50% extract can

be performed from the calibration curve in the matrix constructed with MeOH extract.

2.3.2. Development of the UHPLC method

The UHPLC method that we developed allowed separating the major and minor

anthocyanins detected in the extracts (Figure 29a) in only 10 min, on a total run time of 17
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min. Some of these compounds (peaks 3—7) are the dominant anthocyanins of many other
berry fruits [379], for which this separation method can be applied. Good resolution of the
peaks is very important when a UV detector is used. Another work, using an UHPLC C18
column, [373] did not provide the complete chromatographic separation of the major
anthocyanins of EOF, because it used an MS detector, for which no separation of peaks that
have different molecular ions is necessary. In addition, the total run time of our method was
2.1x faster than this one. Regular HPLC methods for E. oleracea anthocyanins have a total
run time between 30 and 80 min [286,350,353,357-359,371,372,381,384,398]. Our UHPLC
method is 1.8—4.7x faster than these ones, which shows the advantage of UHPLC analysis for
these compounds. In terms of organic mobile phase, ACN, MeOH and a mixture of
ACN/MeOH (1/1) were tested. A better resolution and a faster elution of the chromatographic
peaks were obtained with ACN. Moreover, this solvent has a lower viscosity than MeOH,
consequently, lower back pressure is obtained, which promotes a better system stability. The
acidified mobile phase allowed a predominance of the flavylium cation species and a better
separation, as reported previously [391]. We used 5% formic acid in the aqueous solution of
the mobile phase which corresponds to a quite low pH (1.8), because we observed that
smaller acid percentages provided an increase of the retention times and decreases peaks
resolution. In addition, the predominance of the flavylium cation forms provided better MS
detection in positive ionization mode, which we applied for the identification studies. It was
necessary to apply a linear gradient with low slope (5-15% ACN in 10 min) to separate all the
peaks. From this gradient interval, convex and concave gradients were tested, but the
conditions aforementioned remained the better compromise between the run time and
resolution of the peaks. The samples were very well solubilized in ACN/H,0/MeOH/HCOOH
(5/75/15/5). In fact, the dissolution solvent is an important parameter for UHPLC, where it
has more influence on the chromatographic separation than with conventional HPLC analysis

[399].
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Figure 29 UHPLC-PDA chromatograms recorded at 520 nm from (a) MeOH, (b) MeOH50% extracts and (c)
anthocyanin fraction of the EtOAc extract. 1: cyanidin-di-O-glycoside, 2: cyanidin-di-O-glycoside (isomer of the
first), 3: cyanidin-3-glucoside, 4: cyanidin-3-rutinoside, 5: pelargonidin-3-glucoside, 6: peonidin-3-glucoside, 7:
peonidin-3- rutinoside.

The final UHPLC conditions were: acetonitrile and 5% formic acid in water, as mobile
phase, which was eluted at a constant flow rate of 400 pL/min, with a gradient of 5-15%
ACN in the first 10 min, after that, a washing of the column with 95% ACN, followed by an

equilibration of 4.9 min to the initial condition was performed.

2.3.3. Validation of the method
2.3.3.1. Identification and selectivity

From the full high resolution MS scan analysis in positive ion mode, the anthocyanin
molecular ions were detected in their oxonium form and their molecular weight were directly
obtained. Peak 1 showed a molecular ion at m/z 611.15839 [M]" (calculated mass: 611.16066)
from which the formula [C27H31016]" was deduced. From the data-dependent MS/MS
acquisition (CID = 15%), the molecular ion showed two fragment ions at m/z 449,10614
[M—162]" and at m/z 287.05411 [M—162—-162]" due to a sequential the loss of two hexoses
(Figure 30a). The fragment ion at m/z 287 indicates the presence of cyanidin or an isomer in

the structure of the molecule. According to the literature [400], the only disaccharide linked to
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anthocyanins losing a sugar after MS/MS is rutinoside. The presence of rutinose in the
structure is excluded because its fragmentation did not correspond to a sequential loss of two
m/z 162 fragments. As we observed the fragment ion at m/z 449 [M], the two hexoses must
likely be attached at different positions, probably to an oxygen atom because a carbon-carbon
bond of a C-glycosilation is more difficult to be broken, but the exact position of the sugars
cannot be ensured by MS. Peak 2 showed similar MS data than peak 1 (Figure 30b and Table
6), indicating that these compounds are isomers. Nevertheless, the retention time of these two
compounds was different from the standard of cyanidin 3,5-diglucoside. Peaks 1 and 2 were
partially identified for the first time in EOF. The retention times and the MS data (CID =
20%) of peaks 3—7 were compared with those of standards, allowing their identification
(Table 6) and confirming other studies [1,286,350,357,358,371,380,381]. All peaks were
present in the MeOH extract of all evaluated maturity stages, but, in the EtOAc and MeOH

50% extract, only cy3glu and cy3rut were always observed at detectable levels.
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Figure 30. (a) MS/MS spectra of the molecular ion at m/z 611.15839 [M]" corresponding to peak 1 (Figure 29).
(b) MS/MS spectra of m/z 611.15845 [M]" corresponding to peak 2 (Figure 29) (MeOH extract obtained from
Euterpe oleracea fruits at maturity stage C).
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Table 6 Identification of anthocyanins of Euterpe oleracea fruits by UHPLC-PDA-MS/MS method.

Peak® RTUHPLC-PDA Experimental massmjz Formula [M]* MS/MS(mjz) Identification
(min} [MJ {error: ppm)

1 3.85 611.15839(-3.72) CyHy 05" 287.05411,449,10614  Cyanidin-di-O-glycosider
2 418 611.15845(-221) CyHy 0,5 287.05426,449,10645  Cyanidin-di-O-glycosider
3 519 44910654 (-2.89) G Hy 04y 287.05423 Cyanidin-3-glucoside®

4 601 59516418 (-2.63) CH3 042 287.05411,449.10620  Cyanidin-3-rutinoside?

5 6.75 43311191 (-2.34) G H1 04 271.05939 Pelargonidin-3-glucoside®
6 7.90 463.12198 (-3.26) CaaHy0py 301.07053 Peonidin-3-glucoside?

7 8.51 609.17908 (-3.803) CasHaa0ys 301.07056, 463.12305  Peonidin-3-rutinoside?

* The numbers correspond to Figure 29.

® Best fitted molecular formula obtained by HRMS.

¢ Not fully identified on the basis of the MS data.

4 Identification were confirmed by analysis of standards.

Special attention was dedicated in the anthocyanin identifications because some studies
reported different profiles, with respect to the major anthocyanins in EOF. Cyanidin-3-
arabinoside and cyanidin-3-arabinosylarabinoside were reported as major anthocyanins in
[401]. In another study, peonidin-3-(6”-malonylglucoside) and delphinidin 3-(6-
acetoyl)glucoside, in addition to cy3glu and cy3rut, were reported as major anthocyanins

[398]. These other major anthocyanins were not detected in our study.

The selectivity of the analytical method was assessed by peak purity verification of the
cy3glu and cy3rut from the UHPLC-MS analysis. Mass spectra were recorded at three
retention times, corresponding to the beginning, the middle and the end of the peaks and were
found to be similar for the different extracts (anthocyanin fraction of the EtOAc extract,
MeOH and MeOH 50% extracts) and for all maturity stages studied. Figure 31 gives one
example of MS spectra for cy3glu (Figures 31a—) and cy3rut (Figures 31d-f), from the

MeOH extract of the maturity stage C, which is the most commercialized [1].
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Figure 31. Positive ion mode MS spectra of cyanidin-3-glucoside (m/z 449 [M]+) recorded at (a) the beginning
(b) the middle and (c) the end of the peak, and MS spectra of cyanidin-3-rutinoside (m/z 595 [M])
corresponding to (d) the beginning (e) the middle and (f) the end of the peak, and (g) MS spectrum of a blank
analysis obtained from the retention time of cy3glu (A similar MS spectrum was observed in the retention time
of the cy3rut).

2.3.3.2. Response function and accuracy

For both compounds, cy3glu and cy3rut, different regression models were tested such as
linear, quadratic (weighted or unweighted), with or without transformations. Total error
(systematic + random error) was the main decision criterion for our validation process. The
suitability of the different models was assessed by plotting the accuracy profiles, using 95%
f-expectation tolerance intervals and £20% acceptance limits. For cy3glu, calibration in the
matrix, using a linear regression, was chosen for the quantification. With this calibration
model, all concentrations, except the lowest one, gave results within the acceptance limits
(Figure 32a). The same linear regression, but in a calibration without matrix, showed higher

values of total error for the two lowest concentration levels (Figure 32b). Improved accuracy
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profiles for low concentration levels were also obtained in a calibration in the matrix for other

phenolic compounds in a HPLC-UV method [402].
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Figure 32. Accuracy profiles in relative values for different regression models using 5 points calibrations. (a)
Linear regression in the matrix (MeOH extract) and (b) without matrix for cyanidin-3-glucoside, (c) weighted
(1/X) linear regression in the matrix and (d) without matrix for cyanidin-3-rutinoside. The continuous line
represents the relative bias, the dashed lines the 95% f-expectation tolerance limits and the dotted lines the
+20% acceptance limits.

Several calibration models for cy3rut showed relatively good accuracy profiles, with the
tolerance intervals within the £20% acceptance limits. The weighted (1/X) linear regression in
the matrix was chosen for the quantification because it gave the best accuracy profile. We also
observed, as for cy3glu, lower total error when calibration was made in the matrix (Figures
32c and d). Accuracy values obtained for cy3glu and cy3rut are summarized in Table 7. This
work was the first that evaluated an external calibration in the matrix extract. In other
quantification studies from EOF, external calibrations without matrix were applied from non-

validated methods [286,350,353,357,359,372,381,384].
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Table 7 Validation results for the quantification method of cyanidin-3-glucoside and cyanidin-3-rutinoside

obtained in MeOH extract of Euterpe oleracea fruits.

Validation criteria

Cyanindin-3-glucoside

Cyanidin-3-rutinoside

Response function

Linear regression

Calibration in the matrix
(5 points}
Range: 1.0-49.0 pg/mL

Weighted (1/X) linear
regression

Calibration in the matrix
(5 points}

Range: 1.0-48.6 pg/mL

Trueness Concentration (pg/mL) Relative bias (%) Concentration {pg/mL) Relative bias (%)
1.0 6.76 1.0 3.60
2.0 254 1.9 0.51
49 0.67 4.9 0.38
245 -0.07 243 —-0.24
490 -0.83 486 -1.29
Precision Repeatability (RSD) Intermediate precision Repeatability (RSD&) Intermediate precision
(RSD%) (RSDE)
463 5.30 3.10 3.80
2.49 2.49 1.86 2.85
1.90 1.90 1.41 1.41
2.99 2.99 247 247
1.46 1.46 1.35 1.35
Accuracy Relative p-expectation Relative f-expectation
lower and upper tolerance lower and upper tolerance
limits (%) limits (&)
—76,21.1 7.2,144
—38.89 -8.8,9.8
—4.1,5.5 -3.2,4.0
-76,7.5 -6.5,6.0
-47.3.0 4.9,2.3
Linearity
Slope 0.9910 Slope 09873
Intercept 0.0910 Intercept 0.0829
2 0.9994 ré 0.9995

2.3.3.3. Trueness, precision and linearity

The values obtained are also summarized in Table 7. Trueness expressed in terms of
relative bias was generally inferior to 6.76% for cy3glu to 3.6% for cy3rut, which shows the
good trueness of the method. The precision is evaluated at two levels, repeatability and
intermediate precision, and were expressed in terms of relative standard deviation (RSD)
values. The repeatability and intermediate precision for both compounds were very good and
inferior to 5.3% (cy3glu) and 3.8% (cy3rut). In addition, they showed similar variance along
the dosing range, indicating that the effect of the series did not provide significant additional
variability for each compound. The linearity is the ability within a definite range to obtain
results directly proportional to the concentration of the analyte. The concentrations of the
validation standards were back-calculated from the calibration curve. A linear regression
model was fitted on the back-calculated concentrations, as a function of the introduced
concentrations. The intercept, the slope and the coefficient of determination of the equations

obtained for cy3glu and cy3rut are presented in Table 7. The slopes values close to 1
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demonstrate the linearity of the method. The linearity was also demonstrated because the
absolute f-expectation tolerance limits were within the absolute acceptance limits

[395,402,403].

2.3.3.4. Limits of detection and of quantification

The limits of detection were calculated from the residual standard-deviation and the
slope of the calibration curve. The results obtained were 0.32 and 0.12 pg/mL for cy3glu and
cy3rut respectively. The lower (LLOQ) and upper (ULOQ) limits of quantification were
obtained by calculating the lowest and highest concentration of the targeted substance, that
can be assayed under experimental conditions, for which the f-expectation limits remain
inside the acceptance limits. For cy3glu, the LLOQ and the ULOQ were 1.07 and 48.99
ng/mL, respectively, and for cy3rut, they were 0.97 and 48.59 ng/mL, respectively.

2.3.4. Application of the quantification method to samples of E. oleracea fruits

Three EOF samples corresponding to the most commercialized maturity stage (C) were
harvested in a same location of the municipal district of Abaetetuba (harvest season: 2010)
and analyzed. This is the maturity stage recommended to the harvest of these fruits [357]. The

calibration curves in the matrix were applied for the quantification of the major anthocyanins.

The concentrations obtained for cy3glu and cy3rut as well as the sum of these
concentrations for each extract are presented in Table 8. The lowest concentration of the sum
of the major anthocyanins was obtained in the EtOAc extract (0.02%) due to the low
solubility of anthocyanins in this solvent. This can suggest that an EtOAc extraction can be
applied to remove the wax cuticle present on the fruits, before the anthocyanin extraction by
methanolic solutions, without considerable loss of the anthocyanins. This procedure can
optimize the mass transfer of the anthocyanins, allow obtaining a methanolic extract without
lipids and other apolar compounds such as chlorophylls that can damage (U)HPLC C18
columns and avoid SPE clean-up procedures. Almost 95% of the major anthocyanins are
present in the MeOH extract. This percentage can be considered as the extraction yield
because of the low content of anthocyanins in the MeOH 50% extract obtained on the residue,
showing the great extraction efficiency of the MeOH solution. Thus, the last extraction can be

eliminated of the protocol, reducing the time for extraction and samples preparation.
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Table 8 Anthocyanin quantification results from EtOAc, MeOH and MeOH50% extracts obtained from Euterpe

oleracea fruits at maturity stage C.

Sample Extract Cyanidin-3-glucoside Cyanidin-3-rutinoside Major anthocyanins
(mg/kg fruits)+ 5D (mg/kg fruits) <+ 5D (mg/kg fruits)
Sample 1 EtDAC 0.06 + 0.00 0.05 + 0.00 0.11 £ 0.00
MeOH 277.45 £ 1.33 192.64 £ 095 470.09 £ 2.26
MeOH50% B.14 £ D.88 10.16 + 0.90 1831 £ 1.51
Total 285.65 £ 047 202.85 £ 1.09 488.50 £ 1.24
Sample 2 EtDAC 0.05 £ 0.00 0.04 + 0.00 0.09 £ 0.00
MeOH 32856 £ 7.77 23141 £ 538 559.97 £ 13.14
MeOH50% 9.94 + 092 13.67 £ 1.10 2361 £ 20
Total 338.55 £ 8.62 24512 £ 645 583.67 £ 15.04
Sample 3 EtDAC 0.05 £ 0.00 0.05 + 0.00 0.11 £ 0.00
MeOH 28337 £ 21.58 24066 £ 17.47 524.03 £ 39.05
MeOH50% 9.83 £ 019 12.68 + 0.64 2251 £ 0.82
Total 293.25 £ 21.59 25339 £ 17.39 546.65 £ 38.98

SD : standard deviation from triplicate samples

The sum of the concentrations of cy3glu and cy3rut for the three samples varied
between 488 and 583 mg/kg fruits and were inferior to the concentrations obtained in a
previous study on the same maturity stage C, from two different locations of the same region
of Abaetetuba (800 and 1200 mg/kg fruits) [357], demonstrating the great variability of the
anthocyanins content in the E. oleracea fruits. This variability was also reported from

different juice samples [286].

Therefore considering the economic importance of the EOF, as a rich anthocyanin
source, and the great concentration and ration variabilities observed, it is of crucial
importance to have a validated analytical method for their quantification for producers and

consumers.

2.4. Conclusions

We developed a fast protocol of anthocyanin extraction and sample preparation from
EOF. Elimination of lipophilic compounds can be done by an EtOAc extraction, while
anthocyanins are extracted from the residue by MeOH. Calibrations in the matrix were used
for cy3glu and cy3rut quantifications and showed better accuracy profiles in comparison to
calibrations without matrix. To our knowledge, this is the first article that describes a
validated UHPLC-PDA method for the quantification of the major anthocyanins from F.
oleracea fruit extracts. It was found to be faster (17 min) than other HPLC-UV methods and
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allowed the separation of 3 other anthocyanins that are dominant in other common berry
fruits. Furthermore, this method was selective and gave good estimators of linearity, accuracy,
trueness and precision from 1 to 48 pg/mL of cy3glu and cy3rut. In addition, minor

diglycosylated anthocyanins were found in EOF for the first time.
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3. UHPLC—HRMS of non-anthocyanin flavonoids from E. oleracea juice

The previous chapter dealt with the identification and quantification of the major
phenolic compounds in Euterpe oleracea fruit extracts, the anthocyanins. The majority of the
phenolic characterization studies on the fruits and derived products were focused on these
compounds. Nevertheless, the number of reports about non-anthocyanin phenolic compounds
has increased. Recently, some studies isolated some of these compounds and demonstrated
their biological activities, such as antioxidant and anti-inflammatory [361,404,405]. In Brazil,
non published and preliminary studies, previous to this thesis, demonstrated the potential
presence of flavonoids not reported in the literature. The local analytical conditions did not
allow their identification, but the present scientific collaboration between UFPA and UCL
allowed the utilization of a very sensitive and suitable analytical tool for the analysis of
complex matrices and with a great potentiality to provide structural informations about

unknown compounds.

The concentration of the non-anthocyanin polyphenols were low in the extracts
described in the previous chapter and the quantities of the extracts were not sufficient to
validate a method. In fact, in validation studies, generally high amounts of samples are needed
for the experiments. In the present chapter, other extracts were produced, this time, from
lyophilized juices. From this approach, sufficient amounts of extracts were obtained, so that
the samples could be prepared in higher concentrations. Moreover, the use of lyophilized

juice allowed the development of another extraction procedure.

The present chapter will present a study about the identification of non-anthocyanin
phenolic compounds, as well as the validation of a method for the quantification of the major

ones, and the application of this method to different juices.

143



3. UHPLC—HRMS of non-anthocyanin flavonoids from E. oleracea juice

ABSTRACT
Euterpe oleracea fruits have gained much attention because of their phenolic constituents that
have shown potential health benefits. The aim of this work was to quantify the major non-
anthocyanin flavonoids (NAF) in the fruit juice by an accurate method coupling ultra-high
pressure liquid chromatography with a linear ion trap-high resolution Orbitrap mass
spectrometry system (UHPLC-LTQ-Orbitrap MS). Fruits were processed to juice, and then
the juice was lyophilized and defatted. The residue was then extracted in the presence of
methanol by sonication. The extraction time was optimized and recovery rates of the
extraction were >90 %. The extracts were dried and solubilized again in 40 % MeOH, which
showed the best compromise for MS detection. For the UHPLC quantification, a HSS C18
column (1.8 pm) was used with a gradient elution of methanol and water both with 0.1 %
formic acid. Total error and accuracy profiles were used as validation criteria. Seven
compounds and their isomers were successfully separated, including the major NAF.
Calibration in the matrix was found to be more accurate than calibration without matrix.
Trueness (<15 % relative bias), repeatability, and intermediate precision (<13 % RSD),
selectivity, response function, linearity, LOD (ranged from 0.04 to 0.81 pg/mL) and LOQ
(0.15-5.78 pg/mL) for 12 compounds were evaluated and the quantification method was
validated. Its applicability was demonstrated on real samples from different suppliers. Their
qualitative and quantitative profiles were similar and some compounds were for the first time
quantified. In addition, eriodictyol was identified for the first time in this fruit along with five

other flavonoids for which possible structures were proposed.
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3.1. Introduction

Euterpe oleracea 1s a widespread palm of the Amazonian floodplains. Its fruits, recently
acclaimed as “super fruits,” are especially rich in antioxidants like phenolic compounds and
tocopherols [1,352]. Anthocyanins are their major phenolic compounds, cyanidin 3-glucoside
and cyanidin 3-rutinoside being in larger concentrations [356,357,374], followed by
flavonoids as orientin and homoorientin [359]. Other flavonoids belonging to the flavone,
flavonol, flavanol, and dihydroflavanol families are also present, as well as phenolic acids
[353,359,371,373,381]. Recently, some studies were dedicated to the isolation of NAF from
E. oleracea pulp. The compounds isolated in these studies showed interesting anti-
inflammatory and antioxidant activities [361,404,405]. Other works studied E. oleracea pulp
and extracts derived from these fruits and showed that these compounds largely contributed to

their biological activities, as discussed in a recent review [406].

Many products derived from E. oleracea fruits are traded: fruit juices mostly blended to
produce energetic beverages, ice cream, sweets and jelly [407], cosmetics, and food
supplements that are principally consumed in Brazil, USA, Japan, and some European
countries [352,373]. Their phenolic compounds should be quantified by appropriate methods.
For this purpose, method validation is a necessary step providing “guarantees” for regulatory
bodies, producers, and consumers. Recently, UHPLC-PDA and liquid chromatography-mass
spectrometry (LC-MS) methods were validated for the quantification of anthocyanins from E.
oleracea fruits and derived dietary supplement raw materials [374,375]. Regarding NAF,
some high performance liquid chromatography (HPLC) methods coupled to DAD and MS
detectors [353,359,371,381,407] have been used, but no validated method is available for
quantification purposes. In addition, the majority of these methods have quite long run times
ranging between 50 min and 90 min. Using column packed with sub-2 pm particles,
Mulabagal and Calderon [373] have obtained a shorter run time (35 min) in their
fingerprinting and mass profiling of E. oleracea dietary supplement raw materials. However,
the complete separation of the two major isomers, orientin and homoorientin, was not
reached, which is critical for quantitative LC-MS methods. Gordon et al. [353] in their HPLC
method had to use a supplementary gradient to reach full separation of orientin and

homoorientin.

LC-MS methods are generally used to analyze NAF because of their higher sensitivity
and selectivity compared to HPLC-DAD methods. The use of high resolution mass

spectrometry (HRMS) further improves sensitivity and selectivity. The use of columns packed
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with sub-2 pum particles also contributes to ameliorate the sensitivity. In addition, it reduces
run times as compared with conventional HPLC columns [373,408]. This powerful

association was not yet employed for the quantification of NAF from E. oleracea juice (EOJ).

In order to analyze the NAF and the anthocyanins of EOJ, generally two different
extraction procedures [353,407] and HPLC-MS conditions were used, one for each group of
compounds. In terms of mobile phase, NAF were eluted with a lower acid concentration than
the anthocyanins. In addition, the ionization source of the MS system was operated in
negative ion mode for NAF and in positive ion mode for anthocyanins [286,371,407].
Furthermore, for NAF, no attention is usually paid to the matrix effect. This phenomenon is
frequently present in LC-MS methods and not yet completely understood [322,409]. It is
characterized by ion suppression or enhancement caused by co-elution of the compounds of
interest with undetected matrix components, which can affect the reproducibility and accuracy
of the assay. It is thus interesting to evaluate the matrix effect in the quantification of these

compounds to assure the accuracy of the method.

The aim of this work is to develop and validate an UHPLC—LTQ—Orbitrap MS method
for the quantification of E. oleracea NAF after optimization of the extraction procedures and

the sample preparation.

3.2. Experimental
3.2.1. Chemicals and reagents

Standards of orientin, homoorientin, vitexin, isovitexin, quercetin, luteolin, eriodictyol,
kaempferol 3-rutinoside, chrysoeriol, (—)-epicatechin, taxifolin, cyanidin 3-glucoside, and
cyanidin 3-rutinoside were purchased from Extrasynthése (Genay, France). Quercetin 3-
glucoside, (+)-catechin hydrate, (+)-dihydrokaempferol, rutin hydrate, 7-hydroxyflavone
(internal standard-IS), protocatechuic acid, vanillic acid, and caffeic acid were purchased
from Sigma-Aldrich (Steinheim, Germany). LC-MS grade methanol from Biosolve
(Valkenswaard, The Netherlands) and formic acid (98 %-100 %) from Prolabo, VWR
(Leuven, Belgium) were used for the UHPLC-MS runs.

3.2.2. Samples and pretreatement

Ripe fruits of E. oleracea were kindly provided from three suppliers from Para state

(Brazil). Fruits were harvested in February 2012 and were processed to juice within 6 h of
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harvesting in our laboratory in Belém—PA (Brazil). Juices (sample P0) were obtained
following classic procedures used by food industries as described by Rogez et al. [410], and
then, aliquots of the juices were pasteurized at 80°C/12min and 90°C/2min to produce the
samples P1 and P2, respectively. Juice samples were frozen and shipped to Belgium. Finally,
fruit juices were lyophilized and stored at —21 °C, under N, (g) atmosphere until extraction

procedures.

3.2.3. Sample preparation

Sample preparation (Figure 33 ) was based on a procedure described by Mulabagal et al.
[373] with some modifications that are discussed in the Result section (Evaluation of the
extraction). About 0.5 g of lyophilized juice (in triplicate) was quantitatively weighed in an
assay tube of 15 mL. The sample was then defatted with 5.0 mL of petroleum ether 40—60° in
an ultrasonic bath at room temperature for 30 min. After centrifugation at 2400xg for 10 min,
the extraction was repeated three more times on the residue. Petroleum ether phases of this
clean-up were eliminated. The residue was extracted with methanol by sonication under
similar experimental conditions. In this case, five extractions with 5.0 mL each were
performed. After centrifugation, the supernatants of each methanolic extraction were
assembled before evaporating to dryness with a RapidVap multi-tube vacuum evaporator
(Labconco, Kansas City, MO, USA) at 35 °C. The dried extract was stored at —21 °C under
Nz (g) atmosphere. The day of the analysis, the extracts were solubilized in 40 % methanol
solution at a concentration of 4 mg of dried extract per mL. The solutions were filtered with a

0.2 pm filter (Interchrom, Montlucon, France) and directly injected into the UHPLC.
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‘ 0.5 g Dried extract ‘

Extraction by sonication with
petroleurn ether

110 {m/fv)
30 min; ambient temperature (43)
Centrifugation
‘ Residue ‘ ‘ Apolar fraction ‘

Extraction by sonication with
Methanol

110 {mfv)
30 min; ambient temperature (0

Centrifugation

Phenolic fraction
¥

‘ Concentration, 40°C ‘

Storage -21°C

Figure 33 Extraction procedures of the dried extract (Iyophilized juice) obtained from E. oleracea juice.

3.2.4. UHPLC-HRMS analysis

The UHPLC analysis was performed on an Accela UHPLC system acquired from Fisher
Scientific (Thermo Fisher Scientific, Bremen, Germany) that consisted of an autosampler
equipped with a column oven, a tray compartment cooler, and a quaternary pump with a built-
in solvent degasser, all piloted by Xcalibur software. The chromatographic separation was
performed on an Acquity UPLC HSS C18 column, 1.8 um, 100 mmx2.1 mm i.d. (Waters,
Belfast, Ireland), equipped with a VanGuard UPLC HSS C18 pre-column, 1.8 pm, 5 mmx2.1
mm i.d., from the same supplier. Five pL of samples were injected in a full loop injection
mode. The separations were performed with a constant flow rate of 400 uL/min. The eluents
were (A) 0.1 % formic acid in water and (B) 0.1 % formic acid in methanol. They were eluted
with the following gradient: 0—2 min: 15 % B; 2—18 min: 15-27 % B; 18-28 min: 27-95 % B;
28-30 min: 95 % B; 30-30.1 min: 95-15 % B; 30.1-35 min: 15 % B. The column oven and

tray cooler temperatures were set to 30 and 4 °C, respectively.

The Accela UHPLC system was hyphenated with a LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) from the UCL MASSMET platform. The system was
equipped with an ESI source that was operated in negative ion mode with the following

conditions: capillary temperature and voltage at 275 °C and —21 V, respectively, source
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voltage at 5 kV, and tube lens voltage at =162 V. Nitrogen was used as the sheath gas and
helium as auxiliary gas with a flow rate of 80 and 30 arbitrary units, respectively. Spectra
were recorded in the range of m/z 100-1000 with a resolution of 30,000. For identification
purposes, two scan events were applied for the MS experiments. The first was in a full scan
MS mode and the second was a data dependent scan that selected the most intense ion or
specified ions in another setting from the first scan event for the acquisition of MS/MS
spectra. The collision-induced dissociation activation was set to normalized collision energy
of 25 %, except for quercetin and luteolin (35 %), vanillic, caffeic, and protocatechuic acids
(20 %). The compounds were identified by comparison with reference compounds when
available and with literature data, from retention times, MS, MS/MS, and MS" analysis. An
external calibration of the equipment for mass accuracy was carried out the day before the
analysis according to the manufacturer’s guidelines. In order to evaluate the selectivity of the
method, MS/MS spectra were obtained by SRM scan type across the peaks. Product ions and
their relative proportions were evaluated and compared with standards when available. For
quantification, full scan MS mode was applied, and then extracted ion chromatograms of the
ions of interest were generated from their theoretical exact masses using a mass tolerance of 5
ppm. After integration of the peaks, their respective areas were used for the quantifications.
Finally the quantification was performed using the internal calibration method with 7-

hydroxyflavone as IS.

3.2.5. Standard solutions

For the validation analysis, standard solutions of phenolic compounds were prepared as
follows. Homoorientin was prepared at 0.6 mg/mL in methanol and quercetin 3- glucoside,
quercetin, luteolin, eriodictyol, and kaempferol 3-rutinoside at 1 mg/mL of methanol as well.
5.0 mL of homoorientin solution was then mixed with 1.0 mL of the other solutions, giving
respectively 0.3 mg/mL and 0.1 mg/mL solutions. Solutions of isovitexin, (+)-
dihydrokaempferol, rutin hydrate, and (+)-catechin hydrate were prepared at 1 mg/mL in
methanol and mixed to give a final concentration of 0.2 mg/mL. Chrysoeriol, orientin, and 7-
hydroxyflavone (internal standard) were solubilized in methanol, to give 0.1, 0.05 and 0.1
mg/mL solutions, respectively. Vitexin, (—)-epicatechin, taxifolin, protocatechuic acid,

vanillic acid, and caffeic acid were prepared at 1 mg/mL in methanol, and the solutions were
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used only for identification purposes and for optimization of the chromatographic separation.

All solutions were kept in the dark at 4 °C.

Standard solutions for the validation study were diluted to obtain the calibration
standards at five concentration levels (m =5), except for the internal standard (7-
hydroxyflavone), for which the final concentration was fixed at 0.005 mg/mL. The final
solvent composition of the solutions was 40 % methanol in water. Each concentration level
was analyzed three times (n=3) for three series of experiments (kK =3). Another set of
calibration standards was prepared in the methanolic extract itself in order to compare the
calibration with and without matrix. A solution of methanolic extract of 16 mg of extract per
mL was prepared in 40 % methanol in water. The calibration standards in the matrix were
prepared by diluting in the methanolic extract the standards employed for the preparation of
the calibration standards without matrix. The signals from the compounds initially present in
the extract were subtracted from the peaks obtained with these solutions. The final
concentration of the extract was always 4 mg of extract/mL. The number of concentration
levels, series, and repetitions per series were the same as those implemented for the without

matrix calibrations (m =5, k =3, and n =3).

The validation standards were prepared in the same way as the matrix based calibration
standards. Five concentrations were analyzed (m =5) and each sample (n =3) was prepared

from extracts obtained from independent extractions. Three series (k =3) were performed.

3.2.6. Evaluation of the extraction

The most appropriate methanolic extraction time was established by evaluating the peak
area (LC-MS analysis) of selected compounds after 30, 90, 120, 150, and 180 min (n=3). The
obtained extracts were solubilized at 4 mg of dried extract/mL in 40 % methanol in water
before analysis and extraction yields were calculated according to the total extract mass

obtained in each treatment.

Recovery (RE) and the overall “process efficiency” (PE) of the extraction, considering
petroleum ether and methanol extractions, along with the matrix effect (ME) were determined
according to an adaptation of the procedures described by Matuszewski et al. [322]. They
were calculated as follows from lyophilized juices (n= 3) spiked with a known amount of

standards corresponding to an intermediate concentration level of the dosing range:
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ARsps — ARnsps

RE(%) = x100 Eq.27
ARspe — ARnsps
ME©%) = ARPe=ARNPS 100 Bq. 28
ARstd
PE(%) = ARPS ZARMSPS 160 Bq. 29

ARstd

where ARsps is the area ratio (analyte/IS ratio) obtained from the spiked lyophilized juice
sample (spiked before petroleum ether extraction), ARnsps is the area ratio of the nonspiked
lyophilized juice sample before extractions, ARspe is the area ratio of the spiked methanolic
extract (standards were spiked into the dried extract obtained after petroleum ether
purification, methanolic extraction, and evaporation process), and ARstd is the area ratio of a

solution of standards in 40 % methanol in water at the corresponding concentration.

3.2.7. Validation of the method

The validation of the method was performed during three series of experiments. The
eluents of the mobile phase were renewed for each series. The following criteria were tested:
selectivity, response function, linearity, precision (repeatability and intermediate precision),
trueness, accuracy, limits of detection (LOD) and quantification (LOQ), and matrix effect.
Total error was used as decision criterion for the wvalidation process [411-414]. The
acceptance limits were set at A = +30 %, and the minimum probability to obtain future results
within these limits was set at f = 90 % (f-expectation limits). Statistical analyses were

performed using the e-noval V3.0 (Arlenda, Liége, Belgium) software.

3.3. Results and discussion
3.3.1. Evaluation of the extraction

Different extraction procedures have already been described: defatted lyophilized pulp
of E. oleracea fruits was extracted by sonication with an acetone/water/formic acid (70/29/1;

v/v/v) solution, followed by a liquid—liquid extraction with ethyl acetate to obtain NAF and
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phenolic acids [353]. In another work, phenolic compounds were extracted only by sonication
with methanol [373], but with an extraction time longer than the previous reference. In the
present work, the methanol extraction procedure by sonication was chosen because the

extraction time was easier to optimize (only one extraction solution).

The lyophilized pulp was first defatted by sonication with petroleum ether 40-60°. This
solvent was chosen because it is more hydrophobic than the dichloromethane used in
Mulabagal et al. [373]. Chlorophylls were also extracted by petroleum ether 40-60°. The
supernatants appeared clear after four 30-min extractions (4x5 mL). Phenolic compounds
were then extracted by sonication in the presence of methanol. Methanolic extraction time
was evaluated in the range between 30 and 180 min. Evolution of the peak areas of the
selected compounds for the validation study were reported to the total extract mass. As
illustrated in Figure 34, no significant difference was observed after 150-min of extraction for
orientin and homoorientin (p >0.41). As they are the major compounds and contribute more to
the total concentration in NAF, the methanolic extraction time was fixed to 150 min (5 x 30
min). The same was observed for chrysoeriol, quercetin, quercetin 3-glucoside, and rutin,
whereas the extraction reached a maximum after 120 min for (+)-catechin, isovitexin, and
kaempferol 3-rutinoside, and after 90 min for luteolin, eriodictyol, and dihydrokaempferol
(data not shown). In the work of Mulabagal et al. [373], the methanolic extraction was fixed
at 120 min (3 X 40 min x 100 mL), but no data about extraction time optimization were
shown in that qualitative and semi-quantitative study. In addition, no data were mentioned

about RE of extraction.
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Figure 34 Changes in the extraction yields of the two major non-anthocyanin flavonoids (NAF) in function of
the time of the methanolic extraction (n =3). * The extraction yields were calculated according to the total extract
mass obtained in each treatment.
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RE of the extraction was calculated by Equation 27 as described in the Experimental
section. Good recoveries were obtained and were comprised between 91 % and 102 % as
shown in Table 9. In addition, the recoveries obtained had good repeatabilities with SD <7 %
for all evaluated compounds. ME was calculated by Equation 28. A value of >100 % indicates
ionization enhancement, and a value of <100 % indicates ionization suppression. Eriodictyol,
chrysoeriol, and luteolin showed no matrix effect, with ME values comprised between 92 %
and 105 % as presented in Table 9. Quercetin showed an ionization enhancement effect with a
value of 121 %. On the other hand, the other compounds presented values <82 % indicating
ionization suppression for most of the studied compounds. In fact, ME has been often
observed in LC-MS methods as discussed in a recent review [409]. Because of the ME
observed, the later compounds gave PE values of <83 %. Analogously, ME could explain the

high PE value of 114 % for quercetin.

153



3. UHPLC—HRMS of non-anthocyanin flavonoids from E. oleracea juice

Table 9 Validation results for the quantification method of non-anthocyanin flavonoids (NAF) of E. oleracea juice (EOJ).

Compounds / Validation criteria ®
(+)-Catechin

Trueness (Relative bias %
Repeatability (RSD%) *
Intermediate precision (RSD%) "

<

Relative f-expectation tolerance limits (%)

(+)-Dihydrokacmpferol
Trueness (Relative bias %)
Repeatability (RSD%) "
Intermediate precision (RSD%) "

Relative -expectation tolerance limits (%) ©

Isovitexin

Trueness (Relative bias %)
Repeatability (RSD%) "
Intermediate precision (RSD%) "

Relative f-expectation tolerance limits (%) ©

Rutin

Trueness (Relative bias %)

Repeatability (RSD%) "

Intermediate precision (RSD%) "

Relative f-expectation tolerance limits (%) ©

Kaempferol 3-rutinoside
Trueness (Relative bias %
Repeatability (RSD%) ©
Intermediate precision (RSD%) L

Relative B-expectation tolerance limits (%) ©

Quercetin 3-glucoside

Trueness (Relative bias %
Repeatability (RSD%) ©
Intermediate precision (RSD%) ”

Relative B-expectation tolerance limits (%) ©

concentration level (pg/mL)

0.5

04564

1146

1146
[-22.12,23.03]

—2.825

6.444

6.444
[-15.52, 9.86]

~4.016

1.18

14.79

[-37.34, 29.31]

2364
7.061
14.58
[-37.77, 42.50]

0.1
1.72
6.83
37.87
[~122.0, 125.4]

-2137

90.77

90.77

[200.1, 157.4]

1
1.635
1283
1283
[~23.64,26.91]

—5.506

5.192

F337

[-23:32; 12:31]

~7.029

9.68

10.04

[-27.09, 13.03]

—0.6261
7.799
7.799
[-1599, 14.74]

0.5
4721
5879
7422
[~21.03, 11.59]

1.693
5787
6.841
[12.83, 16.22]

2d

—0.1081

6.665

10.15

[-24.68, 24.47]

1.447
5.482
7319
[-15.12, 18.01]

0.3577

2352

6.473

[-18.97, 19.69]

—0.9349
2,574

7.12
[22.22,20.35]
24

1.861

1.675

6.734

[~19.54, 23.26]

1.915
1.963
5414
[~14.26, 18.09]

7
—6.636

2.861

3723
[~14.95, 1.67]

1L

1.611

1.611
[-6.24, 0.09]

—5.911
3.766
6.098
[-21.11, 9.28]

-8.521
2338
3.269
[-16.10, -0.94]

4
-2.711
2.682
5.071
[~16.22, 10.80]

~7.482
2.866
4051
[~16.93,1.96]

14

—1.005
3.637

3.637
[-8.16, 6.15]

—0373
3.839
5.454
[-13.12, 12.38]

—0.9025

5.867

5.928

[~12.93, 11.12]

1.497
8.773
8.773
[-17.77,20.77]

10

~1.496

4,182

5379

[~1343, 10.44]

1.435
1246
1267
[-23.68, 26.55]

Linearity (Slope / Intercept / R?)
0.9822 / -0.03031 / 0.9964

LOD / LLOQ® (ug/mL)
0.15/05

validated range (ug/mL)

0.5-14

Linearity (Slope / Intereept / Rz)
0.9944 / -0.03389 / 0.9960

LOD / LLOQ® (ug/mL)
0.12/05

validated range (ug/mL)

0.5-14

Linearity (Slope / Intercept / R?)
0.9861 / -0.05954 / 0.9934

LOD / LLOQ® (ug/mL)y

0.26/ 0.85

validated range (ug/mL)

1-14

Linearity (Slope / Intercept / R?)
0.9974 / 0.08971 / 0.9878

LOD / LLOQ® (ug/mL)
0.21/0.72

validated range (ug/mL)

1-14

Linearity (Slope / Intercept / RY)
0.9837 / 0.005535 / 0.9955

LOD / LLOQ® (ig/m1)

0.14/ 046

validated range (ug/mL)

0.5-10

Linearity (Slope / Intercept / R?)
1.012 /-0.06427 / 0.9772

LOD / LLOQ® (ug/mL)

0.14/ 047

validated range (ug/mL)

0.5-10

RE (%)*
101+4.4
ME (%)?
56+5.6
PE (%)*
57452
RE (%)
102+3.0
ME (%)?
82:£1.7
PE (%a)!
8342
RE (%a)"
93442
ME (%)*
67+3.2
PE (%)¢
62+£34
RE (%)!
96+4.8
ME (%)?
67+4.6
PE (%)!
65+£5.0
RE (%)"
9746.5
ME (%)®
79440
PE (%)
77+2.6
RE (%)
95+2.0
ME (%)*
73448
PE (%n)*
70+£4.1
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Table 9 (continued).

Quercetin ity (Slope / Intercept / R%) RE (%0)?
Trueness (Relative bias %) 2532 6.294 -8371 —2.485 —0.7702 0.9909 /-0.02897 / 0.9957 95+4.7
Repeatability (RSD%)" 22.06 4.382 297 1.51 3.011 LOD / LLOQ" (pg/mL) ME (%)*
Intermediate precision (RSD%) " 22.06 7483 4.586 7.166 5.234 0.13 /045 121+3.5
Relative (-expectation tolerance limits (%) © [—18.13, 68.78] [-12.81, 25.40] [—19.55, 2.805] [—25.63, 20.66] [—14.73, 13.19] validated range (ug/ml.) PE (%)9
0.5-10 114+59
Eriodictyol Linearity (Slope / Intereept / RY) RE (%)"
Trueness (Relative bias %) —5.059 6.345 =2.747 3.733 0.952 1.011 / 0.005701 / 0.9960 102+4.5
Repeatability (RSD%) : 5.209 4.006 2438 3.803 3.084 LOD / LLOQ® (ug/mL.) ME (%)¢
Intermediate precision (RSD%) L 10.56 5.537 5.26 6.21 5.12 0.04/0.15 93+£6.9
Relative (3-expectation tolerance limits (%) [-33.95, 23.83} [—6.414, 19.10] [—17.44, 11.95] [=11.80, 19.27] [—11.96, 13.86] validated range (ug/mL) PE (%)®
0.5-10 95+5.3
Luteolin 0.1 0.5 24 4 10 Linearity (Slope / Intercept / R%) RE (%)"
Trueness (Relative bias %) -29.36 14.84 1.698 —1.537 —3.348 0.9642 / 0.05855 / 09975 97+2.1
Repeatability (RSD%) D 12.8 5.392 1.688 2.069 3.251 LOD / LLOQ® (pg/mlL) ME (%)®
Intermediate precision (RSD%) " 39.95 5.392 5278 2.069 4.627 0.14 /047 105£3.0
Relative -expectation tolerance limits (%) © [-151.7, 93.03] [4.224, 25.46] [-14.47,17.87] [=5.61,2.5] [-15.73, 9.03] validated range (ug/ml.) PE (%)?
0.5-10 102+1.1
Orientin 0.5 1 3 6 18 Linearity (Slope / Intercept / R?) RE (%o)!
Trueness (Relative bias %) 5.103 14.73 1273 —5.926 -12.39 0.8630 /0.3059 / 0.9920 92+6.3
Repeatability (RSD%) " 66.82 4731 7495 11.34 3616 LOD / LLOQ® (pg/mlL.) ME (%)
Intermediate precision (RSD%) " 66.82 47.31 7495 11.34 3.753 0.81/2.69 70£5.1
Relative f-expectation tolerance limits (%) © [—126.5, 136.7] [=78.45, 107.9] [—13.49, 16.03] [-28.27, 1642] [—19.89, -4.89] validated range (ug/mL) PE (%)®
3-18 64+4.8
Homoorientin 03 1.5 0 124 30 Linearity (Slope / Intercept / RZJ RE i"u)d
Trueness (Relative bias %) -11.16 —8.328 2268 —0.187 1.015 1.003 /-0.2233 / 0.9874 92+3.9
Repeatability (RSD%) H 110.7 54.07 6.901 6.405 7.852 LOD / LLOQ® (ug/mL) ME (%)?
Intermediate precision (RSD%) b 110.7 54.07 10.18 6.405 7.852 0.57/5.78 58+4.1
Relative p-expectation tolerance limits (%) © [-229.2, 206.9] [-114.8, 98.17] [-21.99, 26.53] [-21.80, 3.42] [—16.23, 18.26] validated range (ug/ml.) PE (%)?
6-30 53£5.8
Chrysoeriol 0.2 1 3¢ 4 1 Linearity (Slope / Intercept / RY) RE (%)?
Trueness (Relative bias %) 2.361 4.547 —2.001 =3.117 0.3023 1.001 /-0.02018 / 0.9957 101£4.9
Repeatability (RSD%) b 10.85 j.664 1397 2.021 4.935 LOD / LLOQ® (ug/mL) ME (%n)¢
Intermediate precision (RSD%) b 10.85 3.887 5.547 4.492 4.958 0.06 /0.20 92+2.0
Relative f-expectation tolerance limits (%) © [—19.01, 23.73] [-3.291, 12.39] [—19.60, 15.60] [—15.79, 9.555] [-9.481, 10.09] validated range (ug/ml.) PE (%)¢
0.2-10 93+£3.4

* See text for response function and selectivity; ° Precision was evaluated in two levels: repeatability and intermediate precision; ¢ Accuracy was evaluated by the relative
90 % f-expectation tolerance limits; ¢ Concentration level from which the extraction evaluation (RE, ME, PE) was performed; ¢ The Upper limit of quantification (ULOQ)
corresponded to the highest concentration level.
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3.3.2. Development of the UHPLC—-LTQ—Orbitrap MS method

Several isomers were separated (Figures 35b, c¢, d) under the chromatographic
conditions described in the Experimental section. Orientin and homoorientin, the two major
compounds, were more difficult to separate but the proposed conditions allowed this
separation. A LC-HRMS method already described in a qualitative and semi-quantitative
study [373] also used column packed with sub-2 pum particles to separate phenolic compounds
from samples derived of E. oleracea fruits. Orientin and homoorientin were, however, not
completely separated. The proposed method of the present work is thus an improvement.
Moreover, it does not increase the total run time (35 min), compared with the published work
[373]. Note that this run time is significantly smaller than those of classical HPLC runs
described for the analysis of flavonoids of E. oleracea fruit (between 50 and 90 min)

[353,359,371,381,407].
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Figure 35 Phenolic compounds detected in E. oleracea juice (EOJ). (a) Total ion chromatogram (TIC). (b), (c),
and (d) Extracted ion chromatograms of the exact masses of [M — H] ~ ions, using a mass extraction window of 5
ppm. (¢) CRM chromatogram obtained from MS® experiment for the fragment ions [M — H — 120]" produced
from the molecular ions [M — H] . Full details on peak numbers are available in Table 10.
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7-Hydroxyflavone was chosen as IS. It was verified that extracted ion chromatograms
obtained from the molecular ion of the IS did not show any interference with matrix

compounds and analytes. In addition, this IS is available with a high purity level (99 %).

In the UHPLC conditions that were optimized for NAF, the width of the anthocyanin
peaks was important. The analysis of these compounds in general needs the use of more

acidified mobile phases [286,374,381] and ESI source operating in positive mode.

In terms of sensitivity, significant variations in the area ratio (analyte/IS ratio) of analyte
peaks were observed during the development of the method depending on the methanol/water
mixtures used for the sample solubilization. So peak area ratios of standards were evaluated
as described by Novéakova et al. [415]. A mixture of nine standards at 100 pg/mL in methanol
was prepared. This mixture was then diluted to 15 ug/mL in different methanol/water ratios
ranging from 15 % to 100 % methanol in water. As illustrated in Figure 36, the influence of
the solvent composition on the area ratios of the studied analytes was confirmed. Between 15
% methanol (initial conditions of the chromatographic separation) and 30 % methanol, the
mixtures of standards were not well solubilized. As a result, compounds, particularly
aglycones, were retained during filtration before analysis, lowering observed area ratios. On
the other hand, the mixture of standards was soluble in mixtures containing >30 % methanol,
but important variations of the sensitivity were yet observed for high methanol contents. In
addition, an increasing deterioration of the peak shapes was observed for methanol
concentrations >50 % for catechin, >60 % for homoorientin, >70 % for rutin and isovitexin,
>80 % for eriodictyol, and at 100 % for the other aglycones, decreasing resolution of the
peaks. Therefore, a solubilization solution at 40 % methanol was chosen as a compromise for

the standards and extracts.
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Figure 36 Areca ratio (analyte/IS ratio) of several standard compounds when solubilised in different
methanol/water mixtures.

ESI operated in positive ion mode was also tested but better sensitivity was obtained in
negative ion mode as standards were evaluated, as already mentioned [416,417]. The negative

ion mode was thus selected for the quantitative analysis.

3.3.3. Validation of the method
3.3.3.1. Identification and selectivity

This described method, which gives better chromatographic separation compared with
previously published methods, allowed identifying and/or detecting known but also new NAF
in the methanol extract of EOJ by HRMS and MS" analysis. Identification data were
confirmed using standards, when available in the laboratory, and by comparison with
literature. Table 10 shows the proposed identifications. Compounds that were tentatively
identified, on the basis of MS data, without the use of reference compounds, still need to be

confirmed.

The following compounds were identified in other works: vanillic acid, (—)-epicatechin,
orientin, homoorientin, isovitexin, scoparin, cyanidin 3-glucoside, cyanidin 3-rutinoside

[359], quercetin, chrysoeriol, taxifolin, quercetin 3-glucoside, rutin, vitexin, kaempferol 3-
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rutinoside [373], (+)-catechin [286], luteolin, protocatechuic acid, caffeic acid [353], and (+)-
dihydrokaempferol [361,418].

Three peaks (21, 28, and 33) showed molecular ions at about m/z 287.056 [M—H] . The
last one showed a MS/MS spectrum obtained from the molecular ion with a fragment ion at
m/z 151.0037 as base peak and few other fragments at m/z 135.0454, 125.0245, and 107.0136.
These fragment ions were consistent with the retro Diels-Alder fragmentation obtained for
eriodictyol [419]. Comparison of the retention time and fragmentation pattern with a
reference standard confirmed the identification. To the best of our knowledge, this is the first
time that this compound is reported in EOJ. The two other isomers yielded identical MS/MS
spectra with product ions generated from small neutral losses at about m/z 269.045
[M—H-H20] , m/z 259.061 [M—H—-CO] , and m/z 243.066 [M—H—CO2] . The fragment ion
at m/z 125.0246 corresponded to one of the retro Diels-Alder fragments obtained for
eriodictyol. Several other fragments were obtained from MS® experiment from [M—H—28]
produced from [M — H] , as shown in Table 10. In both cases, the fragmentation pattern
corresponded to the one obtained with the (+)-dihydrokaempferol standard. As the peak 21
showed the same retention time than the standard, it was identified as (+)-dihydrokaempferol
[361,418]. Peak 28 corresponded to a dihydrokaempferol isomer that has never been reported

in the literature on EOQJ.
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Table 10 Identification of phenolic compounds of E. oleracea juice (EOJ) by UHPLC-LTQ—-Orbitrap MS"

method.
Peak Mo BT (mm) |M—]!j' {uez1  Formula |h.-1—i]j_ Ermor (ppm) MM and ¥ [y Identification
{relative abundance %)
1 256 15301495 g Hslhy 0771 OS2 (100} Protecatechuic acid
1 4.64 280.0714 M0 -1216 JAE0R15 (100), 20505040361, {+HCatechin ®
1790340 {13)
3 H68 1674353 CaHAy 1.784 13200122 (721 1230459 (1IN Yanillic acid
4 HH5 1790350 CgH4ly 0436 1350453 (100} Culfeic acid ™
5 L XaonTi4 CysHythy -1.216 2450815 (100 2050504437y, {—-Cpicatechm b
1790348 (11
& 10,72 4470051 LIEN ] 0,39 50593 (100} Cvamidin 3eglocnside
7 1205 2030308 CagHaglhys 20 TR0 (100} Cyanidin 3-rufimoside "
#® 1351 U3 1505 CaqHagly 5 —-1.253 STH 3% (14, SOG. 1185 (30, Apigenin b 8-di-C -hexoside
RS LOTL (o), 4731085 (100,
AE0AT0 (R 413088 (2),
IERROTTL A7), 3550663 (35)
WS 3810789 (15), 3530682 (100)
& 14.67 303050 Oy sHy Oy —1.306 2E50405 (100} Taxifolin "
)] .85 5931502 Castlzgy 4 -1.h58 STR A0 (100, 3050159 (28), Apigenin &,3=01-C-hexsoside
SRR 0TO (4, 4T 085 (100},
A5500RT (4, 4130869 (2,
JRIOTOT (LB), 3530663 (37)
WSS 3RZOTHD (15), 3530683 (100
11 16085 5031507 Canblzohs 852 SO I207 (A, 4751089 (410, Apigenin-Cr-hexoside-C-hexosade
A3 TE), 3400004 (B
I LOSSE 1
(e 17.67 440 1087F Ca iz 01,580 ZO00AST (100 15010037 (T) Taxifoln deoxyhexose or isomer
13 17.74 S63. 1400 Caghlzrhy = |.0e S5 1309 (310, 300, 1 201 (68), Apigenin f-C-peniosade-S-
AT3 0090 ¢ P00, 4430956 (54 Cehexoside
IRIOTT M, 3R30GTE(3R)
14 824 447.0932 Co g, 0,122 3570610 (431, 3270504 {104 Orientin ®
15 871 5630403 CagHasng 655 S5 1312 (260, 5051207 (69), Apigenin b -pentoside-5-
AT 09T {00, 4430993 (87 Cehexoside
IMIOTH(33), 35306T] {55)
16 1942 4470032 o Hyoly, 0,150 4200824 (18), 3570613 (70, Homaagientin
3270508 { 1)
17 168 6314403 CagHa0 4 =653 S5 01310 {10y, 02,1221 {6}, Apigenin b-C-hexoside-H-
AT 008 ¢ 54, 442,0002 (1007, Cpentosidie
IRIOTTE (1), 3520672 (26)
1% [0H0 5031505 CagHagly s -1.152 SO3.11RS (16), 4731081 {100}, Unknown*
AIRER05 {100, 420,081 20},
4130864 (71, 310767 (14)
ST ORI (58, 3270504 (43,
HLO3A0 () MSY 3270825 (100
19 M0 431098 CoHyslg 0673 TALOGGT (6 3110556 (100} Vitexin ®
0 MIE 5930503 CaqHlaglhys ~1.433 STS.I3ET (G, 5031195 (2), Unknown®
AT IEL (IO, 4385500 (28,
4290819 (538), 41 1084% (44),
A5T.060E (24), 3270503 (&),
M3 (12), 20304509}
BST 32700524 (1000}
1l M47 2ETHESY M, O —L11 2600453 (4), 25906009 (100, (+-Dilydrakaempleral ®
243:l|['l[‘!|:' {199, 1250246 (2)
ME": 2410517 (161, 2150724 (10,
1730608 (29), [S1LMET(13),
1250252 {58)
22 265 EEER B a5 -3.512 SO3 L1901 (70, 473106835 (100, Linknown ©

4185800 (85, 4130872 (Th),
ARIOTTOL, 3110557 (42,
20304447 9

WS 3830792 (100}
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Table 10 (continued).

Peak Mo RT {min} [M-H] (st=) Formula [M=H] Emorippm}  MSAS and M3 (s Iderdification ™
(relative abhundance %40
2 20549 5631504 L =112 AT 0T, S350 5 (4, aprgenm B-L-(270penlosy )
A1FOHET (1O, 3400672 (4), hexaside
2U5d00 [ 35
24 E RIS A4 TIHRG oy Hiz gy =856 204 05T (0, DR10037 (6] [somer of 12
25 2120 A3 10950 CayHyalyg =581 A130RTOEE), 3410660 (29, [sanitexin ™
S11.0555 (100
26 21.24 A TR Uy Hiz gy —LH50 265 S0 O, DR1 03T (&) [somer of 12
a7 2132 593.1504 CagHzhdy 5 —1.354 SO0 0192 053, 4731030 (6, Unikniown©

A 0TE (L0, 4130872 (2,
3710764 (5), 3530655 (3),
A1 0] 03, 3230855 30y,
2850400 (22)
2% 2140 QLT 05T Oy sy -1.572 20O ), 200G {10, [apmier of 21
2050000 (18, 1250246 (4)
WIST 2410516 (16, 2150724 ¢ L0,
17500 L5 (300, 1510047 1 110,
1250252 (60

20 2152 A1 KRG Caabz =639 ITLOTED 0, 3410655 (100 Sooparnin
i 2152 A63.0877 o Hyglhy 2 =1 186 J0L.0345 { 100) Quercetin 3-glucoside ®
3l 20,60 Gl 1456 Uagblzlhy g 11,554 F00.0347 (1000 Futin b
32 22 59 543.1504 CagHaal 4 —1.354 2R5.0399 {1007 Kaempherol 3-rutinoside
i3 2275 2RT0O53T CysHp —1.468 TS 10037 { 1O, DR5.054 (3], Eriglictyol
1250243 (5), 10T.0036 (1)
3 2302 3010349 Oy sHa 0 —1.548 2TR0393 {10y, 2570450 (14, Dusercetin ™

179, 9985 (1000, 1510037 (78),
1212061 (6], 10T 3S (6)

s 2400 2850402 €kt —1.952 2410500 (97), 2170502 (64, Lutealin ®
1900357 (T, DTE0399 100,
1510036 (31, 1320295 {8}

36 a4 20SEG gk 03555 2H40315 (100) MS™ 256 0374 (1003 Chrysoeriol ®

* MS® experiments were performed only for peaks 8, 10, 18, 20-22, 28 and 36 from the base peak
fragment ion obtained in MS/MS event.

" Identification were confirmed by analysis of standards.

¢ Tentative structures are proposed in “General discussion” section for the unknown compounds.

Peaks 12, 24, and 26 presented the same molecular ion at about m/z 449.109 [M — H]
and similar MS/MS spectra with characteristic fragment ions at about m/z 269.045 and
151.0037. The molecular formula from the molecular ion and MS/MS fragmentation pattern
corresponded to taxifolin deoxyhexose or an isomer. Taxifolin deoxyhexose has already been
identified in E. oleracea fruit [359,371,381]. Therefore, we identified these three compounds

as taxifolin deoxyhexose or isomers.

Several peaks (7, 8, 10, 11, 18, 20, 22, 27, 32) showed molecular ions at about m/z
593.15 [M — H] . Peaks 7 and 32 presented a fragment ion at about m/z 285.040 [M—H—-308]
as base peak that corresponded to their aglycone. These compounds were, respectively,
characterized as cyanidin 3-rutinoside and kaempferol 3-rutinoside, after comparison with
reference compounds. Cyanidin 3-rutinoside is one of the major anthocyanins found in the E.
oleracea fruit [356,357,374]. Kaempferol 3-rutinoside identification confirmed the tentative

identification of a previous study [373]. Peak 10 showed characteristic fragment ions of
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vicenin-2, a di-C-glucosyl apigenin previously identified in this fruit [420]. Another peak
(peak 8) showed very similar MS/MS fragmentation, but we observed the presence of a
fragment ion at m/z 285.0397 with high abundance (100 %) that could correspond to an
aglycone. However, this fragment was considered as coming from another co-eluted
compound because in C-glycosidic flavonoids, the C—C bond between the sugar and the
aglycone is usually not broken, so it was not presented in Table 10. In fact, as seen in Figure
35d, this fragment belongs to the co-eluted cyanidin 3-rutinoside (peak 7). MS® spectra
obtained by CRM (consecutive reaction monitoring) scan type from the molecular ions
[M—H] and MS/MS fragment ions [M—H—120] of the peaks 8 and 10 (Figure 35¢) showed
fragment ions at about m/z 353.068 and 383.078 for both compounds (Table 10), confirming

that they are isomers, but the determination of which one is vicenin-2 was not possible.

Concentrations of the compounds of peaks 11, 18, 20, and 22 were very low. However,
peak 11 could be tentatively identified. Accordingly to [421], its MS/MS fragment ion at m/z
431.0980 [M—H—-162] resulted from a loss of a hexoside moiety from O-glycosylation on a
phenolic hydroxyl. Moreover, typical neutral losses of C-glycosyl flavonoids were observed
as the ions at m/z 503.1207 [M—H-90] and m/z 473.1089 [M—H—120] that characterize a C-
hexose. Finally, the other ions typify the aglycone: m/z 341=[apigenin aglycone or an isomer
(270)+71] and m/z 311=[apigenin aglycone or an isomer (270)+41] . The compound was
thus tentatively identified as apigenin-O-hexoside-C-hexoside, as apigenin is the only
aglycone with this molecular weight identified or present in the flavonoid glycosides in this
fruit [373,418]. To the best of our knowledge, this is the first report of an O-glycosyl-C-
glycosylflavone in EOJ. Compounds of peaks 18, 20, and 22 may have two oses with at least
one of them C-linked to a flavone or flavonol, considering the molecular formula obtained by
HRMS analysis and the neutral losses of 90 and 120 Da after MS/MS fragmentation.
Fragments found for these peaks (11, 18, 20, and 22) were always present at the beginning,
middle and end of the peaks, but with variations in their relative intensities. In these cases, it
was difficult to conclude about the purity of the peaks because of the low concentrations of

the compounds, which generated poor MS/MS spectra.

Peak 27 could also have two oses with at least one of them C-linked to a flavonoid,
considering the molecular formula obtained from the molecular ion [M — H] and the neutral
losses of 90 and 120 Da. Evaluation of the MS/MS spectra obtained at least at three levels

(beginning, middle and end) of the peak showed great variability in the relative abundance of
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the fragment ion at m/z 285.0398, between 6 % at the beginning of the peak and 93 % at its

end. Peak 27 should thus be considered as a mixture of compounds.

Peaks 13, 15, 17 and 23 showed a molecular ion at about m/z 563.140 [M — H] . Peaks
13, 15, and 17 showed the same fragment ions after MS/MS experiment (Table 10),
characteristic of apigenin C-pentoside-C-hexoside (or C-hexoside-C-pentoside) isomers
[422,423]. Based on these comparative studies, the peaks 13 and 15 were tentatively
identified as apigenin 6-C-pentoside-8-C-hexoside isomers, and peak 17 as a apigenin 6-C-
hexoside-8-C-pentoside because the ions at about m/z 545.131 [M—H-18], m/z 503.12
[M—H-60] , and m/z 473.110 [M—H-90] (base peak) were more abundant for peaks 13 and
15, which is characteristic when a pentose is located at C-6 [422,423]. In addition, the
retention times of apigenin 6-C-pentoside-8-C-hexoside isomers are shorter than those of
apigenin 6-C-hexoside-8-C-pentoside isomers when a C18 column is used [423]. Peak 17
may be the apigenin 6-C-glucoside-8-C-arabinoside (or an isomer), tentatively identified by
Pacheco-Palencia et al. [420], although fragment proportions observed here were different
from those observed by these authors. The two apigenin 6-C-pentoside-8-C-hexoside isomers

(peaks 13 and 15) were detected for the first time in EOJ.

For peak 23, MS/MS fragments at m/z 293.0460 and 341.0672 allowed the aglycone
characterization: m/z 341 = [apigenin aglycone or an isomer (270)+71]— and m/z 293 =
[apigenin aglycone or an isomer (270)+41-18] . Most likely, the aglycone is apigenin,
considering its occurrence in this fruit [373,418]. In addition, the ion at m/z 341.0672
characterized the compound as a flavonoid mono-C-glycoside. Because its molecular ion
[M—H] was characteristic of a diglycoside flavonoid, this compound was a C-
glycosylflavonoid-O-glycosylated [423]. The presence of a very abundant fragment ion (base
peak) at m/z 413.0887 [M—H—(132+18)] indicated the presence of a pentose linked to the
sugar involved in the C-glycosylation. The low abundance of the ions at m/z 341.0672 and
443.0995 indicated that the C-glycosylation was located at C-8 [423]. Additionally, this last
ion [M—H—120] , alongwith the ion at m/z 473.1099 [M—H—-90] , resulted from fragmentation
of the sugar moiety of the C-linked sugar,with the loss of 120 Da characterizing a hexose.
Consequently, the pentose could be attached only at 2" position of the hexose, because the
other positions must be free to produce the neutral loss of 120 Da [421,423]. Therefore, this
compound was tentatively identified for the first time in EOJ as an apigenin 8-C-(2"-O-
pentosyl) hexoside. Nevertheless, the relative abundance of the MS/MS fragment ions at the
end of the peak significantly changed (data not shown in Table 10), which suggest a co-
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elution with another compound. The most important variations were observed for the ion at
m/z 443.0995, which became the base peak, and for the ion at m/z 413.0887, which had its

relative intensity reduced to 24 %.

Finally, another anthocyanin was identified as cyanidin 3-glucoside (peak 6, and Table
10) by comparison with the standard. This compound, along with cyanidin 3-rutinoside

mentioned before, are the major anthocyanins present in this fruit [356,357,374].

Chromatographic separation improves the selectivity of LC-MS methods. In addition,
the use of HRMS with mass tolerance of 5 ppm substantially improves the selectivity of the
extracted ion chromatograms by eliminating interferent signals. The selectivity of the
proposed UHPLC—LTQ—-Orbitrap MS method was evaluated by the analysis of MS/MS
spectra obtained at three levels of the peaks (beginning, middle, and end). Product ions as
well as their relative abundances were compared with those obtained from standards when

available, or they were evaluated within a peak when no standard was available.

The method showed good selectivity for most of the compounds. As discussed above,
peak 8 co-eluted with peak 7, but quantification of peak 8 could be performed on one MS/MS
ion. Likewise, it was discussed that peaks 23 and 27 probably contain co-eluted compounds
because of the significant variations in the relative abundances of their fragment ions
observed from MS/MS spectra obtained across the peaks. Furthermore, purities of peaks 11,
18, 20, and 22 were not confirmed because of their low concentrations, which generated poor
MS/MS spectra. Finally, peaks 24 and 26 were not fully separated. Therefore, the sum of both
compounds was quantified. All of these peaks for which the method was not totally selective

are only minor compounds.

3.3.3.2. Response function and accuracy

Different regression models were tested, such as linear, quadratic (weighted or
unweighted), with or without transformations. Total error (systematic + random error) was the
main decision criterion for our validation process. The suitability of the different models was
assessed by plotting the accuracy profiles using 90 % f-expectation tolerance intervals and
+30 % acceptance limits, as frequently used in methods for biological matrices [424,425].
According to the results obtained, regression models in the matrix were selected for the
quantification. For isovitexin, homoorientin, rutin, (+)-catechin, (+)-dihydrokaempferol, and

quercetin, calibration using a weighted (1/X?) quadratic regression was chosen, whereas for
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eriodictyol, chrysoeriol, and quercetin 3-glucoside, weighted (1/X) quadratic regression was
selected. For kaempferol 3-rutinoside and luteolin, quadratic regression was chosen. Finally,
linear regression after logarithm transformation was chosen for orientin. With these
calibration models, all concentrations analyzed gave results within the acceptance limits,
except the lowest one for some compounds and the two lowest ones for orientin and
homoorientin. The validated range for all compounds is presented in Table 9. Even if the two
lowest concentrations for these last two compounds were not validated, the quantification of
real samples was not compromised because these compounds are the major NAF in E.
oleracea fruits [359] with concentrations within the validated range. Figure 37 shows some
examples of accuracy profiles obtained from different regression models in the matrix and
without matrix. In this figure, it can also be observed that improved accuracy profiles were
obtained with a calibration in the matrix compared with a calibration without matrix. In fact,
as a matrix effect is a very frequent phenomenon in LC-MS methods, calibration in the matrix
has already been used to improve accuracy of the quantifications [426]. Accuracy values of
the evaluated compounds are summarized in Table 9. The LC-MS method proposed in this
work is the first fully validated method for NAF quantification and is the first that evaluated a

calibration in the matrix for samples derived from EOJ.
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Figure 37 Rutin accuracy profiles in relative values for different regression models using 5-point calibrations.
(a) Weighted (1/X?) quadratic regression in the matrix (methanolic extract) and (b) without matrix, (c) linear
regression in the matrix, and (d) without matrix. The continuous line represents the relative bias, the dashed lines
the 90 % f-expectation tolerance limits, and the dotted lines the 30 % acceptance limits.

3.3.3.3. Trueness, precision, and linearity

The values obtained for trueness, precision, and linearity are also summarized in Table
9. Trueness expressed in terms of relative bias was inferior to 10 % for all compounds in the
validated range (except for luteolin (14.8 %) and orientin (—12.39 %)), which showed the
good trueness of the method. The precision was evaluated at two levels, the repeatability and
intermediate precision, and their values were expressed in terms of relative standard
deviation. The repeatability and intermediate precision for all compounds were very good,
and inferior to 13 % in the validated range. Values of repeatability were very close to the
values of intermediate precision for a concentration level, which indicated that the effect of

the series did not provide significant additional variability [374].

167



3. UHPLC—HRMS of non-anthocyanin flavonoids from E. oleracea juice

The linearity is the ability within a definite range to obtain results directly proportional
to the concentration of the analyte. The concentrations of the validation standards were back-
calculated from the calibration curve. A linear regression model was fitted on the back-
calculated concentrations as a function of the introduced concentrations. The intercept, the
slope, and the coefficient of determination of the equations obtained for all compounds are
presented in Table 9. The slopes and R” values close to 1 can be good indicators to
demonstrate the linearity of the method. Alternatively, the linearity was also demonstrated by
the fact that the absolute 90 % p-expectation tolerance limits were within the absolute

acceptance limits in the validated dosing range [427—429].

3.3.3.4. Limits of detection and of quantification

The LOD were calculated from the residual standard deviation and the slope of the
calibration curve. The results obtained are presented in Table 9. The lower and upper limits of
quantification [(LLOQ) and (ULOQ)] were, respectively, obtained by calculating the lowest
and highest concentration of the targeted substance that can be assayed under the
experimental conditions for which the 90 % p-expectation limits remain inside the acceptance

limits. The LLOQ and ULOQ for all compounds are shown in Table 9.

3.3.4. Application of the quantification method to lyophilized juice samples of E.

oleracea fruits

E. oleracea fruits were provided by three suppliers (S1, S2, and S3) of Para state in
Brazil. Fruits were processed to juice, then the juices were pasteurized (80°C/12min (P1), or
90°C/2min (P2)) or not, and their phenolic compounds extracted and analyzed in triplicate as
described in the Experimental section. Calibration curves in the matrix were applied for the
quantification of the major NAF (12 compounds) for which the method was validated, and the
results were expressed in mg/100 g dry matter of the lyophilized juice (non-defatted material).
For the other NAF, the quantification was expressed in equivalents (Table 11 shows the
compounds selected for the equivalence). The peaks 11, 18, 20, 22, 23, and 27 for which
selectivity was not obtained, were quantitatively estimated but they were <LLOQ. Peaks 24
and 26 were quantified together as no complete separation was obtained. The concentrations
obtained for each of the three suppliers are presented in Table 11. Regarding the not

pasteurized samples (P0), we observed in general that their NAF profiles were similar
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between the suppliers. The higher quantitative differences were observed for the sample from
S1, which contained less total NAF as a consequency of less major compounds. In addition,
another remarkable difference was the higher concentrations of (+)-catechin and peaks 24+26
obtained for the sample from S3. On the other hand, quercetin and quercetin 3-glucoside were
under LLOQ for this sample. Although the fruits were harvested in the same period (February
2012), some differences between the different suppliers may be expected partly because of
pedological factors, but orientin and homoorientin showed the highest concentrations for all
suppliers. As reported by Pacheco-Palencia et al. [359], orientin and homorientin accounted
for over 50 % of the total flavonoid concentration in E. oleracea fruits (58 %, 61 %, and 60 %
for the samples from S1, S2, and S3, respectively). These concentrations were markedly
higher than those obtained by Gordon et al. [353] in ripe fruits (11 and 3 mg/100 g dry matter,
respectively), most likely because of the different extraction procedures used. The pedological
and climatic factors can however not be neglected in the explanation for these differences. It
is interesting to note that taxifolin deoxyhexose (peak 12) showed high concentrations, a little
lower than orientin, whereas in Pacheco-Palencia et al. [359], this compound was much less
concentrated than orientin. Concentrations of chrysoeriol, vitexin, and isovitexin were in the
same order than those obtained by Gordon et al. [353], whereas taxifolin and luteolin were
under the LLOQ in our quantifications. Vanillic acid was present in traces and the sum of the
concentrations of protocatechuic acid and caffeic acid was estimated (data not shown) to be
<8 % of the total NAF for the three suppliers. To the best of our knowledge, quercetin and

(+)-dihydrokaempferol were quantified for the first time in this work.

It should be interesting to analyze a larger number of samples and to verify if the
geographical origin and/or the pedological conditions could allow justifying these differences

and being utilized in the future to descrimine their origins.
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Table 11 Contents of non-anthocyanin polyphenols of juices of Euterpe oleracea pasteurized at different

conditions in mg/100 + standard deviation (n = 3) g dry matter.

Compounds */Supplier Thermal treatment

PO (not P1 P2
Supplier 1 pasteurized) (80°C/12 min) (90°C/2 min)
(+)-Catechin 3.05+0.07 3.69+0.05 3.31+0.16°
(-)-Epicatechin® 3.25+0.09 3.49+0.10 3.39+0.18°
Quercetin 3-glucoside 1.33+0.03 1.34 +£0.02° 1.29+0.07°
Rutin 3.61+0.06 3.53£0.02° 3.27+0.20
Orientin 35.72+£0.42 35.02+0.71° 33.78 £ 1.62°
Homoorientin 48.82+0.98 44.83 +1.30 39.21+1.80
Vitexin ¢ 2.99+0.04 2.98 £0.05¢ 2.93 +£0.14¢
Isovitexin 3.71+0.10 3.63+0.10° 3.37£0.12
Quercetin 1.77 +£0.03 1.26 +0.05 1.15+0.04
Chrysoeriol 0.69 +0.04 0.75 £0.02° 0.72 +£0.05°
(+)-Dihydrokaempferol 2.18 £0.02 1.70 £ 0.03 1.49+0.08
Peak 12¢ 29.81 +£0.35 30.61 +1.01° 29.09 £2.11°
Peak 24 +26¢ 3.79 +£0.06 4.92+0.12 4.94+0.26
Scoparin ¢ 2.56 +£0.04 2.51+0.05° 2.38£0.10
Total 143.33 £1.58 140.25 £ 3.55¢ 130.32 £ 6.88
Supplier 2
(+)-Catechin 2.77+0.06 3.35+0.07 3.45+0.26
(-)-Epicatechin® 2.57+0.07 2.91+0.02 3.21+£0.14
Quercetin 3-glucoside 1.57 +0.04 1.47 £0.05¢ 1.55+0.08°
Rutin 3.95+0.07 421+0.19¢ 4544022
Orientin 53.93+0.59 53.56 £ 0.48° 54.98 +1.95°
Homoorientin 64.60 +2.34 62.62 +1.25° 64.82 +3.55°
Vitexin ¢ 5.71 +£0.08 5.53+£0.15¢ 5.54+£0.31°
Isovitexin 6.37+0.24 6.06 +0.14° 6.11+0.33°
Quercetin 1.52+0.07 1.42+0.03° 1.48 £0.05°
Chrysoeriol 1.03 +£0.03 1.36 +£0.05 1.39+0.08
(+)-Dihydrokaempferol 1.72 £ 0.05 1.78 £0.05¢ 2.06£0.11
Peak 12¢ 3778 £ 1.13 37.01 +£0.74¢ 38.71 £2.95¢
Peak 24 +26¢ 5.67+0.13 6.88+0.19 7.52+£0.35
Scoparin ¢ 4.71+0.12 4.38+0.13 4.50+0.20°
Total 193.97 £3.97 192.54 £2.48° 199.86 +10.34¢
Supplier 3
(+)-Catechin 8.14+0.80 7.52+0.38° 6.26 £0.14
(-)-Epicatechin® 443+0.28 4.07£0.17° 3.41£0.17
Quercetin 3-glucoside nq nq nq
Rutin 3.07+£0.25 3.00 £0.15° 2.96 +0.05°
Orientin 55.19+0.76 53.16 +0.79 53.99 & 1.09°
Homoorientin 71.56 £5.81 61.26 +3.97° 61.22+1.19
Vitexin 6.26+0.48 5.98 £0.33¢ 5.86+£0.21°
Isovitexin 7.07£0.53 6.47 +0.42° 6.35+0.25°
Quercetin nq nq nq
Chrysoeriol 0.99 +£0.07 1.24 £0.06 1.44+0.03
(+)-Dihydrokaempferol 1.96+0.14 1.65+0.10 2.38+0.05
Peak 12¢ 38.24+0.96 3523 +2.08° 33.80+1.46
Peak 24 +26¢ 8.32+£0.67 9.25+£0.51° 9.02 +0.35°
Scoparin ¢ 4.38+0.30 3.98+0.17° 3.97+0.07°
Total 209.67 +8.43 192.81 +7.74° 190.67 £1.76

*Peaks 8-11, 13, 15, 17, 18, 20, 22, 23, 27, 28, 32, 33, 35 of Table 10 were <LLOQ.

® Concentration estimated in equivalents of (+)-catechin, ° isovitexin, and ¢ rutin.

“No significant differences (p>0.05) were observed as compared with PO treatment values.

Peak 12, 24, and 26 are described in Table 10 and correspond to taxifolin deoxyhexose or isomers.
nq, unquantifiable (<LLOQ).
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Pasteurization before commercialization is supposed to improve polyphenols stability
over time. Indeed, this process induces the inactivation (by denaturation) of a significant
proportion of the polyphenoloxydase present in the juice. Additionally, this treatment also
promotes a decrease of the microbial load, which also produces enzymes that degrade the
phenolic compounds. However, this thermal treatment can also contribute to the degradation
of these compounds [359]. To analyse the effect of pasteurization on NAF contents, aliquots
of the PO samples were pasteurized using two different treatments and analyzed. By
comparing the total NAF content, before and after treatment, we can observe in most of the
cases a small (<10%) decrease. The only exception are the samples from S2 where we
observe no significant difference (p>0.05). Pacheco-Palencia et al. [359] also observed the
absence of difference after treatment at 80°C for ten minutes. Loss of polyphenols may be
explained by their unstability at high temperatures. Nevertheless, when each individual
constituent is analyzed, the effet of thermal treatment may differ according to the sample and
the compound. The concentration of (+)-catechin and (—)-epicatechin increased for S1 and S2
when submitted to a thermal treatment. One possible explanation for this is that some
proanthocyanidins (polymeric forms containing these flavan 3-ols found in acai [381]) have
partially degraded with heat, producing these monomers. However, proanthocyanidins were
not analyzed nor quantified in our method, because they were not solubilized in the condition
we used or because they eluted during the washing gradient of the C18 column, hindering
their identification, because at these conditions all other apolar compounds, including
interferents are eluted [430]. Proanthocyanidins can be very well separated using normal
phase chromatographic columns (polar stationary phase) [381,430]. For S3, these increases
were not observed; perhaps because this sample was poor in proanthocyanidins. In [359], the
concentrations of all twenty non-anthocyanin polyphenols, including (+)-catechin and (—)-
epicatechin, remained constant after treatment. We also noted that the concentrations of
chrysoeriol (particularly in S2 and S3), and the sum of peaks 24+26 (particularly in S1 and
S2) also increased when heat treated. However, we could not propose any explanation for

these increases considering the compounds we identified in the extract.

Other compounds were almost stable, such as quercetin 3-glucoside, rutin (in samples
S1/P1, S2/ P1 and S3), orientin, homoorientin (in S2 and S3), vitexin, isovitexin (in S1/P1, S2
and S3), peak 12 (except S3/P3) and scoparin, while the remaining ones usually decreased or

had different behaviors according to the sample.

171



3. UHPLC—HRMS of non-anthocyanin flavonoids from E. oleracea juice

3.4. Conclusions

The first validated UHPLC—LTQ—-Orbitrap MS method for the quantification of 12 NAF
in EOJ is described. The method was selective and gave good estimators of linearity,
accuracy, trueness, and precision. Calibrations in the matrix were used for quantifications and
showed better accuracy profiles in comparison to calibrations without matrix. The
applicability of the method was demonstrated on real samples of juice of E. oleracea fruits
from different suppliers, which were compared in terms of content of NAF, some of them
being quantified for the first time. In general, the juices non pasteurized showed similar NAF
profiles. After thermal treatment, these juices showed a small decrease (<10%) of the total
NAF. Nevertheless, the effect of thermal treatment on the individual constituent may differ
according to the sample. The optimization of the dissolution media (40 % methanol in water)
for the standards and extracts was shown to improve the sensitivity of the method. Extraction
time optimization was performed along with evaluation of recovery rates. The
chromatographic separation was improved to quantification purposes and allowed the
separation of several isomer compounds, including the major ones. In addition, eriodictyol
was identified for the first time in this fruit, along with five new compounds for which the
identification was tentatively proposed but without the identity of the attached sugars. Finally,
tentative structures were also proposed for two groups of 2 and 3 compounds, which were

1somers of apigenin 6,8-di-C-hexoside and taxifolin deoxyhexose, respectively.
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The general context of this thesis is a collaboration between the Université catholique de
Louvain and the Universidade Federal do Pard (UFPA) in Brazil, from a projet (PIC)
financiated by the Commission Universitaire pour le Développment (CUD, Belgium). The
main objective of the PIC is to give added value to different plant products from the Andean
and Amazonian biodiversity, through a better knowledge on their bioactive compounds, for a
sustainable regional development. Several approaches have been formulated and performed to

achieve this objective; this thesis is one of them.

We chose to study the fruits and juice of E. oleracea palm, because of their economic
importance in the development of the Amazon region, where these fruits are very abundant. In
the last two decades, they became an important product of exportation. The Para state, where
UFPA is located, is the biggest producer (95%) of these fruits in Brazil. They have gained
much attention principally due to their high content in antioxidants, mainly phenolic
compounds. The increase of the commercialization of the fruits has directly contributed to the
improvement of the economy of the cooperatives of the region. These cooperatives involve
the local inhabitants to harvest and process the fruits to juice. Consequently the improvement
of the life conditions of the local inhabitants occurred. Recently, the collaborations between
academic, commercial and governmental sectors have been intensified to improve the
products from the fruits, mainly juices, and to develop new products as purified extracts rich
in phenolic compounds, derived from the fruits, in order to improve the economy [355]. This
improvement also contributes to the preservation of the E. oleracea palms. Their abundant
presence along the rivers of the Amazonia estuary is very important to the equilibrium of the
ecosystem in the region. Another export product from the palm is the palm heart. In order to
obtain this last raw material, the palm has to be sacrificed. Nowadays, the exploitation of the
fruits has become more cost effective and more intense than that of the palm heart. The
exploitation of E. oleracea fruits is an example of sustainable extractivism in the Amazon
forest [356] and it has been shown to be closely related to the development of the Amazon

region.

Currently, there is a need for analytical methods and scientific collaborations between
academic and local private sectors to support studies aiming (1) at understanding the
relationship between the phenolic compositon and the biological activities of samples derived
from fruits of E. oleracea, (2) at determining optimal conditions of harvest, extraction, and
purification of extracts and (3) at evaluating the stability of juices over time in function of

different processes. The objectives of this thesis were thus to develop and validate analytical
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methods for the identification and quantification of phenolic compounds of fruit extracts and
juices of E. oleracea, in order to give added value to these raw materials, to improve the
collaboration between academic and private sectors of the Amazon region, and to contribute
to the quality control of these products. Consequently, they will contribute to the regional
development. For this purpose, an UHPLC-PDA-LTQ-Orbitrap MS system was
fundamental, because of its great potentialities in identification and quantification of

compounds. The results presented in this work will be discussed in the two next sections.
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1. A rapid validated UHPLC-PDA method for major anthocyanin quantification from

Euterpe oleracea fruit extracts

Industries, away from the Amazon region, work mainly with the pasteurized juice,
which is more stable and easy to be processed for further formulation. On the other hand,
local producers and research institutes of the Amazon region are close to the harvest zone,
turning possible to analyze fresh fruits. Additionally, the juice requires processing for its
production. Therefore, fruits were chosen as raw material for this study. As the anthocyanins
are the major compounds and those that give the highest economic value to the fruits, we
decided to focus first on them. Because of their high concentrations, both DAD and MS
detections provide high signal-to-noise ratios. The DAD detection was chosen because it is
less expensive, and has fewer steps to be optimized for the analysis. Additionally, as predicted
at the beginning of the thesis, an UHPLC-DAD system, which is similar to the one used in
this work, was recently acquired by the partner laboratory in UFPA.

The first problem we had to face during the development of the extraction procedure
concerned the stability of the anthocyanins in the extracts from fruits. It is known that their
stability is affected by several factors, the most important being pH, storage temperature,
chemical structure, light, oxygen, and enzymes. The most common degradation products are
aglycones, phenolic acids, and other small aromatic compounds, such as aldehydes [431].
Furthermore, it has been shown that the structure of the anthocyanin is also an important
factor, for example diglycosides are more stable than monoglycosides. During the
development of our procedure, we observed that a loss of anthocyanin heterosides was mainly
observed during the evaporation process of the extract obtained from the fruits, with the
appearance in the chromatograms of cyanidin (aglycone) which was not detected in acai
samples [359]. This agycone was detected when evaporation was realised under reduced
pressure at 40°C for 2.5 hours. After a short evaporation to eliminate the volatile solvents of
the anthocyanin fraction and further lyophilisation, similar chromatograms were observed. So
we had to optimize the pressure, rotational speed, sample volume and temperature to reduce,
as much as possible, the degradation and decreased the evaporation time to 1.5h, necessary to
eliminate the water from the extracts. In this condition, the cyanidin aglycone was no more
observed in the chromatograms. Even in this optimized condition, the recovery of the
procedure showed that the anthocyanins were partly degraded: as could be observed in
Chapter 2 (Results section), the recovery of the SPE procedure for cyanidin 3-glucoside and

cyanidin 3-rutinoside were 58.7% + 4.9 and 74.6% =+ 3.6, respectively. These values are
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consistent with the known stability of anthocyanins i.e. cyanidin 3-rutinoside is more

thermostable than cyanidin 3-glucoside [359].

Developing and validating an analytical method may seem easy, but in addition to the
finding of a method allowing the separation of the peaks and the best extraction and
evaporation procedures, we had to face other problems to obtain acceptable results. During
the development of the method of anthocyanin separation, using the chromatographic column
described in Chapter 2 and in Table 12 (column A), we observed variations in the analytical
responses in function of the water/methanol ratios of the solution (having 1% of formic acid)
used for the sample solubilization. When we increased the percentage of methanol from 25%
up to 90%, the peak areas of the major anthocyanins (cyanidin 3-glucoside and cyanidin 3-
rutinoside) were reduced. Additionally, we observed with the increasing of the methanol
percentage, an increase of the “solvent peak™ at the beginning of the chromatogram (peak C in
Figure 38). MS and MS/MS experiments showed that this peak contained cyanidin 3-
glucoside and cyanidin 3-rutinoside, confirming that a fraction of the anthocyanins were early

eluted.

mAU

Figure 38 Chromatogram at 520 nm of a methanolic extract of E. oleracea fruits, solubilized in
water/methanol/HCOOH (9/90/1, v/v). A, cyanidin 3-rutinoside; B, cyanidin 3-glucoside; and C, a mixture of A
and B.

When the samples were solubilized in a mixture of water/acetonitrile/formic acid
(90/5/5), with an elution strength corresponding to the initial conditions of the elution
gradient, the solvent peak did not contain anthocyanins. In addition, we also observed an

increase of the areas of peaks A and B. Nevertheless, the samples were not totally solubilized
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in these conditions. Therefore, methanol was added and the final composition of the
solubilization  solution was defined as methanol/acetonitrile/water/formic  acid
(15/5/75.25/4.75). A chromatogram obtained from samples solubilized in this solution is
shown in Figure 29 of Chapter 2. We observed that different experimental conditions were
used in the literature (reversed-phase columns, initial gradient, etc.) as well as different
solubilisation media for solubilisation of acai anthocyanin-rich extracts before analysis. In
three publications, a high “solvent peak™ is observed with methanol/water/acetic acid
(85/15/0.5) [381] and methanol/5% formic acid in water (15/85) [358,407] as solubilising
solutions, but no MS analysis was performed on the peak. In another study this phenomenon
was not observed and it was reported that the use of a methanol/water/formic acid
(70/29.9/0.1) solubilization solution improved peak shape [432]. These observations

demonstrate the need for optmization of this step.

It is known that the use of a sample solubilisation solution containing an organic solvent
at a very different proportion than in the aqueous mobile phase can induce peak shape
deterioration and split peaks in reversed-phase HPLC [433,434]. However, in our case, we
observed not only peak distortions but also the elution of a non-retained fraction of the
anthocyanins in the “solvent peak”. A similar phenomenon was not discussed in the literature.
We wondered if this could be explained by a mass and/or volume overload of the column
[23]. When less concentrated samples were injected, the phenomenon illustrated in Figure 38
was also observed, demonstrating that it was not due to a mass overload in the column. We
then checked for a volume overload. There are three injection modes in our HPLC system:
“full loop”, “no waste”, and “partial loop”. For the first one, the volume injected corresponds
to the volume of the loop of injection, that were of SuL for the A, B, and C columns (Table
12) and of 25uL for the D and E columns. For the two other injection modes, the injection
volume 1is inferior to the loop volume, and the remaining volume is completed with the
solvent of the wash bottle of the HPLC system. For A, B, C and D columns, the “peak C” was
not observed in “partial” and “no waste” injection modes when the solution in the wash bottle
was the mobile phase (at the initial conditions of the elution gradient), but the problem was
observed when this solution was 100% methanol, confirming that the high volumes of

methanol were responsible for the phenomenon observed in these small diameter columns.
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Table 12 Columns used during development of the UHPLC—PDA method.

Column  Producer Column type Endcapped  Particle size (um) Dimension (mm)
A Waters UHPLC HSS C18 yes 1.8 2.1x 100

B Thermo scientific ~ UHPLC Hypersil GOLD C18  yes 1.9 2.1x100

C Thermo scientific =~ UHPLC Hypersil GOLD C8  yes 1.9 2.1x100

D Phenomenex HPLC Gemini C18 yes 3 2x 150

E Merck HPLC Lichrospher C18 yes 5 4 x 250

A good chromatogram was obtained using the column E even when the samples were
solubilized with water/methanol/formic acid, 9/90/1 (injection volume 25uL, in full loop
mode, and 10uL in partial loop mode, using methanol in the wash bottle). This may be
explained by the higher diameter of this column [23]. In fact, it seems that the relatively high
volumes of methanol in the injected solution elutes a fraction of the anthocyanins before
being completely mixed with the mobile phase (Peak C in Figure 38), because of the small
diameter of the column and the low mobile phase volume. In the literature, the injection
volume is frequently up to SuL for columns with the same dimensions as column A [435—
437]. However, each method has its specifities. In our case, it was demonstraded that the
composition of the solubilisation solution needed to be optimized to use Sul as injection
volume. The column E was not used for this work, because of several reasons: high run times,
flow rate (approximately of 1.5mL/min) incompatible with ESI source when no split is used,
not stable at pH<2, etc. The selected column (column A) has high tolerance to low pH (pH

range between 1 and 8), as our mobile phase needed to have a pH of 1.8.

Concomitantly to the publication of the article corresponding to Chapter 2, another
work was also published on a validated method for the quantification of anthocyanins from
acai dietary supplement raw materials [432]. It used a LC-HRMS method with a Q-TOF as
mass spectrometer and a UHPLC C18 column (ZORBAX Eclipse plus C18, 1.8uL, 2.1 x
100mm). In this work the validation experiments were also performed for the major
anthocyanins (cyanidin 3-glucoside and cyanidin 3-rutinoside). The solubilisation solution
was a mixture of methanol/water/formic acid (70/29.1/0.1), giving the best peak shapes and
the samples were injected at a volume of 10uL. The phenomenon illustrated in Figure 38 was
not observed. The total run time of this method was 35min and the retention times of cyanidin
3-glucoside and cyanidin 3-rutinoside, 9.65min and 9.81min, respectively. The total run time
of our method was significantly lower (only 17min) as well as the retention times of the

compounds, 5.19min and 6.01min, respectively. The trueness and selectivity validation
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criteria were not evaluated in the other method. LOD and LOQ were defined as the signal-to-
noise ratio equal to 3 and 10, respectively, from the analysis of diluted standard solutions. The
LOQ values were 0.24 pg/mL and 0.12pg/mL for cyanidin 3-glucoside and cyanidin 3-
rutinoside, respectively, which were lower than those obtained in our work of approximately
1 pg/mL. HRMS detection generally has higher sensitivity than DAD detection, which was
used in our work. However, in the other work, the accuracy was not evaluated for the LOQ
[375], on the contrary to our work. In this other work, the accuracy and precision of the
method were determined only for one concentration level of the dosing range. The accuracy
was evaluated by recovery experiments and ranged between 91% and 109% for cyanidin 3-
glucoside and between 91% and 104% for cyanidin 3-rutinoside, which corresponded to
errors < +10% in relation the spiked concentration. In our work, five concentration levels of
the dosing range were evaluated and their f-expectation tolerance limits were < +10% for
both compounds, except for the lowest concentration level that were < £21% for cyanidin 3-
glucoside and < £15% for cyanidin 3-rutinoside (Table 7, Chapter 2). In terms of precision
(repeatability and intermediate precision) the other work reached values <11% whereas in our

work they were <5%.

Different qualitative profiles of the major anthocyanins in samples derived from E.
oleracea fruits have been found in the literature (Table 13). The samples analyzed were very
diversified: fruits, commercial juice, non commercial juice, powders obtained from different
processing methods, etc., and in many cases, the works did not describe in details the
procedures of processing used by the suppliers for the production of the samples. In our work,
the major anthocyanins were cyanidin 3-glucoside and cyanidin 3-rutinoside, in accordance
with the majority of the works shown in Table 13. The discrepancy of some results could be
explained by differences in the maturity stage of the fruits, adulteration of the original
product, chemical changes during processing, etc. In our work, the samples were of defined
maturity stage and harvest location, they were not processed to juice and the processing was
controlled. Therefore, the profile of the major anthocyanins described in the present work

should be more authentic.
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Table 13 Major anthocyanins found in samples derived from E. oleracea fruits.

Major anthocyanins Samples  References
Cyanidin 3-arabinoside * Juice [401]
Cyanidin 3-arabinosylarabinoside ®

Cyanidin 3-glucoside Juice [438]
Cyanidin 3-rutinoside Juice [407]

Peonidin 3-(6"-malonyl)glucoside®  powder [370]
Cyanidin 3-rutinoside,

Delphinidin 3-(6"-

acetoyl)glucoside *

Cyanidin 3-glucoside

Cyanidin 3-rutinoside juice [286,351,358]
Cyanidin 3-glucoside

Cyanidin 3-rutinoside pulp [359,371]
Cyanidin 3-glucoside

Cyanidin 3-rutinoside powder [381,432]
Cyanidin 3-glucoside

Cyanidin 3-rutinoside Fruits [350,357]
Cyanidin 3-glucoside

* These compounds were reported only in the cited references.

As discussed in a section 1.2.4 (Bioavailability of phenolic compounds), anthocyanin
heterosides may be absorbed in the gastrointestinal tract in their unchanged form, as
conjugated compounds (phase II metabolism), as aglycones or as phenolic acids and aromatic
[103,439] so they can contribute to several functional properties of berries, such as
antioxidant, anti-inflammatory, anticancer and neuroprotective [440]. For example, among
numerous publications, we can quote the work of Tsuda et al. [441] who reported the
antioxidant activity of cyanidin 3-glucoside and cyanidin, using defferent methods: linoleic
acid autoxidation, and liposome, rabbit erythrocyte membrane, and rat liver microsome
oxidation systems. Cyanidin had a stronger activity than cyanidin 3-glucoside. Another work
demonstrated that cyanidin 3-glucoside can increase the oxidation resistance of the serum to
lipid peroxidation in rats and suggested that this compound acts as a potent antioxidant in vivo
when acute oxidative stress is encountered [442]. In fact, an increase of the antioxidant
activity of plasma in human studies was observed after the intake of acai juice [1,128], which
suggests a protective effect against cardiovascular diseases. In these studies, the major
anthocyanins of the juice were the same than those observed in the present work. Their

antioxidant activities may also explain anti-inflammatory and chemopreventive effects [440].
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Concerning anticancer activities, in a recent work the effects and the mechanisms of
cyanidin-3-rutinoside activity on several leukaemia and lymphoma cell lines was studied in
vitro [443]. Cyanidin-3-rutinoside induced apoptosis in a dose- and time-dependent manner
(About 50% of the cells became apoptotic within 18 h when 50 uM of the compound was
applied), producing the accumulation of peroxides and reactive oxygen species (ROS)-
dependent activation of p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal
kinase (JNK), which contributed to cell death. Notably, cyanidin-3-rutinoside treatment did
not lead to increased ROS accumulation in normal human peripheral blood mononuclear cells

and had no cytotoxic effects on these cells.

Protocatechuic acid is one of the catabolites derived from colonic microbial degradation
of cyanidin-O-glycosides, including cyanidin 3-glucoside and cyanidin 3-rutinoside [444].
Yip et al. [445] reported cytotoxicity of protocatechuic acid against HepG2 hepatocellular
carcinoma cells in dose-dependent manner (ICsyp = 60 uM). This study also showed that the
cytotoxic effect might be mediated via sustained phosphorylation and activation of JNK and
p38 MAPK. Further studies are nevertheless necessary to assess the potential of these

molecules as anticancer agents.

In addition to major compounds, an article reported the presence of two non identified
chromatographic peaks eluting before cyanidin 3-glucoside in a partially purified
anthocyanins extract from E. oleracea juice, using a HPLC-PDA-MS/MS and a HPLC C18
column [358]. In our work, we also detected two minor anthocyanins eluting before cyanidin
3-glucoside from a crude extract and we tentatively identified them as cyanidin-di-O-
glycosides. This identification was possible because of our analytical tool
(UHPLC-PDA-LTQ-Orbitrap) that improves the selectivity and the sensitivity as compared
with the one used in [358].

As discussed in Chapter 2, the sum of the concentrations of cyanidin 3-glucoside and
cyanidin 3-rutinoside obtained in the present work (between 488 and 583mg/kg fruits,
approximately) were inferior to the sum of the same compounds obtained by another work
(800 and 1200 mg/kg fruits) [357]. In both works, the samples corresponded to a same region
and a same maturity stage. Nevertheless the harvesting were 17 km distant from each other in
the last reference. The concentration of anthocyanins seems thus to be highly dependent of
specific conditions. Because of these variations, it is necessary to have validated quantitative

methods for the standardization of the fruits and derived products and for the evaluation of the
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different locations of harvest. In fact, the region where the samples were harvested is a zone

of high production.

The PIC project, in collaboration with governmental institutions in Brazil, has also the
objective to contribute to the improvement of norms of product quality. The qualitative and
quantitative profiles for E. oleracea fruits, obtained from validated method and authentic

products, will contribute to reach this objective.

In the North of Brazil, some research institutes have acquired analytical tools like those
used in this work, and have collaborations with the private sector. Our method can be used in
the context of these collaborations to improve conditions of processing, to determine periods
and locations of harvest, to develop products etc. Nevertheless, in general, the methods used
for routine analysis in the Amazon region are less time-consuming and needed less expensive
equipments, etc. However, our method can also be used as a reference method to calibrate the

routine methods.

On the other hand, producers, having access to sophisticated equipments, and wanting to
perform a detailed characterization of their products, can use and adapt our method, in
function of their needs. It was discussed in Chapter 2, that only a small percentage of the
anthocyanins was found in the ethyl acetate extract (<0.03%), which also showed
concentrations close to the lowest concentration level (approximately 2ug/mL). Therefore the
step of SPE performed on the ethyl acetate extract can be removed. Analogously, the last
extraction procedure with 50% methanol can also be eliminated of the protocol, because 95%
of the anthocyanins were found in the methanol extract. The calibrations in the matrix was
chosen for the quantification of the major anthocyanins because of the better accuracy profiles
observed with this approach, specially for the lower concentration levels, as compared with
the profiles obtained with calibrations without matrix (Figure 32, in Chapter 2). However,
good accuracy profiles were also obtained for both major compounds with calibrations
without matrix, as illustrated in Figure 39, with LLOQ of 1.67ug/mL and 0.97pg/mL for
cyanidin 3-glucoside and cyanidin 3-rutinoside, respectively. So this calibration approach can

be used for the quantifications in order to simplify the method.
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Accuracy Profile
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Figure 39 Accuracy profile in relative values obtained by considering Quadratic Regression for cyanidin 3-
glucoside (A) and by considering Weighted (1/X?) Linear Regression for cyanidin 3-rutinoside (B). Both
regression models were fitted using five points calibrations obtained without matrix. The continuous line
represents the relative bias, the dashed lines the 95% f-expectation tolerance limits and the dotted lines the
+20% acceptance limits.

Other problems that we had to face were related to sample preparation and transport to
Belgium. These difficulties can help future international research projects. The main problems
faced were partial loss of the extracts during the flight, difficulties to fully evaporate the
solvents from the extracts, and a possible degradation of phenolic compounds in samples.
The acquisition of the fruits, the extraction procedures, and the evaporation of the extracts

were performed in Brazil, and then, the extracts were sent to Belgium. In Belgium, the
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samples were freeze stored and used for the studies on the development and validation of
analytical methods, and phenolic characterization. A first set of samples were sent to Belgium
in the form of liquid extracts (in acidified methanol and acidified ethyl acetate) in opaque
glass tubes. Unfortunately, several samples were partially or fully lost during the flight,
probably because of difference of pression between the interior and the exterior of the tubes in
the luggage compartment of the plane. The samples were also contaminated with the plastic
material of the tube caps used for the transport. Consequently, the quantification of these
samples was not suitable to be performed due to the difficulty to relate the phenolic
concentration in the extracts with the initial mass of the fruits. Furthemore, the extracts
obtained with ethyl acetate were not homogeneous (extracts had red colour, small precipitates,
and another phase of white colour, like an emulsion) thus probably the loss of volume was not
uniform; moreover the plastic contaminants would hamper the qualitative analysis by LC-MS.
Another set of samples was prepared with the same extraction protocol (Extraction and clean-
up procedure section in Chapter 2). Some difficulties were found to fully evaporate the
extracts due to the limited capacity of the evaporator for high sample volumes. Consequently,
each sample was divided in several tubes. However, for the transport, a large number of tubes
would not be practical. Therefore, the dried extracts were again solubilised in low volumes
and assembled in one tube and again evaporated. Consequently, the extracts were evaporated
in several steps. Data we obtained for anthocyanins were generally largely lower than those
usually found in the literature and in the Brazilian laboratory, suggesting that the
anthocyanins may be degraded. The exact steps responsible for a possible degradation were
not fully determined but it is known that anthocyanins are unstable at different conditions,
high temperatures, light, presence of oxygen and pH > 7 and some of their degradation
products are aglycone compounds (as a result of a deglycosylation) which can be further
converted to phenolic acids (e.g. 4-hydroxybenzoic acid from cyanidin aglycone), and
polymeric compounds generated by reactions with tannins [377,446]. These degradation
products were not detected in the samples. In the case of polymeric compounds, they could be
present in the extracts in the form of precipitates; consequently they could be eliminated
during filtration and centrifugation procedures. Degradation must have occurred mainly
during the evaporation procedures that were performed in several steps, but also during the
time that the samples remained in contact with the atmospheric air and light during the sample
preparation procedures. In Brazil and in Belgium, the tubes containing extracts were stored
hermetically sealed, under N, atmosphere, under low temperatures and in the dark, thus

probably the degradation did not occur in these steps or was not significant. In addition, the
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extracts in solution were always maintained at low pH in which they are more stable [377].
Finally, in order to obtain reliable results, another set of fruits were acquired by the laboratory
in Brazil. Another evaporator with higher evaporation efficiency was used for a rapid

evaporation time.

We also have to note that it was not possible to determine precisely the recovery of the
extraction due to the difficulty to obtain sufficient amounts of standards, and the impossibility
to reproduce with standards the behaviour of the anthocyanins in the fruits. As the validation
experiments included only the extracts, this method has to be considered as validated for the
quantification of anthocyanins from extracts and not from fruits. In fact, in the fruits, the
anthocyanins are stored in the cell vacuoles [38] and during extraction they diffuse into the
extraction solution. On the other hand, the pure compounds spiked on the fruits would quickly
be solubilized. Consequently, the recovery would be overestimated. In return, it was observed
that in the sequential extraction of the anthocyanins, the intermediate extraction with
methanol was responsible for approximately 95% of the total amount of quantified

anthocyanins, demonstrating the high efficiency of this extraction.

This experience observed with the anthocyanin degradation and loss of samples during
transport highlights the crucial importance of the sample preparation and transport in the
context of international scientific collaborations. In future projects some concerns should be
observed: the different steps of sample preparation need to be as fast as possible in order to
reduce the time between the reception of the samples and the final dosage of them. The full
optimization of the anthocyanin extraction was not included in the scope of this thesis but
should be studied. This would require another project plan and the presence for long periods
in Brazil and the thesis was planified to be accomplished entirely in Belgium. For the
transport, the extracts need to be dried. In this form, they are more stable and have reduced
risk of material loss. The recipients containing samples need to be in opaque glass material
and with inert material screw caps, such as Teflon®, avoiding contamination of the samples
and reducing the contact of the samples with the light. The recipients can be inserted in a

secondary packing to prevent the loss of samples in the case the first recipient is damaged.

To avoid these problems and the transport of samples we hope that the Brazilian partner
could acquire an equipment similar to the UHPLC—PDA—-LTQ—-Orbitrap system and use the
developed method to obtain further results and clarify stability problems.
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2. Development and validation of an UHPLC-LTQ—-Orbitrap MS method for non-

anthocyanin flavonoids quantification in Euterpe oleracea juice

Due to the high concentration of anthocyanins in E. oleracea juice, several
phytochemical studies were based in these compounds [286,358,401,432]. However, in the
past ten years, some studies have identified several non-anthocyanin polyphenols, that are
minor compounds [371,381]. More recently, some studies evaluated the biological activities
(mainly antioxidant and anti-inflammatory activities) of non-anthocyanin polyphenols
isolated from the pulp [361,404,405]. This group of compounds, thus, has received much

attention, and an increasing interest to characterize them has been observed [353,373].

As the juice is also a product of a great interest for the producers of the Amazon region,
and easily available in high amounts, we chose it to continue the characterization of the
phenolic compounds of acgai. In fact, the extracts obtained in the study on the fruits showed
low concentrations of non-anthocyanins polyphenols. So we needed higher quantities of
extracts for the development and validation of a quantitative method. The relatively high
amount of juice acquired from fruits given by different suppliers allowed us to develop this

method.

We choose the methanol to extract the non-anthocyanin polyphenols from lyophilized
juice, because it is well known that this solvent presents a good efficiency for this type of
compounds [375]. We also choose to perform five extraction of 30 minutes to get the best
extraction, as shown in Figure 34 of Chapter 3.. This extraction procedure was very different
from the one performed to extract the anthocyanins from fruits (Chapter 2), where a
sequential extraction was performed using a series of solutions of increasing polarities. In
fact, we took into account the particularities of the fruits: on their surface a thin layer of lipids
could interfere with the transfer of anthocyanins from the cells to any polar solvent like
methanol or water-methanol solutions. Thus, before applying quite polar methanolic
extraction, a less polar solvent (ethyl acetate) was used to remove the lipids and other apolar
compounds like chlorophylls. A sequential extraction with a quite large range of polarities
(from ethyl acetate to water-methanol (50:50)) was also used in order to extract the maximum
of anthocyanins, aglycones and mono/disaccharides. So, we performed a total of six

extractions of 30 minutes (two extractions for each solvent).

UHPLC methods have the great advantages to perform the chromatographic separation

in less time and consequently with less solvent consumption as compared with classical
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HPLC methods. Apart from our work, only one method used this technology to analyse non-
anthocyanin polyphenols of agai [373]. However, this method was not developed for
quantitative purposes, but for fingerprinting and mass profiling of phenolic compounds in raw
materials derived from E. oleracea fruits. The method proposed in the present work was
developed for quantitative purposes. The extraction time was optimized. The sensitivity of the
method was improved by the optimization of the solubilisation solution that significantly
interfered in the analytical responses of the analytes. Several isomers, including the major
compounds, orientin and homoorientin, were baseline-separated in the optimized
chromatographic conditions. Mulabagal et al. [373] did not separate these isomers, which is
crucial for LC-MS methods. Moreover the present work performed this separation
maintaining the same total run time that the last authors. Finally, the quantification was
validated. All these steps significantly improved the performance of the method and the
reliabity of the results and improved the existing procedures in the analysis of non-
anthocyanin phenolics of E. oleracea juice. Considering the UHPLC and HPLC methods in
the literature for E. oleracea juice, the proposed method was the first that was validated for
the quantification of these compounds. Moreover, in relation to the conventional HPLC
methods, it was significantly less time-consuming and less-solvent consuming. In fact, these
other methods have quite long run times, ranging between 50 and 90 min

[353,359,371,381,407].

The method we developed allows the simultaneous quantification of twelve non-
anthocyanin polyphenols. These compounds are included in different classes of flavonoids,
such as flavones, flavonols, flavanones, flavan-3-ols and dihydroflavonols. The quantification
of four compounds was performed for the first time in the FE. oleracea juice ((+)-
dihydrokaempferol, quercetin, rutin, and quercetin 3-glucoside). Furthermore, our study
allowed the identification of 34 non-anthocyanin phenolics, including the ones tentatively
identified. The maximum of characterized compounds in E. oleracea fruits and derived
products in a same study was 18 [373] and 20 [359]. Evidently, several variables are
important in characterization studies, such as the nature of the samples, extraction procedures,
sample preparation, sensitivity of the analytical tools, etc. Anyway, our method demonstrated
the high complexity of non-anthocyanin polyphenols in E. oleracea juice and contributed to

its characterization.

Biological activities of the major compounds quantified in the present work (Table 11 in

Chapter 3) have already been pointed out. The antioxidant activity of some flavonoids
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isolated from E. oleracea juice were evaluated in vitro [361]. The compounds studied were
(+)-dihydrokaempferol, quercetin, chrysoeriol, luteolin (aglycones), orientin, homoorientin
and vitexin (C-glycosides). In general, the antioxidant activity of the aglycones was higher
than that of C-glycosides, particularly when compared to orientin and homoorientin
(approximately 3-8 times). The same team [404] also evaluated the antioxidant activity of
isovitexin, another C-glycoside that was also isolated from E. oleracea juice. This compound
also showed in vitro antioxidant activity higher than that of orientin and homoorientin found
in the previous citation [361]. In our quantification study, orientin and homoorientin are major
compounds in E. oleracea juice (Table 11 in Chapter 3), which confirmed the results of other
studies [353,359]. Therefore, they have a higher contribution to the antioxidant activity of the
E. oleracea juice, even if their antioxidant activities are smaller than that of the other minor

compounds abovementioned.

( +)-Catechin and (—)-epicatechin as well as their metabolites also demonstrated good in
vitro antioxidant activity. The O-methylated metabolites showed reduced antioxidant activity
with respect to the parent compounds. However, they still retained significant radical-
scavenging activity at pH 7.4, suggesting that they could also act as potential antioxidants

under physiological conditions [447].

The biological activity of scoparin was not much studied. A fraction containing scoparin
and other related compounds (flavone C-glycosides) was obtained from Citrus sinensis (L.)
Osbeck juice. This fraction showed good radical scavenging activity towards the DPPH’,
ABTS" and OH’ radicals, but the contribution of the scoparin activity for the total activity of

the fraction was not determined [448].

Homoorientin exhibited selectively good inhibitory activity against thromboxane B2
synthesis [449]. Thromboxane B2, a product of arachidonic acid metabolism, has attracted a
great deal of attention as a potential proinflammatory mediator in diseases such as liver
cirrhosis, systemic lupus erythematosis and thrombosis. Homoorientin, its isomer (orientin),
and related flavone C-glycosides (vitexin and isovitexin) were found in their intact form in

human plasma after oral ingestion [450].

A number of plant-derived substances including certain flavonoids showed anti-
inflammatory properties related to the modulation of NF-kB (see section 1.2.6.). NF-kB is one
of the principal inducible transcription factors in mammals and has been shown to play a

pivotal role in the mammalian innate immune response and in chronic inflammatory
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conditions [451]. NF-kB participates in the control of transcription of over 150 target genes,
including the expression of various inflammatory cytokines, chemokines, immunoreceptors,
and cell adhesion molecules [452]. Among the major compounds quantified in the present
work, quercetin is known as NF-kB modulator. In Nair et al. [453], quercetin (concentration
range = 5 and 50 puM) significantly inhibited TNF-a production and gene expression, in a
dose-dependent manner in human peripheral blood mononuclear cells, which corresponded to

a significant downregulation of NF-kB gene expression for the same concentration range.

Moreover, quercetin, quercetin 3-glucoside and rutin (quercetin 3-rutinoside) showed
antiproliferative activities in different cancer cell lines including colon, breast, hepatocellular,
and lung cancer. The ICs value of quercetin 3-glucoside ranged between 15 and 25 uM. This
compound showed the most potent growth inhibition. The ICs, value of quercetin was greater
than 80 uM, whereas rutin showed the least potency [454]. Bioavailability of quercetin and
quercetin 3-glucoside in their unconjugated forms were analysed in rats [455]. These
compounds along with rutin are also absorbed as conjugated metabolites (glucuronides,
sulfates and methylated compounds) [456]. Additionally, quercetin 3-glucoside and rutin were

also absorbed as aglycone in rats and humans [455,456].

Homoorientin has also showed cytotoxic properties [457]. This compound decreased
cell viability of hepatoblastoma cancer cells in a dose- and time-dependent manner. Induction
of apoptosis is a main cause for homoorientin-induced cytotoxicity. When cells were exposed
to 80 uM of homoorientin for 48 h, approximately 90% of cells showed cell shrinkage and
nuclear fragmentation, which were considered to indicate apoptotic cells. This activity is
associated with Erk1/2 kinase inhibition and JNK and p38 kinases activation. Considerations
about this and other general mechanisms of polyphenol activities were given in section
1.2.7.1. (—)-Epicatechin (30 uM) has also shown in vitro cytotoxic properties by inhibiting
ERK1/2 phosphorylation and downstream cyclin D1 expression leading to a block in cell
cycle progression (Caco-2 cells) [214]. Nevertheless, their potential in cancer

treatment/prevention has still to be determined.

Dietary flavonoids have been shown to be potentially beneficial in reversing the course
of neuronal and behavioral aging because of their neuroprotective action [458]. This was
demonstrated for flavonoids such as rutin and quercetin, which had positive effects on spatial

memory impairment and neuronal death induced by repeated cerebral ischemia in rats.
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In the literature seven flavonoid C-glycosides were already known to occur in agai juice
[373,420]: orientin, homoorientin, vitexin, isovitexin, scoparin, schaftoside and vicenin-2.
Our work described all the seven compounds, but also five other compounds of this group
which were tentatively identified (Table 10 in Chapter 3: peaks 8, 11, 13, 15 and 23). Some
additional unknown flavonoid C-glycosides were detected in the juice and referred to in Table

10 of Chapter 3. They will be discussed here.

The peaks 18, 20, 22 and 27 (Figure 35, Chapter 3) seem to contain isomer compounds
belonging to the group of X"-O-glycosyl-C-glycosyl flavones and having a molecular ion
[M—H] at about m/z 593.15. This group is characterized by the Z; fragment ion (Figure 40),
which is highly abundant, generally the base peak [421,423]. Additionally, the neutral losses
between [M—H] and Z; characterize the terminal sugar as a hexose (180 amu), a

deoxyhexose (164 amu) or a pentose (150 amu).

. -H
Chrysoeriol: R ;=H, R,=CH3;, Rs=H, MW= 300
Diosmetin: R ;=CHs;, R,=H, Rs=H, MW= 300
OR,
Ry OR,
HOH,C Z,", [M-H-150]"
o) Y., [M-H-132]"

A

92%,”, [M—H-90]~

93%,”, [M—H-60]"

%3%,”, [M—H-90]~
22%,7, [IM—=H-120]"

Figure 40 A generic 2"-O-pentosyl-6-C-hexosyl flavone and its main fragments after MS/MS experiment. For
fragment nomenclature, see /.3.5.3 section (Figure 21). MW: molecular weight.
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The Figure 41 shows the MS/MS spectra obtained from these molecular ions at about
m/z 593.15 [M—H] of peaks 27, 22, 20, and 18, referred to in Table 10 of Chapter 3. For the
peak 27 (Figure 41A), the fragment ion at m/z 443.0976 [M—H—150] may correspond to the
Z; ion. The neutral loss of 150 u characterizes the terminal sugar as a pentose (Figure 40)
[421]. The fragment ions at m/z 503.1192 [M—H-90] and m/z 473.1080 [M—H—-120] may
correspond to the “*X, and “*X,~ fragment ions, respectively (Figure 40) and indicate a C-
glycosylation by a hexose. The occurrence of these two neutral losses could indicate that the
terminal sugar is linked in the 2” position, since the other positions need to be free to produce
the neutral loss of 120 u (Figure 40). The fragment ion at m/z 353.0656 [M—H—150-90] may
correspond to the Z; — 90 ion, where the loss of 90 u can be attributed to the C-hexose.
Analogously, the fragment ion at m/z 323.0555 [M—H-150—-120] (Z; — 120 ion) confirmed
the presence of a C-hexose. The Y; fragment ion, illustrated in Figure 40, was observed at
very low intensity at m/z 461.1074 [M—H—132] (not indicated in the Figure 41A). It also
characterizes the terminal sugar as a pentose. The presence of a C-hexose O-linked with a
pentose is also in accordance with the fragment ions at m/z 371.0764 [M—H—-132-90] (Y; —
90), m/z 341.0655 [M—H—132-120] (Y,; — 120), and m/z 413.0872 [M—H—-120-60] . From
these fragment ions we can deduce that the aglycone has a molecular weight of 300 u as the
fragments are found at [421,423]: m/z 371 = (aglycone + 71), m/z 353 = (aglycone + 71 — 18),
m/z 341 = (aglycone + 41) and m/z 323 = (aglycone +41 — 18). As proposed by Ferreres et al.
[421], this value matches with a methyl-luteolin. Nevertheless, it is not possible to determine
the position of the methyl group, so the aglycone can be chrysoeriol, diosmetin or another
isomer (Figure 40). Due to the occurrence of free chrysoeriol in the juice [353] and of
scoparin = chrysoeriol 8-C-glucoside [371] it is likely that chrysoeriol is the aglycone, but this
has to be proven by NMR. When MS® experiment was performed on the fragment ion at m/z
443.0976 [M—H—150] , the only product ion observed was at m/z 323.0574 [M—H—-150—-120]
(aglycone + 41— 18). lons corresponding to “aglycone + 41 — 18 and “aglycone + 71 — 18”
are also peculiar for 27-O-pentosyl-6-C-hexosyl flavones in MS® spectra showing the
presence of only one ‘“aglycone+41—18” ion or, when both are detected, the
“aglycone +41 — 18” ion as the base peak [421]. Other fragmentation patterns could explain
some of the ions obtained from MS/MS experiments. For example, the fragment ion at m/z
503.1192 [M—H—-90] can be produced from a neutral loss of 90 u from the terminal pentose
to yield the “’X,” ion. The ion at m/z 443.0976 can be produced from the sequential neutral
losses of 60 u (pentose) and 90 u (hexose). On the basis of these informations, the compound

of the peak 27 can be tentatively identified as a 2”’-O-pentosyl-C-hexosyl chrysoeriol.
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The fragment ion at m/z 285.0399 (Figure 41A) cannot be explained by the proposed
structure. The molecular formula obtained by HRMS for this ion was [C;sH9Og] (error = -
1.794 ppm). It may correspond to luteolin, kaempferol or another aglycone isomer. However,
all other fragments are in accordance with a 300 amu aglycone and as it is a C-glycosylated
flavonoid, because of the difficulty to break the C-C bond, it is unlikely to find a fragment
corresponding to the aglycone [459]. We confirm that fact by analysis of a standard of
homoorientin (luteolin-6-C-glucoside) using the same experimental conditions than those
applied for peak 27 (collision energy at 25%) and observed that the fragment corresponding to
the free aglycone (luteolin) had very low intensity, and was not detectable when the standard
was analyzed in a concentration similar to the concentration of the peak 27. Therefore, this
fragment ion at m/z 285.0399 was probably originated from a coeluting compound, most
likely an O-glycosylated flavonoid, yielding an abundant free aglycone ion. An example of
the MS/MS fragmentation pattern of an O-glycosylated compound is shown in Figure 42
(kaempferol 3-O-rutinoside, peak 32 in Figure 35 of Chapter 3), which is an isomer of the
previously identified C-glycosylated compound. The MS/MS spectrum obtained from the
molecular ion at m/z 593.1504 shows as base peak the fragment ion at m/z 285.0396, which

corresponds to the kaempferol aglycone.

Moreover, when we analyse the MS/MS spectra obtained at the beginning, the middle,
and the end of the peak 27, we can observe that the intensity of the fragment ion at m/z
285.0399 is significantly more abundant, in absolute terms, at the end of the peak, confirming

the co-elution, which occurs mainly at the end of peak 27.

We also have to note that some fragments seem to be present all along the
chromatogram and should be considered as “background interferences” in MS/MS spectra, as
the ions at about m/z 338.9. A MS/MS spectrum at a retention time with no peaks is shown in
Figure 41E indicating the presence of the ion at m/z 338.9297. The molecular formula of this
ion proposed by the Xcalibur® software contains the atom of nitrogen, which does not match

with the structure of phenolic compounds.

196



General discussion

Ag+41 .
100 M-H-132-120  Ags71-18 443.0976 [M-H-150]
] Ag+41-18 m/z 341.0655 [M-H-150-90]" Ag+71
—[M-H-150-120] m/z 353.0656  [M-H-132-90]"
50 323.0555 @ =peak27 *
- 285.0399 L‘-’ [M-H-120]" [M-H-90]"
o | 308.0316 | 33828 371.0764 4130872 473.1080 503.1192 570.7524
100 338.9135 [M-H-180]"413.0873 473.1084
7 Agral mlz|438.5890
i [M-H-162-120] 503.1190
] 311.0557
. Ag+41-18 (B) = Peak 22
503 [M-H-180-120]" 383.0762 517.7528
i 293.0447 353.0652 ‘ ‘ 575.1403
07 TN T \‘ Il [ |l ‘\ | \‘ \‘ | h | “ | | | ‘ | 1
§ 100 Agral Ag+71 473.1081
< B [M-H-146-120] [M-H-146-90]" - -
k=] 1 Ag+al-18 T 3570503 m/z 357.0608 [M-H-164] [M-H-90]
g - [M-H-164-120] 429.0819 m/z 503.1205 ) = Poak 20
£ 50 \ miz 413.0869 (€)= Pea
o —m/z 293.0450 338.9041 438.5889 | 483.5793
FJ 0 Ll 1 1 ) L I i | | L
2 100 pgeal . 4731081
[M-H-146-120]" g+71 M-H-164]
L, e
M-H-164-120] . _
s0d " ]\‘327.0504 } 4491080 (0) = Peak18
m 429.0819
503.1188
2654943 3090301 383ﬁ'?7‘67 B | 230.8820 597.0555
338.9297
100
50— (E)
] 380.3603 517.7134
] 281.3036 326.8932 | 348.1731 | 431.4653 496.3684 ‘ ‘ 564.6968 603.8311
0 ‘U‘w"”A\U‘!w“‘”‘\”1‘\””\”“‘\”“‘\””\”"“‘\”1w””"\”‘!\””\‘”‘\‘!”\””\‘1”\‘””\“”‘\””\”” ‘”w‘”‘\”‘A‘\”‘”\””\‘”w‘”“\“””\‘”‘\”“w“”w“”“\””
250 300 350 400 450 500 550

Figure 41 MS/MS spectra of the melecular ions at about m/z 593.15 [M—H] of the peaks 27 (A), 22 (B), 20 (C) and 18 (D), and MS/MS spectrum showing interferents in this

analysis (E).

m/z

* The chromatographic peaks are referred to in Table 10 and Figure 35 (Chapter 3).

Ag: means “aglycone” in its neutral form.
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Figure 42 MS/MS spectra from the molecular ion at m/z 593.1504 [M—H]—, corresponding to kaempferol 3-
rutinoside (peak 32, Figure 35 in Chapter 3).

The MS/MS fragmentation of the molecular ion at m/z 593.1491 of peak 22 (Figure 35
in Chapter 3 and Figure 41B) also showed very similar fragment ions than those obtained by
Ferreres et al.[421] for C-glycosyl flavones O-glycosylated on the C-linked sugar moiety. The
fragment ion at m/z 413.0873 [M—H—180] could correspond to the Z; ion (Figure 43), where
the neutral loss of 180 u may indicate that the terminal sugar is a hexose [421]. The ions at
m/z 503.1190 [M—H—-90] , m/z 473.1084 [M—H—120] , which correspond to neutral losses of
90 u and 120 u, may characterize the sugar moiety of the C-glycosylation as a hexose (Figure
43) and they may suggest that the terminal sugar is linked to the C-hexose in the position 27,
analogously to the compound of the peak 27. The previous fragment ions can also have
additional origins: the neutral loss of 90 u and 120 u, could also involve the terminal hexose.
In addition, the ion at m/z 413.0873 may be originated from a sequential loss of 2x 90 u, one
loss from each hexose. The ion at m/z 383.0762 may correspond to a sequential neutral loss of
120 u from the C-hexose and 90 u from the terminal hexose or vice-versa. An ion at m/z
353.0652 has similar m/z value that the one showed for the peak 27. However, for the
compound of the peak 22 it could be generated from a sequential neutral loss of 2x 120 u, one
from each hexose. As observed by Ferreres et al. [421] the ions at m/z 311.0557
([M—H-162-120] , aglycone + 41) and m/z 293.0447 (IM—H-180-120] ,
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aglycone + 41 — 18) (Figure 41B) can be used to characterize the aglycone moiety, as having
a molecular weight of 270 Da. It is likely that the aglycone is apigenin because this compound
was already found in the form of free aglycone in a methanolic extract of E. oleracea fruits
[418] and in the structure of C-glycosides found in the juice, as vitexin (apigenin-8-C-
glucoside) and isovitexin (apigenin-6-C-glucoside) [353]. Therefore, this compound can be
tentatively identified as 2”-O-hexosyl-C-hexosyl apigenin. The origin of the fragment ion at
m/z 438.5890 [M—H—155] was not found. Its molecular formula proposed by the Xcalibur®
software, during data analysis, corresponded to a formula containing nitrogen atoms, which
did not match with the structures of flavonoids. This ion was also found for the peaks 18 and

20.

Z,", [M-H-180]"

Y1, [M-H-162]"

02x,", [M=H-120]"

OH
%3%,”, [M—H-90]~

0,3v - -
3Xo”, [M=H-90]
HOH,C OH

%2x%,”, [M=H-120]"

Figure 45 Structure of a generic 2"-O-hexosyl-6-C-hexosyl apigenin and its main fragments after MS/MS
experiment. For fragment nomenclature, see /.3.5.3 section (Figure 21).
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The Peak 20 (Figure 35 in Chapter 3) may contain a mixture of isomer compounds. It
showed a molecular ion at m/z 593.1503. The fragment ion at m/z 429.0819 [M—H—-164]
(Figure 41C) obtained from this molecular ion may correspond to the Z; ion, and
characterize the terminal sugar as a deoxyhexose (neutral loss of 164 u) (Figure 44).
Analogously to the other compounds previously discussed, the fragment ions at m/z 503.1205
[M—H-90] and m/z 473.1081 [M—H—-120] may characterize the C-linked sugar moiety as a
hexose. The ions that characterize the aglycone were formed from the Y, and Z; fragment
ions along with neutral losses from the C-hexose: the ions at m/z 357.0608 may correspond to
Y; — 90 (aglycone + 71), and the ion at m/z 327.0503 may correspond to the Y; — 120 ion
(aglycone + 41). The ion at m/z 309.0398 could correspond to the Z, — 120 ion
(aglycone + 41 — 18). Therefore, the aglycone has a molecular weight of 286 Da, which may
correspond to luteolin, kaempferol or other isomers. Based in these fragments, this peak may
contain a 2”-O-deoxyhexose-C-hexosyl luteolin (or isomer) [421]. On the other hand, the
possible origins of the fragment ions at m/z 413.0869 and m/z 293.0450 were not found for
this previous proposed structure. The loss of 180 u (from the ion at m/z 413.0869) did not
correspond to neutral losses generated from a C-hexose and a deoxyhexose. Additionally, the
ion at m/z 293.0450 could correspond to [M—H—180—120] as for the peak 22 and the ion at
m/z 413.0869 to [M—H—180] ; most probably these fragments come from a co-eluting isomer
of the compound of the peak 22.
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Figure 44 Structure of a generic 2"-O-deoxyhexosyl-6-C-hexosyl flavones and its main fragments after MS/MS
experiment. For fragment nomenclature, see 1.3.5.3 section (Figure 21).

Similarly, the peak 18 seems to contain a mixture of compounds. This peak has in
common with the peak 20, the fragment ions at m/z 503.1188, m/z 473.1081, m/z 429.0819,
m/z 357.0609, m/z 327.0504 and m/z 309.0391, indicating that this peak also contains a
luteolin (or isomer)-(2”-O-deoxyhexose)hexoside. However, the possible origins of the
fragment ions at m/z 413.0864 and at m/z 383.0767 were not found for this structure. Both
ions were observed for peaks 22 and 27 and were attributed to sequential losses from the
sugar moieties corresponding to hexose + hexose (peak 22) and hexose + pentose (peak 27) as
previously discussed. Therefore, probably other compound(s) having a hexose or a pentose as
terminal sugar can be present in the peak 18. The peaks 27, 22, 20, 18, along with the peak 11
discussed in Chapter 3 showed great variations in terms of relative abundances of the
fragments when we compare MS/MS spectra at the beginning, middle and end of the peak.

This may be explained by the low concentrations of the compounds and/or by the co-elution
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of isomers. It has been observed that this type of isomers (2”-O-glycosyl-C-glycosyl flavones)

have identical fragment ions but different relative abundances [421,423].

To solve this problem, further purification of the extracts will be necessary, for example
by SPE-C18, in order to concentrate the compounds, and allow to obtain more informations
on fragments and an improvement of the chromatographic separation to separate possible
isomers. It is the first time that this type C-glysosylated compounds is detected in E. oleracea
juice.

The Figure 45A illustrates an extracted ion chromatogram of the molecular ion at m/z
505.1334 [M—H] , which shows a chromatographic peak at a retention time of 22.96 min. The
molecular ion corresponded to the molecular formula of [M—H] = Cy4H»501; (error = -3.424
ppm). Figure 45B shows a MS/MS spectrum of the molecular ion, obtained from a collision
energy of 25%. The fragment ion at m/z 343.0817 [M—H—162] may correspond to the neutral
loss of a hexose, that occurs typically in O-glycosylated flavonoids [333]. The fragment ion at
m/z 490.1111 [M—H—-15] may correspond to a loss of a methyl group. Sequential losses of a
hexose and a methyl group could be responsible for the fragment ion at m/z 328.0582
[M—H—-162—15] . Analogously for the fragment ion at m/z 313.0349 [M—H-162—-15-15] ,
with the loss of two methyl groups. The molecular formula obtained from the molecular ion at
m/z 343.0817 [M—H—-162] (aglycone moiety) was C;sH;s0O;. The molecular structure of
flavonoids has 15 carbons. Therefore, this compound can have three methyl groups in its
structure. Nevertheless, it is not possible to know if the methyl group that was lost to generate
the ion at m/z 490.1111 [M—H—15] is different of the other two methyl groups lost from the
aglycone moiety. MS" experiments were performed from the molecular ion (Figure 46). The
MS" spectra presented quite background noise, but the main fragment ions can be observed.
The fragment ions indicated in Figure 45 can also be observed in Figure 46. In the MS* and
MS?® experiments, a sequential losses of 28 u and 44 u were observed from the fragment ion at
m/z 313.0367 [M—H—-162—15—-15] , that corresponded to the losses of CO and CO, groups.
These small neutral losses are very common for flavonoid aglycones [332]. The MS"
experiments did not show the loss of a third methyl group. Some reports showed that
polymethylated flavonoids (monoglycosylated and aglycones) lost only two methyl groups of
the three present in the structure after MS/MS experiments [460,461]. Therefore, this

compound can be a trimethoxyflavonoid O-glycosylated.

In the present study, ESI in negative ion mode was used. However, ESI in positive ion

mode is more sensitive to polymethoxylated flavonoids than ESI in negative ion mode, due to
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the reduced number (or absence) of hydroxyl groups in the aglycone [462]. Additionally, the
fragmentation pathway in ESI positive ion mode of this type of compounds showed more
structural information [462] than the one in negative ion mode. In the present study, the
fragments retaining the A or B ring (originated by RDA cleavage on the C ring) that give
information about the aglycone moiety were not observed. The same was observed by Parejo
et al. [460]. On the other hand, in ESI positive ion mode some compounds showed these
fragments in high intensity [462]. Further works can use the positive ion mode to obtain more
information on the compound previously discussed. This compound was not yet reported for
E. oleracea juice/fruits. However a recent study isolated a polymethoxylated flavonoid (not

glycosylated) from E. oleracea pulp [404]: the 5,4’-dihydroxy-7,3’,5 -trimethoxyflavone.
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Figure 45 Extracted ion chromatogram of the molecular ion at m/z 505.1334 [M—H], using a mass extraction
window of 5 ppm (A). MS/MS spectrum from the molecular ion (B).
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Figure 46 MS" spectra from the molecular ion at m/z 505.1334 [M—H] .

For the validation of the UHPLC-PDA method for quantification of anthocyanins
(Chapter 2), the S-expectation tolerance limits and the acceptance limits were set at 95% and
+20, respectively. On the other hand, the validation of the UHPLC-HRMS quantitative
method for non-anthocyanin polyphenols was more challenging. These compounds are minor
compounds, possess various skeletons and a large range of polarity (different phenolic
classes, O-glycosylated, C-glycosylated, aglycones, etc). Additionally, matrix effect is more
observed in MS detection [322]. Therefore we decided to choose other reasonable limits: 90%
[S-expectation tolerance limits and +30% acceptance limits, as frequently used for the analysis

of biological matrices, as plant extracts [463].

For the quantification of non-anthocyanin polyphenols by UHPLC-HRMS, another
calibration approach was used as compared to the study on anthocyanins: the internal standard

method, which was tested with calibrations in the matrix and without matrix. Considering LC-
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MS methods, the use of an internal standard is suitable to compensate possible variations in
the ionization of the analytes in the ion source. The isotopically labelled standard is the best
choice as internal standard. Nevertheless, they are expensive and not always commercially
available. Moreover, in our study that considered several compounds, the use of several
internal standards was not possible. Therefore, only one internal standard was chosen as a
compromise among all other compounds. Several internal standards candidates were tested,
including glycosylated compounds and aglycones. Finally, 7-hydroxyflavone was chosen
because it did not show any interference with the signal of the matrix. Several batches of
juices were tested. Additionally, it is a synthetic phenolic compound that has rarely been
found in foods or plants. Moreover, it is relatively cheap. The validation of the method using

only one internal standard was performed to confirm the reliability of the results.

The accuracy profiles (90% p-expectation limits and +30% acceptance limits) were
obtained using calibrations in (or without) the matrix, and with or without the internal
standard. From these profiles, a high interference of the matrix in the accuracy of the results
was observed. Therefore, it was necessary to use calibration in the matrix. We also noted that
for some compounds (kaempferol 3-rutinoside, quercetin 3-glucoside, (+)-dihydrokaempferol,
isovitexin, and rutin) calibrations without internal standards showed better accuracy profiles,
but for other compounds (eriodictyol, luteolin, chrysoeriol, quercetin, homoorientin, and
orientin) the internal standard seemed necessary, wheres for catechin, similar accuracy
profiles were obtained with and without internal standard. As we obtained acceptable
validation data for the twelve non-anthocyanin flavonoids selected for the study using an

internal standard, this calibration method was chosen, it constitutes a compromise.

One of the difficulties to work with multi-component matrix, such as plant and food
extracts is that it is rarely possible to use a single sample preparation procedure and a single
analytical method to analyse all the classes of compounds present in the samples. In the
present study the method could not be validated for the quantification of protocatechuic acid.
This compound belongs to the class of phenolic acids. The 90% fS-expectation tolerance limits
were within the acceptance limits of #30% only for the highest concentration level. These
results were observed for both, a calibration in the matrix using internal standard, and a
calibration without matrix using only the analytical response of protocatechuic acid standard
(area). These results suggested that for the quantification of phenolic acids another calibration
approach is necessary to compensate the variation between the analytical response of the

analytes in the samples and the responses obtained from the standards of the calibration
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curves. An alternative can be the use of an internal standard corresponding to the class of the
phenolic acids. Two other phenolic acids were identified in the juice: vanillic acid and caffeic
acid. The concentrations of the three phenolic acids were only estimated based in a calibration
in the matrix usind internal standard and the sum of their concentrations were <8% of the total
of non-anthocyanin flavonoids quantified. In fact, phenolic acids are minor compounds in
relation to anthocyanins and other flavonoids in E. oleracea fruits [359]. Nevertheless, higher
concentrations of phenolic acids were found generally in unripe and in intermediate maturity
stage of the fruits [353]. In further works, the validation of an analytical method for the
quantification of phenolic acids can be interesting for the evaluation of these compounds
when present in significant concentrations, such as in juices produced from fruits at different

maturity stages or harvested in the different regions of harvest.

The twelve compounds for which the method was validated were quantified with their
respective standards. In order to reduce the number of standards for the analysis and
consequently to reduce the cost of the experiments, the possibility to perform the
quantification of the compounds in equivalents was tested. For this purpose, the analytical
responses obtained for a compound with the validation standards (three series of experiments)
were quantified using the calibration curve of another compound. A correction factor was
applied between the response obtained by the corresponding standard of the compound and
the candidate standard for the equivalence. From the accuracy profiles obtained, we observed
in general that the f-expectation intervals for the different concentration levels were superior
to the acceptance limits. Therefore, the equivalence was not possible to quantify accurately
the selected compounds. These results demonstrated that the analytical response from LC-MS
can be very dependent of the compound, so that for their quantification the use of the
corresponding standard is necessary [271]. In addition, for all the compounds evaluated,
significantly better accuracy profiles were generally obtained using calibration in the matrix
as compared with the calibration without matrix (standards solubilized in solvents), indicating
an important matrix effect. In fact, the major drawbacks of LC-MS methods is that they can
be compound-dependent and matrix-dependent [271,320]. Therefore, it is necessary to

address these problems and validate the method to confirm the reliability of the results.

Finally, the extraction procedures, sample preparation, and UHPLC-HRMS analysis
were developed for non-anthocyanins phenolics in juice, thus the anthocyanins were not
evaluated. Generally, for anthocyanins quantification, these last steps are performed in more

acidified conditions. Therefore, another extraction procedure on the lyophilized juice needs to
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be optimized for anthocyanin analysis. The extracts can be analyzed by the UHPLC-PDA
method, described in Chapter 2. However, the matrix from lyophilized juice can be different
of the matrix from the fruits used to validate that method, giving possible interferences.
Additionally the qualitative profile of anthocyanins may be different in the extract from
lyophilized juice. Therefore, these possible differences need to be evaluated to demonstrate
that the UHPLC-PDA method can be applied for the analysis of the juice maintaining the
same selectivity and accuracy. The selectivity of the analysis of the juice extract can be
evaluated by LC-MS/MS analysis and the matrix effect by spiking standards in the matrix.
This method we developed for anthocyanin quantification in fruit extracts may also be used
for the anthocyanin quantification of other agai extracts, provided the selectivity and the
matrix effect are analysed. In fact, extracts of this type are already on the market or under
development in the frame of our PIC project. Links should be done in the future between

chemical composition and biological activities.

Phenolic compounds of acai juice undergo degradation by oxidation but also by the
action of the polyphenoloxidase vegetal enzyme and microbial enzymes [351]. Therefore, the
pasteurization of the juices should increase the stability of these compounds over time by

enzyme denaturation and reduction of microbial content.

Juices pasteurized and not pasteurized from three suppliers (S1, S2, and S3) were
analyzed (Table 11 in Chapter 3). For each supplier, three different thermal treatments were
performed, as follows: without pasteurization (samples P0); 80°C/12min (sample P1), and
90°C/2min (sample P3). Similarities, but also differences can be observed in all three
suppliers. The same compounds were quantified in all samples, except quercetin 3-glucoside
and quercetin that were <LLOQ in sample from S3. Orientin and homoorientin remained the
major compounds in all samples, followed by the “peak 12 compound, which was tentatively
identified as taxifolin deoxyhexose. Nevertheless, the total non-anthocyanin polyphenols
concentrations were different between the suppliers: S1 <<S2 <S3, with fewer differences
between S2 and S3 except for (—)-epicatechin, (+)-catechin, quercetin, and quercetin 3-
glucoside. This may be explained by different factors such as time and place of harvest,

maturity of the fruits, and processing to obtain the juices.

In general, a slight reduction (<10%) of the total non-anthocyanins polyphenols
concentration was observed after thermal treatments, which can be explained by the
unstability of these compounds at high temperatures. Regarding the individual constituents,

the effet of thermal treatment may differ according to the sample. Particularly, the
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concentration of (+)-catechin and (—)-epicatechin increased for S1 and S2, which can be
tentatively explained by the degradation with heat of proanthocyanidins (polymeric forms

containing these flavan 3-ols found in agai [381]), producing monomers.

Generally, the major compounds, orientin, homoorientin, and taxifolin deoxyhexose
(peak 12), which most contribute to the total non-anthocyanins polyphenols concentration
were almost stable. Further studies should evaluate the stability over time of these compounds
and of anthocyanins in order to optimize the treatments that promote better conservation of

juices.
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The aims of this thesis were to develop and validate analytical methods for the
identification and quantification of phenolic compounds in fruit extracts and juice of E.
oleracea, in order to improve the added value of these products, and to improve
collaborations between the academic and private sectors, and consequently to contribute to
the development of the Amazonian region. This fruit was chosen for the study because of its
abundance and importance for the local economy. It is part of the alimentary diet of the local
inhabitants and has been widely exported, mainly because it is rich in phenolic compounds,
which are natural antioxidants. To achieve these objectives, particularly for the identification
and the quantification of minor compounds, such as non-anthocyanin polyphenols, the use of
equipments that allow reaching a high degree of sensitivity in the analysis and adapted to the

analysis of complex matrices was necessary: the UHPLC—PDA—-LTQ—-Orbitrap.

A detailed characterization of phenolic compounds was performed in fruit extracts and
juice of E. oleracea. It includes identification and quantification of several phenolic
compounds. Two analytical methods were developed in this thesis. First, the anthocyanins
were characterized in fruit extracts. An UHPLC-PDA method was for the first time validated
for the quantification of the major anthocyanins, cyanidin 3-glucoside and cyanidin 3-
rutinoside. The method was validated using f-expectation tolerance limits and acceptance
limits of 95% and + 20%, respectively. A rapid extraction procedure, directly on the fruits,
was developed. Seven anthocyanins were chromatographically separated in a short run time
under optimized conditions. Two new anthocyanins were for the first time tentatively

identified by UHPLC-PDA-HRMS-MS/MS.

The non-anthocyanin polyphenols were characterized in the juice. The sample
preparation and a UHPLC-HRMS method were optimized for quantitative purposes. For the
first time, a method using these devices was validated for the quantification of these
compounds in the juice of E. oleracea. The method was validated using S-expectation
tolerance limits and acceptance limits of 90% and + 30%, respectively. The method allowed
the simultaneous quantification of twelve compounds of different families of flavonoids.
Among them, four compounds were quantified in the juice for the first time. Furthermore, a
flavanone (eriodictyol) was identified in the juice and eight other compounds were tentatively
identified for the first time. The profiles of the non-anthocyanin polyphenols of juice samples
prepared from fruits obtained from different suppliers were similar, demonstrating a potential

for the authentication of the juice by a MS fingerprint of the samples. Additionally, several
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isomers, including the major compounds, were base-line separated in the optimized

chromatographic conditions, allowing their identification and quantification by LC-HRMS.

Considering the two methods, a total of 41 phenolic compounds, including anthocyanins
and non-anthocyanin polyphenols, were identified or tentatively identified, demonstrating the
high phenolic complexity in the samples (fruit extracts and juice), not yet observed in the
literature in these proportions. The HRMS detection used for non-anthocyanin polyphenols
was more sensitive than the DAD detection used for anthocyanins, but the major drawbacks
found for HRMS were the higher matrix effect as compared to DAD and the need for
standards for each class of compounds. Consequently, it is necessary to use calibrations in the

matrix for quantification by HRMS.

In terms of general perspectives, the knowledge in development and validation of
analytical methods obtained with this thesis, as well as the developed methods themselves,
can be very useful to further studies concerning acai polyphenols aiming to contribute to the
regional development in the Amazon region. These studies will involve the health and food
sector and can include works on biological activities, conservation of the compounds and
extracts, authentication of products (in terms of bioactive compounds), development of new
products derived from the fruits, etc. Such works, evidently, will contribute to give added
values to these fruits and derived products. These perspectives will be briefly described

below.

Concretely, this thesis opened perspectives of collaborations between the academic
sector in Belgium (UCL) and in Brazil (UFPA) along with the private sector in Brazil,
represented by small companies that process the E. oleracea fruits. Recently, the investment
in scientific research has been improved in Brazil. Specifically in the Amazon region, we can
note the creation of research centers to study the Amazon biodiversity, and a most likely
acquisition of analytical devices similar to those used in this work, as a LC-PDA-HRMS
system. Therefore, after acquisition of this device, the methods developed in the present work
will be transferred to Brazil, in collaboration with the partner universities in Belgium (ULg
and UCL), so the methods developed in this work could be applied to characterize phenolic
compounds of fruits obtained from different conditions, from different harvest regions
including zones with different degrees of flooding and different degrees of water salinity.
These and many other parameters can influence the phenolic composition of the fruits.
Additionally, the fruits are harvested for the commercialization at different maturity stages.

During maturation, important morphological differences are observed, the most remarkable
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being the intensification of their red color, which suggests that important variations in the
phenolic composition occur in the fruits during maturation. Therefore, the application of the
methods can help in the improvement of the harvest conditions of the fruits to give the higher

desired activity.

The authentication of natural products is a challenge to the food industry and the food
regulatory agencies. In the case of acai, the application of the methods developed in this work
to several samples (hundreds) can contribute to the establishment of quality norms in terms of

potential bioactive compounds.

In this context, the data obtained from the analysis of hundreds of samples could also be
correlated with data obtained from methods using less expensive techniques, such as near-
infrared spectroscopy (NIR) or ultraviolet-visible spectrophotometry in order to calibrate
these methods for routine analysis. For this purpose, it is, in fact, very important to analyse a
high number of samples obtained from different origins, maturity stages and harvest periods
in order to obtain samples which are representative of the naturally found variability [464].
HPLC-UV methods are also suitable for the analysis of individual compounds. In the case of
anthocyanins, this perspective is more interesting, because they have less complex profile in
the fruits (two major compounds that correspond to almost the total anthocyanin
concentration in the fruits [350]). Additionally, they are present in the mature fruits in high
concentrations and are very well analysed by HPLC-UV. On the other hand, most of the non-
anthocyanin polyphenols detected in the present work by mass spectrometry could probably

not be quantified by UV detectior because of its lower selectivity and sensitivity.

The methods can be adapted to analyze other commercial phenolic extracts derived
from the fruits and juices of E. oleracea, commercialized by small companies in the region.
The production of purified extracts rich in phenolic compounds is an initiative to add value to
products of the region. In function of the procedures of purification, fractions of different
phenolic profiles are obtained, which could be analysed by the adapted methods we
developed. Therefore, the application of the methods will contribute to the development of

new products and to the improvement of their quality.

Additionally, some fractions of extracts discussed above have been tested in relation to
their biological activities, in the context of other scientific collaborations. Their complete
phenolic characterization will be useful to understand their biological effects, in relation to

their composition. It would also, in that context, be interesting to use or develop standard
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biological methods (such as ORAC) to compare the biological activities and potential of these
different fractions or extracts on different health problems or diseases. These studies could
include, for example, the measurement of the antioxidant activity, or the monitoring of pro-
inflammatory mediators (IL-4, IL-13, etc) [465] in human plasma before and after the intake

of acai extracts.

The identification and quantification works were performed on fruit/juice extracts, but
could be used as models for the development and validation for the analysis of samples
derived from cell models, animal and human studies, such as plasma, faeces and urine. This is
of crucial importance for studies of absorption, biotransformation, bioavailability and
elimination of phenolic compounds of E. oleracea fruits. For these analyses, new
developments will be necessary because these samples contain phenolic compounds
metabolites (glucuronides, sulphates, methylated, etc.) and hydrolysis products (aglycones).
Consequently, some modifications of the methods developed here need to be made, e.g. the
adaptation of chromatographic separation, the use of other internal standards, the use of clean-
up procedures of extracts derived from the samples, etc. Additionally, the matrix effect has
also to be evaluated. These methods will contribute to a better knowledge on the

pharmacokinetic of agai polyphenols and their biological activities.

The juices undergo different treatments during processing, such as pasteurization, in
order to improve the stability of the products over time. These treatments have a direct impact
on the phenolic composition of the juices. Our results have shown that in general the total
non-anthocyanin polyphenols decreased (<10%) after pasteurization, whereas for the
individual constituents, the effect of the thermal treatment may differ according to the sample.
Stability studies of the phenolic compounds from juices that underwent different treatments
will contribute to optimize treatment conditions in order to better preserve the phenolic

composition, and will improve the knowledge about the stability of these compounds.

Recently, it was demonstrated that some agai polyphenols (four compounds were
evaluated) undergo a time dependent logarithmic decrease during the transport (closed
system) of the fruits from the harvest zone to the cities [466]. Indeed, the fruits contain a high
bacterial load (microorganisms naturally present in the forest environment and other acquired
during de transport in boats). Therefore, depending on the transport conditions (closed or
open systems), spontaneous fermentation processes occur more intensely due to the

microbiological action and contribute to the degradation of the polyphenols. The methods
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developed here will be useful for the evaluation of compounds in order to improve the

preservation of polyphenols, and particularly those that will show better health potential.

More specifically, an extraction procedure should be developed for the anthocyanins
from lyophilized juices. This procedure needs to use more acidified conditions, mainly in
order to preserve the anthocyanins, which are more stable in these conditions. The extracts
produced from this procedure could be analyzed by the UHPLC-PDA method developed for
the anthocyanins of extracts obtained from the fruits. Nevertheless, before that, the selectivity

and accuracy of the method have to be evaluated for this new matrix.

The method for non-anthocyanin polyphenol quantification was not validated for the
quantification of phenolic acids, but a further validation could be interesting particularly for
unripe fruits or juices extracted from them. Our results also show that further identification
studies should be performed on the non-anthocyanin compounds to confirm the structures we
proposed from our LC-HRMS/MS/MS method, and on the chromatographic peaks that

probably contain other co-eluting phenolic compounds.

As general conclusion, the Amazon region has an enormous potential to provide foods
rich in bioactive compounds. Mainly due to their high phenolic content, the
commercialization of Euterpe oleracea fruits has been greatly expanded. This work allowed
an increase of the knowledge about the phenolic composition of fruits and juice of E.
oleracea, which represents a potential added value to these products. Moreover, the methods
developed and validated in this work can contribute to the development of the Amazon
region, by providing a detailed and reliable phenolic characterization of fruits and juices in

studies of improvement of the quality of these products.
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