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Resumo

O uso de pigmentos naturais e de base natural tém atraido atenc&o crescente por parte
da comunidade cientifica em diversas éareas de aplicacdo devido a sua
biocompatibilidade, biodegradabilidade e n&o toxicidade, entre outras propriedades
interessantes. Os pigmentos derivados do catido flavilio, particularmente as
antocianinas, sdo uma das mais importantes classes de pigmentos naturais e tém sido
amplamente explorados devido as suas excecionais propriedades cromaticas,
nomeadamente, a capacidade de mudar de cor dependendo do pH do meio. No entanto,
0S pigmentos naturais tém geralmente associados problemas de estabilidade, que
limitam as suas aplicagdes. O desenho e sintese de novos pigmentos inspirados em
antocianinas pode resolver alguns dos problemas associados aos pigmentos naturais,
mantendo ou até mesmo melhorando algumas das suas caracteristicas fisico-quimicas

e cromaticas.

Os pigmentos do tipo piranoflavilio também se caracterizam por serem sensiveis ao pH
do meio devido as reagbes de transferéncia de protdes, que levam a formacédo de
diferentes espécies em equilibrio 4cido-base com diferentes cores. Além disso, estes
pigmentos mostraram propriedades melhoradas em relag@o aos precursores derivados
de flavilio quanto a estabilidade quimica e fotoquimica. Por estas razbes, 0s
piranoflavilios tém grande potencial para serem utilizados em diversas aplicacdes,
nomeadamente, como indicadores acido-base para o controlo do estado de frescura de

alimentos sensiveis ao pH.

Nos ultimos anos, tém sido desenvolvidas embalagens alimentares inteligentes para
detetar e fornecer informacdes em tempo real sobre a qualidade dos alimentos. De entre
as tecnologias aplicadas em embalagens inteligentes, os indicadores colorimétricos de
pH sdo os mais estudados para detecao da deterioracao de alimentos pereciveis através
da mudanca de cor. Geralmente, a deterioracdo de alimentos a base de musculos (ou
seja, carne e peixe) € caracterizada por um aumento do pH devido a libertacdo de
compostos volateis baseados em azoto, como resultado da decomposicao de proteinas

e de outras moléculas de azoto ndo proteico.

O primeiro objetivo do presente trabalho consistiu no desenho racional e na sintese de
pigmentos a base de piranoflavilio com propriedades croméaticas adequadas para

aplicagdo como indicadores de pH na monitorizag&o da frescura de alimentos. A cor dos
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pigmentos foi modulada por modificagdes estruturais da estrutura base dos piranoflavilio
e, ainda, pela interacdo com sistemas micelares (dodecil sulfato de soédio (SDS),
brometo de cetiltrimetilaménio (CTAB) e Triton X-100). Algumas mudancas estruturais
foram realizadas no nlcleo do croméforo de modo a promover a extensdo da
conjugacdo m como, por exemplo, a substituicdo do flavilio por xantilio. Outras
alteracBes envolveram os substituintes ao nucleo do piranoflavilio, nomeadamente, o
namero e posicao dos grupos hidroxilo. As caracteristicas de cor dos pigmentos e sua
dependéncia ao pH foram investigadas através da determinacdo de parametros fisico-
quimicos e foto-fisicos. Foi ainda feito um estudo de citotoxicidade dos pigmentos mais

promissores.

Os principais resultados da sintese e caracterizagcdo mostraram que a extensdo da
conjugacao =, pela introducao de uma ligacdo dupla no nudcleo do flavilio, resultou numa
maior capacidade corante quando comparado com as piranoantocianinas tradicionais.
O sistema micelar aniénico SDS promoveu uma melhor estabilizacdo de cor em toda a
gama de pH. O piranoxantilio demostrou uma interessante propriedade de fluorescéncia
dependente do pH, tornando-o Util como uma potencial sonda fluorescente do tipo "off-
on-off" responsiva ao pH para aplicages alimentares e bioldgicas. No entanto, entre
todos os corantes sintetizados, o piranoflavilio simétrico com dois grupos fendis (cloreto
de 2,10-bis-(4',4"-hidroxifenil)piranobenzopirilio) mostrou ter uma variagdo de cor mais
destacavel dentro da gama de pH correspondente a deterioracéo de alimentos. Além
disso, demonstrou citotoxicidade reduzida, o que o tornou um candidato promissor como

indicador colorimétrico responsivo ao pH, em embalagens alimentares inteligentes.

O segundo objetivo consistiu na imobilizagcdo do pigmento num suporte solido para
desenvolver o indicador de pH colorimétrico (etiqueta inteligente). Inicialmente, a
imobilizacao foi considerada através de duas abordagens: aprisionado fisicamente ou
ligado covalentemente a uma matriz polimérica. Esta ultima consistiu na conjugacao
quimica de pigmentos de piranoflavilio a biopolimeros de origem marinha,

nomeadamente o quitosano e o alginato.

No entanto, o desenvolvimento do indicador de pH apenas seguiu a imobilizacdo do
pigmento por aprisionamento numa matriz polimérica. O filme indicador foi produzido
pela técnica de molde (casting) usando uma matriz polimérica de acetato de celulose e
glicerol como plastificante. Foram estudadas diferentes formulacdes através das
propriedades fisicas dos filmes (espessura, cor, morfologia, barreira e térmicas) e da

sua resposta cromatica a solucdes de diferentes valores de pH (pH 4 a 8). A melhor
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formulacao foi inicialmente testada no headspace de aminas biogénicas e em solu¢fes
contendo aménia e, em seguida, com amostras reais (peixe e carne) em condi¢des
controladas (4 £ 1 °C e embalagem em atmosfera modificada). Além disso, foram
gquantificadas a fotoestabilidade do filme indicador e a migracdo do pigmento ao longo

do tempo.

Entre as formulacbes testadas, o filme indicador contendo glicerol a 30% (m/m)
apresentou a melhor reposta a variagdo do pH. Essa percentagem originou o
aparecimento de poros no filme, resultando no aumento da permeabilidade ao vapor de
agua e da area superficial de contacto, e consequentemente, a uma resposta cromatica

mais eficiente e sensivel.

Além disso, o pigmento a 0,2% (m/m) favoreceu a eficacia colorimétrica do filme em
comparagdo com 0,1% (m/m). Relativamente a migracdo do pigmento e a
fotoestabilidade, a etiqueta mostrou-se adequada para aplicagdo em embalagens de
carnes e peixes frescos. O melhor desempenho foi observado para a monitorizagéo da
frescura das amostras de peixe. A etiqgueta demonstrou elevada eficacia na detecao da
deterioracdo do carapau (Trachurus trachurus). Apos 5 dias de armazenamento, 0s
parametros de frescura excederam o limite definido pelos regulamentos da UE,
indicando que o peixe estaria improprio para consumo. Simultaneamente, a etiqueta
inicialmente de cor amarela alterou-se para a cor roxa, indicando efetivamente o inicio

do processo de deterioragéao.

Palavras-chave: corantes de piranoflavilio, mudancas de cor, ajuste da cor,
sensibilidade ao pH, filmes indicadores, caracterizacgéo fisico-quimica, deterioracdo de

alimentos, frescura de alimentos em tempo real.
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Abstract

The use of natural and natural-based pigments has attracted growing attention from the
scientific community for several applications due to their biocompatibility,
biodegradability, and non-toxicity, among other noteworthy properties. Flavylium-derived
pigments, particularly anthocyanins, are one of the most important natural classes of
pigments and have been extensively explored due to their remarkable color properties,
such as the dependency on the pH of the medium. However, natural pigments generally
have associated stability problems, which limit their applications. The design and
synthesis of new anthocyanin-inspired pigments can solve some of the problems
associated with natural pigments, maintaining, or even improving some of their physical-

chemical and chromatic characteristics.

Pigments of the pyranoflavylium type are also characterized by being pH sensitive due
to proton transfer reactions, leading to different colored species in acid-base equilibrium.
Moreover, they have been shown to improve properties compared to flavylium-derived
precursors, such as chemical and photochemical stability. Thus, these dyes have great
potential to be used for several applications, namely, as pH indicators to control the

freshness state of pH-sensitive foodstuffs.

In recent years, intelligent food packaging is being developed to detect and provide real-
time information regarding food quality. Behind the technologies applied in intelligent
packaging, colorimetric pH-indicators are the most studied in research for detecting
spoilage in perishable food packaging through a color change. Generally, the spoilage
of perishable food based on muscles (i.e., meat and fish) is characterized by an increase
in pH due to the release of volatile nitrogen-based compounds as a result of the

decomposition of proteins and other non-proteic nitrogen molecules.

The present work's first goal was the rationale design and synthesis of pyranoflavylium-
based pigments with suitable color features for application as pH-indicators for food
freshness monitoring. The color was modulated by structural modifications and
interaction  with  micellar systems  (sodium dodecyl sulphate (SDS),
cetyltrimethylammonium bromide (CTAB), and Triton X-100). Some structural changes
were performed to the chromophore core, promoting the extension of the n-conjugation,
by replacing the flavylium cation with a xanthylium. Other alterations involved the

substituents on the pyranoflavylium core, namely, the number and position of the
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hydroxyl groups. Color features of the pigments and their pH dependency were
investigated by determining physicochemical and photophysical parameters, where the

most promising ones were also studied in terms of cytotoxicity properties.

The main results of synthesis and characterization showed that the extent of -
conjugation by introducing a double bond in the flavylium core leads to a higher colorant
capacity of the pigment when compared with traditional pyranoanthocyanins. The anionic
SDS micellar system promoted the best color stabilization at the entire pH range.
Pyranoxanthylium showed an interesting pH-dependent fluorescence property, making
it useful as a potential "off-on-off" pH-responsive fluorescent probe for food and biological
applications. Nevertheless, among all the synthesized dyes, a symmetrical phenol-based
pyranoflavylium dye (2,10-bis-(4',4"-hydroxyphenyl)pyranobenzopyrylium chloride)
showed a more noticeable color variation within the pH range of the food spoilage
process. Furthermore, this dye demonstrated reduced cytotoxicity, which made it a
promising candidate as a pH-dependent colorimetric and fluorescence sensor for food

intelligent packaging.

The second goal was the pigment immobilization on a solid support to develop a
colorimetric pH-indicator (smart label). Initially, the immobilization was conceived
through two approaches: physically entrapped or covalently bonded to a polymeric
matrix. This last one consisted of the chemical conjugation of pyranoflavylium pigments
onto marine-origin biopolymers, namely chitosan, and alginate. Nevertheless, the
development of the pH-indicator only followed the immobilization of the pigment by
entrapment into a polymeric matrix. The film indicator was produced by solvent casting
technique using a cellulose acetate polymeric matrix and glycerol as a plasticizer.
Different formulations were investigated in terms of the physical properties of the films
(thickness, color, morphology, barrier, and thermal properties) and their chromatic
response to solutions at different pH values (pH 4 to 8). The best formulation was first
tested in the headspace of biogenic amines and ammonia-containing solutions and then
used in real samples (fish and meat) at controlled conditions (4 £ 1 °C and modified
atmosphere packaging). Moreover, the film indicator photostability and the pigment

migration over time were quantified.

Among the tested formulations, acetate cellulose film with glycerol at 30% (w/w) showed
the best pH-responsiveness of the film indicator. This percentage originated pores in the
film, which increased water permeability and the surface contact area, resulting in a more

efficient and sensitive chromatic response to the environment. In addition, pigment at
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0.2% (w/w) favored the colorimetric efficacy of the film in comparison with 0.1% (w/w).
Regarding pigment migration and photostability, the label was suitable for application in
fresh meat and fish packaging. The best performance was observed for the freshness
monitoring of fish samples. The indicator demonstrated high efficacy in detecting
spoilage in Atlantic horse mackerel (Trachurus trachurus). After 5 days of storage,
freshness parameters exceeded the limit defined by EU regulations, indicating that the
fish was not suitable for consumption. Simultaneously, the yellow label started to turn

purple, effectively indicating the beginning of the spoilage process.

Keywords: pyranoflavylium dyes, color changes, color tuning, pH-sensitivity, indicator

films, physicochemical characterization, food spoilage, real-time food freshness
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Thesis Outline

This thesis is divided into three parts: introduction, research work, and general
conclusion with final remarks. The research work is divided into two chapters (I and Il),
which in turn are divided into five and two subchapters, respectively. The formal
organization of the experimental work does not precisely reflect the order in which it was
performed; however, it was chosen for a better organization of the results. Each
subchapter consists of an integral article published, except for the last subchapter,
whose manuscript is not yet published. A brief description of each part is given below.

The general introduction describes the necessary topics for the broad comprehension of
this thesis and is divided into three parts. The first part consists of a bibliographic review
of pyranoflavylium dyes, which includes their origin, synthesis, and physical-chemical
properties, such as chromatic, fluorescence, and biological properties. In addition,
pyranoflavylium applications related to their properties will be introduced. The second
part is an introduction to intelligent food packaging, which explains how colorimetric pH-
indicators may monitor food's freshness. The last part of the introduction presents the

project's purpose, which includes general and specific objectives.

As mentioned above, the experimental section is divided into two chapters (I and Il). The
first chapter refers to the synthesis and study of new pyranoflavylium and related
compounds. The first subchapter (Article 1) describes the synthesis of a styryl derivative
of pyranoflavylium and the modeling of its color in micellar systems (SDS, CTAB, Triton
X-100). The second subchapter (Articles Il) consists of the chromatic and fluorescence
properties of a pyranoflavylium-related compound, namely, the pyranoxanthylium.
Articles Ill, IV, and V report the synthesis of a new pyranoflavylium lacking a hydroxyl
group at position 7 of the basic structure of the pyranoflavylium. Article IV describes the
chromatic and fluorescence properties of the studied compounds. Finally, the last
subchapter (Article V), in addition to the chromatic properties, also describes the

combination of pigments with marine biopolymers (alginate and chitosan).

Chapter Il describes the development of the colorimetric pH-indicator label based on the
most promising pyranoflavylium pigment. The first article in this chapter (Article VI)
describes the development of films containing the optimized formulation with the required

properties. The second article (Article VII) reports the tests on food samples and

XVii
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concerns other questions related to the applicability of the indicator, namely, its
photostability and the possible migration of the pigment to the food matrix.

Finally, a brief discussion of the general results obtained is presented in the last part of
the thesis. In addition, final considerations and potential direction of future work are
presented.



General Introduction
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1. Pyranoflavylium-based pigments

The use of natural and natural-based pigments has attracted growing attention from the
scientific community for several applications due to their biocompatibility,
biodegradability, and non-toxicity, among other interesting properties. In the field of
natural-based pigments, flavylium cation (2-phenylbenzopyrylium) derivatives, namely 3-
deoxyanthocyanidins and anthocyanins, have played a crucial role in different
applications (Figure 1.1). Anthocyanins are one of the most important classes of
pigments present in nature, responsible for colors from yellow to the blue of many fruits,
flowers, and vegetables. 3-deoxyanthocyanidins, which lack the hydroxyl substituent at
position C-3, are considered the chemical ancestor of anthocyanins and may be found
in mosses, ferns, and other plants [1].

Besides the amazing colors, these kinds of pigments are also known for their excellent
antioxidant activity and other biological properties. Furthermore, the ability of flavylium
compounds to change their color according to the pH media is an additional noteworthy
characteristic.

R1 R1
OH OH
O HO
Rz R2
OGlycoside
OH
Flavylium cation 3-Deoxyanthocyanidins Anthocyanins

Apigeninidin (Rq = R, = H) Pelargonidin (R4 = Ry = H)
Luteolinidin (R = OH, R, = H) Cyanidin (R4 = OH, R, = H)
Tricetinidin (R = Ry = OH) Delphinidin (R4 = R, = OH)

Peonidin (R; = OMe, R, = H)
Petunidin (R; = OMe, R, = OH)
Malvidin (R4 = OMe, R, = OMe)
Figure 1.1. Chemical structures of flavylium cation and the most common natural pigments: 3-
Deoxyanthocyanidins and Anthocyanins.

A complex multistate equilibrium in an aqueous solution generally characterizes the
physicochemical properties of flavylium-based pigments (Figure 1.2). The red cationic
form (AH") is the predominant specie at very low pH. As the pH increases, the flavylium
cation immediately undergoes proton transfer reactions leading to the formation of the
violet quinoidal base (A) and the blue anionic quinoidal base (A’). However, on a small-
time scale, the flavylium cation hydrates giving a colorless hemiketal (Bz). This specie
quickly reaches the equilibrium with pale a yellow cis-chalcone (Cc), which slowly

isomerizes to a trans-chalcone (Cy) (Figure 1.2) [2,3].
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flavylium cation (AH*) quinoidal base (A) anionic quinoidal base (A")

ka[H"] 1L ki

hemiketal (By) cis-chalcone (C.) trans-chalcone (Cy)

Figure 1.2. General equilibrium forms of flavylium-based pigments in aqueous solutions at different pH
values. Adapted from [2,3].

Despite their interesting chemical equilibria, the hemiketal and, subsequently, chalcones
formation leads to color fading over time in neutral and basic pH. In addition, these
pigments are notoriously unstable outside their native environment, particularly when
exposed to light and temperature [4]. These characteristics considerably restrict the use
of anthocyanins in several applications.

Pyranoflavylium compounds are flavylium-derived pigments with an additional pyranic
ring in the chromophore center, as shown in Figure 1.3. These derivatives are described
as having advantages compared to flavylium, namely, their stability and color intensity,
which make them promisors’ molecules to apply in different applications.
Pyranoflavylium properties, their origin, and obtention will be discussed in detail in the

following sections.

Figure 1.3. Chromophore structure of pyranoflavylium cation.
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1.1. The Origin

The first record of a pyranoflavylium-based dye in the literature dated from 1936 when
Brockmann and Haase were researching the red color of the "dragon’s blood” resin and
isolated a pigment called dracorubin [5,6]. However, the chemical structure of dracorubin
was only fully elucidated in 1950 (as a quinoidal base form), followed by its synthesis in
1976 by Robertson, Whalley, and co-workers [7,8].

To the best of our knowledge, after that and up to the 1990s, no developments in the
discovery of new pyranoflavylium-based pigments were documented. In 1996, the study
of the composition of red wine led to the discovery of new anthocyanin-derived pigments
by Cameira dos Santos et al., which suggested that the new structure resulted from the
condensation reaction between grape anthocyanins and another wine component [9].
In the same year, the new compounds' structural elucidation was achieved using
analytical (mass spectrometry and NMR spectroscopy) and synthetic methods by
Fulcrand et al. [10]. This study showed that the new pigments result from a chemical
reaction between the main wine anthocyanins and 4-vinylphenol. They reported a
cyclization reaction between the C-4 and the hydroxyl group at C-5 of the flavylium
moiety and the vinylphenol double bond, followed by an oxidation step, giving rise to a
new pyranic ring with a hydroxyphenyl group in C-10 position (Figure 1.4).

A year later, Bakker and Timberlake isolated and characterized two more new types of
pyranoanthocyanins from red wines: the A- and B-type vitisins [11]. They reported that
the A-type vitisin had an aldehyde and hydroxyl substituents in C-9 and C-10 positions
(Figure 1.4), respectively, in the new pyranic ring; while the B-type vitisin had only
hydrogen in the C-10 position. However, the correct structure of A-type vitisin (Figure
1.4) was only elucidated by Fulcrand et al. in 1998, as well as its formation mechanism

from malvidin-3-monoglucoside and pyruvic acid [12].

COOH B-type vitisins

A-type vitisins

4-hydroxyphenolpyranoanthocyanins

Figure 1.4. Structure of pyranoanthocyanins discovered by Fulcrand et al. [10] [12] and Bakker and
Timberlake [11].
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After that, other pyranoanthocyanins have been identified and isolated from beverages
such as fruit and vegetable juices and red wines. Then, they were chemically synthesized
according to the formation pathways that also have been described. The formation of
pyranoanthocyanins is related to reactions in processed foods containing anthocyanins
and where these can react with other compounds also present in the food matrix. In aged
red wines, anthocyanins react with yeast metabolites produced during the fermentation
process, such as pyruvic acid [12], acetaldehyde [11], acetoacetic acid [13], diacetyl [14],
oxaloacetic acid [15], vinyl phenols [10,16—18] and hydroxycinnamic acids [17,19,20], or
with flavan-3-ols [21], giving rise to primary or first-generation pyranoanthocyanins.
Primary pyranoanthocyanins, namely 10-carboxypyranoanthocyanins and 10-
methylpyranoanthocyanins, can react between them or again with yeast metabolites or
flavan-3-ols, arising more complex pyranoanthocyanins (second-generation), such as
pyranoanthocyanin dimers [22] and Portisins (vinylpyranoanthocyanins) [23-27].
Although the majority of pyranoanthocyanins were discovered in red wine samples,
particularly in aged red wine, owing to the time required for their formation, other
pigments were identified for the first time in experiments conducted on wine-like solutions
[19,28]. All these compounds and the chemistry behind the wine color are well-
documented elsewhere [3]. They have also been reported in strawberry and raspberry
juices, formed by reactions with sinapic and ferulic acids [29]. Although most
pyranoanthocyanins were found in fermented food products, this kind of pigment was
also described in plants, such as in scales of red onion Allium cepa
(carboxypyranocyanidin) [30] and strawberry Fragaria ananassa
(carboxypyranopelargonidin) [31]. Pyranoflavylium-type pigments that are not
anthocyanins (without glycoside moiety) were also discovered in petals of Rosa hybrida
(rosacyanin B) [32] and sorghum species [33,34]. The pathway formation of
pyranoflavylium pigments in plants remains unclear until now. However, some authors
do not entirely exclude the possibility of its formation during the extraction process
[30,33]. Lu et al. [35] reported a clear example of this, describing new 10-
methylpyranoanthocyanins from black currant seeds (Ribes nigrum), which were shown
later to be the result of the oxidative cycloaddition reaction between anthocyanins and

acetone as one of the extraction solvents [36].
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1.2. Synthesis and hemi-synthesis

Although pyranoflavylium pigments have been discovered in aged red wines or some
plants, as mentioned above, their amounts are usually small, which makes their isolation
and purification not sustainable for a practical application. Therefore, the obtention of the
required amounts for further deep studies is normally achieved through total synthesis
or hemi-synthesis procedures starting from the respective flavylium salt. In addition,
other pyranoflavylium-based pigments with improved and desired properties could be
rationally designed and synthesized.

Generally, pyranoanthocyanins are obtained from anthocyanins previously extracted
from a natural product (fruits or vegetables), purified/isolated, and following the same
formation pathway that occurs during the aging of the red wine. Other pyranoflavylium
salts, such as pyrano-3-deoxyanthocyanidins can be obtained from flavylium salts
following the same methodology used to obtain pyranoanthocyanins.

Different flavylium salts can be obtained mainly through two synthetic approaches: 1) C-
ring cyclization by an aldol condensation reaction of 2-hydroxybenzaldehydes with
acetophenones; 2) reductive or oxidative transformations of flavonoid compounds, which
are well-documented elsewhere [1].

The general pathway formation of pyranoflavylium compounds, specifically the new
pyranic D-ring, results first from the nucleophilic attack of an enol form of a carbonyl
compound (Rz= OH) or a vinyl group (Rz= H) to the electrophilic C-4 of the flavylium C-
ring. Then the hydroxy group at C-5 adds to the carbonyl group, giving a hemiketal.
Finally, a new pyranic ring is obtained following H2O elimination and some oxidation
steps (Figure 1.5) [1].

O Ri Intramolecular
ciclyzation
R,=H

Figure 1.5. General mechanism for the formation of pyranoflavylium pigments.
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The synthesis yield of pyranoflavylium pigments in wine-like solutions that follow a similar
formation pathway to that occurring in the red wine aging is higher when compared to
what is obtained if isolated directly from the red wine matrix. Nevertheless, this approach
is still associated with some limitations, such as high-dilution conditions required to
minimize side reactions and very moderate to low efficiency [37].

Regarding this, some studies have been carried out to improve yields. Changing the
reactional conditions, such as pH, temperature, stoichiometry, or using more reactive
molecules, have been studied. Work of Araujo et al. is an example of this, who compared
the yields of the 10-carboxypyranomalvidin-3-O-glucoside (A-type vitisin) formation by
the previously described reaction with pyruvic acid with the reaction with oxaloacetic acid
(also found in musts and wines, but in lower quantities than pyruvic acid) and at different
pH values (1.5, 2.6 and 3.5). The reaction with both acids showed better yields at pH
2.6; however, the oxaloacetic acid was more reactive, with yields of 59 % compared to
44 % of pyruvic acid (both at pH 2.6) [15]. Lu et al. also discovered serendipitously a
methodology for obtaining 10-methylpyranoanthocyanins after extracting anthocyanin-
based pigments from black currant seeds with acetone as a solvent, as already
mentioned above. 10-methylpyranoanthocyanins were found in aged red wine but not as
a consequence of the reaction between anthocyanins and acetone. Their presence in
red wines was later postulated to result from a reaction with acetoacetic acid produced
by yeast during fermentation. However, obtaining pyranoanthocyanins by reacting with
acetone is cheaper and more efficient. B-type vitisin pigments (the simplest
pyranoanthocyanin), usually originating from the reaction between anthocyanins and
acetaldehyde during the red wine aging, have also been synthesized by the reaction with
vinyloxy-trimethylsilane with higher yields (around 30%) [38].

Among the existing anthocyanins, some are more predisposed to form pyrano-
derivatives than others. The reactivity may be related to the type of aglycone or the
glycosidic substitution patterns. In terms of aglycones, malvidin was demonstrated to be
the most efficient for pyranoanthocyanins formation, followed by cyanidin [39].

Although high glycosidic substitution was initially described as a hindrance to the
formation of pyranoanthocyanins, Farr et al. reported that the saccharide number on
substitution of the anthocyanin did not affect its efficiency in a linear trend [40]. They
studied the influence of different glycosidic substitutions on C-3 of cyanidin on the 10-
carboxypyranoanthocyanin formation and observed higher conversion rates with
anthocyanins containing substitutions with disaccharides and 1—6 glycosidic bonds,
comparatively to monosaccharides and disaccharides with 1—2 glycosidic bonds [40]. A

possible explanation for these results may be related to the greater degree of rotation
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that the disaccharides with 1—6 glycosidic bonds exhibit in solution (as free molecules),
which might increase collision between molecules and attract pyruvic acid to the
chromophore [40].

Although pyranoflavylium pigments had frequently been obtained by direct condensation
of a 5-hydroxyflavylium cation with compounds containing an enolizable group, Roehri-
Stoeckel et al. have developed a hew methodology [41]. This methodology consists of
the condensation reaction between 5-hydroxy-4-methylflavylium cations and aldehydes
in methanol/ethanol as solvent under reflux. The 5-hydroxy-4-methylflavylium cations
can be prepared using flavones and the methylmagnesium bromide as a Grignard
reagent [41] or by acid-mediated condensation between a phenolic derivative and
aroylacetones [42]. A series of pyranoflavylium cations were synthesized following this
methodology with different aldehydes, and some of them were successfully obtained with
good yields. Curiously, the formation of some of them was not observed, which the
authors attributed to the nature of the aldehydes used, namely when they possess
electron-withdrawing substituents, such as fluor, cyano, and nitro groups. Only aromatic
aldehydes with electron-donating groups were reactive, which constituted a limitation of
this synthetic pathway [41]. The exigence of having an aldehyde-rich electron-donating
group led the authors to suppose that a charge-transfer complex formation is responsible
for initiating the condensation between the two molecules instead of a nucleophilic attack
of aldehyde by the vinylogous enol ether.

Later, C. da Silva et al. reported an improved procedure to the methodology described
above, which allowed obtaining a wide variety of substituted pyranoflavylium cations with
good to excellent yields (64 — 89 %). Modifications were made to the method of
Chassaing and co-workers, including using excess aromatic aldehydes in an inert
atmosphere during the first hours and using trifluoroacetic acid as an acid catalyst. These
modifications allowed synthesize of pyranoflavylium cations with electron-withdrawing
substituents that were not possible before and with a heterocyclic or polycyclic aromatic
ring attached [43]. Based on those results, the authors do not exclude a charge-transfer
interaction for the reactivity of electronic-rich aldehydes; however, they do not consider

it as the dominant factor for the condensation reaction [41,43].
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1.3. Properties of pyranoflavylium pigments

1.3.1. Chromatic features and chemical equilibria

As flavylium compounds, the chromatic features of pyranoflavylium pigments depend on
the medium conditions, especially pH. However, their chromatic features differ from their
respective flavylium precursors. The first evidence of this difference was the UV-Vis
spectrum of the first pigments discovered by Camera-dos-Santos et al., which underwent
a hypsochromic shift in Amax compared to original malvidins [9]. Most pyranoflavylium
cations have a hypsochromic shift in Amax, Showing a more orange-yellowish color than
the corresponding flavylium under the same pH conditions. This behavior was
unexpected since the common conjugation rules dictate that a chromophore more =-
conjugated electronically leads to an increase in the Amax value. However, there are
exceptions to the first behavior observed. Second-generation pyranoanthocyanins, such
as portisins [24,27,44], dimers [22], and amino-based pyranoflavylium compounds
[41,45,46] show a bathochromic shift, displaying a bluish to green hues. In 2010,
Carvalho et al. presented an explanation for different deviations in the Amax of the
pyranoanthocyanins based on quantum theoretical studies. According to the authors, the
changes in the Amax Were due to the combination of three factors: (i) the deviation from
the planarity of the ubiquitous B ring; (ii) the reduction of delocalization capability with
the B ring; and (iii) the extension of the remainder of the n-conjugated system [47]. Thus,
in the case of simpler pyranoflavylium salts, it is the first two factors that prevail, leading
to a hypsochromic shift. On the other hand, the extension of the n-conjugated system is
predominant in the case of more complex pyranoflavylium salts or with amino groups,
leading to a bathochromic shifting.

The intensity of the color of pyranoflavylium pigments can also differ from the original
flavylium. For instance, anthocyanins have a high molar extinction coefficient (¢) at a very
acidic pH (~1), which drastically decreases when the pH increase until the wine pH
(~3.6) in a model wine solution. In contrast, pyranoanthocyanins do not show this drastic
behavior, decreasing the molar extinction coefficient only slightly when pH increases
from ~1 to 3.6. In some cases, it was even possible to observe a slight to a substantial
increase of the molar extinction coefficient at pH 3.6, namely in oligomeric
pyranoanthocyanin-flavan-3-ol pigments, as a result of intramolecular copigmentation
[48]. The difference in color intensity at pH 3.6 between anthocyanins and
pyranoanthocyanins is mainly related to their different chemical equilibria in an aqueous

solution. The color intensity of anthocyanins decreases when pH increases from acid to
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slightly acid or neutral, mainly due to the hydration equilibrium, which yields the colorless
hemiketal species. Oppositely, pyranoflavylium compounds showed more resistance to
hydration. The presence of the new pyranic ring in the skeleton protects the flavylium
core against the nucleophilic attack by water, avoiding completely the hydration reaction
or to a large extent. More specifically, the protection against the nucleophilic attack by
water is ensured by the substitution at C-4 of flavylium chromophore since other flavylium
compounds with C-4 substituted, such as a 7-hydroxy-4-methyl-flavylium, display the
same behavior in aqueous solution [49]. Thus, the formation of colorless species can be
neglectable, and the color changes in the entire pH range arise exclusively from the
proton transfer reactions (Figure 1.6). The remarkable stability of these structures,
namely the color intensity at different pH values, makes them more suitable for pigment
applications in food and cosmetics.

pyranoflavylium cation (AH*) quinoidal base (A) anionic quinoidal base (A")

Figure 1.6. Equilibrium forms of pyranoflavylium in agueous solutions.

The chemical equilibria of several pyranoflavylium pigments, such as
pyranoanthocyanins, pyrano-3-deoxyanthocyanidins, among others, have been studied
and acidity constants determined by UV-Vis and NMR spectroscopic techniques. Cruz
et al. summarized the equilibrium constants of several pyranoflavylium pigments

reported in the literature [1].

1.3.2. Color stabilization or modulation

Although pyranoflavylium-based pigments have shown to be more stable than flavylium
precursors, their color can also be stabilized, modulated, or tuned for a specific
application by modification of the substituents of the pyranoflavylium chromophore by
non-covalent-interactions with macromolecules.

Oliveira et al. also studied the influence of the extent of x-conjugation of dimethylamino-

based pyranoanthocyanins on their chromatic features. The extent of x-conjugation was
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made by introducing one and two double bonds between the pyranic D ring and the
aminophenyl unit (Figure 1.7) [50]. Although the presence of one double bond produced
a significant bathochromic effect on the Amax of the pyranoflavylium cation (from 557 nm
to 633 nm), the presence of a second double bond has no significant effect on this value,
which is similar to the Amax Of the dye-containing one double bond. In terms of chemical
equilibria, the increase of the electronic delocalization promoted the protonation at the
amino group, with a higher pKa; value for the dye with extended =-conjugation. The first
deprotonation of hydroxyl groups was also influenced, which diminished with the
increase of the electronic delocalization, yielding the neutral quinoidal base at lower pH

values [50].

/N\

Figure 1.7. Structure of the three amino-derived pyranoanthocyanins [50].

Pyranoflavylium-based pigments with modifications in the chromophore were also
developed, as is the case of a symmetrical pyrano-2-styrylbenzopyrylium salt, which has
an extra double bond linking the benzopyrylium and the phenyl system, leading to an
extension of n-conjugation [51] (Figure 1.8). As expected, introducing the double bond
between the benzopyrylium core and ring B results in hyper and bathochromic shifts on
the Amax [51], from 496 nm to 556 nm, compared to similar pyranoflavylium without z-
conjugation in C-2 and C-10 [52].

Figure 1.8. Structure of symmetrical 2,10-Bis-Styryl-1-Benzopyrylium Dye[51]
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Aratljo and co-workers studied the interactions of second-generation
pyranoanthocyanins, namely Portisins and pyranoanthocyanins dimers, with lignin, the
second most abundant natural macromolecule after cellulose. The interaction with this
macromolecule was made through two different approaches: first with lignosulfonates, a
water-soluble lignin-derived compound [53], and second with nanoparticles of Kraft lignin
[54]. Lignosulfonates promoted a strong stabilization of pyranoflavylium cation form
revealed by the considerable increase of the pKa (around two pH units) for both
pyranoanthocyanins in the presence of this macromolecule when compared to the values
obtained in its absence. In addition, the lignosulfonate improved the solubility of the dyes
in agueous systems over time, as shown in the example of Portisin in Figure 1.9 [53].
Moreover, for a higher concentration of lignin, the aggregation of dyes decreases, and
each molecule is bound to a different site of lignin, resulting in a copigmentation
phenomenon (charge-transfer complex). Nanoparticle systems of Kraft lignin and
second-generation pyranoanthocyanins also showed good color stability toward pH
change after 8 days of incubation at 37°C, compared to the pure bluish pigments [54].

Portisin Portisin + Lignin

002 0.04 0.08 0.16

™ M

0.02 0.04 008 0.16
mM mM mM mM

Day 30

Figure 1.9. Color of the solutions of Portisin at different concentrations (20, 40, 80, and 160 pM) in the
absence and presence of lignin (19 uM) in citrate buffer pH 3.5 at day 0 and after 30 days in the dark.
Adapted from [53].

Recently, the color stabilization of pyranoanthocyanins by host-guest interaction
mechanisms with anionic dendrimers was investigated. In contrast to previous results
with simpler anthocyanins, the encapsulation becomes dominant as the dendrimer-to-
dye concentration increases, promoted by the more hydrophobic nature of

pyranoanthocyanins [55] (Figure 1.10).
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Dendrimer
Host

Pyranoanthocyanin
Guest

ION PAIRS & DYE ENCAPSULATION DYE ENCAPSULATION
Figure 1.10. Host-guest interaction between pyranoanthocyanin and dendrimer. On increasing the

dendrimer concentration, dye encapsulation becomes the dominant interaction. Adapted from [55].

1.3.3. Fluorescence Properties

Photochemical and photophysical studies have been conducted on pyranoflavylium
compounds to evaluate their potential use as chromophores photosensitizers in solar
cells (DSSC) and photodynamic therapy (PDT), as fluorescent probes in optical imaging,
among other applications.

Similarly to flavylium, pyranoflavylium salts exhibit excited state proton transfer (ESPT).
When in the excited state by absorption of light, proton transfer reactions of the excited
species occur very fast compared to the decay process to the ground state (Figure 1.11).
In addition to ESPT, these molecules usually display photoacidity. In other words, while
they are weak acids in the ground state (pKa typically in the range of 4-5), they exhibit a
relatively strong photoacidity in the first excited singlet state, with pK*; between 0.2-0.7
[56]. However, their photoacidity is significantly less prominent than flavylium cations,
and proton loss from the excited acid form is approximately two orders of magnitude
slower. Consequently, the excited state life-times of pyranoflavylium singlet states are
typically much longer than those of analogous flavylium cations [56-58].

K,
AH™ + H,0 — A*  + H,0*

-a

Lan+ | kgl ke UNLIILS
ka
kq

Figure 1.11. General scheme for excited state proton transfer: |an+ is the absorbed light, ks the
fluorescence emission rate constant and kc the sum of the rate constants of all non-radiative decays for the

acid and mutatis mutandis for the base[59].
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Freitas et al. investigated the effects of substituents on the ground- and excited-state
acidity of a series of homologous pyranoflavylium cations [57]. The authors verified that
the effects of substituents on the excited-state pKy* of the pyranoflavylium cations were
much more pronounced and systematic than those on the ground-state pKa. Moreover,
electron-donating groups reduce, and electron-withdrawing groups enhance the
electronic redistribution in the excited acid, resulting in fast ESPT to water. In addition,
the decay rate constants of the excited acid and base forms in the absence of ESPT also
increase in a similar and systematic trend as the substituent on the pyranoflavylium
chromophore changes from electron-donating to electron-withdrawing one [57].
Interestingly, and opposite to flavylium, pyranoflavylium dyes showed phosphorescence
in arigid TFA-acidified isopropanol glass and formed triplet states in an acidic acetonitrile
solution [58]. These behaviors were detectable by nanosecond laser photolysis and
guenched by molecular oxygen with the consequent formation of singlet oxygen. The
strong visible light absorption, the relatively small singlet-triplet energy differences, the
excited state redox potentials, and the reasonably long life times of pyranoflavylium triplet
states in the absence of molecular oxygen suggest that they might be used as triplet
sensitizers and cationic redox initiators in a polar aprotic solvent [58].

Moreover, theoretical studies were developed to predict photochemical and
photophysical properties and, therefore, be a tool for designing new pyranoflavylium
chromophores with the desired colors and photophysical properties, as well as for
understanding the analogous properties of pyranoanthocyanins of red wine [60—-62].
The first pyranoflavylium compounds to be studied as sensitizers for dye solar cells
(DSSCs) were pyranoanthocyanins derived from an extract of red wine. More
specifically, these pyranoanthocyanins were malvidin-3-O-glucoside and cyanidin-3-O-
glucoside pyruvic acid adducts [63]. In contrast to the authors' expectations, the
presence of pyruvic acid adducts decreased the effectiveness of the DSSCs relative to
the corresponding anthocyanins. However, it has been shown that the presence of the
catechol group in the structure of pigments (cyanidin derivatives) is advantageous for
producing DSSCs. Despite their low efficiency (0.006% for Cy-Py and 0.003% for Mv-
Py), these natural wine dyes created a new window of possibilities for environmentally
friendly dye solar cells [63]. Pinto et al. investigated the effect of carboxylic and catechol
units in pyranoflavylium structure on the efficiency of DSSCs [64]. They observed that
the presence of catechol units clearly increases the efficacy of cells. The best
performance was obtained for a symmetrical pyranoflavylium with two catechol units (10-
catecholpyrano-5,7,3",4'-tetrahydroxyflavylium), with an efficiency of 1.15%.

Furthermore, the DSSC efficiency based on pyranoflavylium not only depends on the
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linker units (carboxylate, catechol) but also on electron-donor groups (methoxy, hydroxyl,
methyl), as well as the presence of sugar moieties. 10-methylpyranocyanidin-3-O-
glucoside showed an improved efficiency of 1.57% [65]. However, higher efficiency was
observed for dimethylamino-derived pyranoflavylium dye with 2.34 to 2.55 % [66]. The
performance of DSSCs was improved by the stronger donor character of the
dialkylamine unit, which participates effectively in the conjugation leading to a more rigid

sensitizer chromophore [66].

1.3.4. Biological Properties

The biological properties of pyrano-derivatives have also been studied, with a more
considerable emphasis on the pyranoanthocyanins. Antioxidant activity is the most
studied, and the values are usually compared to the precursor anthocyanin. The first
approach to the antioxidant properties was reported in a study of blueberry extract and
two anthocyanin-derived extracts containing anthocyanins and first and second-
generation pyranoanthocyanins, respectively [67]. The anthocyanin-derived blueberry
extracts revealed a higher antioxidant and antiradical capacity than the original blueberry
extract by DPPH and FRAP methods, and the results were corroborated by the in vitro
lipidic oxidation assay. Furthermore, the extract rich in second-generation
pyranoanthocyanins, namely Portisins, showed a higher capacity to inhibit lipid
peroxidation of soybean PC liposomes [67]. When Portisins derived from Cy-3-glc (Cy-
pt), Dp-3-glc (Dp-pt), and Mv-3-glc (Mv-pt) were tested as isolated compounds by
Azevedo et al., they generally showed a significant increase of antioxidant capacity than
respective anthocyanidins and anthocyanins [68]. The presence of a catechol group
(ortho-dihydroxyl) in the flavanol moiety and the increase of the hydrophobicity of
Portisins seemed to be the main factors for this effect. The increase of the number of
hydroxyl groups leads to the extent of conjugation of n-electrons which could stabilize
the radical scavenged throughout the whole structure and, consequently, increases the
antiradical capacity (results obtained by DPPH) [68]. According to the results of the
antioxidation evaluation in soybean PC liposomes, the higher hydrophilic character of
Portisins allows them to strategically place themselves at the surface of the liposome
membrane system, providing antioxidant protection against lipidic peroxidation [69].

First-generation pyranoanthocyanins, such as Mv-3-glc pyran-derivatives, also exhibited
greater radical scavenging ability than the Mv-3-glc (by DPPH assay), mainly the pinotin-
A with the catechol group in E ring. Only methylpyrano and oxovitisin derivatives were

exceptions to this trend [68,70]. Therefore, the authors might conclude that the changes
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that occur to anthocyanins during the age of red wine do not diminish their antioxidant
potential [68]. In addition to the most common, rarer pyranoanthocyanins isolated from
the staghorn sumac R. hirta extract [71], which had previously shown a strong antioxidant
activity [72], were studied individually using an in vitro model with Caco-2 cells [73].
Among all sumac polyphenols evaluated, the two rare pyranoanthocyanins derived from
Cy and Dp with the extra D ring showed the most interesting antioxidant properties for
developing functional foods or beverages. Therefore, similar to flavonoids in general, the
antioxidant activity of pyranoanthocyanins rises with the number of aromatic hydroxyl
groups, especially ortho-dihydroxyl groups, in the molecule structure [68,70].

Recently, Correia et al. investigated the antioxidant activity of methyl and carboxypyran-
derived from Mv and Cy (as well as other features described in the following
subsections), focusing on their potential use as skin protectors for cosmeceutical
applications [74]. The overproduction of reactive oxygen species (ROS) in the skin cells
and, subsequently, oxidative stress is one of the most significant contributors to the age-
related decline of the structural integrity and function of the skin. Antioxidants have been
incorporated into skin care products as a strategy to delay this process. The antioxidant
effect of the referred pyranoanthocyanins was evaluated by in vitro model in human skin
cell lines: epidermal keratinocytes (HaCat) and dermal fibroblasts (HFF-1). As expected,
Cy and related compounds proved a more pronounced influence on the reduction of
ROS than Mv-derived structures. Even though Cy-3-glc and 10-carboxypyCy-3-glc had
similar and the highest antioxidant efficacy, the authors deemed 10-carboxypyCy-3-glc
the most promising molecule to use as a skin protector in cosmetic formulations due to
its superior color stability compared to its anthocyanin counterpart [74].

The application of pyranoflavylium compounds in food or biological fields inevitably
requires the assessment of their cell viability, such as the cytotoxicity activity. The effect
of compounds on cell proliferation is usually investigated when the aim of their
application is anticancer therapies. In addition to anthocyanins, which had previously
demonstrated antiproliferative activity, Faria et al. found in 2010 that a 10-
carboxypyranoanthocyanins-rich extract derived from a blueberry extract at noncytotoxic
concentrations (<500 ug/ mL) was also able to inhibit cell growth in breast cancer cell
lines (MDA-MB-231 and MCF7) via Sulforhodamine B (SRB) and methyl-[*H]-thymidine
incorporation methods [75]. Similar to the original blueberry extract, the 10-
carboxypyranoanthocyanin-containing extract showed cell invasion inhibition and no
inhibition of chemotaxis. Furthermore, this extract was the only one that interfered with
the apoptosis pathway in the MCF7 cell line by observation of the increase of caspase-

3 activity [75]. In the same year, the antiproliferative effect of isolated Portisins derived
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from Cy-3-glc and Dp-3-glc was also studied on breast cancer cells (MCF7) [76]. Both
exhibited significant antiproliferative activity, with identical values (about 70%) at the
highest concentration tested (100 uM) and using the SRB assay. An opposite effect was
observed when these values were compared to those obtained for the corresponding
anthocyanins. While Cy-3-glc exhibited no antiproliferative activity at 100 mM, Dp-3-glc
had a substantial growth inhibitory effect (about 40 %) and was superior to its respective
Portisin at the same concentration. The authors verified that the inhibitory effect on cell
proliferation was related to the hydroxylation pattern of ring B in the flavylium structure.
They also evaluated the antiproliferation activity of simpler analogous compounds
(flavonoids, phenolic acids, and phenols) with catechol and pyrogallol groups and
concluded that anthocyanins and derivatives with pyrogallol group were more effective
in preventing MCF-7 cell proliferation [76]. Pyrano-derivatives of Mv-3-glc, such as A-
type vitisin, 10-methylpyranoantocyanin (Me-py), and 10-oxovitisin, were also studied in
terms of antiproliferative capacity in breast cancer MCF-7 cells by the SRB method [77].
Although all compounds have shown the ability to inhibit cell growth, the values were
inferior to those obtained for Mv-3-glc. However, 10-oxovitisin was the most effective in
inhibiting proliferation among the derivatives. The authors attribute this result to the
higher reactivity of the carbonyl group on pyranone, in comparison to the carboxylic acid
group on A-type Vitisin and the methyl group on Me-py [77].

Contrary to pyranoanthocyanins, the biological studies of other pyranoflavylium
compounds have been poorly documented in the literature. Pan et al. studied the
cytotoxicity of a mixture of 10-methylpyranoanthocyanidins derived from a blueberry
extract in human cervical cancer HelLa cells and their mechanisms [78]. 10-
methylpyranoanthocyanidins were produced using acid hydrolysis of blueberry
anthocyanins to remove the sugar, giving rise to the anthocyanidins, followed by the
reaction with acetone. The blend was composed of 10-methylpyranoanthocyanidins
generated mostly from delphinidin, petunidin, and malvidin, with smaller contributions
from cyanidin and peonidin. Unlike the previously mentioned studies, the effectiveness
of the compounds against cancer was made by evaluating the cellular inhibition for
concentrations below the cytotoxicity values. In this case, the authors evaluate the
efficacy through the cytotoxicity of the compounds. 10-methylpyranoanthocyanidins
showed a cytotoxic effect on the HelLa cells and a dose-dependent decrease in cell
viability. Furthermore, its inhibition on HelLa cells was higher than the anthocyanins

precursors; however, anthocyanidins had the strongest inhibition [78].
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2. pH-indicators for food freshness monitoring

2.1. Food Packaging

"Food safety" and "food waste" are growing concerns in actual society. The World Health
Organization (WHO) estimated 600 million cases of illness due to contaminated food
supplies, and 420,000 people die every year as they are affected by foodborne
contamination [79]. On the other hand, the Food and Agriculture Organization of the
United Nations (FAQ) estimated that the total food waste for the edible part is around 1.3
billion tons [80]. Food packaging has played a crucial role in maintaining the quality and
safety of foods during storage, transportation, and sale. In addition, new packaging
systems have been extensively studied to improve food preservation and give
information on food quality, increasing food safety across the entire supply chain until
the final consumer [81]. Innovation in food packaging systems aims to extend the food
shelf-life — active packaging — and provide information on food quality or freshness —
intelligent packaging [82].

2.1.1. Intelligent food packaging

The European Union defines intelligent packaging as "materials and articles that monitor
the condition of packaged food or the environment surrounding the food" [83]. Its
principal purpose is to detect and provide real-time information regarding food quality
[82], hence ensuring food safety across the entire supply chain until the final consumer
[81]. In addition, intelligent packaging can play an essential role in reducing food waste
by replacing static "best before" or "use by" dates with the "dynamic shelf-life" concept,
even among products of the same lot [84].

The real-time food control in a package can be made by monitoring the different food
guality markers or parameters, such as pH changes, oxygen, temperature, or specific
compounds. Particularly, pH changes in the food environment have been described as
an effective method of identifying food spoilage [85]. Behind the technologies applied in
intelligent packaging, colorimetric pH-indicators are the most studied in research since
they provide immediate visual and qualitative (or semi-quantitative) information about the

packaged food through a color change [86].
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2.2. Food spoilage and pH variations

pH variations during spoilage of animal-origin foodstuffs, namely fish and meat products
and their derivatives, are very characteristic. Muscle-based foods are an excellent source
of biologically available proteins and essential nutrients; however, they are highly
perishable and readily susceptible to spoilage [87]. Their initial physical-chemical
properties like pH (5.5 — 6.5), aw (0.98 — 0.99) values, and chemical composition
(proteins, sugar, fat, vitamins, etc.) are favorable parameters to fast post-mortem
degradation by endogenous and exogenous microorganisms. The degradation begins
when the oxygen of the muscles is depleted, and the anaerobic glycolysis starts,
producing organic acids and decreasing the pH. After glycolysis, proteolysis is induced
by endogenous enzymes activated by the lower pH. The degradation of protein and
nonproteic nitrogen (NPN) molecules produces short-chain peptides, amino acids, and
nitrogen-based compounds. These molecules represent an ideal substrate for
microorganisms, leading to bacterial growth [88]. The degradation process continues
with the predominance of microbial enzyme activity, which leads to the formation of
different compounds responsible for off-odors and off-flavor of food spoilage.

Amino acids are decomposed by decarboxylation by decarboxylase enzyme activities,
which are mainly of microbial origin, producing amines designed as biogenic amines
(BAs). The most relevant BAs found in food are histamine, tyramine, putrescine,
cadaverine, B-phenylethylamine, agmatine, tryptamine, serotonin, spermidine, and
spermine [89]. Trimethylamine-N-oxide is an NPN molecule present in muscles, mainly
in fishes, which is demethylated to dimethylamine (DMA) by endogenous enzymes and
reduced to trimethylamine (TMA) by bacterial enzymes. Other NPN compounds, such as
urea (i.e., present in elasmobranchs blood of fishes), are decomposed to ammonia
(NHs). These compounds are responsible for strong ammonia-like off-odors in spoiled
food [88]. The set of these compounds is called total volatile basic-nitrogen (TVB-N) and
describes the sum of primary, secondary, and tertiary volatile amines found in animal
muscle that shows toxicity at a certain level in food.

The quality of perishable food and the spoilage process is influenced by numerous
factors that can be divided into three groups: raw materials (composition, pH, ion
strength, etc.), microorganisms (endogenous and exogenous microflora), and
processing and storage conditions (fresh, cured, fermented, refrigerated, modified
atmosphere, etc.). Volatile basic nitrogen compounds are naturally formed in live animals
(as also in humans) in the gut and other organs, and they are used for vital functions or

transported for storage in the muscle. Therefore, the TVB-N content post-mortem is also



FCUP
PyranoFlavylium-based Materials as Colorimetric pH-Indicators for Food Spoilage Monitoring
General Introduction

influenced by TVB-N content in muscles in live animals [90]. In turn, its accumulation in
the muscles depends on several factors, such as the specie type and the intake of
precursors in the diet [87]. Furthermore, endogenous and exogenous microflora also has
great variations. For example, the fish microflora depends on many factors, such as the
environment in which the animal lives, the fishing season and the water temperature, the
method of capture, the handling on the ship, and the technological and sale processes
[88].

TVB-N is often applied as a biomarker for muscle foods' freshness and safety and to
determine suitability for human consumption [87]. The limit values depend on the animal
and species type. The European Community Regulation No 2074/2005/Annex Il
provided guidelines for the freshness of unprocessed fishery products depending on the
fish species and final use [91]. Specifically, a threshold of 25 mg N/100 g muscle for
Sebastes spp, 30 mg N/100 g muscle for members of the Pleuronectidae family (except
for Hippoglossusspp.), and 35 mg N/100 g muscle for Salmo salar, and members of the
Merlucciidae and Gadidae families. Several studies reported different limit values for
meat depending of their animal origin. For example, a threshold of 29 mg N/100 g muscle
for chicken and 42 mg N/100 g muscle for beef[92].

Summing up, the basic character of these N-based compounds leads to a pH increase
in the product. Besides that, since they are volatile, they can accumulate in the inner

packaged atmosphere and be detected by monitoring the pH inside the packaging.

2.3. pH-indicators for food freshness monitoring

A colorimetric freshness indicator can be defined as a material placed in the package
and ideally should change its color according to the different stages of the food's
freshness (i.e., super fresh, fresh, and spoiled) during storage. In a colorimetric pH-
indicator, color is correlated to a specific pH value (or to a small pH range), which is
directly related to the product's freshness. The color variation between the different
freshness stages should be very noticeable to avoid ambiguity regarding the product's
condition. Indicator components should be non-hazardous compounds, mainly due to
the possibility of leaching into the food product during storage. The indicator should also
be resistant and stable to environmental conditions (light, moisture, temperature, and
oxygen) in order to maintain its integrity and desirable functional condition throughout
the product's life-time [93]. Furthermore, for successful application in the food industry,
the development of an indicator must meet some criteria that include: (i) a suitable

performance that allows a sensitive and fast monitoring of alterations in the selected

21



22

FCUP
PyranoFlavylium-based Materials as Colorimetric pH-Indicators for Food Spoilage Monitoring
General Introduction

substances and a good correlation between the detected changes and the quality of the
food product; (ii) an easy implementation in the food industry driven by low prices and
the need of simple technology for their inclusion in the packaging material and; (iii) a
simple reading and interpretation by consumers [94].

Generally, a pH-indicator comprises a pH-responsive dye and a solid support [95]. The
dye can be immobilized by physical adsorption on a solid support, covalently bonded to
a support, or physically entrapped into a polymeric matrix [96].

Firstly, colorimetric pH-indicators were developed with synthetic dyes such as methyl
red, cresol red, bromocresol green, bromocresol purple, chlorophenol, bromine thymol
blue, and xylenol. However, most synthetic dyes are toxic, leading to unsafe indicators
[93]. Therefore, synthetic dyes have been substituted by natural pH-sensitive dyes, such
as anthocyanins, curcumin, alizarin, and betalains, owing to their inherent low toxicity,
availability, and low environmental impacts [84,97,98]. Among these pigments,
anthocyanins are the most widely studied ones [94,99-102] due to their color change
from red to blue with pH increases and valuable features such as antimicrobial and
antioxidant activities.

The most common technique for immobilizing a dye on support is physical entrapment
in a polymeric matrix. The polymer should compromise some characteristics: (1) no/low
toxicity to human health; (2) structurally and chemically compatible with dye to provide
its uniform diffusion; (3) film-forming property; (4) adequate barrier properties; (5)
relatively low water sensitivity[84,98].

In contrast to food packaging materials, which must be very resistant (e.g., high barrier
properties and mechanical resistance) since their primary function is to protect the food,
indicator materials must comprehend other physical properties. For example, the
polymeric matrix of a pH-indicator must be semi-permeable to water to promote the
penetration of H* and OH"ions present in water droplets in the packaging atmosphere.
High water permeability increases the contact surface area between dye and ions and
volatile compounds, increasing the efficacy of the indicator. In addition, the matrix should
be hydrophobic to prevent the disintegration of the film in contact with water and to avoid
pigment leaching.

Polymeric matrices are usually made from biopolymers since synthetic polymers, namely
petroleum-derived polymers, raise global concerns due to the associated environmental
problems. Biopolymers are natural polymers from plant and animal sources, which are
non-toxic, biocompatible, biodegradable, and with film-forming properties, making them
suitable for intelligent packaging development. Besides, many valuable biopolymers can

be obtained from agricultural and industrial by-products, an added benefit to the zero-
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waste principle. Among several biopolymers, polysaccharide-based biopolymers are the
most widely studied ones due to their excellent film formability, and suitable structure as
solid support materials for dye immobilization in which chitosan, starch, agar,
carrageenan, pectin, and cellulose derivatives are polysaccharide-based biopolymers
have been commonly used for blending with pH-indicators [84][97]. Particularly, cellulose

and its derivatives are gaining attention in the food packaging industry [103].

2.3.1. Cellulose acetate films as a solid support for pH-indicators

Cellulose is the most abundant polysaccharide in nature, mainly derived from various
plants and microorganisms, divided into plant cellulose and bacterial cellulose [98].
Cellulose is composed of thousands of repeating D-glucose units linked by 8-1,4
glycosidic bonds, characterized by its hydrophilicity and chemically modifying capacity
[104]. Cellulose and its derivatives exhibit remarkable biocompatibility, biodegradability,
and environmental sustainability. In terms of physical properties, they have mechanical
and thermal resistance, water absorbance, porosity, and the ability to carry antioxidant
and antibacterial agents; moreover, they are low-cost materials. The cellulose
derivatives include several esters and ethers, such as cellulose acetate, carboxymethyl
cellulose, methylcellulose, ethyl cellulose, cellulose nitrate, cellulose sulfate,
hydroxyethyl cellulose, hydroxypropyl cellulose, and hydroxypropyl
methylcellulose[103].

In this work, cellulose acetate (CA) was chosen as solid support for dye immobilization.
CA is an ester present in green plant cell walls and can be synthesized by the reaction
of cellulose with acetic anhydride and acetic acid in the presence of sulfuric acid (Figure
2.1). CA is soluble in acetone, dioxane, methyl acetate, and acetic acid; however, it is
insoluble in water. The degree of substitution plays a crucial role in its solubility and
biodegradability. It presents a relatively low cost, is nontoxic, heat resistant, shows
excellent film-forming properties, and has high chemical and mechanical stability
[103][104]. Previous studies already showed that CA-based films have promising
properties for food packaging applications [105-111].
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Figure 2.1. General structure of biopolymer cellulose acetate (CA).
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Beyond the polymer matrix, which can be made up of one or a mixture of biopolymers,
other compounds can be added to the formulation to improve the properties of the
indicator film. Generally, plasticizers are low molecular weight and non-volatile
molecules usually added to the film’s formulation to improve its physical properties, such
as flexibility, workability, distensibility, or water vapor permeability (WVP) [112,113].
Among the plasticizers, glycerol (Gly) is one of the most studied biodegradable
compounds (Figure 2.2.) [112]. Although using glycerol as a plasticizer for CA-based
films is not very commonly found in the literature, some recent works have studied its

incorporation in the formulation [114-117].

OH
Ho._J_ oH

Figure 2.2. Structure of glycerol widely used as a plasticizer.

2.3.2. Film production, characterization, and test as pH-indicator

Indicator films can be obtained through various methods, such as solvent casting,
extrusion, electrospinning, and layer-by-layer (LbL) assembly, with the last two
techniques being the most innovative. For example, electrospinning produces films with
enhanced surface area, high porosity, small pore size, and high absorbance capacity,
which make films with a higher potential to be applied as pH-sensitive indicators [103].
However, solvent casting is the technique most used in developing pH-sensitive films
due to its simplicity and low costs (Figure 2.3). In this method, polymer/s and pH-
sensitive dye (and plasticizer, if necessary) are blended in a solution and cast in a plate
for further drying [95]. In the case of CA films, the formulation is usually blended using

an acetone solution.
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Figure 2.3. Solvent casting methodology for film formation.
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After obtaining the films and before testing their performance as pH-indicator, they are
subjected to various characterization technigues. Generally, film indicators are
characterized in terms of structure and physical properties. Thickness, color, water
solubility, moisture content, thermal, barrier, and mechanical properties are the most
physical properties studied [98]. Thermal properties, namely, decomposition temperature
and glass transition temperature (Tg) of films, are achieved by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) [98]. Water vapor permeability
(WVP), oxygen permeability (OP), and opacity (or transparency) are determined to
obtain information on barrier properties. The mechanical properties of pH-responsive
indicator films include tensile properties: tensile strength (TS), Young's modulus (YM),
and elongation at break (EB) [98]. In addition, these techniques are crucial to
understanding small variations in the film's final formulation (e.g., different pigment
concentrations). Structural characterization can provide information on the arrangement
of different film components and allow a better understanding of the films’ physical
properties. The structure of the films depends on the compatibility, miscibility, and
intermolecular interactions between different film components, which directly affects their
mechanical and barrier properties. Morphological and structural characterization can be
may through scanning electron microscopy (SEM) of surface and cross-section, atomic
force microscopy (AFM), Fourier transform infrared (FT-IR), and X-ray diffractometer
[118].

The indicator performance concerning pH changes is usually first tested in buffer
solutions at different pH values. Most of the works show the color variation of the film in
pH solutions from 1 to 12. However, this pH range is too broad and useless to study food
freshness stages. A significant color variation between 5 to 7 is required for a successful
pH-indicator for freshness monitoring of perishable foods such as meat and fish. Other
works tested a color response of the indicator to volatilie ammonia. Nevertheless, a
volatile ammonia-rich atmosphere may be an extreme and unrealistic condition for food
spoilage simulation.

Finally, pH-indicator films are tested on real samples by submitting them to monitor the
freshness of mainly protein-rich food products, such as fish, shrimp, chicken, pork, milk,
and cheese [118]. On real samples assays, pH-indicators and food samples are usually
placed in improvised and home-made packages. So far, none of the studies has shown
to test the pH-indicators in more realistic retail conditions, such as, for example, in a
modified atmosphere packaging (MAP). Also, the temperature conditions studied are
around 3 and 25 °C; however, using 25 °C is incorrect since it does not represent the

reality for such perishable products. Other degradation processes may occur at this

25



26

FCUP
PyranoFlavylium-based Materials as Colorimetric pH-Indicators for Food Spoilage Monitoring
General Introduction

temperature, interfering with spoilage detection. Color variations of the pH-indicator
should be correlated with the food sample's pH, TVB-N content, and microbiological

profile.

2.4. Anthocyanin-based indicators

As already mentioned in section 2.3, and due to the interesting pH-sensitive color
properties described in the first part of the introduction, ANCs have been widely studied
as colorimetric indicators for application in intelligent food packaging [119-127].
Furthermore, as widely distributed in nature, ANCs are easy to obtain, making them
inexpensive and good candidates for creating pH-indicators. Furthermore, ANCs are not
related to toxicity issues, and according to the last re-evaluation of the Scientific Panel
on Food Additives and Nutrient Sources Added to Food of the European Food Safety
Authority, they have been considered unlikely to be a security concern (mainly the ones
from grape skin extracts and black currants) [94,128].

ANCs are composed of aglycone moiety — anthocyanidin — and glycoside moiety. The
most common ANCs are cyanidin, pelargonidin, peonidin, delphinidin, malvidin, and
petunidin. The glycosylation of anthocyanidins as 3-glycosides or 3,5-diglycosides is the
most common. Since the discovery of the first ANC, more than 700 related chemical
structures have been identified in nature with different glycosylation and acylation
patterns [1].

For the development of ANC-based indicators, ANCs are obtained from plant extracts.
Although some extracts have been purified, the material used never consisted of pure-
form ANCs. Instead, the material used is an ANC-rich extract containing different ANCs
and other compounds. Extracts from different plants have different ANC profiles, which
greatly influence extracts' functional and physical properties. Consequently, selecting the
source of ANCs plays an essential role in the effectiveness of the pH-indicator.
Determinant factors in choosing the plant source are the color variation of the extract
and the content of chemically more stable ANCs. For example, acylated ANCs exhibit
higher color stability when compared with non-acylated ones due to the intramolecular
copigmentation effect. In addition, they have higher resistance to degradation and
display an extension of the pH domain of the flavylium cation and a stabilization of the
purple and blue colors at higher pH values [1]. Thus, red cabbage, purple sweet potato,
and black carrot are extensively used as sources of ANCs because of their high contents

of acylated ANCs [94]. Traditional sources of ANCs, such as blackberries and grapes,
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are also being used as well as other more uncommon sources such as black soybean

seed coat extracts, purple and black eggplant peels, or jambolan fruits [129].

2.4.1. Problems related to ANCs pH-indicators

Developing functional ANC-based freshness indicators is a very challenging process,
where ANC extract should be compatible with the polymer and able to respond to the
freshness alterations suffered by the food product during its storage and distribution.
Additionally, color changes must be unequivocal and easily readable by the
consumers/retailers and should always be related to quality changes in the packaged
food product.

The main drawbacks of ANCs and, in general, of natural pigments are their instability in
other environmental conditions, such as light and temperature. Even though they display
an interesting color change from red to blue with pH increasing, ANCs have a complex
multistate equilibrium that leads to color fading over time, mainly in neutral to basic pH
values [2,130,131]. ANC's instability and color fading limit their use in the food industry
[97].

The number of works published about ANCs applications as pH-indicators for food
freshness monitoring is extensive in the literature. Although some works have shown
their high potential, they only described issues related to 1) color variation of the extract
in solution, 2) color variation of the film indicator in solution, 3) transparency or low-
intensity colors of the indicator, and 4) conditions of trials with real samples.

Problems with the extract selected regarding color variation in the relevant pH range for
food spoilage (pH = 4.5 to 7.5) are common. Several studies used extracts with an
attractive color change in the solution across a wide pH range (pH from 1 to 12); however,
the color variation within the relevant pH range is barely noticeable [110,132,133]. For
example, a red cabbage extract used to build a CA-based indicator changed color from
pink to blue to green to yellow as the pH of the solution increased, as shown in Figure
2.4a [110]. However, there was practically no color difference between pH 5 and 8. In
addition, the film indicator was tested for the visual detection of volatile ammonia and its
reversibility with volatile acetic acid instead of the response to different and controlled
pH solutions. Figure 2.4b demonstrates that ANC-based film is sensitive to those
compounds, and its color is reversible. Nevertheless, the atmosphere generated by
volatile ammonia and acid acetic represents extreme conditions that do not correspond

to the reality of food spoilage [110].
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pH 12.0

B) _—

Figure 2.4. A) Color variation of a red cabbage extract in pH solutions between 1 and 12. B) Color
response of the indicator based on purple sweet potato extract and cellulose acetate to volatile ammonia
and its reversibility to volatile acetic acid. Adapted from [110].

Other works showed extracts with remarkable color variation in solutions at relevant pH
values; however, when the indicator is immersed in a solution with a variable pH, the
color change is not coincident. Therefore, the indicator may lose the interesting color
variation of the extract. Choi et al. reported the color variation of an extract from a purple
sweet potato, which changed from pink to purple to blue between pH 5 and 8 (Figure
2.5a) [134]. The extract was immobilized in agar, giving rise to the indicator film. When
the film was exposed to different pH solutions, the color practically did not change
between pH 5 and 7 (Figure 2.5b). Furthermore, indicator colors at different pH values
lost chromaticity compared to extract color in solution, becoming more grayish. Authors
attributed the color intensity decrease from pH 5 to 6 to hydration of the flavylium cation,
which gives rise to the colorless hemiketal and yellow chalcones. However, this decrease
is not pronounced in color variations of the extract in solution, and the authors did not
discuss the differences between the indicator and the extract [134]. A low concentration
of the extract in the film or some interactions with the polymer may lead to color fading.
The intermolecular interactions between ANCs and biopolymers can restrict the

structural changes of ANCs [118].
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B)

Figure 2.5. A) Color variation of an extract from a purple sweet potato in pH solutions between 2 and 10.
B) Color variation of the indicator based on purple sweet potato extract and agar in pH solutions between 2
and 10. Adapted from [134].

Other authors tried to produce a multifunctional material to act simultaneously as a
protecting material for packaging and to monitor food spoilage during storage (indicator
material) [135,136]. Since packaging and indicator materials must have different
properties, putting both functionalities together is a big challenge. While packaging
materials must be impermeable to water and other gases to protect foods, pH-indicators'
effectiveness is enhanced by permeability or semi-permeability. In addition,
transparency is an essential feature of packaging since it influences consumers'
acceptance of food products. However, transparency in indicator films becomes a
disadvantage since it leads to barely perceptible colors. Figure 2.6 shows the
performance of an indicator based on ANCs from petals in a chitosan nanofiber/methyl
cellulose matrix [135]. The indicator is almost invisible inside the packaging used in the
experiment. The authors refer to a color variation from violet (fresh product) to grey/green
(spoilage product). However, no color variation of the indicator is observed [135].

Violet Fresh

Indicator

ndicator

Figure 2.6. pH-indicator based on petal ANCs in a chitosan nanofiber/methyl cellulose matrix tested in the
freshness of lamb meat. Adapted from [135].
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Another typical problem is the experimental setup in real samples. For example, an
indicator based on black carrot ANCs and bacterial cellulose nanofibers exhibit a
remarkable color change during fish (rainbow trout (B) and common carp (C)) spoilage
(Figure 2.7); however, the spoilage monitoring is done for 15 days at 5-day intervals.
[124].

15(days)

Figure 2.7. pH-indicator based on black carrot anthocyanins and bacterial cellulose nanofibers tested in
the freshness of rainbow trout (B) and common carp (C) fillets. Adapted from [124]

A crucial feature of a colorimetric pH-indicator is detecting the exact moment the product
becomes unsafe for human consumption. For that, daily monitoring is required, and the
experimental time must be adequate for each sample type. Unfortunately, the shelf-life
of fish products without MAP is not superior to 8 days, which makes the experimental

time setup of 15 days inadequate for fish freshness monitoring.
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3. Project Purpose

The main goal of this project was the rationale design and synthesis of new
pyranoflavylium-based dyes with remarkable pH-responsive optical properties towards
developing a smart label for food freshness monitoring. The incorporation of food
freshness indicators in food packaging will allow real-time control of food quality,
ensuring food safety across the entire supply chain until the final consumer. In addition,
replacing the static expiration dates with a dynamic labeling system will greatly contribute
to food waste reduction. Regarding this, the objective of this work meets 2 of the 17 goals
of the 2030 Agenda for Sustainable Development, namely, goal 2 - End hunger, achieve
food security and improved nutrition and promote sustainable agriculture, and goal 12 -
Ensure sustainable consumption and production patterns.

Despite not being an entirely new concept, since several works have been published
about this type of technology, its transition to the industry has not been successful so far.
On the one hand, using efficient but synthetic pigments makes their application
unfeasible due to the cytotoxicity problems associated with pigments. On the other hand,
using natural pigments such as anthocyanins solves the cytotoxicity problems; however,
these are associated with stability problems over time, which is also a limitation for this
kind of application. Hereupon, a possible solution involves the development of
anthocyanin-inspired derivatives with improved properties in terms of chemical stability
and color variation, among others. Thus, the specific aims of this project involved the
following steps:

a) Design and synthesis of new pyranoflavylium-based compounds and structural

characterization;

b) Determination of chemical equilibria as a function of pH. Modulation or tuning their

equilibrium constants by structural modifications or interaction with micellar systems;
c) Evaluation of the cytotoxicity of the new compounds obtained,;

d) Building cellulose acetate-based films (smart label) containing the most promising

pyranoflavylium pH-responsive dye by solvent casting method.

e) Physico-chemical characterization of the smart label and validation of the chromatic

performance in simulated spoilage conditions and in real food samples.
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ARTICLE INFO ABSTRACT

The pyranostyrylbenzopyrylium moiety is a new type of benzopyrylium derivative, which has an extra double
bond between the benzopyrylium and the phenyl ring B and an additional pyranic ring between C-5 and C-4. In
PKq this work, the synthesis and the chemical equilibrium of a new 10-methylpyrano-2-styrylbenzopyrylium in
UY’ViS aqueous solutions by UV-Vis spectrophotometry are reported. The introduction of the double bond leads to
g;lcslztsabiliry changes in its chromatic properties, making the pigment exhibit a higher colorant capacity, when comparing

with traditional pyranoanthocyanins. There is a stabilization of the color mainly due to the value of the second
PK, that increase from 6.5 to 7.3. The modulation of its equilibria network by different micellar systems with
different charges (SDS, Triton x-100 and CTAB) was studied. SDS and CTAB had opposite effects on the variation
of pK, values, whereas Triton X-100 showed only a slight influence. The stability of each species (AH™, Aor A7)
in different systems in solution was also studied over 48 h. Overall, the best color stabilization of each species

Keywords:
Pyranostyrylbenzopyrylium

was achieved for the SDS micellar system.

1. Introduction

Pyranoanthocyanins are a class of anthocyanin-derived pigments
that are found in processed foodstuffs based on fruits and vegetables
such as juices and red wines [1]. These pigments result from cycload-
dition reactions between anthocyanins and other compounds present in
the food matrix during processing (fermentation, maturation, etc.),
forming a new pyranic ring. More specifically, the cycloaddition reac-
tion occurs between the C4/C5—OH of anthocyanins and a double bond
(enolic form) of another molecule such as acetaldehyde, pyruvic acid,
vinylcatechin and vinylcatechol, etc [1-3]. Over the last years, several
pyranoanthocyanins have been isolated from these food products such
as A- and B-type vitisins [4,5], oxovitisins [6], methylpyr-
anoanthocyanins [7], portisins [8], pyranoanthocyanins, dimers [9],
among others [10-12], as recently reviewed in Oliveira et al. [13]. The
mechanisms of formation of these molecules, as well as other synthesis
methodologies [14-16] have been studied in order to obtain these
pyranoanthocyanins and pyrano-3-deoxyanthocyanins [17-20]. Several
studies of their physicochemical, chromatic and antioxidant properties
have demonstrated that these molecules differ from anthocyanins in
various aspects [21,22]. One of the most important features is their
greater stability to pH variations and bleaching by SO, in comparison to

* Corresponding author.
E-mail address: luis.cruz@fc.up.pt (L. Cruz).

https://doi.org/10.1016/j.dyepig.2019.04.004

anthocyanins. In fact, the presence of the new pyranic ring avoids the
hydration reaction of the anthocyanins and, therefore, the formation of
hemiketal colorless species [2,22,23].

Pyranoanthocyanins and their derivatives have been studied for
numerous applications such as dyes for hair and textiles, photo-
sensitizers for solar cell applications [24], photochromic and pH-sen-
sors for food packaging, photodynamic therapy, amongst others.

This study follows a previous work [25] and reports a new pigment
from a new class of pyrano-3-deoxyanthocyanins: pyrano-2-styr-
ylbenzopyrylium. These compounds have the same basic skeleton than
pyrano-3-deoxyanthocyanins with an extra double bond linking the
benzopyrylium (A and C ring) and the phenyl system (B ring). The
addition of this double bond is already described in the literature but
only for flavylium compounds, resulting in 2-styrylbenzopyrylium salts.
Studies on 2-styrylbenzopyrylium salts reported that the introduction of
the double bond between B and C rings have profound effects in the
color and reaction network which is very important for food colorant
applications [26,27]. Pina and co-workers described a series of these 2-
styrylbenzopyrylium salts and studied their reaction network and
photochromic properties in the absence and presence of CTAB micelles
[28-30].

Bearing this, this work reports the synthesis of the a new pyrano-2-
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styrylbenzopyrylium with a methyl group attached to C10 and their
chemical equilibria in aqueous solutions was study. Furthermore, the
influence of three different micellar systems (anionic SDS, neutral
TRITON X-100 and cationic CTAB) in the pK, values was also studied
aiming to tune/modulate its chromatic properties for potential colorant
applications.

2. Material and methods
2.1. General methods

2.1.1. Reagents

All chemicals were obtained from Sigma-Aldrich (Madrid, Spain),
with exception of the 3,4-dihy-droxybenzylideneacetone which was
obtained from Alfa Aesar (Heysham, England). A universal buffer of
Theorell and Stenhagen [31] was made by dissolving phosphoric acid
85% (w/w) (2.25mlL, 3.23g, 0.03mol), citric acid monohydrate
(7.00 g, 0.03 mol), boric acid (3.54 g, 0.06 mol) and NaOH 1M (343 mL,
13.7 g, 0.343 mol) solution in millipore water until 1 L. Solutions were
made using millipore water.

2.1.2. NMR spectroscopy

'H NMR (600.13 MHz) and °C NMR (125.77 MHz) spectra were
recorded in DMSO-ds/TFA (90:10) and MeOD-d4/TFA (90:10) on a
Bruker-Avance 600 spectrometer at 303 K and with TMS as an internal
standard [chemical shifts (d) in parts per million, coupling constants (J)
in Hertz]. Multiplicities are recorded as singlets (s), doublets (d) and
double doublets (dd). *H chemical shifts were assigned using 2D NMR
(COSY, NOESY) experiments while C resonances were assigned using
2D NMR techniques (gHMBC and gHSQC). The delay for the long-range
C/H coupling constant was optimized to 7 Hz.

2.1.3. High resolution mass spectrometry (HRMS)

Analysis were done on an LTQ Orbitrap™ XL hybrid mass spectro-
meter (Thermo Fischer Scientific, Bremen, Germany) controlled by LTQ
Tune Plus 2.5.5 and Xcalibur 2.1.0. Positive mode: The capillary voltage
of the electrospray ionization source (ESI) was set to 3.1kV. The ca-
pillary temperature was 275 °C. The sheath gas was at 5 (arbitrary unit
as provided by the software settings). The capillary voltage was 49 V
and the tube lens voltage 80 V.

2.1.4. Absorption spectroscopy

UV-Vis absorption spectra were recorded in a Varian-Cary 100 Bio
spectrophotometer. Spectroscopic absorbance curves were recorded at
25 °C for all the solutions from 200 to 800 nm with a 1 nm sampling
interval using a quartz cell cuvette of 3.5 mL capacity and 1 cm of op-
tical path.

2.2. Synthesis

2.2.1. Synthesis

benzopyrylium 3
The synthesis and all characterization of the 2-(3,4-dihydrox-

ystyryl)-5,7-dihydroxy-1-benzopyrylium 3 has been reported [25].

of 2-(3’,4’-dihydroxystyryD-5,7-dihydroxy-1-

2.2.2. Synthesis of 2-(3’,4’-dihydroxystyryl)-10-methylpyrano-7-hydroxy-
1-benzopyrylium chloride 4

Compound 3 (47.0 mg, 0.14 mmol) was dissolved in 50 mL of aqu-
eous EtOH 20% and acetone 20% solution. The reaction mixture was
stirred at 37 °C and pH 2.5 for 4d. The crude product was purified by
column chromatography using C18 silica gel with acidified aqueous
solution of 30-40% of MeOH. After lyophilization, a dark orange
powder (8.1mg) was obtained with 16% of yield. 'H NMR
(600.13 MHz, DMSO-ds:TFA 9:1), § (ppm): 7.92 (d, J = 15.7 Hz, 1H,
HpP) 7.23 (d, J = 1.7 Hz, 1H, H2"), 7.17 (dd, J = 8.1, 1.2 Hz, 1H, H6"),
7.15 (s, 1H, H6 or H8), 7.09 (d, J = 15.8 Hz, 1H, Ha), 7.06 (s, 1H, H3),
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7.03 (s, 1H, H6 or H8), 6.95 (s, 1H, H9), 6.86 (d, J = 8.2 Hz, 1H, H5"),
2.54 (s, 3H, CHs). >C NMR (125.77 MHz, DMSO-dg:TFA 9:1), & (ppm):
172.08 (C10), 168.33 (C2), 153.91 (C5 or C8a), 153.37 (C5 or C8a),
150.85 (C4), 146.35 (C3"), 144.92 (CB), 126.55 (Cl1”), 123.71
(C6%),116.48 (C5"), 115.70 (C2’), 115.46 (Ca), 107.60 (C4a), 105.22
(C9), 104.65 (C3), 100.55 (C6 or C8), 100.26 (C6 or C8), 21.18 (CH3).
HRMS (ESI) molecular formula CyoH;505% requires [M]1* 335.0914;
Found, 335.0916. UV/VIS data A, (0.01 M HCl in MeOH) 536 nm and
molar extinction coefficient emax = 17499 mol ~*dm3cm 1.

2.3. Titrations

The acidic thermodynamic constants were determined by spectro-
photometric titrations. It was subsequently added to the cell cuvette
1 mL of NaOH solution (0.1 M), 1 mL of universal buffer solution at pH
1 and 1 mL of stock solution of the pigment 0.03 M (with 75% ethanol),
where the final concentration was 0.01 mM and 25% ethanol. In case of
the micellar solutions, the stock solutions of pigments at 0.03 mM was
prepared with 0.3 M of the surfactants (SDS, Triton X-100 and CTAB)
for the final concentration of 0.01 mM and 0.1 M to pigment and sur-
factant, respectively. The first UV-Vis spectrum was immediately re-
corded. Increasing amounts of NaOH solution (1 M) were added to the
cell cuvette achieving a pH range between 1 and 12. After each addi-
tion, the mixture was rapidly shacked, a UV-Vis spectrum was re-
corded, and the pH was measured. Final volumes were appropriately
corrected. All pH measurements were made in a Radiometer
Copenhagen PHM240 pH/ion meter. The fitting for pK, determination
was carried out using Solver program from Microsoft Excel.

3. Results and discussion

3.1. Synthesis of the 2-(3’,4’-dihydroxystyryD)-10-methylpyrano-7-
hydroxybenzopyrylium chloride 4

Compound 4 was synthesized according to the conditions described
in Scheme 1. The synthesis of 2-styrylbenzopyrylium 3 was previously
described in the literature [25] through an acidic aldol condensation
between 2,4,6-trihydroxybenzaldehyde 1 and acetophenone 2, ac-
cording to a procedure adapted either from Katritzky [32] or Robinson
[33], both frequently used in the synthesis of 2-phenyl-1-benzopyr-
ylium salts. The next step consisted in the cycloaddition reactions be-
tween 2-styrylbenzopyrylium 3 and acetone (enolic form) in a hydro-
alcoholic solution. After the purification steps, the pigment was
analyzed by LC-DAD/ESI-MS in the positive ion mode and its structure
was fully elucidated by 'H and '*C NMR using 1D and 2D techniques
(see supporting information). Scheme 1 also presents the structure of
compound 5 (without double bond between B and C rings) previously
developed [19].

3.2. Chromatic properties

Two chromatic properties, namely the maximum absorption wave-
length (A and the molar absorptivity coefficient in MeOH HCl
0.01 M were determined for the pigments 4 and 5 (Fig. 1 and Table 1).
Comparing the values obtained for both pigments, it could be observed
that there was a significant redshift of the maximum absorption wa-
velength of 4 relatively to 5. In the case of the extinction molar coef-
ficients, the new pigment presented a value considerably higher in re-
lation to its analogue 5. Thus, these results confirmed that the presence
of the double bond between ring B and C of the flavylium core has a
great influence on its properties, making the pigments to exhibit a
higher colorant capacity (see Table 1).

3.3. Determination of pK, values

The pK, values for the novel pigment were determined by titrations
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Scheme 1. Synthesis strategy to obtain compounds 4 and 5 [19].
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Abs
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Amax(nm)

550 650 750

Fig. 1. UV-Vis spectra of 4 and 5at 0.1 mM in MeOH HCl 0.01 M.

Table 1
Maximum absorption wavelengths and the molar absorptivity coefficients de-
termined of the pigments at 0.1 mM in MeOH HCl 0.01 M.

Pigment Wavelength, A (nm) Molar Absortivity, ¢ (mol~!.L.em™ 1)
4 536 17499
5 469 10519

in the absence and presence of micellar systems. In the absence of any
micellar system, the titrations were made in a water/ethanol mixture
(75:25 (v/V)) because the pigment is not completely water-soluble. The
experiments with the micellar systems were made with three different
types of surfactants, based on their charge, namely with SDS (anionic),
Triton X-100 (non-ionic) and CTAB (cationic) at concentrations above
of their critical micelle concentration (0.1 M). The titration was fast
enough to avoid significant precipitation (which is a relatively slow
process). The UV-Vis spectra of the pigment were obtained for the pH
range between 1 and 12. All pK, values were defined as apparent pK,
values because these they were calculated using the apparent pH va-
lues. In case of the hydroalcoholic solution, the pH values are approx-
imate due to presence of ethanol in solution which can induce some
variations. However, it was verified that these variations not influenced
significantly the pK, values since they are within the standard deviation
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range. In micellar solution, the measured pH values correspond to the
pH of the intermicellar aqueous phase (pHy). It is known that the pH
values at the intermicellar aqueous phase and the micellar surface are
different, however, this study was done based on the pH,, as reported
by other works elsewhere [34,35].

3.3.1. Hydroalcoholic solution (water/ethanol 75:25 (v/v))

The equilibrium forms of 4 were studied in an aqueous solution with
25% of ethanol (75:25 (v/v)) at different pH values and its apparent
PKa, values determined through UV-visible spectroscopy. Fig. 2 showed
the evolution of the UV-vis spectra of the solution of the pigment at
different pH values measured immediately after the pH jump.

The UV-vis spectra were divided into 3 different pH ranges to dis-
play some important isosbestic points for the determination of the
different species in equilibrium. The first information that can be drawn
from the UV-Vis spectra is that there is no apparent hydration reaction
occurs for this compound with increasing pH, which is in agreement
with the literature available for pyranoanthocyanins [22,36-38].
Therefore, the multistate reactions in solution of this pigment depend
only on acid-base equilibria (AH*, A, A~, A%7). In the first spectrum
(Fig. 2a), at pH between 1.83 and 6.50, the isosbestic point at 440 nm
determines the equilibrium between AH™ and A. In the second spec-
trum (Fig. 2b), from 6.50 to 9.88, the isosbestic point at 496 nm re-
presents the equilibrium between A and A, and, finally, in the third
spectrum (Fig. 2c¢), the 561 nm point determines the equilibrium be-
tween A~ and A?~. On this basis, the flavylium cation can undergo
protonation/deprotonation reactions. The global process can be ac-
counted for by equations (1)-(3):

AH* + H,0 < A + H;O" K First proton transfer (€]
A+ H,O & A + H;0" K, Second proton transfer 2
A" + H,0 & A~ + H;0" K3 Third proton transfer 3)
where
K. = AlHO _ Ao o [AT]H 0%
a1l = = a2 = a3 = —
[AH*] (Al [A7] (4

The total concentration of individual species, Cy, is given by equation

(5):
Co = [AH'] + [A] + [A7] + [4*7] (5)

and the mole fraction distribution of the different species y;, was cal-
culated as follows:
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Fig. 2. (a) Spectral variations as a function of pH of pigment in the pH range 1.83 < pH < 6.50; (b) the same for 6.50 < pH < 9.88; (c) the same in the pH region

9.88 < pH < 11.86.

[AH*]
=
Xam Co
_ [H;0*F
[H:01F + K1 [H30%F + Kar. Koo [H30"] + Koy K. K
(6)
_lAl_ Ka. [0
A7 Gy [H0'P + Kar. [H:0*P + Ka1. Kao. [H507] + Koy Koo Ka
7)
_ A
Xam = Co
_ Ka. Ko [H307]
[H;0*F + Kar. [H50*F + Kar. Kap. [H301] + K. K. Kas (8)
_ A7
A~ = Co
_ Ko Kap. Koz
[0 + K1 [HOTP + Kg1. Koo [H30%] + Ky Koo K3
)
These equations could be simplified to the following ones:
_ 1
XAH+71+M+K42.KM+KM Ka2 Kal
HA e urtt (6.1)
)(A: Ka1x
[T7d] 7.1)
Xy~ _Karxa
[H'] 8.1
X po-_Kasxa~
[H7) ©.1)

The absorbance at a given wavelength shows a pH dependence
which is given by the following equation:

Acale = Eagt Xap+ + - Xy FEa X4 F €2 X 42— (10)

where g4+, €4, €47, € 2- are the mole absorption coefficients of the in-
dividual species or components at the considered wavelength.

The apparent pK, values were determined by fitting the experi-
mental absorbance values as a function of pH through equation (10).
Solver function was then used to minimize the sum of the difference
between theoretical and experimental values squared.

An excellent fitting was obtained between the experimental absor-
bance values and the theoretical ones at 496, 536, and 600 nm as a
function of pH (Fig. 3) for the values of pK, =5.1 = 0.1,
pKaz = 7.3 £ 0.2 and pK,3 = 11.3 * 0.1. Fig. 3 also showed the va-
lues of the mole fractions of each species as a function of pH (2-12).

The first pK, refers to the deprotonation of the 7-OH group and the
second one to deprotonation of the 4—OH group, as described for
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Fig. 3. Fitting was achieved for pK,; = 5.1 * 0.1, pK,» = 7.3 * 0.2 and
PKaz = 11.3 * 0.1 for hydroalcoholic solution.

analogue compounds [39-42]. It was assumed that the third deproto-
nation occurred in the methyl group, and thereafter a delocalization of
the charge should happen, as it was observed in a similar compound by
Oliveira et al. [38] (see Fig. 4).

The multistate equilibrium for this pigment in the pH range studied
is essentially characterized by the species AH" (Apa, = 496 nm) and
A~ (Amax = 536nm). The A®~ (Amax = 574nm) species had low ex-
pression, once pK,3; was only determined at pH = 11.3. The species A
also has little expression at this equilibrium, being only between pH
values 5 and 7 and its maximum wavelength (An.x = 505nm) is very
close to the AH* value. For this reason, this species is not very dis-
tinguishable in the UV-Vis spectrum.

Comparing the pK, values obtained for this pigment with the similar
compound 5 (pK,; = 5.0 = 0.1 and pK,e = 6.5 * 0.1) [19], it was
verified that there was no significant variation of the value of the first
deprotonation. However, there was a slight increase in the value of pK,»
which showed that the presence of the double bond between rings B
and C stabilizes the nonionic quinoidal base, shifting the 7-OH depro-
tonation to higher pH values. This may be a consequence of the increase
in electronic delocalization provided by the presence of the new double
bond. It was not possible to compare the value of pK,s since it could not
be determined for methylpyranoflavylium due to the occurrence of
precipitation at higher pH values, not observed for of pigment 5.

3.3.2. Micellar solutions

Fig. 5 showed the absorption spectra of pigment 4 in equilibrated
0.1 M aqueous micellar solutions of the anionic surfactant SDS, the
cationic surfactant CTAB and the nonionic surfactant Triton X-100, as a
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Fig. 4. Chemical equilibria of compound 4 in water/ethanol 75:25 (v/v) between pH 2 and 12.

function of pH of the intermicellar aqueous phase (pH,,). The absorp-
tion maxima of the acid form AH™ is very similar for all micellar sys-
tems (511, 512 and 515nm to SDS, CTAB and Triton X-100, respec-
tively). A slight difference was observed for species A, with Ap.x = 520,
525 and 529 nm for CTAB, SDS and Triton X-100, respectively. The
largest difference in absorption maxima was observed for species A,
which in SDS is 582nm, in CTAB is 604 nm and in Triton X-100 is
620nm. A®~ species was only observed in solution of CTAB with
Amax = 668 nm at the pH range studied.

In comparison to the hydroalcoholic solution, the presence of sur-
factants promotes a bathochromic effect in the spectra since it induces a
redshift of maximum absorption wavelength of each species in all mi-
cellar system. The bathochromic effect observed resulted from the in-
teraction that are establish between the different micellar aggregates
and the pigment [43]. In general, SDS is the only one that has a hy-
perchromic effect at the absorption maxima for all species in solution at
different pH with the same pigment concentration. Conversely, in
Triton X-100 and CTAB micelles the species revealed a lower absor-
bance (hypochromic effect) on their maximum wavelengths for all,
except for the A%~ species in CTAB solution. The destabilization/sta-
bilization of the different species in solution could be attributed mainly
to two factors: micellar surface charge and structural differences on the
surfactants used. In the case of SDS, the greater stabilization observed
should result from the strong interaction between anionic charge of
micelle and the cationic form of the pigment. On the other hand, the
structural compatibility of the surfactant with the pigment could ex-
plain the stabilization of other forms. In CTAB, electrostatic repulsion of
cationic micelle charge and cationic flavylium form contribute to the
decrease of the absorbance. In the case of nonionic Triton X-100, the
effect of charge is not considered, and the structure of the surfactant
should not be compatible with the pigment resulting in the color de-
stabilization.

The apparent pK, values were determined for the three micellar
systems according to the equations previously described. Figs. 6-8
showed the fitting obtained to the experimental absorbance values at
different wavelengths as a function of pH,, as well as the values of the
molar fractions of each species as a function of pH, (2-11).

1.0

0.8 4

o
o
"

Mole Fraction
(=]
=
f

o
N
s

0.0

Fig. 6. Fitting was achieved for pK,; = 6.8
SDS micellar solution.

+ 0.2 and pK,» = 9.5 = 0.2 for

The apparent pKa values obtained in this work are resumed in
Table 2. Analyzing the results obtained and comparing the apparent pK,
values of the micellar systems with those of the hydroalcoholic solution,
it was observed that the pK,; value is the same to the one determined in
non-ionic surfactant, which means that this system has no effect in
terms of the stabilization the AH" species, but the same did not occur
for the SDS and CTAB micellar systems. Due to the negative charge
character of SDS micelles, this system establishes electrostatic interac-
tions with the positive charge of the AH" species, shifting its pK, to
much higher pH values. In contrast, CTAB, which possesses the same
surface charge as the flavylium cation, destabilizes this species at lower
pH values that results in a lower pK,; value.

Both SDS and Triton X-100 had similar pK,» values and higher to
those obtained in hydroalcoholic solution. So, apparently Triton X-100
in solution makes the pigment retain a higher pK, value because of its
neutral character and therefore tends to stabilize the non-ionic qui-
noidal base. On the other hand, SDS also tends to stabilize the non-ionic

a) 20 b) 06 ) 08
18 1.83 < pH<10.99 1.79<pH<10.82 = 1.94 <pH<10.41
16 -
el 06
15 | 05

§ 1.0 §o.4
08 1 03
28 9 02
0.4 4
02 | 01
0.0 00 4

250 350 450 550 650 750 850 950
A(nm)

300 400 500 600 700 800 900
A(nm)

250 350 450 550 650 750 850 950
A(nm)

Fig. 5. Spectral variations as a function of pH of pigment in different micellar solution: (a) SDS in the pH range 1.83 < pH,, < 10.99; (b) Triton X-100 for

1.79 < pH,, < 10.82; (c) CTAB in the pH region 1.94 < pH,, < 10.41.
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Fig. 7. Fitting was achieved for pK,; = 5.1 + 0.1 and pK,> = 9.7 * 0.1 for

Triton X-100 micellar solution.
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Fig. 8. Fitting was achieved for pK,; = 4.5 = 0.1, pK,» = 6.9 = 0.1 and
pKaz = 9.2 £ 0.1 for CTAB micellar solution.

Table 2
Summary of the apparent pK, values obtained for compound 4 in presence and
absence of surfactants.

PKay PKaz PKaz
H,0/EtOH (75:25) 51 %= 0.1 7.3 = 0.2 11.3 £ 0.1
Micellar system SDS 6.8 + 0.2 9.5 + 0.2 -
TRITON X-100 51 + 0.1 9.7 = 0.1 -
CTAB 45 * 0.1 6.9 = 0.1 9.2 = 0.1

species instead of an anionic species due to electrostatic repulsion be-
tween the charges with the same signal for both (SDS and anionic
species). The value of pK,, for the CTAB solution was far below the
values obtained in the other systems as well as the value obtained in
hydroalcoholic solution. As expected, the surface positive charge of this
micellar system stabilizes the oppositely charged species, namely A~
and A% Therefore, the third deprotonation was only observed in this
system, since it is the only system that stabilizes the anionic species.
The value of pK,3 was also lower in comparation with obtained in the
absence of micellar system. Thus, it can be concluded that it was pos-
sible to modulate the reaction network of this pigment through the
different micellar systems used in this work.

3.4. Study of the color stability of the species in solution with different
micellar systems

The study of the color stability of the different species was
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Fig. 9. Absorbance values obtained for species AH™ over time for each system:
H,0/EtOH (75:25 (v/v)), Amax = 496nm, pH = 3.0; SDS, Ampay = 511 nm,
pH,, = 3.2; Triton X-100, Amay = 515nm, pHy = 3.0; CTAB, A, = 512nm,
pH,, = 2.6.

performed in the presence and absence of the micellar system and the
UV-Vis spectra were taken only after the system reach the thermo-
dynamic equilibrium. This study did not include A%~ species because of
its low relevance in the chemical equilibria in the systems used. The pH
values were chosen based on the pH in which each species had major
expression (X; equal or close to 1) as it can be observed in the re-
presentation of the mole fractions as a function of pH (Figs. 3 and 6-8).
The absorbance spectrum for all pH values were obtained over time
from 0 to 48h. The absorbance values taken at the maximum wave-
length of each species in the different solution system were represented
as a function of time (t = 0, 0.5, 1, 24, 48 h) (Figs. 9-11).

Fig. 9 showed the color behavior of the AH" species over time for
the different systems. The color of this species is stable for the hydro-
alcoholic and SDS systems, remaining with the same absorbance over
the studied time. In fact, this stability is expectable since the compound
is stable at the lower pH values. In case of the SDS solution, in addition
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Fig. 10. Absorbance values obtained for species A over time for each system:
H,0/EtOH (75:25 (V/V)), Amax = 505nm, pH = 6.4; SDS, Amax = 525nm,
pH,, = 8.5; Triton X-100, Amax = 529 nm, pH,, = 7.0; CTAB, Anax = 520 nm,
pH,, = 5.4.
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Fig. 11. Absorbance values obtained for species A~ over time for each system:
H,O/EtOH (75:25 (V/V)), Amax = 536nm, pH = 9.2; SDS, Amax = 582nm,
pH,, = 10.9; Triton X-100, Ay = 620 nm, pH,, = 10.5; CTAB, An.x = 604 nm,
pH,, = 8.1.

to this intrinsic stability, it is clearly the strong interaction of the ca-
tionic form of the compound with the anionic micelles by the increase
of color intensity observed (Fig. 9). The largest color fade was observed
for Triton X-100 which decreased its intensity to half after 48 h. CTAB
was the micellar system that induces a lower color intensity of the AH™
species but had only a slight fading after 48 h. This result was surprising
because it would be expected that CTAB could cause a greater color loss
with respect to Triton X-100, since CTAB tends to destabilize the AH*
species, as it had previously seen.

The greatest stabilization of the non-ionic quinoidal base A over
time was found to be in the hydroalcoholic solution (Fig. 10). The
micellar solutions of SDS and CTAB induced a slight color fading, about
30%, due to their different surface charge with respect to the neutral A
species. Contrary to expectations, the greatest color loss was observed
for the Triton X-100 solution.

In relation to anionic quinoidal base, in general, there is a color
fading in all systems (Fig. 11). This loss was practically total for SDS
and Triton X-100 and more than 50% for the hydroalcoholic solution in
48h. On the other hand, CTAB micellar system, could stabilize this
species in relation to the others, although there was a decrease in 50%
of its color after two days.

The behavior of the pigment in its different equilibrium forms in the
SDS micellar system was very similar to the hydroalcoholic system
during the studied period. It is known that for a long period of time,
SDS tends to stabilize the acid form of anthocyanins [35,44,45]. CTAB

Appendix A. Supplementary data
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was shown to have a more constant behavior for the different species,
but the resulting color was less intense than in SDS and hydroalcoholic
systems. Triton X-100 was shown to be the poorest system in terms of
stabilization, leading to significant color losses of all species in solution
after 48 h. This result showed that the structural compatibility of the
Triton X-100 with the pigment should be low, as had already been seen
above. This behavior might be probably due to the type of micellar
aggregates that this surfactant could adopt in solution, since the polar
region (responsible for the interaction with pyranoanthocyanins) is a
long ethoxylated chain, unlike SDS and CTAB in which the polar head
are small charged groups (—SO, and —N(CHs3)3 ). The structure of the
Triton X-100 micelles could not favor the immobilization of the pig-
ment within the intermicellar phase.

4. Conclusions

A new pyrano-2-styrylbenzopyrylium compound with an extra
double bond between the benzopyrylium and the phenyl system was
synthesized, structurally characterized and its chromatic properties
towards pH variation was studied in the presence and absence of model
surfactants. In fact, the extension of the 7 conjugation makes the pig-
ment to display a higher colorant capacity comparing with compound 5
already reported. The equilibrium multistate also changed, mainly in
the value of the second deprotonation providing an extra color stabi-
lization of the neutral quinoidal species.

The presence of the different micellar model-systems had also a
significant influence in its equilibrium multistate. In fact, SDS revealed
a greater increase of both pK,; and pK,», CTAB had the opposite effects
and Triton X-100 showed no significant effect on the color variation.
This study allowed to conclude that the same pigment could have a
greater color variation within a wide pH range. The modulation of the
color might be very important for application of this kind of compounds
as pH-colorimetric sensors in several disciplines.
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Abstract

Stimuli-responsive pigments are very interesting for several technological applications, such as food and cosmetic colorants,
color-based sensors and fluorescence probes, among others. In this work, the synthesis of a new xanthylium-derived pigment
was developed and the chemical and photophysical properties in hydroalcoholic solution at different pH values were inves-
tigated by UV-Vis and fluorescence spectroscopy. The UV-Vis titration of 3,6,8-trihydroxy-11-methylpyranoxanthylium
has shown four different colored chemical species (AH*, A, A~ and A>") in hydroalcoholic solution in a pH range between
1 and 12 with the thermodynamic acidic constants of pK,; =4.80+0.03, pK,,=6.51 +0.05 and pK,;=8.64 +0.01. Regard-
ing fluorescence properties, this dye revealed an interesting pH-dependent emission behavior. In fact, the anionic quinoidal
base A~ predominant at pH range between 5 and 9 should be mainly responsible for the pronounced fluorescence intensity
observed at 4., 467 nm/A,,, 510 nm pair (maximum at pH 7.5). This set of new insights make this dye useful as a potential
“off-on-off” pH-responsive fluorescent probe for biological applications.

Graphic abstract
A pyranoxanthylium dye was developed and revealed a selective fluorescence emission between 5 < pH <9, being maximum
at pH 7.5, which make it very interesting as a pH-responsive “off-on-off”” fluorescent probe for biomedical applications.
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1 Introduction

For several decades, the scientific community has been
dedicated to the study of natural or bioinspired pigments
and dyes. This interest is obviously due to their fascinating
chromatic properties which make them excellent candi-
dates for several applications such as food and cosmetic
colorants, color-based sensors and fluorescence probes,
among others.

Xanthylium salts are yellow to brownish pigments that
could be present in grape-derived foods, like juices and
wines. In 1976, Timberlake and Bridle suggested for the
first time the eventual formation of yellow xanthylium salts
by the direct reaction between anthocyanins and phenolic
compounds present in wine [1, 2]. Years later, a new xan-
thylium compound was discovered in a model wine solu-
tion during a wine color variation storage study [3, 4]. It is
well known that the phenolic compounds present in wine
undergo progressive transformations that affect sensorial
properties like color, taste, and colloidal stability during
conservation. One of these changes is the appearance of
pigments that have high absorbance in the 400-500 nm
visible region. A study from Es-Safi et al. showed that
the formation of xanthylium salts could be responsible
for this color variation [5]. Results from a study reported
by Biihrle et al. demonstrated that xanthylium derivatives
play only a secondary role in coloration of white wine, as
intermediate products in polymerization and browning [6].

In terms of structure-reactivity relationship, Dangles
and Brouillard demonstrated that highly hydroxylated xan-
thylium salts (1,3,6,8-tetrahydroxylxanthylium cation) are
more resistant towards nucleophiles than flavylium ions,
and no significant xanthenol formation was verified from
covalent hydration [7, 8]. Therefore, in contrast to antho-
cyanins (flavylium cation), the equilibrium multistate of
this kind of xanthylium salts only depends on proton trans-
fer reactions. The chemical equilibrium of a xanthylium
salt towards pH variation was studied by Es-Safi (2004),
and it showed that in relatively acidic pH, the pigment
displayed an intense yellow color and a pink-reddish col-
oration for higher pH values [9].

On the other hand, xanthylium salts are cationic deriva-
tives of xanthenes that have been extensively studied as
fluorophores such as fluoresceins, rhodols and rhodamines.
These compounds show interesting fluorescence proper-
ties, like high fluorescence quantum yields (close to 100%)
and high molar absorption coefficients in the order of
100,000 M~!.cm™! [10]. They are also well known for their
pH-dependent emission spectra with pK, values around the
physiological pH, making them the most widely fluores-
cent indicators used for applications in molecular imaging
and clinical diagnostics [11].

@ Springer

In the present work, the synthesis of a new pyranoxanthy-
lium salt was achieved, and its chemical equilibrium and flu-
orescence properties in solution at different pH values were
investigated. This new family of pigments could be poten-
tially explored for different applications such as pH-sensors
for food intelligent packaging, biomedical, and energy fields
(e.g., dye-sensitive solar cells, fluorescent probes).

2 Material and methods
2.1 Reagents

All chemicals were obtained from Sigma-Aldrich (Madrid,
Spain). Theorell and Stenhagen universal buffer was pre-
pared by dissolving phosphoric acid (2.25 mL, 85% w/w),
boric acid (3.54 g), monohydrated citric acid (7.00 g), and
NaOH (343 mL, 1 M) solution diluted in distilled water until
1L[12].

2.2 Synthesis

2.2.1 Synthesis of 1,3,6,8-tetrahydroxyxanthylium chloride
(2

2,4,6-dihydroxybenzaldehyde 1 (100 mg, 0.65 mmol) was
dissolved in 3 mL of AcOEt/MeOH (2:1), and TMSCI
(20 eq.) was added slowly to the solution. After one hour
of stirring, 20 mL of the AcOEt was added to promote the
precipitation of the desired compound. Dark orange solid
(90 mg, 0.32 mmol) was obtained with a quantitative yield
(98%). '"H NMR (600.13 MHz, MeOD-d,/TFA 9:1) & 9.44
(s, 1H), 6.61 (s, 2H), 6.50 (s, 2H). 3C NMR (125.77 MHz,
MeOD-d,/TFA 9:1) 6 174.49, 162.91, 159.94, 144.60,
110.83, 101.03, 96.14. The characterization of the com-
pound is in agreement with data reported in literature [7,
13, 14].

2.2.2 Synthesis
of 3,6,8-trihydroxy-11-methylpyranoxanthylium
chloride (3)

Xanthylium compound 2 (90 mg, 0.32 mmol, 1 eq.) was
dissolved in 100 mL (approximately 1 mg/mL) of hydroalco-
holic solution (EtOH/H,0 20:80 (v/v)) and a large excess of
acetone (10 mL) was added to reaction. The reaction mixture
was stirred at 37 °C for 24 h and the formation of the prod-
uct was monitored by HPLC-DAD. The organic solvents
were evaporated, and the reaction product was pre-purified
by liquid-liquid extraction with acidified H,O (200 mL) and
AcOEt (4 x50 mL). The organic phase was discarded, and
the aqueous phase was concentrated for the chromatography
purification.
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The purification was carried out by column chromatog-
raphy using C18 silica gel and acidified H,O (with HC12%)
with increasing percentages of methanol as eluent. The final
product was isolated with MeOH 20-30% and a dark yel-
low solid (42 mg, 0.13 mmol) was obtained after lyophiliza-
tion with 41% of yield. '"H NMR (600.13 MHz, MeOD-d,/
TFA 9:1) 8 8.19 (s, 1H), 6.95 (d, J=1.9 Hz, 1H), 6.92 (d,
J=2.0Hz, 1H), 6.45 (d, J=2.2 Hz, 1H), 6.41 (d, J=2.2 Hz,
1H), 2.66 (s, 3H). 13C NMR (125.77 MHz, MeOD-d,/TFA
9:1) 6 174.29, 170.78, 168.79, 164.74, 159.72, 156.74,
153.94, 150.93, 107.03, 106.44, 101.54, 101.33, 101.30,
99.78, 97.37, 21.87. ESI-MS (MeOH) molecular formula
C,¢H,,05" requires [M]* 283.06; found, 283.33.

2.3 NMR spectroscopy

"H NMR (600.13 MHz) and '*C NMR (125.77 MHz) spec-
tra were recorded on a Bruker-Avance 600 spectrometer at
303 K. The sample was prepared in MeOD-d,/TFA (9:1).
Chemical shifts were assigned using 2D NMR experiments
(COSY, NOESY, gHMBC and gHSQC).

2.4 Mass spectrometry (ESI-MS)

Analyses were performed on a Finnigan LCQ (Finnigan
Corp., San Jose, Calif., USA) mass detector and an API
source using an electron spray ionization (ESI) interface.
The capillary voltage was 4 V and the capillary temperature
275 °C. Spectra were recorded in positive ion mode between
m/z 200 and 2000. The mass spectrometer was programmed
to do a full scan mass (MS) and also a zoom scan of the most
intense ion in the first scan (MS?).

2.5 UV-Vis spectroscopy

Varian-Cary 100 Bio spectrophotometer was used to record
all UV-Vis absorption spectra in the range of 200-800 nm
with a 1-nm sampling interval. UV-Vis absorption spectra
were recorded of pigment solutions at 25 °C using a quartz
cell cuvette of 3.5 mL capacity and 1 cm of optical path.

2.6 Fluorescence spectroscopy

Fluorescence studies were carried out by a spectrofluor-
ometer FluoroMax®-4 (HORIBA Scientific) in a QS high-
precision cell made of quartz SUPRASIL with a length
path of 3 mm (Hellma Analytics). The concentration of
pigment solutions was defined to have absorbances equal
or less than 0.1 at the excitation wavelength. All fluores-
cence spectra were corrected for the spectral response of
the spectrofluorometer emission and excitation units. For all
experiments, both excitation and emission slits consisted of
a 4-nm bandpass. For the different experiments, a specific

range of wavelengths was used for excitation and emission
and reported in the results section. Fluorescence quantum
yields (@g) were determined using acridine orange in basic
ethanol as a standard reference [15], according to the fol-
lowing equation:

2
O =D ><n—S E 1
fls = "? K ’ ( )

where subscripts r and s denote reference and test sample,
respectively,

@, is the fluorescence quantum yield, K is the slope of
the integrated fluorescence intensity vs. absorbance plot, and
n is the refractive index of the solvent. Measurements were
performed by exciting all dye solutions at 385 nm.

2.7 pH measurements

All pH measurements were made in a Radiometer Copen-
hagen PHM240 pH/ion meter. pH values obtained in the
hydroalcoholic solutions were defined as apparent pH values
due to the presence of ethanol in solution.

2.8 Equilibrium constants
2.8.1 Determination by UV-Vis spectroscopy

The equilibrium constants (pK, values) were determined by
spectrophotometric titrations. Firstly, a stock solution of the
pigment at 300 uM in EtOH:H,0 75:25 (v/v) at HC10.1 M
was prepared. In a quartz cuvette, it was subsequently added:
1 mL of NaOH solution (0.1 M), 1 mL of Theorell and Sten-
hagen universal buffer solution at pH 1, and 1 mL of stock
solution of the pigment. The final concentration of pigment
was 100 uM in EtOH:H,0 25:75 (v/v). Increasing volumes
of a NaOH solution (1 M) were added to the cell cuvette
achieving different pH values. After each addition of the
base, a UV-Vis spectrum was taken, and the final pH was
measured. The final volumes were appropriately corrected.
The pK, values were fitted using the least-squares method
and the Solver program from Microsoft Excel.

2.8.2 Determination by fluorescence spectroscopy

The equilibrium constants were also determined by fluo-
rescence spectroscopy at different pH values (from 1 to
12). The experiment was carried out by adding a stock
solution of pigment (15 uM) in EtOH:H,0 75:25 (v/v) and
HC1 0.1 M (0.3 mL) to a microtube containing a solution
of NaOH 0.1 M (0.3 mL) and universal buffer of Theorell
and Stenhagen (0.3 mL) at the desired pH. The final pH of
the solutions of pigment (5 uM) in EtOH:H,0 75:25 (v/v)
was measured by pH meter. Emission spectra were obtained
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Scheme 1 Strategy followed
to obtain the pyranoxanthylium
salt (3)

_Tmsc

@
o) O OH OH
OH , \OH

L=°T
Enol

Keto

AcOEt/MeOH (2:1)

HO OH
HO @ OH )k
=
E(OH 20% (vIv)
pH=26

CH; 3

©
HO (0] OH HO O OH
-H,0
—— ] ENge®

intramolecular
cyclization HO

Scheme 2 A proposed mechanism for the formation of pyranoxanthylium (3)

for all solutions (0.1 mL) in a 3-mm fluorescence quartz
cuvette, following the parameters presented in /.5. Different
excitation/emission wavelength pairs were used for different
experiments, which are described in the results section. The
pK, values were determined by fluorescence measurements
at moderate acidic to neutral pH regions by regression analy-
sis of the fluorescence data to fit Eq. (2) [16]:

1 (FmaX_F)
g

(F_Fmin) '

where F is the area under the corrected emission curve, F,,
and F;, are maximum and minimum limiting values of F,

respectively.

pH-pKa' = @)

3 Results and discussion
3.1 Synthesis

The synthesis of the pyranoxanthylium salt (3) followed the
procedure that is usually used for the synthesis of meth-
ylpyranoflavylium salts [17-20]. Primarily, the xanthylium
compound (2) was obtained with a quantitative yield through
an acid-catalyzed dimerization reaction of 2,4,6-trihydroxy-
benzaldehyde (1) in the presence of TMS-CI to generate
HCl in situ (Scheme 1). Compound (2) has been described
already by Dangles and Brouillard [7, 14]. The pyranoxan-
thylium (3) resulted from the annelation reaction between
the xanthylium salt and excess of acetone, involving C-5 and
one of the hydroxyl groups of C-4 or C-6 of the xanthylium
(2) and acetone in enolic form. The proposed mechanism for
this reaction is similar to the one described for the formation

@ Springer
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Fig.1 UV-Vis spectra as a function of pH for pigment 3 at 100 uM
in EtOH:H,0 25:75 (v/v) in the pH range 1.29 <pH < 10.70. The first
arrow indicates the decrease in absorbance at 404 nm. The second
arrow indicates the bathochromic shift from 404 to 467 nm. The third
arrow indicates the hypsochromic shift from 467 to 442 nm

of pyranoflavylium salts and is shown in Scheme 2 [21].
Product (3) was obtained with a yield of ca. 40%.

3.2 Determination of equilibrium constants
3.2.1 UV-Vis spectroscopy

The chemical equilibrium constants (pK, values) for com-
pound 3 were determined by UV-Vis spectroscopic titra-
tions. Problems with the total dissolution of the pigment in
water have been overcome using a hydroethanolic solution
(EtOH:H,0 25:75 (v/v)). The UV-Vis spectra (Fig. 1) were
obtained for the pH range between 1 and 12 by adding small
volumes of NaOH. All pK, values were defined as apparent
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pK, values because they were calculated using the apparent
pH values. Actually, it was verified that these variations not
influenced significantly the pK, values since they were within
the standard deviation range.

As previously mentioned, Dangles and Brouillard demon-
strated that no significant xanthenol formation by hydration of
xanthylium salts in an aqueous solution. Moreover, the pres-
ence of the new pyranic ring in the structure will also prevent
the hydration as described for pyranoflavylium salts [22].
Therefore, it will be considered that the equilibria multistate of
the pigment 3 in aqueous solution are based only on acid—base
reactions. The first spectrum obtained at pH 1.29 shows a max-
imum absorption wavelength at 404 nm that corresponds to
the xanthylium cation (AH™). As the pH increases, the absorp-
tion at 404 nm decreases, and a new absorption maximum at
447 nm was observed at pH 5.86, with a bathochromic shift
of 43 nm. Then, a bathochromic effect continues to occur until
pH 7.35, with a new maximum absorbance at 467 nm. For
even higher pH values, there is a hypsochromic shift of 25 nm
and a new absorption maximum at 442 nm. Since the pigment
has three hydroxyl groups, it is known that it can have four
different species in solution depending on the pH, namely:
xanthylium cation (AH™), nonionic quinoidal base (A), and
two anionic quinoidal bases (A~ and A%7). Consequently, three
pK, values were achieved according to the fitting of the experi-
mental absorbance values as a function of pH.

The global process can be accounted for by Egs. (3) to (8)
[23]:

AH" +H,0 & A +H,0" K, 3)
A+H,0 A" +H,0" K, )
A~ +H,0 & A*™ +H,0Y K, ®)
where
P [H;0%] ;
al [AH+] 4 ©)
K. = [A7]-[H;07] ™
a2 — [A] ’
[A*7] - [H,07]
Ky=—"—"". ®)

[A7]
The total concentration of individual species, C,, is given
by Eq. (9):

Co = [AHTI+[AJ+[AT]H[AT], ©

and the mole fraction distribution of the different species, y;,
was calculated as follows:

T L

1
T )

XAl KalZapt,

A=G = an

Ao [ ki

A= o = fH*/} (12)

The fitting of the experimental data (absorbance in the
function of pH) at a given wavelength by Eq. (14) allowed
the achievement of the pK), values.

AbS = €5+ * Yap+t T EA " XA FEA- XA~ FEA - XAz,

(14)
where € ,,y+, €4, £4-, € 52- are the mole absorption coefficients
of the individual species or components at the considered
wavelength.

The excellent fitting obtained for the experimental
absorbance values at different wavelengths (404, 447, and
467 nm) as a function of pH confirming the presence of four
different species in solution (Fig. 2). Thus, three equilib-
rium constants were determined with the following values:
pK,;=4.80+0.03, pK,,=6.51+0.05 and pK,;=8.64+0.01.
Figure 2 also shows the values of the mole fractions of each
species as a function of pH (2-11).

The first deprotonation of the AH'Y species
=404 nm) gives rise to the neutral quinoidal base A
=547 nm). The second and third deprotonations lead
to the formation of the anionic A~ (4,,,, =467 nm) and
dianionic A%~ (,,,, =447 nm) quinoidal bases, respec-
tively. Scheme 3 shows the proposed chemical equilibrium
network of the four species with pH variation. The location

¢!
(j’max

max

0.8 1 - 0.8
c
2
o - -
g 05 05
w 2
= <
©
S 04 - r 04
2

0.2 L 02

0 0
0 12

Fig.2 Fitting achieved for pK,, =4.80+0.03, pK,,=6.51+0.05 and
pK,3=8.64+0.01 for pigment 3 at 100 pM in hydroalcoholic solution
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Scheme 3 Hypothetical chemical equilibrium for species AH*, A, A~ and A%~ of xanthylium salt (3) in solution
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Fig. 3 Fluorescence emission spectra as a function of pH of the pigment 3 (5 uM) in the pH range 0.71 <pH < 11.77 at 4,

coholic solution

(hydroxylic group) where each deprotonation occurred is
still unknown.

3.3 Fluorescence study

Similarly to absorption spectroscopy, the determination of
pK, values by fluorescence was also done in 25% (v/v) etha-
nolic solutions of pigment 3 (5 uM) at different pH values.
Fluorescence emission spectra were obtained by excitation
at isosbestic point wavelength, 4. .= Ao pesic =360 nm. A
single maximum emission at 510 nm was observed in the
entire pH range studied (Fig. 3), and the higher intensity of
emission spectra was around pH 7.54 (Fig. 4).

The pK’, value obtained by regression analysis of the flu-
orescence data (Eq. (2)) was 6.37 +0.05, which corresponds
to the pK,, value determined by absorption spectroscopy
(pK,,=6.51+0.05). These values are similar, although the
slightly different between them could be related with the
different fitting methods used in each technique.

By analyzing the absorption and emission spectra at pH
7.5 (where fluorescence intensity is highest) (Fig. 5), the
excitation/emission pair found was 1., 467 nm/4,, 510 nm.
The 4., 467 nm corresponds to the maximum wavelength of
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Fig.4 Fluorescence intensity normalized as a function of pH of the 3
(5 uM) in the pH range 0.71 <pH < 11.77 at 4,,,=360 nm in hydroal-
coholic solution, and the molar fraction of A~ species determined by
UV-Vis spectroscopy
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Fig.5 Absorption and emission spectrum of pigment 3 at pH 7.5 in a
hydroalcoholic solution (25% EtOH)

the monoanionic species (A™) observed by UV-Vis spec-
troscopy (Fig. 2). Comparing the fluorescence emission
curve at 4., 509 nm and the molar fraction distribution of
A~ species as a function of pH (Fig. 4), it is possible to
observe that they perfectly fit. Therefore, it seems that the
monoanionic species is the one in solution at the ground
state responsible for the fluorescence.

In fact, A™ species showed intense fluorescence while
AH*, A and A%~ species do not, which is very interesting to
act as switch-on and switch-off fluorescence sensor to differ-
ent pH environment changes. This property makes pigment
3 an attractive fluorophore for use as “off-on-oft” pH probe
in biomedical applications. Indeed, physiological pH is gen-
erally between 4.5 and 7.4 (intracellular pH ~ 6.8, cytosol
pH~7.4, cell’s acidic organelles pH ~4.5 and 6.0) [24], this
pigment can be useful as a fluorescence probe to sensing pH
changes within these ranges.

3.4 Photophysical properties

Fluorescence properties of the pigment were studied in
hydroethanolic solution [EtOH:H,0 25:75 (v/v)] at pH 7.5,
namely stokes shifts (Av), quantum yields (&) and absorp-
tion coefficient (¢). The last two parameters can be combined
into a brightness/quantum efficient value (QE,,, =e®p)
[25]. Figure 5 shows the absorption and emission spectra
of pigment 3, and photophysical parameters are presented
in Table 1.

In terms of fluorescence quantum yields, @y, this pig-
ment does not show an impressively high value compared to
conventional xanthene-derived fluorophores. However, when
compared with a pyranoflavylium-type pigment studied

Table 1 Photophysical characterization of pigment 3 at pH 7.5 in
EtOH 25% (v/v)

Amax‘abs £ (Amax) j'max.cm d)F [%] AV QEmax
[nm] M~tem™]  [nm] [em™] M~'em™
467 15,575 510 6 1767 779

in a previous work (Fig. 6, @p = 0.5% at pH = 3) [26], it
reveals a tenfold higher fluorescence quantum yield. The
main difference is the flavylium core instead of xanthylium.
Moreover, the pyranoflavylium salt showed fluorescence at
acidic pH values. This result confirmed that the structure,
namely the presence of three conjugated aromatic rings, is
very important for their fluorescence properties.

Fig.6 Structure of 4'-hydroxy- S} OH
10-methylpyranoflavylium [22] ¢ O@ O
o
[ONgZ
CHg

4 Conclusions

In this work, a new class of unexplored xanthylium deriva-
tives was developed, and its chemical equilibrium constants
and fluorescence properties were studied. The synthesis was
successful following the usual procedure in the synthesis
of pyranoflavylium salts. Three equilibrium constants of
3,6,8-trihydroxy-11-methylpyranoxanthylium in hydroal-
coholic solution were achieved by absorption spectroscopy:
pK,;=4.80+0.03, pK,,=6.51+0.05 and pK,;=8.64 +0.01.
By the fluorescence study, a single emission was observed
entire pH range, with 4., 467 nm/A.;,, 510 nm pair. The pK,
obtained from fluorescence was 6.37 +0.05, indicating the
A~ species as the fluorescence species. The “off-on-off” flu-
orescence behavior and the pK’, within neutral range make
this pigment an interesting candidate as a pH-responsive
fluorescent probe for several applications, namely in the
biomedical field.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00033-x.
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Figure 1. 'H NMR (600.13 MHz) spectrum of 1,3,6,8-tetrahydroxyxanthylium chloride (2) in MeOD-d4/TFA
(9:1).
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Figure 2. 13C NMR (125.77 MHz) spectrum of 1,3,6,8-tetrahydroxyxanthylium chloride (2) in MeOD-d4/TFA
(9:1).
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Figure 4. 13C NMR (125.77 MHz) spectrum of 3,6,8-trihydroxy-11-methylpyranoxanthylium (3) in MeOD-
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Abstract A novel bioinspired 10-methylpyranoflavylium dye was syn-
thesized. The dye was fully characterized by LC-DAD/ESI-MS and NMR
1D and 2D techniques, and its equilibrium constants towards pH varia-
tions were determined by UV-vis titration. These studies revealed the
presence of three species (a flavylium cation AH*, a neutral quinoidal
base A, and an anionic quinoidal base A-) in the pH range 1-12, driven
by the two pK, values of the dye: pK,; = 6.8 + 0.1 and pK,, = 10.8 £ 0.1.
The first deprotonation of the dye occurs within the pH range for spoil-
age of many packed-food products, making the dye an excellent candi-
date for use as a pH sensor for real-time monitoring of the quality and
freshness of foods.

Key words methylpyranohydroxyflavylium, dye, pH sensor, food
chemistry

Flavylium-based dyes are a huge family of natural and
synthetic pigments that include anthocyanins, 3-deoxyan-
thocyanins, and their derivatives, such as pyranoanthocya-
nins. Beyond their important biological properties (e.g., an-

OH
J d
0. O. Ky=
LI ~
A +H*

quinoidal base (A)

Ka[H'] ” ka

®
HO.
L

flavylium cation (AH*)

n=ahti

hemiketal (By)

tioxidant and antiproliferative activities),! these dyes are
responsible for the coloration of many flowers, vegetables,
and fruits in shades ranging from yellow to violet. One of
the most fascinating properties of all flavylium dyes is their
pH-dependent chemical equilibrium network in aqueous
solutions (Figure 1). At low pH values, the dyes are essen-
tially present in a red cationic form AH* but, as the pH in-
creases, the flavylium immediately undergoes a proton-
transfer reaction leading to the formation of a violet quinoi-
dal base A and, within a short timescale, the flavylium cat-
ion hydrates to give a colorless hemiketal B,. This species is
in rapid equilibrium with a pale yellow cis-chalcone C,,
which isomerizes slowly to a trans-chalcone C.>**

This amazing pH dependence makes flavylium dyes
suitable for use as smart pH sensors in various fields; for
example, in food packaging, they can be used to monitor
food freshness and shelf life, since changes in pH are an im-
portant factor in the detection of spoilage of many food
products. However, the use of the dyes in their native forms
is somewhat limited because their color changes in the pH
range for food spoilage (pH 5-7) are not very noticeable. To

HO. OH OH
(o)
trans-chalcone (Cy)

f “ i
ki OH
= HO OHo, O

Z

cis-chalcone (C.)

Figure 1 Equilibrium forms of flavylium-type compounds in aqueous solution
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Scheme 1 Strategy for the synthesis of the 10-methylpyrano-4'-hydroxyflavylium chloride 4

produce efficient pH sensors, the use of other flavylium de-
rivatives, such as pyranoflavylium dyes, appears to be a
promising alternative. In the last decade, the efforts of our
research group have been dedicated to the synthesis, isola-
tion, and characterization of natural and bioinspired pyra-
noflavylium-type dyes.>!° These pigments have much
greater color stability over a wide pH range than their pre-
cursors, because the C-4 position of the C ring is blocked by
the additional pyran ring. This prevents the hydration reac-
tion and, thereby, the appearance of a colorless hemiketal
form. Consequently, only acid-base reactions can take
place,!! giving rise to species that display various colors on
changing the pH (Figure 2).

In this work, a novel bioinspired 10-methylpyrano-4'-
hydroxyflavylium salt 4 (Scheme 1) was synthesized and
structurally characterized, and its chromatic properties to-
wards pH variations were evaluated. First, the flavylium
precursor 3 was obtained by the acid-catalyzed aldol con-
densation of compounds 1 and 2, using an excess of TMSCI
to generate HCl in situ.’>'> When pigment 3 was added to
acetone-water (10:90 v:v) at pH 2.9 and 37 °C,'* the pyra-
noflavylium salt 4 was formed through an annelation reac-
tion involving the C-4 atom of the flavylium moiety, the hy-
droxy group at C-5, and the enolic form of acetone.”1>-18
All compounds were analyzed by HPLC-DAD,' and fully
characterized by LC-DAD/ESI-MS?° in positive-ion mode
(m/z=239 and 277 for [M*] of pigments 3 and 4, respective-
ly) and by 1D- and 2D-NMR spectroscopy?! (see Supporting
Information).

To determine the thermodynamic constants of the pyra-
noflavylium salt 4, we performed a UV-vis titration in a
water-ethanol (75:25) mixture to avoid insolubility of the
pigment, and a series of spectra were obtained in the pH
range 1-12 by adding small volumes of 1 M aqueous
NaOH.*23 As the pH increased, no clear evidence of the for-
mation of hemiketal B, species was observed (no appear-

ance of a band with an absorption at 280 nm). This does not
exclude the formation of residual amounts of the hemike-
tal; however, this process can be neglected due to its small
contribution, as already reported for similar pyranoantho-
cyanins.” Bearing this in mind, only protonation-deproton-
ation reactions need be included in the global process,
through the Equations 1-3:

AH* + H,0 & A + H;0* Kat
Equation 1

A+ H,0 & A + H,0* Kaz
Equation 2

where

_ [Al[H;0%] _ [A7]1[H;07]

Kar = "Ly Kaa =0

Equation 3

The total concentration of individual species, C, is given
by Equation 4:

Co = [AHT] + [A] + [A7]

Equation 4

The mole-fraction distribution of the various species X;
was calculated as shown in Equations 5-7.

X+ [aHt] 1
AR = i KaL Kz Fal
EF HT2
Equation 5
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X, _[a]_Kardyp+
o T

Equation 6

X - 1471 _Kazx
G

Equation 7

The experimental data (absorbance as a function of pH)
at a given wavelength were fitted by using Equation 8.

Acale = Eag* Xau+ + Ea-Xa + Ea—-Xa-

Equation 8

Here, €,4", €4, and g, are the molar absorption coeffi-
cients of the individual species or components at the specif-
ic wavelength.

The pK, values were determined by fitting the experi-
mental absorbance values as a function of pH with Equation
8 by using the Solver add-in program for Microsoft Excel.
The difference between the squares of the theoretical and
the experimental values was then minimized. Figure 3a
shows the various spectra obtained for the pigment during
titration from pH 1.5 to pH 12, and Figure 3b shows the fit-
tings obtained by using three wavelengths (460, 478, and
510 nm), as well as the mole-fraction distributions of the
species present, as functions of the pH. An optimized fitting
between the experimental absorbance values and the theo-
retical values was obtained as a function of pH for the val-
ues pK,; =6.8+0.1 and pK,, =10.8 £ 0.1.

Deprotonation of the AH* species (Ay.x =460 nm) oc-
curred at the 4'-hydroxy group, giving rise to the neutral
quinoidal base A (Anh.x = 510 nm), whereas the second
deprotonation was ascribed to loss of a proton from the
methyl group at C-10, leading to the formation of the anion-
ic quinoidal base A~ (A =431 nm), with consequential
electron delocalization across the chromophore!”?# (Figure 4).

Because of its structure, compound 4 shows excellent
chromatic characteristics, rendering it suitable for use as a
pH sensor for food packaging. In fact, because of the ab-
sence of a hydroxy group at C-7, a remarkable color change

OH
®
= PKar
=

[ONgZ

CHs3

AH* A

Figure 4 Equilibrium species of pigment 4 at pH values between 1.5 and 12

a) 4.

Abs

b)

Mole Fraction

Figure 3 (a) Spectroscopic variations as a function of pH for pigment 4
in the pH range 1.55 < pH < 12.08. (b) Fitting achieved for pKj,; = 6.8 *
0.1 and pK,; = 10.8 £ 0.1 for an aqueous alcoholic solution.

from yellow to red, driven by the first pK,, occurs within the
pH window of for spoilage of several packed-food products,
such as meat or fish.>?6 This dye is therefore potentially
suitable for real-time monitoring and detection of spoilage
in these types of foods.
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Figure 1. 'H NMR (600 MHz) spectrum of the compound 3 in DMSO/TFA (9:1).
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ARTICLE INFO ABSTRACT

Keywords: Pyranoflavylium-derived compounds have been shown to have improved properties over the corresponding
Pyranoflavylium dyes flavylium precursors, such as chemical and photochemical stability. In addition, they have the characteristic of
Fluorescence responding to stimuli like pH due to the proton transfer reactions leading to different colored quinoidal bases.
UV-Vis . g N s .

A Thus, these dyes can be used as powerful pH-indicators for several sensing applications. In this work, the
Acid dissociation constants : . . . .
pH-sensors thermodynamic constants and photophysical properties of novel pyrano-3,7-deoxyanthocyanin dyes bearing

phenol and catechol groups were studied by UV-vis absorbance and fluorescence measurements as a function of
pH. The cytotoxicity properties of these compounds were also evaluated. Overall, the symmetrical phenol-based
pyranoflavylium dye showed the greatest color variation within pH range of food spoilage process, remarkable
fluorescence properties, and reduced cytotoxicity, which make it a promising candidate as a pH-dependent

Food packaging

colorimetric and fluorescence sensor for food intelligent packaging.

1. Introduction

Flavylium (2-phenylbenzopyrylium) salts (Fig. 1) are an important
class of natural and seminatural dyes that includes anthocyanins,
anthocyanidins, and 3-deoxyanthocyanins. They are well known for
their remarkable colors, antioxidant activity, photochemical properties,
among others [1]. In general, they are composed of the same basic
chromophore structure of 7-hydroxyflavylium cation, they can have
hydroxyl substituents at C3 and C5 (some of them glycosylated), and the
B-ring (2-phenyl) has one or more hydroxy or methoxy substituents [2].
Most natural flavylium compounds have a complex chemical equilibria
network in an aqueous solution that involves proton transfer, hydration,
tautomerization, and isomerization reactions, which have been
well-described in the literature [3,4]. The proton transfer reaction plays
a very important role in the chemical characteristics of these pigments,
namely in color variation. This color variation results from the depro-
tonation of hydroxyl groups in the flavylium structure, leading to the
formation of the quinoidal bases that exhibit a chromatic redshift rela-
tively to the flavylium cation. The hydroxyl group at position C7 found
in anthocyanins is responsible for the first color variation because it is
the most acidic group (pKa1 =~ 4), followed by the hydroxyl group at
position C4' (pKaz =~ 7) [5,6].

Flavylium-based pigments (natural, semi-synthetic, or synthetic)

* Corresponding author.
E-mail address: luis.cruz@fc.up.pt (L. Cruz).

https://doi.org/10.1016/j.jphotochem.2021.113313

have been studied for a wide range of applications like cosmetic dyes,
food colorants, colorimetric pH-sensors for smart food packaging
[7-111, dye-sensitized solar cells [12-14], fluorescence probes [15-19],
among others. Most of these studies use anthocyanin extracts, but it is
known that they constitute a complex mixture of compounds, and
therefore the reproducibility of the results can often be compromised.
On the other hand, the characteristic multistate equilibrium of antho-
cyanins leads to a color loss of these pigments with the increase of pH
due to hydration, tautomerization, and isomerization reactions, limiting
their use as a color sensor for certain applications. Moreover, some
synthetic flavylium-based fluorophores have been investigated for im-
aging applications; however, in these cases, all compounds were
designed in order to limit the equilibrium multistate to the proton
transfer reactions, preventing nonradiative decay [17,18].
Pyranoflavylium salts are flavylium derivatives composed of the
same chromophore structure with an additional pyranic ring between
C5-OH and C4 (Fig. 1). This kind of pigment can be found in natural
matrices such as in resin of dragon’s blood trees [20], strawberry, and
black currant [21,22]. They could also be found in processed beverages,
mainly in red wine, due to the reaction between anthocyanins and other
molecules released to the medium during the yeast fermentation process
(e.g., pyruvic acid, acetaldehyde, acetoacetic acid) [23-27]. The new
pyranic ring is crucial for the equilibrium multistate of these compounds

Received 25 August 2020; Received in revised form 15 April 2021; Accepted 17 April 2021
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Fig. 1. Basic structure of flavylium cation (A) and pyranoflavylium cation (B).

since the substitution in position C4 prevents the typical anthocyanin
reactions, namely hydration, tautomerization, and isomerization.
Therefore, the equilibrium multistate of pyranoanthocyanins only de-
pends on the proton-transfer reactions [28]. Consequently, these kind of
pigments has been shown to display higher color intensity and stability
at a wider pH range compared to their flavylium precursors, which
makes them better for diverse applications [29]. Furthermore, pyrano-
flavylium salts exhibit excited-state proton transfer (ESPT) such as fla-
vylium cations and other phenols. Recent studies on the photophysics of
synthetic pyranoflavylium salts showed that, like flavylium salts, these
compounds display an interesting photoacidity property with the first
acidity constant at excited state (pK*,) between 0.2—0.7 [30,31].
Bearing this, several works have been dedicated to the synthesis, isola-
tion, and characterization of natural and  bioinspired
pyranoflavylium-type dyes [32-43].

In the present work, a new family of pyranoflavylium dyes without
the presence of the hydroxyl group at position C7 was synthesized and
characterized by spectroscopy techniques. Thus, the aim of this work
was to correlate the number of hydroxyl substituents present in the
pigments with their chromatic properties as a function of pH. The acidic
equilibrium constants and photophysical properties were studied by
UV-vis spectrophotometry and by steady-state fluorescence measure-
ments. The cytotoxicity properties of the pigments were evaluated to
assess their potential as pH-responsive dyes for food packaging
applications.

2. Material and methods
2.1. Reagents

All chemicals were obtained from Sigma-Aldrich (Madrid, Spain),
except for 2,6-dihydroxybenzaldehyde, which was obtained from Alfa
Aesar (Heysham, England). Theorell and Stenhagen universal buffer was
prepared by dissolving phosphoric acid (2.25 mL, 85 % w/w), boric acid
(3.54 g), monohydrated citric acid (7.00 g), and NaOH (343 mL, 1 M)
solution diluted in distilled water until 1 L [44].

2.2. Synthesis

2.2.1. Synthesis of 5-hydroxyflavylium salts 4 and 5

Equimolar amounts of 2,6-dihydroxybenzaldehyde (1) and 3,4-dihy-
droxyacetophenone (2) or 4-hydroxyacetophenone (3) were dissolved in
3 mL of AcOEt/MeOH (2:1), and TMSCI (20 eq.) was added slowly to the
reaction at 0 °C. After one hour of stirring, 20 mL of the AcOEt was
added to promote the precipitation of the desired compound. Precipi-
tated solid was purified by column chromatography using C18 silica gel
with an acidified aqueous solution of 20-40 % of MeOH and lyophilized.

2.2.1.1. 3,4 ,5-trihydroxyflavylium chloride (4). Dark orange solid.
Yield 62 %. 'H NMR (600.13 MHz, MeOD-d4/TFA 9:1) § (ppm) 8.46 (d,J
=9.1 Hz, 1H, H4), 7.54 (d, J =9.1 Hz, 1H, H3), 7.27 (dd, J = 8.6, 2.2 Hz,
1H, H6'), 7.18 (t, J =8.4 Hz, 1H, H7), 7.09 (d, J =2.2 Hz, 1H, H2'), 6.75
(d, J=8.4 Hz, 1H, H6 or H8), 6.35 (d, J =8.4 Hz, 1H, H6 or H8), 6.29 (d,
J =8.6 Hz, 1H, H5'). 13C NMR (125.77 MHz, MeOD-d,/TFA 9:1) & (ppm)
166.33 (C2), 149.59 (C4'), 149.06 (C5 or C8a), 147.66 (C5 or C8a),

Journal of Photochemistry & Photobiology, A: Chemistry 415 (2021) 113313

140.67 (C4), 139.35 (C3"), 131.36 (C7), 118.55 (C6'), 112.03 (C1"),
108.84 (C5'), 107.23 (C4a), 106.04 (C3), 104.27 (C6 or C8), 99.82 (C6
or C8). MS (ESI, positive ion mode) molecular formula Cy3H;50¢ re-
quires [M]" 255.0652; Found, 255.0647.

2.2.1.2. 4’,5-Dihydroxyflavylium chloride (5). Characterization has
already been reported [45].

2.2.2. Synthesis of pyranoflavylium salts 6 to 8

Flavylium compounds 4 and 5 (1 eq.) were dissolved in 50 mL
(approximately 1 mg/mL) of hydroalcoholic solution (EtOH 20 % (v/v))
and acetone (10 % (v/v)), caffeic acid (5 eq.) or vinylphenol (5 eq.) were
added to the respective reaction. The pH was set to 2.6 for the reaction
with acetone and 3.5 for the reaction of caffeic acid and vinylphenol.
The reaction mixtures were stirred at 37 °C for 2 h with vinylphenol,
24 h with acetone, and 6 days with caffeic acid. The reaction products
were pre-purified by liquid-liquid extraction. The final products were
isolated by column chromatography using C18 silica gel with an acidi-
fied aqueous solution of MeOH 10-20 % (for compounds 6 and 7) and
40-50 % (for compounds 8 and 9) and further lyophilized.

2.2.2.1. 3',4'-dihydroxy-10-methylpyranoflavylium chloride (6). Dark
orange solid. Yield 16 %. 'H NMR (600.13 MHz, MeOD-d,/TFA 9:1) &
(ppm) 8.18 (t, J = 8.4 Hz, 1H, H7), 7.78-7.80 (m, 2H, H6 or H8 and H6'),
7.69 (s, 1H, H2'), 7.66 (d, J = 8.4 Hz, 1H, H6 or H8), 7.62 (s, 1H, H3),
7.05 — 6.98 (m, 2H, H9 and H5'), 2.66 (s, 3 H). 13C NMR (125.77 MHz,
MeOD-d4/TFA 9:1) & (ppm) 175.23 (C10), 172.54 (C2), 155.55 (C4'),
154.42 (C4), 153.88 (C5 or C8a), 153.52 (C5 or C8a), 147.98 (C3"),
138.45 (C7), 124.38 (C6'), 122.10 (C1"), 117.57 (C5), 115.83 (C2),
11.41 (C4a), 113.73 (C6 or C8), 113.59 (C6 or C8), 107.35 (C9), 103.26
(C3), 21.63 (CH3). HRMS (ESI, positive ion mode) molecular formula
C18H1304 requires [M]* 293.0808; Found, 293.0822.

2.2.2.2. 2,10-Bis-(3,4,3",4''-dihydroxyphenylpyranobenzopyrylium
chloride (7). Orange solid. Yield 15 %. TH NMR (600.13 MHz, MeOD-
d4/TFA 9:1) § (ppm) 8.12 (t, J =8.4 Hz, 1H, H7), 7.68 (m, 4H, H5, HS,
H6’ and H6""), 7.60 (d, J =1.7 Hz, 2H, H2' and H2""), 7.55 (s, 2H, H3 and
H9), 6.96 (d, J =8.4 Hz, 2H, H5' and H5"). *C NMR (125.77 MHz,
MeOD-d4/TFA 9:1) § (ppm): 170.21 (C2 and C10), 154.60 (C4’ and C4"),
153.13 (C5 and C8a), 152.79 (C4), 147.77 (C3' and C3"), 137.93 (C7),
123.50 (C6' and C6"’), 122.38 (C1’ and C1"), 117.38 (C5' and C5"),
115.44 (C2' and C2"), 113.85 (C4a), 113.55 (C6 and C8), 103.03 (C3
and C9). HRMS (ESI, positive ion mode) molecular formula Ca3H;50¢
requires [M] " 387.0863; Found, 387.0863.

2.2.2.3. 4’-hydroxy-10-methylpyranoflavylium chloride (8). All charac-
terization has been reported elsewhere [45].

2.2.2.4. 2,10-Bis-(4,4"'-hydroxyphenyl)pyranobenzopyrylium  chloride
(9). Dark orange solid. Yield 33 %. UV/Vis data Amay (0.01 % HCI in
MeOH) =500.60 nm and molar extinction coefficient e
=44.61 mol~! dm® ecm~!. '"H NMR (600.13 MHz, DMSO-dg/TFA 9:1) §
(ppm): 8.16-8.20 (m, 5H, H7, H2/, H6', H2” and H6""), 7.82 (d, J =
8.4 Hz, 2H, H6 and H8), 7.75 (s, 2H, H3 and H9), 7.06 (d, J = 8.7 Hz, 4H,
H3', HS, H3"" and H5"). '3C NMR (125.77 MHz, DMSO-ds/TFA 9:1), &
(ppm): 168.30 (C2 and C10), 164.65 (C4’ and C4""), 152.05 (C4), 151.72
(C5 and C8a), 137.27 (C7), 131.07 (C2/, C6/, C2" and C6"'), 120.47 (C1’
and C1"), 117.23 (C3’, C5/, C3” and C5""), 112.90 (C4a), 112.81 (C6 and
C8), 102.29 (C3 and C9). HRMS (ESI, positive ion mode) molecular
formula Cy3H;504 requires [M]* 355.0965; Found 355.0969.

2.3. NMR spectroscopy

'H NMR (600.13 MHz) and '3C NMR (125.77 MHz) spectra were
recorded on a Bruker-Avance 600 spectrometer at 303 K. The sample
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was prepared in DMSO-dg/TFA (9:1) or MeOD-d4/TFA (9:1). Chemical
shifts were assigned using 2D NMR experiments (COSY, NOESY, gHMBC,
and gHSQQ).

2.4. High-resolution mass spectrometry (HRMS)

Analyzes were made on an LTQ Orbitrap™ XL hybrid mass spec-
trometer (Thermo Fischer Scientific, Bremen, Germany) controlled by
LTQ Tune Plus 2.5.5 and Xcalibur 2.1.0. Positive ion mode: The capillary
voltage of the electrospray ionization source (ESI) was set to 3.1 kV. The
capillary temperature was 275 °C. The sheath gas was at 5 (arbitrary
unit as provided by the software settings). The capillary voltage was
49V, and the tube lens voltage 80 V.

2.5. Absorption spectroscopy

Varian-Cary 100 Bio spectrophotometer was used to record all
UV-vis absorption spectra in the range of 200-800 nm with a 1 nm
sampling interval. UV-vis absorption spectra were recorded of pigment
solutions at 25 °C using a quartz cell cuvette of 3.5 mL capacity and 1 cm
of the optical path.

2.6. Fluorescence spectroscopy

Fluorescence studies were carried out by a spectrofluorometer Flu-
oroMax®-4 (HORIBA Scientific) in a QS high-precision cell made of
quartz SUPRASIL with a length path of 3 mm (Hellma Analytics). The
concentration of pigment solutions was defined to have absorbances
equal or less than 0.1 at the excitation wavelength. All fluorescence
spectra were corrected for the spectral response of the spectrofluorom-
eter emission and excitation units. For all experiments, both the front
and exit entrance slits consisted of a 4-nm bandpass. For the different
experiments, a specific range of wavelengths was used for excitation and
emission and reported in the results section. Fluorescence quantum
yields (®g) were determined using acridine orange in basic ethanol as
standard reference (@4, = 0.2) [46], according to the following Eq. (1)
and the procedure described elsewhere [47]:

>
n; (K

e 1
n? (K,) W
where subscripts r and s denote reference and test sample, respectively,
@y is the fluorescence quantum yield, K is the slope of the integrated
fluorescence intensity vs. absorbance plot, and n is the refractive index

of the solvent. Measurements were performed with the absorbance at
385 nm of all dye solutions.

D = DPg, X

2.7. pH measurements

All pH measurements were made in a Radiometer Copenhagen
PHM240 pH/ion meter. The measured pH values in the ethanolic solu-
tions were corrected by the Eq. (2): [48]

pH = pH,y, — 6 @)

where pH is the corrected value, pHgy, is the pH measured by pH meter
calibrated with aqueous buffer solutions, and § is the correction factor in
a function of percent of ethanol. For 25 % EtOH/H0 (v/v), the average
correction factor is § = 0.075 at 25 °C [48].

2.8. Equilibrium constants

2.8.1. Determination by absorption spectroscopy

The equilibrium constants (pK, values) were determined by spec-
trophotometric titrations. Firstly, different stock solutions of the pig-
ments at 300 pM in EtOH:H,0 75:25 (v/v) with HCl 0.1 M were
prepared. In a quartz cuvette, it was subsequently added: 1 mL of NaOH
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solution (0.1 M), 1 mL of Theorell and Stenhagen [38] universal buffer
solution at pH 1, and 1 mL of stock solution of the pigment. The final
concentrations of pigments were 100 pM in EtOH:H;0 25:75 (v/v).
Increasing volumes of a NaOH solution (1 M) were added to the cell
cuvette achieving different pH values. After each addition of base, a
UV-vis spectrum was taken and the final pH was measured. The final
volumes were appropriately corrected. The pK, values were fitted using
the least-squares method and the Solver program from Microsoft Excel.

2.8.2. Determination by fluorescence spectroscopy

The equilibrium constants were also determined by fluorescence
spectroscopy at different pH values (from 1 to 12). The experiments
were carried out by adding a stock solution of pigment (30 pM) in EtOH
75 % (v/v) and HC1 0.1 M (0.3 mL) to a microtube containing a solution
of NaOH 0.1 M (0.3 mL) and universal buffer of Theorell and Stenhagen
(0.3 mL) at the desired pH. The final pH of the solutions of pigment (10
uM) in EtOH 25 % (v/v) was measured by pH meter. Emission spectra
were obtained for all solutions (0.1 mL) in a 3 mm fluorescence quartz
cuvette, following the parameters presented in 2.7. Different excitation/
emission wavelength pairs were used for different experiments, which
are described in the results section. The pK, values were fitted using the
least-squares method and the Solver program from Microsoft Excel.

2.9. Cell culture conditions

Caco-2 cells were grown in Minimum Essential Medium Eagle sup-
plemented with 15 % of fetal bovine serum, 100 U/mL penicillin,
100 mg/mL streptomycin, and 0.25 mg/mL amphotericin B (all from
Sigma-Aldrich) at 37 °C in a humidified atmosphere containing 5 % COx.
For the experiments, cells were plated on 96-well plates at 1.5 x 10°
cells/mL in a final volume of 100 pL/ well.

2.10. Cell viability assay

The cell viability was quantified using resazurin, the active ingre-
dient of Alamar Blue assay. In this assay, living cells will reduce the
nonfluorescent dye resazurin to the strongly-fluorescent dye resorufin.
24 h after the initial seeding, the compounds were incubated for a 48 h
period, in a range of concentration [6.3-100 pM], prepared by dilution
of the original stocks (100 mM in DMSO 10 % TFA). The solvent alone
was also evaluated. At the end of the incubation time, a fresh medium
with 10 % (v/v) of resazurin was added to the cells, which were incu-
bated at 37 °C in a humidified atmosphere of 95 % air and 5 % CO,, for
3 h. Then, 100 pL were transferred to a 96-well plate, and the fluores-
cence was recorded in a flex (FlexStation®3 Multi-Mode Microplate
Reader, California, USA) using a 560 nm excitation / 590 nm emission
filter set.

2.11. Data analysis

Results from cytotoxicity were subjected to solvent effect subtraction
in each assay. Results are expressed as % proliferation of compounds
comparatively to another (mean + SEM). Data from cytotoxicity were
analyzed in GraphPad Prism 8.0.1 Software using two-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test. Sta-
tistical significance was considered when P < 0.0001.

3. Results and discussion
3.1. Synthesis

The synthesis of the pyranoflavylium salts followed the procedures
that are usually used to obtain these kinds of compounds. Firstly, the
flavylium compounds (4, 5) were synthesized through the acid-
catalyzed aldol condensation between benzaldehyde and acetophe-
none derivatives using an excess of TMS-Cl to generate HCl in situ
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(Scheme 1), following the procedure described by Al Bittar et al. [49],
with yields around 60 %. The next step consisted of the reactions of
flavylium salts with acetone to give compounds 6 and 8, with caffeic
acid to give compound 7, and with vinylphenol to give compound 9. The
synthesis of pyranoflavylium dyes 6 to 9 occurred via annelation reac-
tion involving carbon 4 of flavylium cation, the hydroxyl group of C5,
and the enolic form of acetone, caffeic acid, or vinylphenol reagents
following the mechanism pathway already described [24,41,50-53].
Products 6, 7, and 9 were obtained with yields between 16 and 33 %.

3.2. Determination of equilibrium constants

Firstly, the chemical equilibrium constants (pK, values) for pigments
6, 7, and 9 were determined by UV-vis titrations in a hydroethanolic
solution of 25 % (v/v) because the pigments were not completely water-
soluble. UV-vis spectra were obtained for the pH range between 1 and
12 for different dyes by adding small volumes of NaOH. From the UV-vis
spectra (SI) obtained, there is no evidence for the formation of hemiketal
(B2) species (appearance of a band with absorption at 280 nm) with
increasing pH. This does not exclude the formation of residual amounts
of hemiketal; however, this process could be neglected due to its small
contribution as already reported for similar pyranoanthocyanins [54].
Therefore, the chemical equilibrium network of these pigments in so-
lution is simplified, having only acid-base reactions. The obtained
UV-vis spectra (SI) also suggested that there are three different species
(AH", A, and A") in solution for all studied pigments, and, consequently,
two pK, values were achieved. The global process can be accounted for
Egs. (3) and (4):

AH" + H,0 < A + H;0" K, First proton transfer 3)
A+ H,0<A™ + H;0" K, Second proton transfer (€)]
where
[Al[H;07]
Ky =——— 5
I AH] 5)
[A][H507]
Kp="— " O]
4]

The total concentration of individual species, Co, is given by Eq. (7):
Co=[AH"]+ [A] +[A7] ()

and the mole fraction distribution of the different species, y;, was
calculated by simplified equations as follows (8-10):

Xy W4 ®)
QK Ko Kg
MR

Ry
OH OH
. T™SCI
| AcOEt/MeOH (2:1)
OH O o]
1 2R, =0H
3 R1 =H
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The fittings of the experimental data (absorbance as a function of pH)
at a given wavelength by Eq. (11) allowed the achievement of the pK,
values.

Acate = Ennr+ Yan+ T EaJa + € Ha- an
where eqp+, €4 and e4- are the mole absorption coefficients of the in-
dividual species or components at the considered wavelength.

Excellent fittings for the experimental absorbance values at different
wavelengths as a function of pH were obtained, confirming the presence
of different species in solution for each pigment (Figs. 2-4).

Table 1 summarizes all equilibrium constants determined in this
work for pigments 6-9 (Fig. 5) as well as for the analogs of 6 and 7
(pigments 6a and 7a, respectively) (Fig. 5), which were already reported
[40].

Analyzing the first equilibrium constants (pKj,;) obtained for pig-
ments 6 to 9 and comparing with the natural-occurring analogs 6a and
7a, it can be observed that the absence of the hydroxyl group at position
7 (C7-OH) leads to an increase of pKa;. Although there is no study in the
literature regarding the first deprotonation position at the

ey

0.8 4 0.8

470 nm

Molar Fraction
Abs

Fig. 2. Absorbance values of compound 6 taken at different wavelengths as a
function of pH. Fitting was achieved for pK, = 5.80 + 0.02 and
PKaz = 8.68 + 0.12 in EtOH 25 % (v/v).

R4
e OH
OH Acetone, Cl @
caffeic acid or fe)
vinylphenol =
EtOH 20% (wiv) =
pH=260r35
O =
Rz

6 Ry =OH; R, =CH; 1 =16 %

7 Ry =O0H; R, = Catecholn =17 %
8 Ry =H; Ry, =CH3;m =30% 3

9 Ry =H; R, =Phenol =33%

Scheme 1. Strategy for the synthesis of the pigments 6, 7, 8 [45] and 9.
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Fig. 3. Absorbance values of compound 7 taken at different wavelengths as a
function of pH. Fitting was achieved for pK,; = 5.50 + 0.08 and
PKa2 = 9.77 + 0.02 in EtOH 25 % (v/v).
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Fig. 4. Absorbance values of compound 9 taken at different wavelengths as a
function of pH. Fitting was achieved for pK,; = 6.47 + 0.07 and
pKaz = 8.86 + 0.11 in EtOH 25 % (v/v).

pyranoflavylium structure (either at C7-OH of A ring or in —OH groups
of B ring), this is well defined for flavylium salts. The phenolic groups of
the flavylium cation at C4', C5 and C7 are fairly acidic, but there is
consensus among several authors that the C7-OH is the most acidic
group, and therefore, the corresponding neutral quinoidal base can be
considered to be the predominant tautomer [1,6,55,56]. Considering
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that pyranoflavylium salts behave in the same way, it was expectable
that the absence of the hydroxyl group at position C7 of ring A lead to an
increase of pKj,;. Besides, a recent study reported pK,; values between
3.4 and 4.4 for pyranoflavylium salts with a single hydroxyl group at
position C7 [30,31]. This confirms that the hydroxyl group in A ring in
pyranoflavylium salts also has a higher acid character than the hydroxyl
groups in the B or E rings. On the other hand, the number of hydroxyl
groups present in B ring (or E) also influences pKj; values. Overall, the
fewer hydroxyl groups at pyranoflavylium structure, the higher pKy;
values (compounds 8 and 9). The largest variation was observed be-
tween pigment 7a and pigment 8 with a difference of more than two pH
units. For the second equilibrium constant (pK,2), the comparison be-
tween the values obtained is more complex because it also depends on
the substituents of the pyranic ring (E). In the case of compound 8, this
value cannot be compared because it does not correspond to the
deprotonation of a hydroxyl group but to the loss of the proton from the
methyl group, which occurs at high hydroxide concentration as already
described elsewhere [45,57]. For the other pigments, it was not
observed any trend for the pK,, values. For example, it was not expected
that the pK,2 value of pigment 7 would be higher than the pigment 9,
taking into account the number of hydroxyl groups of both pigments.

In general, the first pK, values (5.80-6.47) of these pigments lead to
a remarkable color changing which make them powerful candidates as
pH-freshness indicators for food packaging applications. In fact, the pH
window variation during the spoilage of several packed perishable foods
such as meat or fish is between 5 and 7 [9,58,59]. Therefore, these dyes
are very suitable for sensing and spoilage monitoring of these types of
foods in real-time.

3.3. Fluorescence study

The fluorescence properties of the four synthesized pigments were
studied at different pH values with the same solvent (EtOH 25 % (v/v))
as the one used in the study for thermodynamic constants determination
by UV-vis spectrophotometry for further comparison. Initially, a
screening of emission capacity of compounds 6 to 9 was performed at
different pH values. For this preliminary study, all dyes were studied at
pH around 3, 6, and 10, and the excitation wavelength chosen corre-
sponded to the maximum absorption wavelength of each species of each
pigment (data not shown). We observed that pigments 6 and 7 showed
no relevant results of fluorescence for any pH value. Oppositely, dyes 8
and 9 presented fluorescence emission, mainly for pH 3 in both cases
(see SI), which suggests that the flavylium cation species is the main
responsible that contributes to this behavior. This result is very inter-
esting since all pigments are structurally similar, but only pigments 8
and 9 showed remarkable fluorescence properties. Apparently, the
presence of an additional hydroxyl group in ortho-position in B ring
(catechol group) may avoid/annul the emission when pigments 6 and 7
are excited. Furthermore, it also was observed that the excitation spec-
trum obtained by the maximum emission wavelength of each species
was very similar to the absorption spectrum (data not shown). For this
reason, the acid equilibrium constants were determined by fluorescence
spectroscopy only for 8 and 9 pigments. First, a wavelength for excita-
tion was chosen for each pigment. This value corresponds to an

Table 1
The pK, values obtained for the different pigments by absorbance and fluorescence experiments.
Compound
6a 6 7a 7 8 9
Absorbance PKa1 5.0 +£0.1° 5.80 = 0.02 4.7 +£0.1" 5.50 + 0.08 6.8 +0.1" 6.47 + 0.07
PKa2 6.5+ 0.1° 8.68 = 0.12 7.9 +£0.1° 9.77 £ 0.02 10.8 + 0.1" 89+0.1
Fluorescence :ﬁ: - B B . Zﬁg i g:; g:‘l1 i 8:;

2 Results from [40].
® Results from [45].
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Fig. 5. Structures of synthesized pigments in this work (

absorbance wavelength that had a similar absorbance intensity across
the entire pH range, such as isosbestic points. In this case, 355 and
445 nm were set as the excitation wavelengths for dyes 8 and 9,
respectively. Emission spectra were obtained for the pH range between 1
and 12 for the two pigments. The global process followed the same
equations presented in the absorbance spectrometry study (Eqs. 3-11).
The pK, values were determined by fitting the experimental normalized
fluorescence intensity values as a function of pH (Figs. 6 and 7), and the
values are presented in Table 1.

For pigment 8, the first pK, = 6.7 &+ 0.1 was obtained through an
excellent fitting for the maximum emission wavelength at 490 nm. For
higher pH values, no significant emission was observed for any wave-
length, which indicates that the species present is not fluorescent in
these conditions. For this reason, although the pK,2 = 9.9 & 0.2 has been
determined through the fitting obtained at Aem =490 nm, the associated
error can be slightly higher. Pigment 9 showed two emission wave-
lengths between the pH values of 1.61 and 11.05. The first emission
value at 512 nm is observed for lower pH values (1.61-7.06) and cor-
responds to AH" species. The second at 630 nm has low intensity than
the first one and appears for higher pH values (8.74-11.05). For inter-
mediate pH values (7.06-8.74), no maximum emission wavelength was
observed, which indicates that the species present (A) does not emit
fluorescence. The pK, values determined by fitting were
pKa = 6.4 + 0.1 and pKap = 8.1 + 0.2 (Fig. 7).

Comparing the chemical equilibria data obtained through fluores-
cence with the ones obtained by the UV-vis absorption (Table 1), it can
be observed that the pK,; values are concordant. In contrast, pK, values
obtained are slightly different, with pigment 8 recording the largest
difference (10.8 to 9.9). This main difference might be associated with
the lower fluorescent intensity of A and A~ species compared to AH",
which could lead to less sensitive pKa determinations. Thus, it can be

9

6, 7, and 9) and pigments 6a, 7a, and 8 already studied.

AH* A

o o o
S =] @

Molar Fraction

o
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Fluorescence intensity normalized

Fig. 6. Fluorescence emission of compound 8 as a function of pH, Aexe =355 nm
for Aem =491 nm. Fitting was achieved for pK,y = 6.8 + 0.1 and
PKaz = 9.9 £ 0.2 in EtOH 25 % (v/v).

concluded that steady-state fluorescence is not the best technique to
study chemical equilibrium in the fundamental state as a function of pH,
namely when all species in solution do not display fluorescence
emission.
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Molar Fraction
Fluorescence intensity normalized

Fig. 7. Fluorescence emission of compound 9 as a function of pH, Aexe =445 nm
for Aem =512 nm and for A, =630 nm. Fitting was achieved for
pKa1 = 6.4 + 0.1 and pK,2 = 8.1 £ 0.2 in EtOH 25 % (v/v).

3.3.1. Photophysical properties of pigments 8 and 9

Pigments 8 and 9 were studied in relation to their fluorescence
properties, namely stokes shifts (Av), quantum yields (®5) and absorp-
tion coefficient (¢), where the last two parameters can be combined into
a single quantum efficiency value (QEnax = ¢®r). In the case of pigments
8 and 9, and for the absorption maxima of each species, it was observed
that the pyranoflavylium cation was the species with higher fluores-
cence intensity (SI). Furthermore, fluorescence decay measurements
were also studied for both pigments which lifetime revealed to be in the
picoseconds time scale (< 120 ps). Their values were not considered
accurate for their characterization since they were within the experi-
mental error of the equipment (see SI). Figs. 8 and 9 showed the ab-
sorption and emission spectra of pigments 8 and 9 at pH ~ 3,
respectively, and photophysical parameters are presented in Table 2.

Both pigments have similar photophysical properties, with slight
differences among them. Compound 9 demonstrated a slightly higher
maximum absorption and emission wavelengths, molar absorptivity
coefficient, as well quantum yield than compound 8, resulting in a
higher QE value. These emission properties make these pigments
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Fig. 8. Absorption and emission spectrum of pigment 8 at pH ~ 3 in a

hydroalcoholic solution in EtOH 25 % (v/v).
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Fig. 9. Absorption and emission spectrum of pigment 9 at pH ~ 3 in a in EtOH
25 % (v/v).

potential optical pH sensors for food packaging, both by colorimetric
and fluorescence response. [60,61]

3.4. Cell viability evaluation

Cytotoxicity properties of the compounds were evaluated in caco-2
cells by alamar blue assay. The four compounds were initially inten-
ded to be evaluated in terms of their toxicity using caco-2 cell line, a
human epithelial colorectal adenocarcinoma as a model of the gastro-
intestinal tract. However, due to the precipitation effect of compound 7
in the cellular medium (MEME), it was discarded. The presence of two
ortho-catechol groups may render this compound’s ability to interact
with the protein content of the medium, resulting in the formation of
huge insoluble complexes.

According to the results obtained (Fig. 10), none of the three com-
pounds tested were able to reduce to 50 % the amount of living cells.
Nevertheless, at 100 pM, compounds can be ordered by inhibitory ca-
pacity, as followed: compound 9 (89.86 % =+ 2.13), compound 6 (77.94
% =+ 2.57), and compound 8 (58.35 % + 2.16) (Fig. 10). Compound 8,
which contains a phenol group, and one methyl group is the one that
presents the higher cytotoxicity, so the replacement of a phenol group by
a catechol group seems to be associated with a protective effect as
observed in compound 6. The protective effect of catechol groups
associated with antioxidant activity was already reported. [62]
Comparing compound 8 with compound 9, the substitution of the
methyl group by a second phenol is associated with a reduction in the
inhibitory effect possible related to the larger size of the molecule and
also a higher LogP, which may reduce the ability to enter or interact with
the cell membrane. Considering the putative applications of the com-
pounds as sensors for food packaging and fluorescent probes for bio-
logical field, it is expected to observe a reduction or even absence of
inhibitory effect in normal human cells due to their lower proliferation
rates. However, compound 9 is noteworthy for its less inhibitory ca-
pacity and, therefore, the least cytotoxicity.

3.5. Conclusions

In this work, novel pyrano-3,7-deoxyanthocyanin-based pigments
(6-9) were synthesized and studied in terms of chromatic, photo-
physical, and cytotoxicity properties with pH variation by spectropho-
tometry and by steady-state fluorescence measurements. Oppositely to
natural compounds, these pyranoflavylium derivatives are character-
ized by the absence of a hydroxyl group at position C7, which promoted
the increase of their pK, values. The fluorescence study showed that
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Table 2
Photophysical characterization of pigments 8 and 9 in EtOH 25 % (v/v).
Compound Amax,as € (hmax) Amax,em D Av QEnmax
[nm] M em™'] [nm] [em™"] M em™']
8 463 13691 491 0.005 + 6x10°* 1232 69
9 494 18969 512 0.006 + 3x10 4 712 114
i Prof. Joao Carlos Lima and Dr Artur Moro from FCT-UNL for the fluo-
Caco-2 cell line rescence decay measurements. This work was supported by the Asso-
100+ N . o ciate Laboratory for Sustainable Chemistry, Clean Processes, and
i?__‘ S — — % Compound 6 Technologies LAQV. The latter is financed by national funds from UIDB/
= = i — Compound8 50006/2020. This work was also supported by the project PTDC/OCE-
2 ETA/31250/2017 funded by FCT and FEDER. Luis Cruz and Iva Fer-
g g — Compound 9 nandes acknowledge the FCT research contract, and Vania Gomes ac-
b1 R S knowledges the Ph.D. grant from FCT (SFRH/BD/136556,/2018).
£
£ Appendix A. Supplementary data
N Supplementary material related to this article can be found, in the
° llﬂ 1'5 2‘0 online version, at doi:https://doi.org/10.1016/j.jphotochem.2021.

Log (Concentration), pM

Fig. 10. Percentage of reduction of Alamar Blue® as a function of concentra-
tion for compounds 6, 8, and 9, after 48 h of incubation. Data are reported as %
control of two independent experiments (n = 6). Values are expressed as
mean + SEM. Statistical significance, between compounds for the same con-
centration was considered when P < 0.0001 and is indicated by different letters.

dyes 6 and 7 with two hydroxyl groups in ortho-position in rings B and E
(catechol) do not exhibit fluorescence properties. On the other hand,
pigments 8 and 9, which have linked phenol groups at B and E rings,
showed fluorescence emission mainly at lower pH values (pyrano-
flavylium cation), with maximum emission wavelengths of 490 nm for 8,
and 512 nm for 9. The thermodynamic constants determined by fluo-
rescence agree with the values obtained by absorbance for the first pK,
value. The second pKj, value revealed high significant variations due to
the lack of fluorescence of the species present at higher pH values
(quinoidal bases).

Overall, in terms of cytotoxicity, none of the compounds studied (6,
8, and 9) showed significant cytotoxicity in caco-2 cells; however, the
best results were obtained for compound 9. In fact, compound 9 showed
the most remarkable and promising properties, which makes it an
interesting candidate for pH-responsive applications such as colori-
metric and fluorescence sensors for food intelligent packaging.
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ABSTRACT: The conjugation of functional molecules into marine-origin
biopolymers has been extensively used toward the creation of new (bio)materials
for applications in food and biomedical areas. Herein, two chitosan (CHT) and
alginate (ALG) biobased conjugates functionalized with pH-dyes were successfully
developed to be integrated as smart labels and tags in biocompatible packaging
materials for food spoilage sensing. For that, two pyranoflavylium-based pH-
indicator dyes, Pyflav (4) and Pyflav (5), were designed, synthesized, and then
grafted onto CHT and ALG scaffolds via EDC/NHS carbodiimide coupling
chemistry with substitution degrees of 14 and 1.2%, respectively. Afterward, the
conjugates were fully characterized by Fourier transform infrared, '"H NMR, and
dynamic light scattering techniques, and their acidity constants were determined by
UV—vis spectroscopy, yielding a great color variation (from orange to purple, pK,
6.43 + 0.04, for Pyflav-CHT (6) and from pink to purple, pK, 7.17 + 0.02, for

or Aandnanin oe
e JY'\:“N{}:V‘{\:\. [17...‘4 2

Pyflav-ALG (7) and compatible with the food spoilage pH range of many perishable foods (pH between 5.8 and 7.4).

KEYWORDS: pyranoflavylium salts, acidic constants, pH-indicators, dyes, alginate, chitosan, pH-responsive materials,

food intelligent packaging

1. INTRODUCTION

The expansion of advanced functional systems or smart devices
in the food industry is emerging and gaining attention
nowadays as a solution to combat huge economic and
environmental losses due to food waste problems. Currently,
there is a huge interest in the design and fabrication of
nanostructured functional materials with tunable compositions,
precise layered structures, and well-defined control of proper-
ties and functions, which found many applications in a wide
range of research fields including sensing technologies for food
packaging industry.'~*

Intelligent packaging is defined as a smart system that can
monitor the food shelf-life allowing to inform the consumers
about the food status in real-time.’ This includes the
incorporation of sensors/indicators within food packaging
with responsiveness to a stimulus (pH, O,, CO,, humidity,
temperature, etc.), usually related to changes in physical and
chemical properties of foods, thus allowing to monitor the state
of food product, either quantitatively or qualitatively. One of
the approaches that has been widely used to identify spoilage
in many perishable foods is the colorimetric pH-based
freshness indicators. For example, during the deterioration
process of meat and fish products, the pH increases due to the
microbial growth that releases volatile nitrogen-based com-
pounds.® Flavylium-based dyes, which comprehend a large
family of pigments including natural anthocyanins, 3-
deoxyanthocyanins, and pyranoanthocyanins, display different

© 2022 American Chemical Society

N4 ACS Publications
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colored species in solution because of their pH-dependent
chemical network.” This feature makes them suitable for
application in food intelligent packaging as pH-sensors to
ensure food quality, safety, monitoring or to detect spoilage at
early stages.” Furthermore, the use of natural-inspired pH
sensitive dyes is currently of great interest for food packaging
applications because of their intrinsic lower toxicity and higher
biocompatibility compared with synthetic ones.* """ In fact,
anthocyanins are currently being explored as potential pH-
sensors of perishable foods (milk, meat, fish).®''~'* However,
in the spoilage pH range (4.6—7.5), these molecules are not
only chemically unstable but also highly reactive. These factors
contribute to an overall poor color variation, mainly due to the
formation in high extension and thermodynamically stable
colorless hemiketals, which decrease the efficiency as an optical
sensor.'> On the other hand, the chromatic properties with pH
variation of natural and bio-inspired pyranoflavylium-based
dyes have been studied over the last years.'® Oppositely to
anthocyanins, their pH-dependent equilibrium forms are only
due to acid-base reactions yielding species with a great color
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variation between them, namely, from red-orange acidic
flavylium cation to blue and purple neutral and anionic
quinoidal bases.'”~>° Over the last years, new pyranoflavylium-
based molecules with specific and suitable functional groups
have been carefully designed to tune their pK, values into the
food spoilage pH window." ™" For these reasons, the use and
application of these dyes as pH-indicators to develop smart
labels and membranes to monitor food freshness in real-time
and to detect food spoilage at early stages are much more
promising. In our previous work, a suitable pyranoflavylium
dye was designed and immobilized by conventional non-
covalent interactions in cellulose acetate-based films produced
by the classical solvent casting method.””* Now, in this work, a
different approach is given where two promising pyrano-
flavylium-based dyes were covalently bounded at marine-origin
polysaccharides [chitosan (CHT), alginate (ALG)] via EDC/
NHS coupling chemistry, and further structural and physi-
ochemically characterized. These conjugates constitute val-
uable building blocks to further build-up tick, flexible and
robust free-standing multilayer membranes by powerful
bottom-up layer-by-layer technology for application as pH-
freshness sensors in food packaging.

2. EXPERIMENTAL SECTION

2.1. Materials. CHT powder from ChitoClear (M,, = 150—250
kDa, 78% degree of deacetylation) was purchased from Primex ehf
(Siglufjordur, Iceland) and alginic acid sodium salt (ALG) with an a-
L-guluronic acid (G) to f-p-mannuronic acid (M) (M/G) ratio of
1.56 and M, = 120—190 kDa was obtained from Sigma-Aldrich
(Madrid, Spain). N-(3-dimethylaminopropyl)-N'-carbodiimide hy-
drochloride (EDC-HCIl), N-hydroxysuccinimide (NHS, 98%), 2,6-
dihydroxybenzaldehyde, 4-hydroxyacetophenone, oxaloacetic acid,
and 4-aminocinnamic acid were also purchased from Sigma-Aldrich.
A dialysis cellulose membrane of 3.5 kDa molecular weight cutoff was
purchased from Spectrum Laboratories, Inc. Theorell and Stenhagen
universal buffer was obtained as described elsewhere.”®

2.2. Synthesis of Pyranoflavylium-Based Dyes (4, 5). The
synthesis and structural characterization of 4',5-dihydroxyflavylium
(3) was performed between 2,6-dihydroxybenzaldehyde (1) and 4-
hydroxyacetophenone (2) as already reported in the literature.”'
Pyranoflavylium-based dyes (4) and (5) were synthesized according
to the following procedures: 4,5-dihydroxyflavylium chloride salt (3)
(1 equiv) was dissolved in H,0/EtOH 80:20 (v/v), 1 mg/mL) and
oxaloacetic acid (10 equiv) or 4-aminocinnamic acid (S equiv) were,
respectively, added. The pH was adjusted to 2.6 for the reaction with
oxaloacetic acid and 3.5 for the reaction of 4-aminocinnamic acid. The
reactions were stirred at 37 °C for 1 day and then pre-purified by
liquid—liquid extraction. The compounds were purified by column
chromatography loaded with C18 silica gel and eluted with acid
hydroalcoholic solutions containing MeOH 15—25% (compound 4)
and MeOH 35—45% (compound §) and further lyophilized.

2.2.1. 10-Carboxy-4’'-hydroxypyranoflavylium (4). Orange solid.
Yield 12%. 'H NMR (600.13 MHz, DMSO-ds/TFA 9:1): & (ppm)
8.34 (m, H7, H2' and H6'), 8.27 (s, 1H, H3), 8.02 (d, ] = 8.4 Hz, 1H,
H6 or H8), 7.89 (d, ] = 8.4 Hz, 1H, H6 or H8), 7.81 (s, 1H, H9),
7.15 (d, J = 8.9 Hz, 2H, H3' and HS'). 3C NMR (125.77 MHz,
DMSO-dg/TFA 9:1): 5 (ppm): 172.04 (C2), 166.58 (C4'), 160.13
(C10 or COOH), 155.69 (C10 or COOH), 152.21 (CS or C8a),
136.94 (C7 or C2’ or C6'), 130.99 (C7 or C2’ or C6'), 119.86 (C1’),
11602 (C3' and C5'), 114.48 (C4a), 10825 (C9), 105.39 (C4),
103.86 (C3). LC-DAD/ESI-MS [M]* m/z: 307.

2.2.2. 10-Aminophenyl-4'-hydroxypyranoflavylium (5). Dark
purple solid. Yield 13%. '"H NMR (600.13 MHz, DMSO-ds/TFA
9:1): 5 (ppm) 8.10 (m, 3H, H7, H2' and H6'), 8.06 (d, ] = 9.1 He,
2H, H2" and H6"), 7.70—7.74 (d, ] = 8.4 Hz, 2H, H6 and HS), 7.59
(s, 1H, H9), 7.55 (s, 1H, H3'), 7.05 (d, ] = 9.8 Hz, 2H, H3' and HS’),
6.81 (d, J = 8.9 Hz, 2H, H3” and H5"). '*C NMR (125.77 MHz,

4962

DMSO-dg/TFA 9:1): § (ppm) 168.56 (C10), 165.75 (C2), 163.88
(C4'), 156.86 (C4"), 156.39 (C7), 151.44 (C4), 151.40 (CS), 131.57
(C2" and C6"), 129.93 (C2' and C6'), 120.78 (C1’), 116.94 (C3'
and C§’), 115.48 (C1”), 114.71 (C3” and CS”), 112.43 (C6 and C8),
111.97 (C4a), 101.03 (C3), 100.82 (C9). LC-DAD/ESI-MS [M]* m/
z: 354.

2.3. Synthesis of Pyranoflavylium-Modified Biopolymers (6,
7). 2.3.1. Pyranoflavylium-Modified CHT (Pyflav-CHT) (6). CHT (10
mg, S equiv) was solubilized in $ mL of water at pH 5.5 (HCI 0.1 M)
and stirred at room temperature overnight. 10-carboxy-4’-hydroxy-
pyranoflavylium chloride (4) (3 mg, 1 equiv) was dissolved in S mL of
DMF/H,0 40:60 (v/v) and EDC-HCI (2.53 mg, 1.5 equiv) was
added and stirred at room temperature. After 20 min, NHS (1.52 mg,
1.5 equiv) was added to the solution and the reaction was continued
for 20 min, stirred at room temperature. Afterward, the previously
prepared CS solution was then gradually added to reaction mixture
and kept stirring for 24 h at room temperature. The final product was
dialyzed against deionized water for 3 days replacing 3—4 times per
day to eliminate free hydrochloride acid and the unreacted pigment
molecules. Finally, the dialysates were lyophilized to provide Pyflav-
CHT (6), a light orange powder. The grafting of pigment 4 onto
CHT was analyzed by Fourier transform infrared (FTIR), dynamic
light scattering (DLS), and '"H NMR where the grafting ratio was
determined based on the peak areas taken from 'H NMR.

2.3.2. Pyranoflavylium-Modified ALG (Pyflav-ALG) (7). ALG (10
mg, S equiv) was solubilized in water (S mL) at pH 5.5 and stirred at
room temperature overnight. Then, EDC-HCI (10 mg, 1.5 equiv) was
added to the ALG solution. After 20 min, NHS (7.5 mg, 1.5 equiv)
was added, and after another 20 min, 10-aminophenyl-4'-hydroxy-
pyranoflavylium chloride (5) (3 mg, 1 equiv) was added. The final pH
was set to 5.5 and the reaction was kept stirring for 24 h at room
temperature. The final product was dialyzed against deionized water
for 3 days replacing 3—4 times per day to eliminate free hydrochloride
acid and the unreacted pigment molecules. After lyophilization, a light
purple powder was obtained. The successful conjugation of pigment §
onto ALG was assigned by UV—vis, FTIR, and '"H NMR where the
grafting ratio was determined based on the peak areas taken from 'H
NMR.

2.4. Determination of pK, Values by UV—Vis Spectroscopy.
Spectrophotometric titrations of the free pigments and conjugates
were performed to determine the respective pK, values. First, stock
solutions of free pigments and conjugates were prepared in EtOH/
H,0 75:25 (v/v) solution with 0.1 M HCI (pH ~ 1) and 0.001 M
HCI (pH ~ 3), respectively. In a quartz cuvette, different solutions
were added in the following order: 1 mL of NaOH (0.1 M), I mL of
universal buffer at desired pH, and 1 mL of the stock solution of the
free pigments or conjugates where the final solution was obtained
with EtOH/H,0 25:75 (v/v) and with following final concentrations:
Pyflav (4) and Pyflav (5) at 40 and 46 pg/mL, and Pyflav-CHT (6)
and Pyflav-ALG (7) at 160 and 94 ug/mL, respectively. Titration
experiments were performed with NaOH solution (1 M) where
increasing volumes were added to the cuvette achieving different pH
values, covering the pH range between 1 and 12. After each addition
of base, the mixture was shaken, a UV—vis spectrum was recorded,
and the final pH was measured. The pK, values were taken from the
least-squares method using the Solver function of Microsoft Excel to
fit the experimental values.

2.5. pH Measurements. A Radiometer Copenhagen PHM240
pH/ion meter was used to take all of pH measurements. The
experimental pH values in the ethanolic solutions were adjusted using
eq 1%

pH = pH 1) (1)
where pH is the corrected value, pH,,, is the experimental pH
measured by pH meter calibrated with aqueous buffer solutions, and &
represents the correction factor for the 25% EtOH/H,O (v/v)
solution (6 = 0.07S at 25 °C).

2.6. NMR. 'H NMR (600.13 MHz) and *C NMR (125.77 MHz)
spectra were recorded using a Bruker AVANCE 600 spectrometer
working at 298.15 or 313.15 K and TMS was used as an internal
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Scheme 1. Strategy for the Synthesis of the Pyranoflavylium-Based Dyes (4, 5)

OH 2___OH
OH OH (4) 4-aminocinnamic acid, : g
® H,O/EtOH 80:20 (v:v), ‘
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Scheme 2. Coupling Reactions between 10-Carboxy-4'-hydroxypyranoflavylium (4) and CHT (a) and between 10-
Aminophenyl-4'-hydroxypyranoflavylium (5) and ALG (b) by EDC/NHS Carbodiimide Chemistry

CHT Pyflav-CHT (6)

OH .

NaOOC HO/O

-0
HO L o4

pH5.5
24 h, R
ALG Pyflav-ALG (7)

(b)

standard. The samples were prepared in D,O and in DMSO-dy with 'H chemical shifts were assigned using two-dimensional (2D) NMR

different amounts of acid or base [trifluoroacetyl (TFA) or NaOD]. experiments [correlation spectroscopy (COSY), nuclear Overhauser
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enhancement spectroscopy (NOESY)], while *C resonances were
assigned using 2D NMR techniques (gHMBC and gHSQC).
Multiplicities are expressed as singlet (s), doublet (d), and triplet
(t), chemical shifts (5) in parts per million, and coupling constants (J)
in hertz.

2.7. LC-DAD/ESI-MS. LC-DAD/ESI/MS analyses were carried
out using the equipment and experimental conditions described
elsewhere.”

2.8. FTIR-ATR. The FTIR characterization was performed in a
PerkinElmer (model Spectrum Two), in the frequency range of
4000—400 cm™!, with four scans and a resolution of 4 cm™.

2.9. DLS. Stock solutions of native polymers and respective
conjugates (1 mg/mL) were prepared in MilliQ water where the
measurements were performed at a final concentration of 0.2 mg/mL.
DLS analyses were carried out on a LitesizerS00 (Anton Paar, ES),
with Omega Cuvette, operating at 658 nm with automatic scattering
angle, at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Pyranoflavylium-Based Dyes and
Conjugates. The synthesis of pH-sensitive pyranoflavylium
dyes (4, 5) followed the standard procedures: first, the 4’,5-
dihydroxyflavylium dye (3) was synthesized by the classical
aldol condensation between 2,6-dihydroxybenzaldehyde (1)
and 4-hydroxyacetophenone (2) using a TMS-CI reagent to
produce HCl in situ.”® Subsequently, pigments 4 and 5 were
obtained by typical cycloaddition reactions following the
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mechanism of pyranoanthocyanins described elsewhere
(Scheme 1)7 with yields of 12 and 13%, respectively. Products
4 and S were structurally characterized by mass spectrometry
and NMR spectroscopy using mono- and bidimensional
techniques.

The Pyflav-CHT (6) and Pyflav-ALG (7) conjugates were
prepared by grafting 10-carboxy-4'-hydroxypyranoflavylium
(4) and 10-aminophenyl-4'-hydroxypyranoflavylium (5) onto
CHT and ALG backbones, respectively, via EDC/NHS
coupling chemistry following the mechanisms already reported
(Scheme 2).27%8

Carbodiimide-based chemical coupling reagents such EDC
have been successfully used for the synthesis of several kinds of
CHT-polyphenol conjugates including CHT-caffeic acid,”
CHT-ferulic acid,®® and CHT-chlorogenic acid.>" The syn-
thesis of Pyflav-CHT (6) and Pyflav-ALG (7) using EDC/
NHS activating coupling agents followed the typical mecha-
nism described in the literature.*””>*

3.2. FT-IR Spectroscopy. FT-IR spectroscopy technique
was further used to characterize the functional groups and new
chemical bonds formed on the pyranoflavylium-biopolymer
conjugates.

3.2.1. Pyflav-CHT Conjugate (6). The FT-IR spectrum of
CHT, as shown in Figure 1, exhibited characteristic absorption
bands at 1632 cm™ (C=0O stretching of N-acetyl residues,
amide I), 1532 cm™' (N—H bending, amide II), and 1311

https://doi.org/10.1021/acsapm.2c00514
ACS Appl. Polym. Mater. 2022, 4, 4961—4971
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Figure 3. Nuclear magnetic resonance ("H NMR) spectra of CHT, Pyflav 4, and Pyflav-CHT 6 recorded in DMSO-ds/TFA (90:10).

cm™' (C—N stretching (amide IIT). The band at 1564 cm™
was due to the N—H bending of the primary amine.”> The
bands at 1415 and 1376 cm™' were attributed to —CH,
bending and —CH; symmetrical deformation, respectively.*®

As seen in Figure 1, for 10-carboxy-4'-hydroxypyranoflavy-
lium, Pyflav (4), some typical C=C stretching bands on
aromatic ring were observed within 1450—1600 cm ' and a
band at 1715 cm™ that corresponds to the C=0 stretching
vibration.””**

Analyzing the spectrum of Pyflav-CHT (6), as compared
with CHT, the N—H bending of the primary amine (1564
cm™) seems to disappear (or at least its intensity is reduced).
This could indicate the conversion of the primary into a
secondary amine with the formation of an amide linkage
between the amine groups of CHT and the carboxylic group of
the pigment.*”

3.2.2. Pyflav-ALG Conjugate (7). The FT-IR spectrum of
ALG, Figure 2, showed some characteristic bands: a broad
band at about 3341 cm™, assigned to the stretching of O—H
group, a weak peak at 2930 cm™' (C—H antisymmetrical
stretching),** 1733 cm™ (C=0O stretching),"" 1605 cm™
(COO™ antisymmetric stretching), 1416 cm™ (C—O sym-
metric stretching),”” and 1245 cm ~! (C—O stretching). For
10-aminophenylpyrano-4’-hydroxyflavylium a band at 3335
cm™! is assigned to the stretching of the O—H group and the
presence of a second peak at 3195 ecm™ is attributed to the N—
H stretching vibration mode.”> The peak observed at 1450—
1600 cm ' is a typical band assigned to the C=C stretching
vibration on an aromatic ring. Analyzing FTIR of Pyflav-ALG
conjugate 7, the spectrum showed the presence of the band
about 3230 cm™', assigned to N—H stretching, already existing
on the pigment spectrum and not in the ALG one. Three new
peaks were also observed: 1650 cm™" assigned to C=0 amide
stretching, 1530 cm™ (N—H bend in plane), and at 1456 cm™
assigned to the C—N stretching vibration mode.** The
presence of these bands could indicate the successful formation
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of an amide chemical bond between the carboxylic groups of
the ALG and the phenylamine group of pigment 6.

3.3. NMR. The successful synthesis of pyranoflavylium-
biopolymer conjugates was confirmed by NMR spectroscopy
including 2D techniques (COSY, HSQC, HMBC, TOCSY,
and NOESY), providing structural information. The different
free pigments, conjugates, and native biopolymers were
necessarily recorded in different solvent systems and temper-
atures to ensure total solubilization and enhancement of the
peak resolution.

3.3.1. Pyflav-CHT Conjugate (6). As shown in Figure 3,
CHT showed characteristic proton signals*>*° at § 8.44 ppm
(H-N), 6 4.86 ppm (H-a), § 4.53 ppm (H—h), multiplet
peaks 5 3.90—3.28 ppm (H-b to H-e), § 2.92 ppm (H-f), and a
singlet peak at § 1.88 ppm assigned to the protons of N-acetyl
glucosamine units. Beside the proton signals of CHT, Pyflav-
CHT conjugate 6 also showed new peaks in the region
between 7.0 and 8.4 ppm, which can be assigned to the
aromatic protons of 10-carboxypyrano-4'-hydroxyflavylium
moieties.*” In general, the proton chemical shifts assigned to
the structure of 10-carboxypyrano-4'-hydroxyflavylium, remain
at the same value except the one assigned to H-9. The
chemical shift assigned to H-9 in the pigment analysis is
located at 7.81 ppm and, in the conjugate, this proton is slight
shifted to 7.83 ppm. This slight change can be explained by its
proximity to the new amide bond, thus allowing the detection
of the difference in the surrounding chemical environment. On
the other hand, comparing the modified CHT with the native
molecule the most significant difference is related with the
chemical shift the H-a proton which changed from 4.86 (free
CHT) to 4.80 (conjugated) ppm. These results suggested that
10-carboxy-4'-hydroxypyranoflavylium was successfully grafted
onto CHT and confirm that the reaction occurs between the
COOH group of the pigment and the amine group of CHT.

The acquired NMR spectra allowed the determination of the
substitution degree (DS) of 10-carboxypyrano-4'-hydroxyfla-
vylium in CHT according to eq 2*° taking into consideration

https://doi.org/10.1021/acsapm.2c00514
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Figure 4. '"H NMR spectra of ALG (recorded in D,O with signal suppression), Pyflav 5 (in DMSO-d,), and Pyflav-ALG 7 (in DMSO-ds:NaOD

98:2 at 40 °C).

its acetylation degree. From the ratio between the peak
integrals corresponding to H-3' and H-S' protons of the
pigment (7.16 ppm) and CH; protons of CHT (1.89 ppm),
DS was obtained to be 14%, similarly to values reported in the
literature.*

/ H3'/S (pigment) 3
= = X — X degree of acetylation
fCH3(chitosan) 2

@)

3.3.2. Pyflav-ALG Conjugate 7. Due to solubility issues of
ALG in DMSO-d,, its NMR spectrum was acquired in D,0
and therefore it was not possible to carry out a direct
comparison of the chemical shift values on the Pyflav-ALG 7
spectrum. To ensure the total solubility of the latter, NMR
spectroscopy was performed with DMSO-ds. As shown in
Figure 4, Pyflav-ALG 7 spectrum showed new peaks in the
aromatic region (between 6.7 and 8.2 ppm), which can be
assigned to the characteristic protons of the Pyflav-CHT 6
residue. In general, for the conjugate and free pigment, the
proton chemical shifts assigned to the structure of Pyflav-CHT
6 did not alter significantly except for the two singlets assigned
to H-3 and H-9 which slightly undergo downfield shifts. The
peaks with higher chemical shift (§ 4.83 ppm) in the sodium
ALG region were assigned to the guluronic acid anomeric
proton (H-4G) in agreement with data previously reported in
the literature.”>*" The acquired NMR spectra also allowed the
determination of substitution of pigment § in ALG to be 1.2%,
from the ratio between of the peak integrals corresponding to
H-3” and H-S” protons of pigment (6.80 ppm) and the one at
4.83 ppm that corresponds to proton H-4G in ALG, as shown
in eq 3%
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s / H3'"/5" (pigment)

= X
2.56/H4G(alginate)

L
2 ©)

3.4. Dynamic Light Scattering. The DLS technique was
used to assess the zeta potential of both native polymers and
respective conjugates (Figure S). The aim here was essentially

50 4 =

30 4

Pyflav-

ALG  ALG(T)

CHT  Pyflav-

CHT (6)

Zeta Potential (mV)

.50 J

Figure 5. Zeta potential of ALG, Pyflav-ALG 7, CHT, and Pyflav-
CHT 6.

to confirm that the pyranoflavylium dye functionalization did
not alter significatively the charge of native polymers in order
to produce multilayer membranes by electrostatic interactions.

The zeta potential measurements demonstrated that CHT
has a positive average surface charge due to the protonation of
the amino group (—NH,) with an absolute value of {-potential,
50.4 + 0.6 mV. Analyzing the charge of Pyflav-CHT 6, the
absolute value of (-potential was 48.6 + 0.6 mV which
indicates that there is no significant charge variation between

https://doi.org/10.1021/acsapm.2c00514
ACS Appl. Polym. Mater. 2022, 4, 4961—4971
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Figure 6. (a) Spectral variations of PyFlav 4 as a function of pH; (b) fitting was achieved for pK,; = 0.90 + 0.01 e pK,, = 6.22 + 0.01; and (c)
chemical equilibria and species color displayed by PyFlav 4 in water/ethanol (75:25) (v/v).
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Figure 7. a) Spectral variations of PyFlav § as a function of pH; (b) fitting was achieved for pK,; < 1 e pK,, = 7.20 + 0.08; and (c) chemical
equilibria and species color displayed by Pyflav § in water/ethanol (75:25) (v/v).

the polymer and its conjugate. This result is expected because
both CHT and pigment are positively charged which led to an
insignificant charge variation. For ALG, due to the presence of
carboxylic groups, the average surface charge gave —44.4 + 2
mV, while for Pyflav-ALG 7, a {-potential of —30.9 + 2 mV
was obtained. This result indicates the impact of a positively
charge compound on ALG functionalization yielding in a
decrease of the absolute charge average on the conjugate.

Therefore, the (-potential of both conjugates with well-
defined oppositely charges revealed to be promising to ensure
electrostatic—driven interactions by direct deposition on inert
substrates (e.g,, polypropylene), aiming the formation of pH-
responsive multilayered membranes through layer-by-layer
assembly technology.
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3.5. UV-Vis Spectroscopy. Spectrophotometric titrations
were conducted to determine equilibrium forms and respective
acidity constants of the free pyranoflavylium dyes and
respective conjugates (pK, values).

The UV—vis spectra results showed that the hydration
reaction do not occurs for these pigments because there is no
evidence of a band with the absorption at 280 nm and color
fading with the increase in pH. Actually, this is a similar
behavior described for other pyranoanthocyanins already
reported in the literature.””** For that reason, the study of
the chemical equilibria of these systems in solution only
considered proton transfer reactions (acid-base equilibria).
The global process is given by the following equations

AH" + H,0 & A + Hg’OJrKal first proton transfer (4)

https://doi.org/10.1021/acsapm.2c00514
ACS Appl. Polym. Mater. 2022, 4, 4961—4971
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Figure 9. a) Spectral variations of PyFlav-ALG 7 as a function of pH; b) fitting was achieved for pK, (4'OH) = 7.17 + 0.02.

A+ H,0 e A + H3O+K,¢12 second proton transfer (s)
[A]-[H,0'] [AT]-[H,0"]
where: K,; = ————— =
[AH"] (Al
(6)

Considering the total concentration, C, is the sum of the
individual species
Co = [AH™] + [A] + [AT] + [A7] )

their mole fraction distribution, y;, is calculated by the
simplified equations

K = M) = K . K K
Co U+ + T ®)
4= [A] _ Kal-;(fw
Co [H7] )
Xy = LY Kazf(A
Co [H™] (10)

The fitting of experimental data at a given wavelength, 4, is

given by the following equation
Acalc = lS‘AHJr.)(AH* + 6‘A‘)(A + Ex + ){A’

(11)

where &,5", €y and &,- represent the mole absorption
coeflicients of individual species.
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The apparent pK, values were obtained by simultaneously
fitting the absorbance values, calculated using eq 11, to the
ones obtained experimentally at several wavelengths using the
solver function to minimize the sum of least-squares method.
The fitting was successful indicating the presence of different
species in solution.

The UV—vis spectral variations of hydroalcoholic solutions
of pigments 4 and S at different pH values are shown in
Figures 6 and 7, respectively. Similarly to the pyranoantho-
cyanin analogues already described, there is no evidence of the
hydration process observed after the pH increase as well as no
evidence of the formation of B hemiketal species, characterized
by the appearance of a band with absorption at 280 nm. Such a
behavior was observed for the two compounds studied
throughout this work. The molar fractions of all species and
respective absorbance values at chosen wavelengths were
plotted as a function of pH together with the respective
fittings.

For pigment 4, the UV—vis spectra obtained allowed us to
determine two equilibrium constants, and as the pH increases,
one isosbestic point was observed, which is detected when the
pK, values are sufficiently separated, resulting in a good fitting,
as shown in Figure 6.

The first pK, around 0.90 caused by the deprotonation of
the carboxylic group at C-10 of the flavylium cation only
caused a very small spectral variation, generating the
appearance of a zwitterion species, AH™. The second pK,
value was established between the zwitterion compound and

https://doi.org/10.1021/acsapm.2c00514
ACS Appl. Polym. Mater. 2022, 4, 4961—4971
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Table 1. pK, Values Obtained for Pyflav 4, Pyflav-CHT 6, Pyflav 5, and Pyflav-ALG 7

Pyflav 4
pK, (10-COOH/NH,) 0.90 + 0.01
pK, (4'-OH) 622 + 0.01

Pyflav-CHT 6 Pyflav S Pyflav-ALG 7
<1
6.43 £+ 0.04 7.20 £ 0.08 7.17 + 0.02

the quinoidal base, assigned to the deprotonation of the C-
4'OH group.

On the other hand, for compound 5, shown in Figure 7, the
first pK, was assigned to the protonation of the aniline group
attached at C-10 of the flavylium cation (AH"), concomitantly
with the increase in concentrations of HCI, yielding a
dicationic species (AH,*"). The fitting allowed the determi-
nation of the first pK, to be less than 1, as described recently
for an analogous dye.>®

The determination of pK, value of Pyflav-biopolymer
conjugates (6, 7) through spectrophotometric titrations was
conducted using the same experimental conditions as the ones
of the free pigments to ensure direct comparison except for the
initial pH that was set to 3 due to insolubility issues, mainly for
Pyflav-ALG conjugate (Figures 8 and 9).

Moreover, due to the new chemical linkage between the
pigments and biopolymers, the first equilibrium was not
considered for the pK, determination. Therefore, this method
was used to determine the pK, value related to the
deprotonation of the OH group present at C4' of the
conjugates in order to understand if the covalent amide bond
could or not tune/shift the pK, value of the free pigments. In
general, the conjugation to biopolymers did not significantly
shift the absorption maximum wavelength of each species, as
well as their pK, values. Actually, the thermodynamic
parameters obtained for the conjugates fits well in the pH
sensing range (between S and 8) where they are pretended to
yield a colorimetric response. As shown in Table 1, the
difference between pigments and respective conjugates was
slightly more evident for Pyflav-CHT 6 in comparison with
respective Pyflav 4. This can be attributed to the difference in
the structure of the pigments, resulting in a higher proximity of
the new amide bond formed on the conjugate (Pyflav-CHT 6)
to the C4’ of Pyflav 4. This proximity can influence the
deprotonation of the C4'-OH group more likely than in Pyflav-
ALG 7. Overall, the Pyflav-biobased conjugates (6, 7) have
great potential for monitoring pH alterations (between 5.8 and
7.4) of perishable foods such as meat or fish as a result of the
formation of volatile basic nitrogen-based metabolites (e.g,
biogenic amines) during the degradation process.

4. CONCLUSIONS

The strategy of chemical functionalization of biocompatible
polymers with pyranoflavylium pH-sensitive pigments is a
suitable tool for the development of novel functional materials.
Overall, in this work, it was possible to achieve for the very first
time new pyranoflavylium-biopolymer hybrid conjugates which
are promising starting materials to build up colorimetric pH-
responsive (bio)films. Future work will deal with the
construction of thick, flexible, and robust free-standing
multilayered membranes on inert low surface energy substrates
(e.g., polypropylene) making use of electrostatic interactions
between oppositely charged polyelectrolytes (e.g., ALG/Pyflav-
CHT and Pyflav-ALG/CHT) through layer-by-layer assembly
technology.
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Figure S1. 1H-1H 2D COSY (600:600 MHz, DMSO-d6:TFA 9:1) spectrum of PyFlav 4.
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Figure S7. 1H-1H 2D NOESY (600:600 MHz, DMSO-d6:TFA 9:1) spectrum of PyFlav-
CHT 6.
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Figure S8. 1H-1H 2D TOCSY (600:600 MHz, DMSO-d6:TFA 9:1) spectrum of PyFlav-
CHT 6.
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Figure S11. 1H-13C 2D HMBC (600:150 MHz, DMSO-d6:TFA 9:1) spectrum of PyFlav
5.
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Figure S12. 1H-1H 2D COSY (600:600 MHz, DMSO-d6:NaOD 98:2 at 40 °C) spectrum
of PyFlav-ALG 7.
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Figure S13. 1H-13C 2D HSQC (600:150 MHz, DMSO-d6:NaOD 98:2 at 40 °C)
spectrum of PyFlav-ALG 7.
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Figure S14. 1H-13C 2D HMBC (600:150 MHz, DMSO-d6:NaOD 98:2 at 40 °C)
spectrum of PyFlav-ALG 7.
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Figure S15. 1H-1H 2D NOESY (600:600 MHz, DMSO-d6:NaOD 98:2 at 40 °C)
spectrum of PyFlav-ALG 7.
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Figure S16. 1H-1H 2D TOCSY (600:600 MHz, DMSO-d6:NaOD 98:2 at 40 °C)
spectrum of PyFlav-ALG 7 .
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ARTICLE INFO ABSTRACT

Keywords: A bio-inspired anthocyanin-type pigment, namely a pyranoflavylium salt previously developed was incorporated
Pyranoflavylium salt into cellulose acetate-based films to build up a colorimetric pH-indicator as a smart label for monitoring food
Dyes

freshness. The pigment (0.1% (w/w)) was immobilized in cellulose acetate matrix in the absence and presence of
different percentages of glycerol (10-40% (w/w)). The films were obtained by the casting method and char-
acterized by the thickness, morphology and barrier properties, thermogravimetric analysis, color, among others.
The chromatic responsive properties of the films were tested in solutions at different pH values (pH 4 to 8) and in
the headspace of biogenic amines and ammonia-containing solutions at different concentrations. The results
showed that the films without glycerol are not color-responsive to different pH values. On the other hand, the
incorporation of glycerol above 20% (w/w) demonstrated effective pH responsiveness after 20 min of immersion
and after exposition to an amine-rich environment. The glycerol-containing films showed relevant and
remarkable color change at the pH range of food spoilage indicating a great potential for application as a food

pH-indicator

Water vapor permeability
Colorimetric films
Amine-rich environment
Food packaging

freshness indicator.

1. Introduction

Nowadays, both food safety and food waste are issues of increasing
concern for society. On one hand, the World Health Organization (WHO)
estimated 600 million cases of illness due to contaminated food supplies,
and 420,000 people die every year as they are affected by foodborne
contamination (World Health Organization, 2020). On the other hand,
the Food and Agriculture Organization of the United Nations (FAO)
estimated that the total food waste for the edible part is around 1.3
billion tons (FAO, 2013). Innovative food packaging systems have been
extensively studied to help tackle these problems through food preser-
vation and giving information on food quality, keeping safety the entire
supply chain until the final consumer (Heising et al., 2017). Intelligent
packaging is a kind of innovative packaging system concept which
purpose is to monitor in real-time the condition of the packaged product
(Drago et al., 2020). Behind the technologies applied in intelligent
packaging, indicators are one of the most studied in research since they
provide immediate visual and qualitative (or semi-quantitative) infor-
mation about the packaged food through a color change (Vanderroost
et al., 2014). The real-time food control in a package can be made by
monitoring the different food quality indicators such as pH changes,

* Corresponding author.
E-mail address: luis.cruz@fc.up.pt (L. Cruz).

https://doi.org/10.1016/j.foodhyd.2022.107501

oxygen, temperature, among others. In fact, pH changes in the food
environment have been described as an effective method of identifying
food spoilage (Yousefi et al., 2019). pH alterations can be affected by
many microbial metabolites such as biogenic amines (Danchuk et al.,
2020) and organic acids (Yousefi et al., 2019) as the main result of
amino acids and glucose metabolization, leading to an increase or a
decrease of pH of food samples, respectively.

Anthocyanins are natural pigments found in many fruits and vege-
tables that have the ability to change color depending on the pH of the
environment (Cruz et al., 2022). Due to this feature, they have been
widely studied as a colorimetric indicator for application in intelligent
food packaging (Andretta et al., 2019; Chen et al., 2020; Liang et al.,
2019; Luchese et al., 2017; Moradi et al., 2019; Shukla et al., 2016;
Veiga-Santos et al., 2010; Wei et al., 2017; J. Zhang et al., 2019). Despite
most published works did not refer it, these natural pigments have a
complex multi-state equilibrium that leads to color fading over time
(Brouillard et al., 2010; Pina, 2014; Pina et al., 2012), which could be a
limitation for their application as pH-indicators. In turn, pyrano-
flavylium salts are anthocyanin-derived pigments that also have the
ability to change color according to pH variations, but they are described
as more stable than anthocyanins over time (Luis Cruz et al., 2017;
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Gomes et al., 2020; Oliveira et al., 2014; Sousa et al., 2017). A specific
pyranoflavylium compound (Fig. 1), developed and studied by our
research group, showed promising features such as a suitable pK, value
(pKa1 = 6.5 £ 0.1) in the relevant food spoilage region (pH ~ 4-8,
depending on the product type) (Choi et al., 2017; Ezati & Rhim, 2020;
J.; Liu et al., 2019; Pereira et al., 2015; Wei et al., 2017; X.; Zhang et al.,
2014), low cytotoxicity and, also a great color variation which make it
an excellent candidate to be applied as pH-indicator for food packaging
(Gomes et al., 2021).

The cellulose acetate polymer was chosen as a support matrix for
pigment immobilization since it is described as an essential and
economical natural resource due to its biocompatibility, non-toxicity
and, biodegradability, etc (Y. Liu et al., 2021). Previous studies
showed that acetate cellulose films have good properties for food
packaging applications (Aghaei et al., 2018; Ardila-Diaz et al., 2020;
Assis et al., 2020; Freitas et al., 2020; Gemili et al., 2009; Rajeswari
etal., 2020; Saha et al., 2016). Furthermore, a plasticizer was added into
films formulation to improve their physical properties as well as to
evaluate its effect on pH-sensing efficiency. Generally, plasticizers are
low molecular weight and non-volatile compounds that are incorporated
in a material to increase its flexibility, workability, or distensibility
(Mekonnen et al., 2013; Vieira et al., 2011). Among the plasticizers,
glycerol is one of the most studied for biodegradable polymers (Vieira
et al., 2011). Although the use of glycerol as a plasticizer for cellulose
acetate films is not very common, some recent works have studied its
incorporation in the formulation (de Melo et al., 2018; Goncalves et al.,
2019; Moreira Gongcalves et al., 2020; Teixeira et al., 2021).

In this work, the previously developed pyranoflavylium dye was
immobilized in cellulose acetate-based films and, the impact of the
glycerol amount in the pH-responsive colorimetric properties of the
films was studied. The aim of the best film formulation is for the
development of a small label to be incorporated in food packaging for
smart food packaging applications.

2. Experimental
2.1. Materials

Cellulose acetate (CA) (Mw = 30,000 g mol~! and 39.8 wt % of the
degree of substitution in acetyl content), sodium chloride, magnesium
nitrate hexahydrate, putrescine, cadaverine, tyramine, histamine dihy-
drochloride, and ammonium hydroxide solution (25% (v/v)) were
supplied from Sigma-Aldrich. The glycerol (Gly) was supplied from
Himedia. Acetone and Methanol P.A. were purchased from Chem-Lab.
Calcium chloride anhydrous granular (~ 2-6 mm) was purchased
from Supelco. Deionized water was purified with a Milli-Q water system
before use. Pyranoflavylium compound (2,10-Bis-(4’,4”-hydroxyphenyl)
pyranobenzopyrylium chloride — PyF) was obtained according to the
procedure described elsewhere (Gomes et al., 2021).

OH

OH

Fig. 1. Pyranoflavylium dye previously developed (Gomes et al., 2021) and
used as pH-indicator in this work.
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2.2. Preparation of cellulose acetate-based films

The films were obtained by the casting technique, according to the
methodology described by R.Q. Assis et al.(Assis et al., 2020), with some
modifications. CA 8% (w/w) was dissolved in acetone under mechanical
stirring at room temperature until complete solubilization. Different
percentages of Gly (0-40%) were added to CA solution. Dispersions were
kept in vigorous mechanical stirring overnight. Pyranoflavylium salt
solution in MeOH (1 mg/mL) was added to dispersions with final con-
centration 0.1% (w/w). After 1 h of homogenization, the dispersions
were cast onto Petri dishes (63.6 cm?), and solvent evaporation was
carried out in an oven for 2 h at 40 °C. The concentrations of biopolymer
and drying conditions were defined from preliminary tests. The obtained
films were detached from the plates and conditioned in a desiccator at
20-25 °C and relative humidity (RH) of 53-54% (saturated magnesium
nitrate solution) for at least 48 h until the characterization and tests.

2.3. Film characterization

2.3.1. Thickness

Film thicknesses were measured using a digital coating thickness
meter (model TE 1250-0.1 F, Sauter). Measurements were taken at ten
random positions for each film in five replicates, and the mean values
were calculated.

2.3.2. Moisture content (MC)

Moisture content (MC) was defined as the amount of water taken up
by the dry film until the equilibrium is established between the moisture
content of the surrounding air and that of the films (Priyadarshi et al.,
2018). The determination was adapted from ASTM D644-99 (ASTM,
1994). The films were cut into 1 x 1 cm square pieces and weighed (W),
then the pieces were dried in an oven at 105 °C for 24 h. Dried films were
weighted (W), and the moisture content was calculated using Eq. (1).
The analyses were carried out for three samples of each formulation.

MC (%) = <W‘TIWZ> % 100 o)

2.3.3. Swelling index (S and water solubility (WS)

The swelling index (SI) of the films was defined as the water sorption
capacity by the dry film after 24 h of immersion in water, while the
water solubility (WS) was the percentage of the film material that was
dissolved in water (Dick et al., 2015; Gontard et al., 2007). The dried
films from the moisture content analysis with the dry weight (W) were
immersed in 20 mL of Milli-Q water under constant agitation at 150 rpm
using a mechanical shaker for 24 h at 25 °C + 2 °C. The swollen samples
were removed, and the weight was recorded as wet weight (W3). The
last weight (W,4) was obtained after re-drying the films at the same
conditions of MC determination. SI and WS (%) were calculated ac-
cording to Egs. (2) and (3) (da Silva Filipini et al., 2020). Three repli-
cates were carried out and averaged for each sample.

SI (%) = (W) x 100 (2
WS (%) = (W) « 100 @
2

2.3.4. Scanning electron microscopy (SEM)

In order to evaluate the morphology of the films, SEM analyses using
a High Resolution (Schottky) Environmental Scanning Electron Micro-
scope FEI Quanta 400 FEG ESEM were performed. Samples were coated
with an Au/Pd thin film, by sputtering, using the SPI Module Sputter
Coater equipment. Each image contains data with the most important
analysis conditions.
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2.3.5. Atomic force microscopy (AFM)

In order to evaluate the topography of the film’s surface, AFM
analysis was performed on Veeco Multimode Nanoscope IVa in Tapping
mode, using a Bruker silicon probe (model TESPA-V2, resonant fre-
quency 320 kHz, nominal force constant 42 N/m, estimated tip radius 7
nm).

2.3.6. Thermal properties

The thermogravimetric analysis was performed on a Simultaneous
Thermogravimetric Analyzer (TGA-DTA, model STA7200RV, Hitachi).
Approximately 3 mg film pieces in the alumina crucible were heated
from 25 to 600 °C with a heating rate of 10 °C/min, under a nitrogen
atmosphere with a flow rate of 200 mL/min.

2.3.7. Water vapor permeability (WVP)

The WVP was performed according to the gravimetric method
(ASTM E96-95) (ASTM, 2013) with some modifications. Anhydrous
calcium chloride was used inside capsules, which were sealed with the
films and packed in a desiccator containing saturated NaCl solution to
promote controlled humidity (75% + 2) and placed at room temperature
(25 °C + 2 °C). The permeability (WVP) of the films is expressed in g.
h~'.m !.Pa~! was determined by Eqgs. (4-6):

WVP = (WVT / Ap) x X &)
WVT = (G/1) /A (5)
4p=5 x (R —Ry) ®)

where WVT is the water vapor transmission rate expressed in g.h’l.m’z;

Ap is vapor pressure difference (Pa); X is the average film thickness
(mm); G/t is the linear regression of the constant mass transfer region
between weight gain, G (g) and time, ¢ (s); and A is the permeation area
of the sample (m?); S is the saturation of water vapor pressure (Pa) at
25 °C; R; is the RH in the desiccator, Ry, the RH in the permeation cell.
All measurements were performed in five replicates.

2.3.8. Color and opacity measurements

Color (CIELAB system) and opacity of the films were measured using
a portable spectrophotometer (model CM-2600 d; Konica Minolta,
Japan). L*, a*, and b* are the color parameters of lightness, red-green
chromaticity index, and yellow-blue chromaticity index, respectively.
The measurements were made by Specular Component Excluded (SCE)
mode in a 3 mm illuminated sample area with a 10° angle standard
observer condition, D65 illuminant condition, and white background.
The opacity was measured through the surface reflectance spectra with
the same conditions described above but with a white and black back-
ground. The opacity values were obtained by Spectramagic NX Colour
Data Software following ISO 2471. All measurements were taken at
three random positions for each film in the replicates, and the mean
values were calculated.

2.4. Tests as pH-indicator

Films were cut into pieces (1 x 1 cm) and immersed in buffer solu-
tions from pH 4 to pH 8. Solutions of pH 4 and 5 were prepared by citric
acid - phosphate buffer, and solutions with pH 6 to 8 were prepared by
phosphate buffer. pH measurements were made in a Radiometer
Copenhagen PHM240 pH/ion meter. Films were kept submerged in the
different pH solutions for 10, 20, 40, and 60 min. The color coordinates
were measured before and after the immersion.

The color difference was determined over time by Eq. (7):

AE =/ [(AL*) + (Aa’) + (4b*) %)

where AL* = L* — Lo*; Aa* = a* — ag*; Ab* = b* — bg*; Lo*, ap* and bo*

Food Hydrocolloids 127 (2022) 107501

are color values of the films before the immersion (control). The
experiment was done in triplicate.

2.5. Film color response towards an amine-rich environment

Films were cut into pieces (1 x 1 cm) and placed on a floating sup-
port on the surface of a solution (30 mL) of biogenic amines (BA) or
ammonium hydroxide, inside a closed flask (50 mL). BA solutions were
prepared with cadaverine, putrescine, tyramine, and histamine with
final concentration of 0.5, 1 and 4 g/L. The concentration of ammonium
hydroxide solutions was 0.35 and 3.5 g/L (10 and 100 mM). Films were
kept in a different amine-rich environment overnight at 25 °C. The color
coordinates were measured before and after the experiment and the
color difference was determined by Eq. (7). The experiment was done in
triplicate.

2.6. Statistical analysis

A one-way ANOVA and Tukey multi comparative test were per-
formed to detect the differences between samples with a significant level
of 5% (p < 0.05). All statistical analyses were carried out using the
software GraphPad Prism version 8.0.2.

3. Results and discussion
3.1. General appearance of the films

The films were obtained by immobilization of pyranoflavylium dye
into CA matrix and combined with different percentages of Gly for
further assessment of their efficiency as a pH-indicator. The casting
technique was used to produce the films, and then they were removed
from the casting plates. CA film prepared without Gly was brittle, rigid,
and fragile, making it difficult to peel off and handle. This characteristic
could be attributed to the strong inter/intramolecular hydrogen bonds
of CA which provide less mobility to the macromolecular chains,
resulting in brittle and rigid films (Teixeira et al., 2021). This film had to
be removed carefully from the casting plate to avoid breakage, whereas
the films with plasticizer were easily detached. As expected, the addition
of Gly yielded more flexible and handleable films. The low molecular
size of glycerol enables it to occupy the intermolecular spaces of polymer
chains, reducing the intermolecular hydrogen bond strength between
CA chains, hence increasing the molecular mobility (M. L. Sanyang
et al., 2016). Fig. 2 shows photographs of the films under a white and
black background to understand the visual aspect of the films more
easily. The CA_PyF surface appeared homogeneous and slightly wavy.
All of them displayed a yellow color and, CA_PyF was almost trans-
parent, while the films with Gly showed to be opaquer, which will be
discussed in more detail below. Gly led to a more heterogeneous surface,
mainly in CA_PyF_Gly10 film, that exhibited the appearance of whitish
spots. Films with 20% of Gly or higher showed a smoother and more
homogeneous surface than the 10% Gly film. Films with 30 and 40% of
Gly were slightly sticky and sticky, respectively. This property observed
on these materials may mean that the plasticizer exceeded the limit of
compatibility with the CA, and phase separation can occur with Gly
exclusion (Vieira et al., 2011).

3.2. Thickness

The thickness measurements of the films (Table 1) revealed a sig-
nificant increase (p < 0.05) with the plasticizer concentration up to 30%
of Gly. A similar effect of Gly concentration on film thickness was re-
ported by several authors and may be due to the role of plasticizers in
disrupting and restructuring intermolecular polymer chain networks,
creating more free volumes in its interstitial spaces which translate into
thicker film (Mekonnen et al., 2013; Nordin et al., 2020; M. L.; Sanyang
et al., 2016; Tarique et al., 2021). The increase in thickness from 30 to

123



124

FCUP

PyranoFlavylium-based Materials as Colorimetric pH-Indicators for Food Spoilage Monitoring
Chapter Il — Development of a pH-indicator label based on a pyranoflavylium for food packaging

V. Gomes et al.

CA_PyFlav

CA_PyFlav_Gly30

CA_PyFlav_Gly10
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CA_PyFlav_Gly20

CA_PyFlav_Gly40

Fig. 2. Photographs of the CA films (3 x 3 cm) with PyF and different Gly percentages (0-40%) under white and black backgrounds.

Table 1
Average values of the thickness, moisture content, swelling index and, the water
solubility of the CA films with PyF and different Gly percentages (0-40%).

Sample Thickness Moisture Swelling Water

(pm) Content (%) Index (%) Solubility (%)
CA_PyF 60.1 +1.4*  23+1.1° 49+21° 0.0+0.0?
CAPyFGlylo 654+09" 7.8+0.3" 10.7 + 2.1° 3.6 + 1.2
CAPyFGly20 702+1.3° 1514 21° 148 £+ 1.5 59+ 21"
CAPyFGly30 78.0+23% 209+ 1.6 18.9 + 2.0° 7.5 + 1.6
CAPyFGly40 81.9+38' 27.8+1.3° 20.3 + 2.5° 83+ 1.7°

40% of Gly was not significant and may be related to the limit of Gly
incorporation by CA, which should reach its maximum at ~ 30%.

3.2.1. Moisture content (MC), swelling index (SI), and water solubility
ws)

The film without plasticizer showed the lowest moisture content and
swelling index, and no solubility in water. The moisture content
increased significantly (p < 0.05) concomitantly with the Gly concen-
trations, while the swelling index and water solubility also increased
although with less expression. This result is due to the high hydrophilic
character of Gly, which increases the affinity of the films for the sur-
rounding water molecules (Cerqueira et al., 2012). Moreover, the free
space volumes between the polymeric chains caused by Gly addition led
to an increase of water diffusion into the films and, consequently,
increased the capacity to retain water within their matrix being

Surface A

o
@
]
t
]
1z

responsible also for the superior water solubility (M. L. Sanyang et al.,
2016). These properties have not been extensively studied in published
works dealing with Gly plasticized CA films. However, other authors
reported a similar trend for films based on another type of polymers (i.e.,
chia seed mucilage, semi-refined kappa-carrageenan, or arrowroot
starch) plasticized with Gly (Dick et al., 2015; Farhan & Hani, 2017;
Tarique et al., 2021).

3.2.2. SEM

The morphology of the films was analyzed by SEM on both surfaces
(surface A — top of the film; and surface B — bottom of the film, in contact
with the Petri dish) and in the interior by transversal fracture (Fig. 3).
The film without Gly showed to be smooth and homogeneous at both
interior and surfaces, as described elsewhere (Assis et al., 2020; Bruna
et al., 2014). After Gly addition, pores raise at the surface as well as in
the interior of the films. It was also observed differences between surface
A and B, in contrast with other works that do not make any reference to
it. In general, surface A of Gly-based films is characterized by a large
number of pores with different sizes depending on the Gly percentage.
CA_PyF _Gly10 showed the smallest pores between 0.5 and 1.5 pm. From
20% of Gly, pores had no longer a well-defined size and they seem to be
more net-like. Surface B showed some irregularities, mainly for 20, 30,
and 40% of Gly, but practically without pores. From the images of the
cross-section, it was also possible to observe differences between both
surfaces and in the interior of the films. For CA_PyF_Gly10, the interior
of the film is very similar to the one of CA_PyF, only differentiated by the

CA_PyF_Gly40

Fig. 3. SEM images of surface A and B and cross-section of the CA films with PyF and different Gly percentages (0-40%).
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appearance of a small number of pores. For 20-40% Gly, the interior is
characterized by a higher porosity, which could be distinguishable from
the porosity of surface A. Although the number and size of the pores
increase with the Gly amount, in general, they are smaller than the ones
corresponding to surface A. When observed in a transversal fracture, the
porosity of surface A seems to have large “caves” in comparison to the
pores of the interior of the films, and surface B seems smooth. These
differences are mainly related to the film production method. Surface B
is the surface in contact with the Petri dish and it is shaped by this one,
leading to a smoother surface. Surface A is the surface where the solvent
evaporates, and the large porosity of this surface is probably a conse-
quence of this phenomenon. Inner porosity may be more intrinsic to the
material composition, namely to the dispersion of Gly into CA matrix.
This porosity confirms that the presence of Gly causes internal
morphological changes, yielding free volumes created as mentioned
above and explaining the increased thickness, moisture content,
swelling index, and water solubility. The appearance of the pores in
CA-based films with specific percentages of Gly was already described
(de Melo et al., 2018; Gongalves et al., 2019; Moreira Gongalves et al.,
2020). However, the authors did not report any difference between the
surfaces and also described that the films with 20% of Gly did not show
porosity on the surface.

3.2.3. AFM

The AFM results of surface A (Fig. 4) corroborate the SEM behavior
patterns. The topography and the roughness of ~20 nm obtained for the
film without Gly reveal that the surface of the film is rather smooth and
homogeneous. The topographies of the films with plasticizer have
become increasingly heterogeneous and rougher when Gly concentra-
tion has increased. Similar results were reported in previous studies,
suggesting that CA-based films tend to present a heterogeneous and

CA_PyF

10pm
\
0.0 ym

1.0 pm

AN "5 Ry=21.3nm
e R,=27.2nm
CA_PyF_Gly20 1.0 pm

1.0pm

5 5 R,=90.3nm
Ry=120 nm
CA_PyF_Gly40

15pm_

0.0 pm .

20un
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irregular topography when additives are added to them (de Melo et al.,
2018; Freitas et al., 2020). This trend was confirmed quantitatively by
the mean roughness (R,) of the films, which presented values of 47.2,
90.3, and 419 nm for Gly 10, 20, and 30%, respectively. The exception
was for 40% of Gly, which decreased the roughness comparatively to the
CA_PyF_Gly30. This behavior could be related to the fact of Gly had
exceeded the limit of compatibility with CA. In fact, the AFM analysis of
CA_PyF _Gly40 was difficult due to its sticky character.

3.2.4. Thermal properties

The thermal properties of the films were studied by thermogravi-
metric analysis (TGA) in the temperature range from 25 to 900 °C. The
TGA curves of the films and their derivatives (DTG) are shown in Fig. 5a
and b. In general, there are three main events of thermal decomposition.
The first event occurred between 25 and 80 °C and it was characterized
by a small weight loss related to the evaporation of the free water
molecules of the films. The control film (CA_PyF) and CA_PyF_Gly10
showed residual water loss, with mass loss of 0.5 and 1%, respectively.
The remaining films with Gly showed a slightly higher water loss of
around 2.4-2.7%. These values follow the same trend of the moisture
content results. The second event occurred in the temperature range of
85 and 254 °C and it was related to the Gly volatilization, and the
evaporation of water linked by H-bonding. As expected, CA_PyF did not
show this event, however, for films with Gly, it can be observed an in-
crease of mass loss from 7.7 (CA_PyF_Gly10) to 24.4% (CA_PyF_Gly40).
The third and main event occurred between 254 and 410 °C and cor-
responds to the thermal decomposition of the CA polymer (Assis et al.,
2020), with a mass loss from 77.2 (CA_PyF) to 55.42% (CA_PyF_Gly40).
In general, Gly presence showed less thermostability of the films since
the thermal degradation of the films with plasticizer started at lower
temperatures than the control film. The same behavior was reported in

CA_PyF_Gly10
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Fig. 4. AFM images of the surface of the CA films with PyF and different Gly percentages (0-40%).
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Fig. 5. Thermogravimetric (a) and derivative curves (b) of the CA films with PyF and different Gly percentages (0-40%): === CA_PyF; === CA_PyF_Gly10; me==

CA_PyF_Gly20; === CA_PyF_Gly30; === CA_PyF_Gly40.

another work of plasticization of CA with Gly (Teixeira et al., 2021), as
well as for other polymers (Muhammed L. Sanyang et al., 2015).

3.2.5. Color properties

The color properties of CA-based films were determined by color
coordinates using CIELAB system (Table 2). In general, Gly produced
significant changes in the color coordinates of the films. The L* and a*
coordinates only were significantly affected (p > 0.05) by the presence
of Gly, being independent of the Gly percentages (p < 0.05). The lu-
minosity (L*) increased, whereas the a* decreased with the presence of
Gly, leading to slightly whitish and greenish films. On the other hand,
the b* coordinate had a very significant increase (p > 0.05) with 10%
Gly, translating into an increase in the yellowish of the films, but it
decreased significantly (p > 0.05) from 20%, where the blue content is
more pronounced.

3.2.6. Water vapor permeability (WVP)

The WVP analysis of CA-based films allowed to conclude that this
property significantly increased (p < 0.05) with Gly amounts (Table 3).
This trend could also be explained by structural modifications of the
polymer network caused by the hydrophilic character of the plasticizer
(Farhan & Hani, 2017), namely by the appearance of pores, as it was
confirmed by SEM and AFM images and discussed above. This porosity
allows the water molecules to diffuse more easily and leading to a higher
WVP. The WVP increase of the films with the presence of hydrophilic
plasticizers such as Gly is a common phenomenon for different
polymer-based films reported (Cerqueira et al., 2012; Dick et al., 2015;
Farhan & Hani, 2017; Muhammed L.; Sanyang et al., 2015; Tarique
et al., 2021; Teixeira et al., 2021).

3.2.7. Opacity

Through the opacity measurements (Table 3), it was possible to
observe that the film without Gly was practically transparent, with ~
10% of opacity. The addition of 10% of Gly originated a substantial
opacity enhancement from 10.3 to 30.5%. This drastic increase as well
as the increase of whiteness (L*) together with the appearance of white
spots (Fig. 2) in CA_PyF_Glyl0 film (non-homogeneous film) is in
agreement with the “blooming” or “blushing” phenomenon described by

Table 2

Color properties of the CA films with PyF and different Gly percentages (0-40%).
Sample L* a* b*
CA_PyF 85.5 + 0.5° 18.2 + 0.6° 4.0+11°
CA_PyF_Gly10 90.7 + 0.7° 9.6+ 1.6 29.2+0.7¢
CA_PyF_Gly20 90.1 + 1.0° 11.2+1.2° 29.4 + 0.8
CA_PyF_Gly30 89.6 + 1.0° 11.4 + 2.0° 23.5 + 1.0°
CA_PyF_Gly40 90.0 + 0.6" 10.3 + 1.0° 20.1 + 1.0°

Table 3
Barrier properties, namely water vapor permeability (WVP) and opacity of the
CA films with PyF and different Gly percentages (0-40%).

Sample WVPx10 % (gm Ls Lpa!) Opacity (%)
CA_PyF 1.42 +0.03% 10.3 £ 0.9%
CA_PyF_Gly10 1.79 + 0.04° 30.5 + 1.0°
CA_PyF_Gly20 2.24 £ 0.15¢ 27.6 + 1.44
CA_PyF_Gly30 2,51 +0.11¢ 23.0 + 1.6°
CA_PyF_Gly40 2.70 + 0.03° 19.6 + 1.1°

other authors (Donhowe & Fennema, 1993; Laohakunjit & Noomhorm,
2004; Saberi et al., 2017). They described that it occurs when the
plasticizer concentration exceeds its compatibility in the polymer
causing phase separation and physical exclusion of the plasticizer.

Villalobos et al. (Villalobos et al., 2005) also reported that the
opacity is closely related to the polymer chain rearrangement during the
drying of the cast film-forming solution, which is strongly influenced by
its initial nature, namely, if it is a miscible or non-miscible dispersion. In
fact, Gly has low miscibility in acetone (5% (w/w)) (The Soap and
Detergent Association, 1990) which might be a limitation in the
blending process with CA (Quintana et al., 2013). In this work, although
the Gly initial concentration in the film-forming solution was less than
5% (w/w), this concentration increases during the evaporation of
acetone in the drying step. Thus, the opacity of the CA-based films with
Gly could be not only related to the compatibility between the
biopolymer and the plasticizer but also with the interaction of all
components of the solution during the film formation. The development
of the opacity in CA-Gly films was already reported elsewhere (de Melo
etal., 2018; Teixeira et al., 2021), although the authors did not provide a
well clear explanation.

The opacity results also showed that the opacity decreases signifi-
cantly (p > 0.05) from 10 to 40% of Gly percentages. Moreover, in terms
of visual appearance (Fig. 2), films with a percentage of Gly equal and
superior to 20% were smoother and more homogeneous than the 10%
Gly film, as already described above. Although this is unexpected
behavior, it seems that higher concentrations of Gly led to high disper-
sion and spread of the plasticizer in the films, which could be also
observed by SEM and AFM images. Indeed, a certain incompatibility
between the components of the film during the drying stage may be
responsible for the appearance of pore-like structures characteristic of
films with Gly, which in turn, caused changes in the optical properties.
Nevertheless, it was possible to observe by SEM and AFM images the
increase in pore size with the increase of the Gly percentage, becoming a
more network-like type. These larger pores can allow for more perme-
ability to light, justifying the reduction in opacity and heterogeneity of
the films.

If the films would be for application in active food packaging,
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transparency is a very important property from consumers’ point of view
because they want to be able to see the food inside the packaging
(Motelica et al., 2020). However, since the aim is the development of a
smart colorimetric indicator (label or tag), the opacity can be an
advantage since that transparency can lead to uncertainties in the
interpretation of the color by the customer.

3.3. Tests as pH-indicator

The films were tested as pH-colorimetric indicators by doing their
immersion in buffer solutions with different pH values, between 4 and 8,
which is the relevant pH range for monitoring the spoilage of perishable
foods. Color variations for each film were calculated by Eq. (7) after the
exposure to different pH solutions over time for 1 h (Fig. 6). Almost no
color variation was observed for the CA_PyF film for any pH value, while
the Gly-containing films showed an increasing color variation as the
solution pH increased. For those films, it was possible practically to
reach a plateau of color variation after 20 min of immersion at different
pH values, except for CA_PyF_Gly10, which takes longer to achieve the
final color. Furthermore, CA_PyF_Gly40 showed some color fading after
the maximum color variation had been achieved, mainly for higher pH

Food Hydrocolloids 127 (2022) 107501

values (pH 7 and 8). The presence of Gly in film formulation was
essential to achieve pH sensing efficacy. In fact, in the case of the film
without glycerol, the stronger inter/intramolecular hydrogen bonding
of CA lead to a tight net of the polymer chains which avoids the pene-
tration of water molecules and, consequently, the contact of H' and
OH™ ions with the film. Since the ions cannot penetrate into the film,
they also cannot interact with the dye and, thus, the dye has no fast
response to the pH. The porosity and, consequently, the higher water
permeability of the films with glycerol promotes the penetration of H*
and OH" ions, resulting in higher effectiveness and sensitivity of the
indicator. In addition, the porosity also promoted by glycerol increases
the superficial area of the film which increases the contact area between
the dye immobilized on the film and the water molecules in the sur-
rounding environment, rising a faster pH response. Thus, the most
promising formulations to be considered for indicator development
were the CA-based films containing 20 and 30% of Gly, since the 10%
film presented a slower pH response. CA_PyF_Gly40 was not considered
because its formulation exceeded the compatibility limit between
biopolymer and plasticizer, as mentioned above, in addition to the slight
loss of color demonstrated at higher pH values. Ardila-Diaz et al.
(Ardila-Diaz et al., 2020) also reported that the amount of the
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Fig. 6. Color variation calculated by Eq. (7) for each CA film with PyF and different Gly percentages (0-40%), after immersion in different buffer solutions (pH 4 to
8), over 60 min: —¥— CA_PyF; —&— CA_PyF_Gly10; —e— CA_PyF_Gly20; —— CA_PyF_Gly30; —e— CA_PyF_Gly40. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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plasticizer, namely triethyl citrate, is one of the important factors for the
color transitioning of CA films with polydiacetylene as a colorimetric
sensor substance.

The color variation between different pH buffered solutions was very
noteworthy as it was possible to observe by the photographs of the films
(Fig. 7A), changing gradually from yellow to purple. The most pro-
nounced variation was observed between pH 6 and 7, with a AE from ~
37 to ~ 75 (Fig. 7B). Generally, the spoilage pH range of perishable
foods is very narrow, varying i.e. between 6.24 (fresh) and 7 (spoiled)
for rainbow trout samples (Ezati et al., 2019); and from 5.82 (fresh) to
7.42 (total spoiled) for pork samples (Choi et al., 2017), etc. In contrast
to most of the pH-indicators based on anthocyanin extracts, which did
not have a very noticeable color change on this pH range (Jiang et al.,
2020; Kang et al., 2020; Liang et al., 2019; Mohammadalinejhad et al.,
2020; Moradi et al., 2019; Prietto et al., 2017), the developed
pyranoflavylium-containing CA film yielded an excellent color change.
Furthermore, this anthocyanin-derived pigment is more stable over time
than native anthocyanins, as described elsewhere (Gomes et al., 2021),
which makes this formulation a promising pH-indicator for monitoring
fish and meat spoilage.

3.4. Film color response towards an amine-rich environment

Biological degradation and microbial growth are responsible for the
spoilage of many perishable food products. During spoilage, various
volatile basic nitrogen compounds (TVB-N - total volatile basic nitro-
gen), such as ammonia and BA are produced and released resulting in an
increase of the pH (Ezati & Rhim, 2020). The aim of a pH-indicator label
for food packaging is to give a color response to the volatile nitrogen
compounds present in the headspace equilibrium of the packaging,
without touching the food product. In order to evaluate the efficacy of
the color response of the pH-indictor to volatile basic nitrogen com-
pounds, CA_PyF_Gly30 film was exposed to the headspace of different
solutions of BA (0.5-4 g/L) and ammonium hydroxide (0.35 and 3.5
g/L). Fig. 8a showed the experimental method and the initial color of the
film before the amine solutions exposure and Fig. 8b showed the color
difference (AE) between the initial and the final color of the films
(photographs) after overnight headspace exposition.

Although the pH value at the headspace of each flask is unknown in

CA_PYF CA_PyF CA_PyF CA_PyF
CAPYF Givio Gly20 Gly30 Glyd0

Control

(a)

pH 8
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this preliminary experiment, it was possible to observe a noticeable
change of the film color with increasing concentrations of BA and
ammonia-containing solutions. The pH at the headspace depends on the
volatility of the amine compounds, its basicity, and its affinity to the air
versus matrix, which in this case is water, whereas in real samples is the
food product itself. Here, the color response was greater for ammonia
solutions due to its higher basicity and volatility compared to BA ones.
The color of pH-indicator film changed from the initial yellow to orange
and pale pink in BA solutions, and to purple and finally blue in ammonia
solutions. These preliminary tests proves that the colorimetric pH-
indicator developed in this work is able to respond to an amine-rich
environment, highlighting great evidence that it can be applied into
smart food packaging.

4. Conclusions

The pyranoflavylium dye was successfully immobilized in CA-based
films with different percentages of Gly (0-40% (w/w)) as a plasticizer.
In general, the presence of Gly promoted a significant difference in the
thickness and color, barrier, and morphological properties of the films.
Gly originated the appearance of pores, which lead to an increase of the
permeability of the films to water as well as the surface contact area,
resulting in more efficient color-response to the pH of the environment.
A great pH-responsiveness was obtained with the films enriched with 20
and 30% of Gly after 20 min of immersion. These formulations showed
relevant and remarkable color change at the pH range of food spoilage,
and a good response to an amine-rich environment, indicating a great
potential for application as a pH freshness indicator for perishable foods.
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ABSTRACT

A colorimetric pyranoflavylium-based pH-indicator with an improved formulation was
obtained and studied as an intelligent label for food freshness monitoring.
Pyranoflavylium pigment at 0.2% (w/w) and glycerol at 30% (w/w) were immobilized in a
cellulose acetate matrix, and a thin film was obtained by the solvent casting method. The
pH-responsive properties of the film were evaluated in solutions at different pH values
(pH 4 to 8) and compared with a previous formulation. Film photostability and pigment
migration over time were assessed. The label's performance was evaluated using real
samples (fish and meat) at controlled conditions (4 £ 1 °C and modified atmosphere
packaging). The results showed that increased pigment concentration visually favored
its colorimetric efficacy. Regarding pigment migration and photostability, the label
showed to be suitable for application in fresh meat and fish packaging. The best
performance was observed for the freshness monitoring of fish samples. The indicator
demonstrated high efficacy in detecting spoilage of Atlantic horse mackerel (Trachurus
trachurus). After 5 days of storage, freshness parameters exceeded the limit defined by
EU regulations, indicating that the fish was unfit for consumption. Simultaneously, the
yellow label started to turn purple, effectively indicating the beginning of the spoilage

process.

Keywords: Pyranoflavylium dye; pH-indicator; colorimetric films; food packaging; fish

and meat spoilage
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1. Introduction

The challenges of modern society are driving innovation in the field of food packaging at
an ever-increasing rate. "Food safety" and "food waste" are issues on the agenda, and
the development of innovative food packaging can be part of the solution. Although its
use is often controversial due to the excessive use of plastic-based materials, the truth
is that packaging has played a crucial role in maintaining the quality and safety of foods
during their storage, transportation, and sale. For this reason, there has been an
increased interest in designing and producing more sustainable packaging materials
using polymers derived from biodegradable sources. Moreover, food packaging systems
able to extend the quality/shelf life of food — active packaging — and/or to provide
information on food quality or freshness — intelligent packaging — have also been a focus
of research.

The European Union defines intelligent packaging materials as "materials and articles
that monitor the condition of packaged food or the environment surrounding the food"
[1]. Its principal purpose is to detect and provide real-time food quality information,
ensuring the food safety entire supply chain until the final consumer [2]. In addition,
intelligent packaging can play an essential role in reducing food waste by replacing static
"best before" or "use by" dates with the "dynamic shelf-life" concept, even among
products of the same lot [3].

The real-time food control in a package can be made by monitoring different quality
parameters, such as pH, oxygen, temperature, or specific compounds. In fact, pH
change in the food environment has been described as an effective method of identifying
food spoilage, especially in perishable food products, such as animal-origin products [4].
pH alterations can be affected by many microbial metabolites, such as biogenic amines
[5] and organic acids [4], resulting from amino acids and glucose metabolization, leading
to an increase or a decrease in the pH of food samples, respectively.

Behind the technologies applied in intelligent packaging, colorimetric pH indicators are
the most studied in research since they provide immediate visual and qualitative (or
semi-quantitative) information about the packaged food through a color change [6]. In
the last decade, colorimetric indicators have been studied based on natural pH-sensitive
dyes, such as anthocyanins, curcumin, alizarin, and betalains. Natural dyes are chosen
instead of synthetic ones due to their lower toxicity, environmental impact, and high
availability [3,7,8]. Among these pigments, anthocyanins are the most widely studied [9—
13] due to their notable color change from red to blue with pH increases. However,

natural pigments are often not stable outside their native habitat, and color fading may
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occur quickly owing to environmental factors (e.g., light, temperature, etc.), limiting their
use as colorimetric pH indicators [8]. Even though most published works did not refer to
it, anthocyanins are an example since they have a complex multistate equilibrium that
leads to color fading over time [14-17]. On the other hand, synthetic dyes are generally
described as potentially hazardous for food applications due to their toxic, carcinogenic,
and mutagenic characteristics. Nevertheless, synthetic pigments are not necessarily
unsafe; e.g., when designed based on natural pigments with improved or simplified
properties, they may be the answer to the instability problems of natural pigments.

Synthetic pigments inspired by anthocyanins, namely pyranoflavylium salts, have been
recently developed, being also able to change color in response to pH variations;
however, they are more stable over time than anthocyanins [18-21]. In previous work, a
pyranoflavylium-based pigment designed with specific features, such as a suitable color
variation and low cytotoxicity [22], was immobilized in cellulose acetate and glycerol as
a plasticizer, giving rise to a colorimetric pH-indicator film [23]. The film exhibited a
remarkable color variation in buffer solutions within the pH range relevant for food
spoilage (from pH 4 to 8). In addition, according to preliminary results obtained in the
headspace of biogenic amine solutions, colorimetric films showed a promising ability to
detect the real-time freshness state of perishable food products such as meat and fish
samples. In this work, an improved formulation of the pH-indicator previously developed
work was deeply tested, focusing on its application which included pigment migration
assays according to European regulation and photostability studies over time.
Furthermore, the label's performance was evaluated using real samples and conditions,

including modified atmosphere packaging (MAP).

2. Experimental

2.1. Materials

Cellulose acetate (CA) (Mw = 30,000 g-mol~* and 39.8% (wt) of the degree of substitution
in acetyl content), magnesium nitrate hexahydrate, were supplied from Sigma-Aldrich.
The glycerol (Gly) was supplied from Himedia. Acetone and methanol were purchased
from Chem-Lab. Deionized water was purified with a Milli-Q water system-
Pyranoflavylium compound (2,10-Bis-(4',4"-hydroxyphenyl)pyranobenzopyrylium

chloride — PyF) was obtained according to the procedure described elsewhere [22].
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2.2. Preparation of cellulose acetate-based films

Films were obtained by the casting technique, according to the methodology described
by Assis et al.[24], with some modifications. CA 8% (w/w) was dissolved in acetone under
mechanical stirring at room temperature until complete solubilization. Gly 30% (w/w) was
added to the CA solution, and the dispersion was kept in vigorous mechanical stirring
overnight. Pyranoflavylium salt solution in MeOH (1 mg/mL) was added to dispersion
with a final concentration of 0.2% (w/w). After 1 h of homogenization, the dispersion was
cast onto a Petri dish (63.6 cm?), and solvent evaporation was carried out in an oven for
2 h at 40 °C. The obtained films were detached from the plates and conditioned in a
desiccator at 20 — 25 °C and relative humidity (RH) of 53 — 54% (saturated magnesium
nitrate solution) for at least 48 h until to be tested.

2.3. Color measurements

Color (CIELAB system) was measured using a portable spectrophotometer (model CM-
2600d; Konica Minolta, Japan). L*, a*, b*, C*, and h are the color parameters of lightness,
red-green chromaticity index, yellow-blue chromaticity index, total chromaticity, and hue,
respectively. The measurements were made by Specular Component Excluded (SCE)
mode in a 3 mm illuminated sample area with a 10° angle standard observer condition,
D65 illuminant condition, and white background. All measurements were taken at three
random positions for each film in the replicates, and the mean values were calculated.

All photographs were taken with a smartphone (model A53, Samsung).

2.4, Tests as pH-indicator in pH buffer solutions

Films were cut into pieces (1 cm?) and immersed in buffer solutions from pH 4 to pH 8.
Buffer solutions of pH 4 and 5 were prepared by citric acid — phosphate buffer, and
solutions with pH 6 to 8 were prepared by phosphate buffer. pH measurements were
made in a Radiometer Copenhagen PHM240 pH/ion meter. The films were kept
submerged in the different pH solutions for 60 minutes, and the color coordinates were
measured before and after the immersion.

The color difference was determined over time by Eq. (1):

AE* = \[[(AL")? + (Aa*)? + (4b*)? 1)

where AL* = L* = Lo*; Aa* = a* — ag*; Ab* = b* = bo*; Lo*, ap* and bo* are color values of

the films before the immersion (control). The experiment was done in triplicate.
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2.5. Pigment migration analysis

The migration of pigment from the label was performed following the method described
by Cerqueira et al. [25] with slight modifications and based on Commission Regulation
(EU) No 10/2011 on plastic materials and articles intended to come into contact with food
[26]. EtOH 10% (v/v) and EtOH 50% (v/v) solutions were used as food simulants A and
D1, respectively. Migration tests in food simulant A were also made with different pH
values, substituting water for the buffer solutions pH 4 — 8 (described in the 2.4. section).
The film samples (4 cm?) were weighted and immersed into 5 mL of simulant solutions
at 25°C under moderate stirring (150 rpm). A sample of the simulant solution sample was
taken at predetermined time intervals (1, 4, 8, 12, 24, 48, 72, 96, 120, and 144 hours),
and the absorption spectra were recorded from 250 to 850 nm using a UV-vis
spectrophotometer (Genesys 10S, Thermo Scientific). Of note, the samples were
immediately returned to keep the total volume of the original solution constant (vestigial
sample losses were neglected). The amount of pigment in simulant solutions was
determined based on regression equations established for each experimental condition
(50%EtOH: y = 26.13x — 0.0063, 10%EtOH: y = 15.78x + 0.0038, 10%EtOH pH 4: y =
10.65x — 0.0034, 10%EtOH pH 5: y = 14.67x + 0.0004, 10%EtOH pH 6: y = 8.17x +
0.0046, 10%EtOH pH 7: y = 8.45x + 0.0038, 10%EtOH pH 8: y = 9.83x + 0.0064) and

the accumulative release percentage was calculated as follows:

M
Migration (%) = V; X 100 (2)

where M; (mg) is the amount of pigment released from the label to food simulant at time
t, and Mo (mg) is the total amount of pigment incorporated in the label.
The amount of pigment migrated was also presented in mg of pigment per 1 dm? of the

film's superficial area (mg/dm?). The experiment was done in triplicate.

2.6. Color photostability of indicator

The color stability of the film indicator was evaluated in the presence (LIGHT) or absence
(DARK) of light as a function of time. Samples (1 cm?) were stored in two different
chambers at 21 + 2 °C and RH of 55 + 3%. Both chambers were protected from extern
light with a box in each one. While one of the chambers was kept without light (DARK),
another chamber was exposed to a constant light (LED, power 6 W), with 20 cm from
the samples (LIGHT). The color coordinates were measured every three days for 30

days. Then, color variation (AE) was calculated according to Equation (1).
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2.7. Application of indicator on real samples

In order to test the performance of the label in monitoring spoilage of perishable food
products, experiments with real samples were carried out. First, a screening with different
types of food products was made to evaluate the label's response to the pH changes
over the deterioration stages of each one. Fresh samples of fish (Atlantic horse mackerel
and Gilt-head bream) and meat (chicken breast and pork loin) were used and purchased
from a local market. Then, a complete analysis of degradation parameters, such as the
total volatile basic nitrogen (TVB-N) content, microbiology, and lipidic oxidation, was
made for Atlantic horse mackerel (Trachurus trachurus). The packaging was produced
in the pilot plant of the Meat Technology Center of Galicia (San Cibrao das Vifias,
Ourense, Spain). Fish samples were packed whole without any prior handling. The labels
were placed inside the package in cup-type support to protect them from possible contact
with fluids released by the samples.

The samples and labels were packaged using a packaging machine (Caveco, model
V900, Milano, Italy) with a modified atmosphere similar to the retail conditions. The
atmosphere used for the fish and chicken samples was 30% CO; and 70% N, (PRAXAIR,
Madrid, Spain), while for the pork samples, it was 20% O, and 80% N, (PRAXAIR,
Madrid, Spain). The packaged samples were stored at 4 + 1 °C (simulating retail
conditions at supermarkets in a refrigeration chamber) for 8 and 15 days, respectively.
The chamber was illuminated by a standard supermarket fluorescent lamp. For each day
of analyses, packages were opened, and the color of the labels was quickly measured
to avoid any color change due to their contact with the atmosphere outside the package.
The AE values of the indicator were calculated according to Eq. 1. Then, the samples
were ground in a food processor for further analysis. When the microbiological study was
performed, samples for this analysis were first taken. In the case of fish samples, only
muscles were ground and analyzed without the skin and bones. For the first experiment,
three samples of each fish type and five of each meat type were used, which were carried
out without replicates (screening). For the second experiment, thirty-five samples of
Atlantic horse mackerel were used, with five replicates for each analysis day (days O, 1,
4,5, 6,7, and 8). In this experiment, pH and TVB-N were analyzed on all days, while the
microbiological profile and lipid oxidation were only studied at the experiment's

beginning, middle, and end (days 0, 4, and 7).
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2.7.1. pH measurement

For the pH measurement, 5 g of the ground sample was vigorously homogenized in 45
mL of distilled water, and pH values of dispersions were measured by a digital pH meter
(Hanna HI, Woonsocket, EEUU).

2.7.2. Total volatile basic nitrogen (TVB-N) content

Total volatile basic nitrogen (TVB-N) content was assessed according to the Commission
Regulation (EC) No 2074/2005 [27]. A 10 g sample of muscle was homogenized with 90
mL of perchloric acid, and the resulting suspension was centrifuged at 10,000g for 10
min using an Allegra X-22 centrifuge (Beckman Coulter, California, EEUU). 50 mL of the
supernatant was analyzed for the nitrogen content following the Kjeldahl method using
a Vapodest 50S analyzer (Gerhardt, Kénigswinter, Germany). The TVB-N values were

expressed as mg N/100 g of sample.

2.7.3. Microbiological analysis

The microbiology quality of the samples was evaluated by the counts of aerobic
mesophilic microorganisms (TVC). 10 g of fish samples were aseptically weighed and
homogenized with 90 mL of 0.1% sterile peptone water (Merck, Darmstadt, Germany) in
a masticator blender (IUL Instruments, Barcelona, Spain) for 2 min at room temperature.
Serial decimal dilutions were prepared for each sample in 0.1% peptone solutions.

The TVC was carried out using the TEMPO® system (Biomérieux S.A., Madrid, Spain)
based on the most probable number (MPN) technology. The TEMPO® system
comprises two ergonomic stations, a preparation station for filling disposable cards (each
card contains 16 x 3 tubes) with culture medium inoculated with the samples, and a
reading station. The cards were read after the pre-established incubation time of 24

hours at 30 °C. TVC was calculated and expressed as log CFU/g of the fish sample.

2.7.4. Lipidic oxidation

Lipid oxidation was evaluated through the thiobarbituric acid reactive substances
(TBARS) index according to the method proposed by Vyncke (1975). 2 g of the ground
sample was homogenized with 10 mL of TCA 5% with Ultraturrax (IKA/T25) over 2
minutes in an ice bath. Samples were centrifuged at 3500 rpm for 10 min using an Allegra
X-22 centrifuge (Beckman Coulter, California, EEUU). The supernatant was gravity
filtered in an ice bath. In a test tube, 5 ml of sample and 5 ml of 0.2 M TBA were mixed

and the mixture was incubated in a hot water bath at 97°C for 40 minutes. After that, the
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tubes were cooled in a cold-water bath for 15 minutes. Finally, the absorption spectra
were recorded at 532 nm using a UV-vis spectrophotometer (Agilent / 8453). TBARS
values were calculated from a standard curve of malonaldehyde (MDA) with 1,1,3,3-

tetraethoxypropane (TEP) and expressed as mg MDA/kg sample.

2.8. Statistical analysis

A one-way ANOVA and Tukey multi-comparative test were performed to detect the
differences between samples with a significant level of 5% (p < 0.05). All statistical
analyses were carried out using the software GraphPad Prism version 8.0.2.

3. Results and discussions

3.1. Color variation

Color quality is an essential feature of a colorimetric pH-indicator label. When food
freshness is assessed, indicators with faded or less intense colors might raise some
guestions. Furthermore, color variations on the label should be visually more noticeable
with stronger colors. The pyranoflavylium-based pH-indicator film developed in our
previous work demonstrated an interesting color variation within the pH range of food
spoilage [23]. However, herein we have decided to study its color improvement by
increasing the pigment concentration in the formulation. The new film formulation
included 0.2% (w/w) pigment, and the color was compared to the formulation from the
previous study (0.1% (w/w)). The comparison was made before and after the immersion
in buffer solutions (pH 4 — 8). Figure 1 shows photographs of films with 0.1% (w/w) and
0.2% (P0.2%) (w/w) of pigment before and after 60 minutes immersed in buffer solutions
(pH 4 to 8). The three tristimulus components of color, namely the lightness (L*),
chromaticity (C*), and hue (h), were used to compare both formulations (Figure 2).
Moreover, each film formulation's color variation (AE) after immersion in the buffer

solutions was compared (Figure 2).

pH4

pHS pH 6 pH7 pHS8
Figure 1. Photographs of films (1 cm?) with 0.1% (m/m) (P-0.1%) and 0.2% (w/w) (P-0.2%) of

pigment before and after 60 minutes immersed in buffer solutions (pH 4 to 8)
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By analyzing Figure 1, the colors from P0.2% films are more intense than P0.1% films,
and this observation can be quantitatively correlated with the luminosity (Figure 2A). In
both cases, the luminosity decreases from high values (100) to neutral values (50).
However, P0.2% films always had significantly lower values, translating into less clear
and less faded colors than P0.1% films. In addition, the chromaticity of P0.2% films was
higher than P0.1%, except for pH 5 and 6 (Figure 2B). Although the hues of P0.1% and
P0.2% films were significantly different for all conditions except for pH 8, they were very
similar. Color changes in the correspondent film before the immersion were not
significantly different between P0.1% and P0.2% films. Although the color variation was
statistically equal, the highest color intensity of P0.2% films makes its color variation
more distinguishable. In both films, the color variation occurs between a hue from
quadrant | (0° to 90°) to quadrant IV (270° to 359°) along the b* axis, from yellow (+b) to
blue (-b). Overall, increasing the pigment film concentration improved its efficacy as an
intelligent label by increasing the intensity of the colors in all pH studies and color

coordinates evaluated.
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Figure 2. The three tristimulus components of color: (A) lightness (L*), (B) chromaticity (C*), and
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(C) hue (h)%; and (D) the color variation (AE) before (N/A) and after immersion in the buffer
solutions (pH 4 to 8) of formulations 0.1% (w/w) (P0.1) and 0.2% (w/w) (P0.2) of pigment.
Significantly differences are represented by different letters. Comparisons were made between

all columns. The same letter means no significant differences between the columns (a-j p < 0.05).

3.2. Pigment migration analysis

Although the principle of the label is not to be in contact with the food product, this could
happen since it will be fixed inside the packaging. The components released from
packaging material to food can compromise food safety. For this reason, regulatory
authorities, such as the European Union (EU) Commission, set limits on the migration of
the constituents of plastic materials and articles intended to come into contact with
foodstuffs [26]. In addition, since all substances have an associated cytotoxicity, even
the natural ones, it is essential that the amount released be far below its cytotoxicity.
Furthermore, depending on the amount of pigment released, the label might lose
effectiveness.

Migration largely depends on the affinity between the material components and the type
(polarity) of the food matrix. The pigment migration study was conducted with food
simulants A (EtOH 10%, v/v) and D1 (EtOH 50%, v/v) of EU No 10/2011. Simulant A was
used for foods with a hydrophilic character, which can extract hydrophilic substances,
such as fresh fish and meat. Food simulant D1 was used for foods made from oil-in-
water emulsions, such as milk and some dairy products. In addition, simulant A solution
at different pH values was also assayed, replacing the water with buffer solutions from
pH 4 to 8. The pigment migration throughout the food deterioration period considering
solutions at different pH values is important since the color displayed results from the
presence of different dye chemical species, which may have different affinities for the
food matrix, which must be considered.

The results of pigment release are presented in two different ways: 1) the percentage of
pigment release from the label (4 cm?) over time (Figure 3); 2) the total pigment release
amount per area of the film (mg/dm?) (Table 1).

Regarding releasing kinetics, they were practically similar for all solutions tested,

reaching a plateau after 48 h (Figure 3).

1 Hue values are given by their angle position in relation to the central axis of the theoretical three-
dimensional sphere of color (0 — 359°). For the statistical analysis of these values, specifically, the statistical
analysis of data that transverse the IV and | quadrants, the | quadrant values must be compensated (hue +

360°) for its analysis to be viable [44]. This compensation was done for the hue values for the films of pH 6.
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Figure 3. A) Migration percentages of pigment from the label (4 cm?) over time in different

conditions; B) Re-size graphic of migration percentages of pigment.

The highest pigment released from the label was observed for the food simulant D1, with
a total of 45%, corresponding to 0.55 + 0.02 mg/dm?. The regulation set the migration
limit to 10 mg of substances per 1 dm? of the surface area of material in contact with
food. Since the label will be fixed inside the packaging, both sides were considered for
the total contact area. Although the amount of pigment released for the D1 food simulant
was much lower than the defined limit, this migration led to a substantial decrease in the
effectiveness of the label. Thus, the developed label is not indicated to be used in oil-in-
water emulsion-type foods.

On the other hand, the migration results in simulant A were quite promising. Pigment
migration in solution without pH control and for the solutions at pH 6 and 7 did not exceed
5%. Higher percentages of migration were obtained for the pH 4 simulant solution, with
20%, followed by the solutions at pH 5 and 8, with 12 and 7%, respectively. These results
demonstrated that the predominant species at neutral pH, the non-ionic quinoidal base,
had less affinity for this type of simulant. On the other hand, the predominant species at
a more acidic pH, the flavylium cation (highest hydrophilic character), is the one that
demonstrated the highest affinity for the simulant. In this way, the label developed proves
to be suitable for application in packages of fresh products of animal origin (e.g., meat
and fish) since 1) the amount of pigment that migrates in the real pH conditions of these
foods (pH between 5.5 and 7.5) is low and does not affect the efficacy of the label; 2) the
amount of pigment that migrates per dm? of material is residual compared to the defined

limit value (Table 1).
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Table 1. Total amount of pigment migrated from the label to different food simulant conditions

during the assay period (144 hours).

Simulant Migration (mg/dm?)
50% EtOH 0.55 £ 0.02

10% EtOH 0.02 £ 0.01

10% EtOH pH 4 0.19 £ 0.02

10% EtOH pH 5 0.092 + 0.002

10% EtOH pH 6 0.03 + 0.01

10% EtOH pH 7 0.021 + 0.002

10% EtOH pH 8 0.070 £ 0.002

3.3. Photostability of the pH-indicator film

A colorimetric pH-indicator must have an excellent color variation that follows the pH
variation in its entire range or a specific range for a given application. However, this color
must be stable to other stimuli, such as light and temperature, since these other
variations may compromise its efficiency. The dye's planar structure and
physicochemical properties are the main factors for this stability; however, the structural
features of the polymer matrix can also affect it [28]. The photostability of the indicator
was studied in the dark and with incident light at the same temperature (20 = 2 °C) and
relative humidity (53 £ 2%). Figure 4 shows the color variation (AE), lightning (L*), and
chromaticity (C*) over 30 days. The color of the films that were not exposed to light
remained practically the same over 30 days. In contrast, the films exposed to light
suffered a slight variation (AE = 10), being very similar in the first 12 days. However, from
the 12" day onwards, the variation was significantly more pronounced (Figure 4a),
mainly due to an increase in luminosity and a slight decrease of chromaticity (a* and b*
coordinates) (data not shown), leading to a loss of the film color. These results indicated
that the label must be stored in the dark before its use. Furthermore, it is possible
considering the stability over 12 days, which is usually the spoilage time for perishable

foods, such as fish and meat fresh products.
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Figure 4. (A) Color variation (AE) and (B) luminosity (L*) of labels in the dark and with incident
light over 30 days. DARK means that films were protected from light while LIGHT means that

films were submitted to incident light.

3.4.
3.4.1. Screening with different food products

Application of the pH-indicator films on real samples

A preliminary test was conducted with two different fish and meat samples to assess the
film indicator performance regarding the color change in real packaged samples. A
sample of oily fish (Atlantic horse mackerel) and white fish (Gilt-head bream) were used
in the case of fish. Chicken breast and pork loin were used as meat samples. Samples
were packaged in modified atmosphere packaging (MAP), a technique used to protect
food products from the air and, consequently, to increase their shelf-life. Different MAPs
can be used depending on product type. Fish and chicken samples were packaged in N2
70% + CO, 30%, a MAP used in fish and white meat products. The pork sample was
packaged in O, 80% + CO, 20%, a MAP used in red meat products to keep their red
coloration [29]. Since the shelf-life of fresh fish samples is shorter than meat, different
study times were established for different types of samples (8 days for fish and 15 days
for meat samples). The color variation and its correlation with the pH of each sample per
day were evaluated (Figure 5).

In general, a very notable correlation was observed between the food pH and label color
changes during the storage of all samples. However, the best color variations were
observed for fish samples. The highest AE value observed was obtained for the oily fish
sample (AE =50.7), which had an increase of 0.80 in pH, the highest pH variation. Also,
this sample showed higher pH values, starting with 6.45 on day 0 and reaching 7.21 after

8 days.
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Figure 5. pH variation of (A) Atlantic horse mackerel, (B) Gilt-head bream, (C) Chicken, and (D)

pork samples of and the corresponding color variation of the label over storage time at 4 = 1 °C.

The label in whitefish packages exhibited a maximum AE of 40.2 for a pH variation of
0.2, with a pH of 6.29 and 6.49 before and after 8 days of packaging. Both meat samples
showed a similar pH variation during the spoilage period evaluated (15 days), with a
slight pH decrease in the first four days and then a pH variation of 0.19 and 0.17 for
chicken and pork, respectively. The decrease in pH in the first days owes to the
anaerobic glycolysis (first step of spoilage), which produces acid compounds, and,
consequently, the decrease of the pH of meat. This behavior also happens in fish
products but occurs quicker than in meat, making its detection more difficult [29].

The label of the chicken packaging had an AE of 35.6 after 15 days. The lowest value
was obtained for the pork packaging, with an AE of 28.6 after 15 days. Although the pH
variation of whitefish and meat samples were similar, the color variation of the labels
differed. The main difference was the pH range within which the variation occurred. While
the chicken pH changed between 6.21 and 6.40, slightly below that obtained for the

whitefish sample, the pork sample had a pH variation in the lower range of 5.62 and 5.79.
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Although this represents a preliminary study, without replies to confirm the data, it was
possible to conclude that the efficacy of the label depends on two factors: pH variation
during the spoilage process and the occurring pH range. The best label responses were
seen in the pH ranges above 6, which matches the pK, values of the pigment used. The
pKa1 of the pyranoflavylium pigment is 6.5 [22], and the pH variations around this value
will conduct more noticeable color changes. Since fish samples usually have higher pH
values as well as high pH variations during the spoilage process, the label developed

seems to be more suitable for monitoring the freshness of fish samples.

3.4.2. Case study with Atlantic horse mackerel (Trachurus trachurus)

The Atlantic horse mackerel sample was used to validate the effectiveness of the label
in monitoring the freshness. Also, the label was tested to detect spoilage, namely when
the product becomes unsafe for human consumption. The Atlantic horse mackerel is a
species of pelagic fish, which is a valuable food source due to its high nutritive value and
essential nutrients such as long-chain omega-3 fatty acids, fat-soluble vitamins, and
easily digestible proteins [30]. However, pelagic fish is also characterized by its highly
perishable nature [30], which makes monitoring its freshness advantageous for
guaranteeing consumption safety.

In this study, a more in-depth examination of the freshness state over time was
conducted by increasing the number of data points and by measuring additional
parameters, namely the total volatile basic-nitrogen (TVB-N) content, the microbiological

profile, and the degree of lipid oxidation (Figure 6).
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Figure 6. TVB-N content (A) and pH (B) and correspondent DE, and TVC (C) and TBARS index (D)
evolution over time for Atlantic horse mackerel sample.

The TVB-N content is one of the parameters most used to evaluate fish freshness [31].
This parameter measures the total volatile nitrogen from organic amines (i.e., ammonia,
triethylamine, and biogenic amines) generated by the decomposition of proteins and
other nitrogen (N)-containing molecules as a consequence of enzymatic autolysis and
microbiological spoiling mechanisms [32]. On the other hand, the total viable bacteria
count (TVC) was used to evaluate the microbiological profile of the samples since it is
one of the most powerful degrading agents, which has a close relation with the formation
of biogenic amines [31].

Fish, especially oily fish, are rich in lipids, such as fatty acids, that are highly prone to
oxidation, causing changes in fish quality attributes. The lipidic oxidation was evaluated
by the determination of the thiobarbituric acid reactive substances (TBARS) index that
quantifies malondialdehyde (MDA) in samples, which is a major compound from the
secondary oxidation of lipids [33,34]. The TVC and TBARS index were studied only at
the beginning, middle, and final of the experiment (days 0, 4, and 7), giving general
information about their evolution over time.

The initial freshness level of the samples was evaluated by the values obtained for each
parameter on day 0. The TVB-N value (30.7 £ 0.6 mg of N/100 g) indicated that the
freshness level of the fish was lower than expected. Super fresh fish samples usually
have TVB-N values between 0 to 20 mg N/100 g, but they depend on several factors,
such as the type of fish, the time of transport since they are caught until the analysis and
the temperature in the transport. In the specific case of Atlantic horse mackerel specie
(Trachurus trachurus), TVB-N content of 15.3 mg of N/100 g [34], 18.64 + 8.32 mg of
N/100 g [35] and 25.48 + 0.79 mg of N/100 g [36] have been reported. These values are

also high for fresh fish, especially the last one described. The authors of the work that
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reported an initial value of 25.48 + 0.79 mg of N/100 g refer that the fish samples were
delivered to the laboratory within 48 h of harvesting [36], which could reduce the
freshness of the sample. The time elapsed after catching and the temperature history of
fish are considered to be the key determining factors for the quality of a fish product [37].
In these samples, the high initial value of TVB-N may also be due to the time elapsed
between the capture of the fish and the analysis, as well as to the transport and storage
conditions, which are unknown. However, despite being high, this value is below the limit
value of 35 mg of N/100 g defined by the EU regulations [27] and in other works reported
in the literature for the same species [34,36]. The initial pH of 6.7 £ 0.1 was also slightly
higher than values found in the literature (pH 6.2—6.5) for the same species [35,36,38],
as well as the value obtained in the first screening experiment (pH of 6.45 + 0.01). This
discrepancy in initial pH is most likely to be attributed to the different levels of the
freshness of the samples on day 0 of analysis. Despite the relatively high TVB-N and pH
values for fresh fish, the total mesophilic aerobic bacterial count was low (3.5 + 0.3 log
CFUg™) and below the lowest values reported for the same species in the literature
[35,38]. Since most organic amines are the product of microbial activity, high pH and
TVB-N levels are usually connected with their high activity. In these samples, pH and
TVB-N values may be due to the autolytic process by endogenous enzymes (first phase
of fish spoiled), or the activity of other types of microorganisms not included in the
mesophilic aerobic bacterial count [29]. Furthermore, the characteristic off-odors of a
spoiled fish were not detected on day O by sensorial perception. Considering that the
acceptability limit for TBARS is around 2 mg MDA/kg muscle, the initial value of 0.4
mg/kg of samples suggests low lipid oxidation and is in agreement with the literature [34].
The evolution of the freshness of Atlantic horse mackerel samples packaged in MAP
(70% N2 and 30% CO,) was monitored over 8 days through TVB-N content and pH
values (Figure 6) and correlated with the color variation (AE) of the label. Analyzing the
evolution of freshness may be divided into two distinct phases. In the first phase, the
evolution of the pH and TVB-N was slow, with an increase of around 0.2 and 5 mg N/100
g, respectively, over the first 4 days. The second phase was characterized by a more
pronounced progression of the pH and TVB-N, with a pH rise of 0.36 over 3 days (from
4" to 7" day) and a TVB-N content increase of 31.91 mg N/100 g over 4 days (from 4
to 8" day). The decline in pH on the 8" day may be related to advanced decomposition
processes. In opposition to pH and TVB-N, the TVC had a higher increase from day 0
until the 4™ day (5.5 + 0.3 log CFUg™) of storage and packaging and a less pronounced
increase between the 4" and 7™ day (6.3 + 0.4 log CFUg™). The fish degradation begins

post-mortem, initiating the autolysis process by anaerobic glycolysis, followed by
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proteolysis induced by endogenous enzymes. The degradation of protein and nonproteic
nitrogen (NPN) molecules produces short-chain peptides, amino acids, and nitrogen
compounds, which consist of an ideal substrate for microorganisms [29]. The autolytic
phenomenon predominates in some fish species, especially at low temperatures (close
to 0 °C) [36]. The elevated TVB-N and pH levels observed on day 0 of the experiment
may have been induced by the possible storage of fish samples on ice for a few days
before their acquisition and analysis. After packaging, their slow increase may be due to
MAP since it is able to slow down the spoiling, raising the product shelf-life, as reported
elsewhere [39]. However, a significant increase in bacterial growth was observed,
namely, the TVC values from day O until day 4. This increase may result from several
factors, such as the increase in the temperature of the storage. Temperature plays an
essential role in microbial growth. Initially, fish samples were stored at approx. 0 °C in
ice (in the supermarket), and then samples packaged were stored at 4 £ 1 °C in the
refrigeration chamber. In addition, TVB-N results showed that the muscles of these
samples are rich in nitrogen, an ideal substrate for microbial growth. Moreover, handling
the sample during the preparation and packaging may lead to contamination of the
samples, increasing further bacterial growth. The bacterial growth caused a more
accentuated increase in the production of organic amines and, consequently, the TVB-
N and pH values from the 4" day. Therefore, most of the organic amines responsible for
off-odors in the fish, such as biogenic amines, are produced by bacterial activity, which
explains some off-odors detected on the 5" day by the sensory perception. Despite being
blue fish rich in fatty acids, lipid oxidation remained low during the experiment. This
behavior was most likely due to the type of modified atmosphere in which it was
packaged. The use of an atmosphere composed only of 70% N, and 30% CO,, and
without O, prevents the oxidation of fatty acids in the fish.

The TVB-N limit value defined by the EU regulations [27] is achieved on day 4" of storage
(385.7 £ 2.2 mg N/100 g). In terms of pH, the limit value considered for acceptable quality
fish is pH 7 [34], which was also reached on the 4" day of storage (pH of 6.97). According
to Comi [29], the limit of the total bacterial count can generally be between 10° and 10’
CFU/g. Thus, all parameters indicated the 4™ day as the last day on which these Atlantic
horse mackerel samples may be safely consumed. In addition, the sensory perception
was consistent with the results since some off-odors began to be detected from the 5"
day. Although modified atmosphere packaging increases the food shelf-life, the quality
and freshness of the product at the time of packaging are crucial. Studies demonstrated

that the shelf-life of fish samples could be extended up to 12 days in the same MAP [33].
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However, in this case, the fish lasted only 5 days packed, suggesting one more time that
its freshness on the day of packaging (day 0 of analysis) was below expected.
By evaluating the performance of the indicator label, a very interesting color change from

yellow to purple was observed (Figure 7).

A)

0

Before
packaging

B)
1 4 5 6 7 8

Storage days

Figure 7. A) Photographs of packages on days 1, 4, 5, and 6, and B) photographs of the label

before packaging and after different days of packaging storage.

The color variation of the label followed the evolution of the TVB-N and, particularly, the
pH, since all values increased until the 7" day, where pH and AE registered a slight
decrease on the 8" day, contrary to the TVB-N value. In quantitative terms, a AE of 9.0
+ 1.2 was detected on the 1% day as a consequence of certain variations in freshness as
well as the color variation associated with the adaptation of the label to the conditions

within the packaging (relative humidity, pH, etc.). The maximum AE value of 54.0 £ 1.7
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was recorded after 7 days of storage, indicating that fish samples were completely
spoiled. The AE value corresponds to the 5" day, in which the samples were considered
as "spoiled" according to the established limits, which was 37.1 + 1.4. Compared to the
AE of day 4, the last day of freshness for consumption, the color variation was not
guantitatively superior as expected, rising by just 6 units of AE.

In qualitative terms and visual aspects, however, labels of the 4™ and 5" days are very
distinguishable, as shown in Figure 7. The label of the 5" day is characterized by the
appearance of a purple hue in certain regions, resulting in a non-homogeneous color
that may not be accurately represented by AE values. Thus, the yellow color means that
the product is "fresh", pale yellow denotes the "last day for consumption”, and the purple
color, in part or its whole, indicates that the product is "spoiled".

Compared to previous pH-indicators developed in the literature and tested to monitor the
freshness of fish samples, this label is simpler, easier to read, and more efficient.
Conversely, some of the produced indicators did not visually show a pronounced color
change [40—42] or have multiple color changes [43], which might result in confusion and

inaccurate readings by the consumer at the evaluation moment.

Therefore, and in opposition to most of the works published, the experimental conditions
with real samples were practically the same as the real ones, mainly the packaging (size,
MAP, sample/package ratio) and storage conditions (temperature and light). In fact, to
our knowledge, this is the first work that tests the label’'s performance in a MAP. These

conditions enhance the accuracy of the obtained results.

4. Conclusions

The new film formulation showed an improvement of color intensity in entire pH
variations, which constitutes an advantage for a colorimetric label to indicate food
freshness. Although the migration amount for all simulant conditions tested was
considerably lower than the defined limit, the label is only suitable for foods with a
hydrophilic character, such as fresh meat and fish products. In the case of lipophilic
foods, the migration amount may substantially decrease the label effectiveness.
Regarding photostability, the color of the label was kept valid and functional over 12 days
with incident light, suitable for packaging perishable foods.

Through the preliminary tests in real samples, it was possible to observe a good

correlation between the food pH and label color changes during the storage of all
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samples. However, the best performance was observed for the freshness monitoring of
fish samples since they had higher pH values as well as high pH variations during the
spoilage process. In the test of freshness monitoring of fish Atlantic horse mackerel, the
label exhibited an excellent correlation with pH and TVB-N during the spoilage. Following
the limit values for pH, TVB-N, and TVC for fish products reported in the literature, the

indicator demonstrated high efficacy in detecting spoilage of Atlantic horse mackerel.
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The present work focused on developing a colorimetric smart label for food freshness
monitoring of perishable muscle-based products. The aim of the work was generically
divided into two parts: 1) the development of a suitable a pH-responsive pigment based
on pyranoflavylium salts, and 2) building cellulose acetate-based materials (thin-films)
containing the pH-sensitive pigment.

Different pigments were synthesized and structurally characterized in the first part of the
work, and their chromatic properties toward pH variation were studied. Figure 1. shows

all pigments developed in this work.

MePyFlav (2) COOHPyFlav

COOH

PhOHPyFlav PhNH,PyFlav

NH,

MePyStyrylFlav MePyXan
CH; CH;

Figure 1. Structure of pyranoflavylium dyes synthesized in the present work.

The chemical equilibria of the dyes were studied in agueous/ethanol solution (EtOH 25%
(v/v)) by spectrophotometric titrations, and equilibria constants (pKa) were determined
(Table 1).
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Table 1. pKavalues from hydroxylic deprotonations of pyranoflavylium and related compounds obtained by
UV-Vis Spectroscopy in a H20/EtOH 75:25 (v/v) solution.

pKai1(OH) pKaz(OH) pKaz(OH)
MePyStyrylFlav 51+0.1 7.3+£0.2 11.3+0.1
g SDS 6.8+0.2 9.5+0.2 -
S £
@ g TRITON X-100 51+0.1 9.7+0.1 -
=0 CTAB 45+0.1 6.9+0.1 9.2+0.1
MePyXan 4.80 +0.03 6.51 + 0.05 8.64 +0.01
MePyFlav (1) 6.8+0.1 10.8+0.1 -
MePyFlav (2) 5.80 + 0.02 8.7+0.1 -
Ph(OH).PyFlav 55+0.1 9.77 £0.02 -
PhOHPyFlav 6.5+0.1 8.9+0.1 -
COOHPyFlav* 6.22 +0.01 - -
COOHPyFlav_CH 6.43 +0.04 - -
PhNH2PyFlav* 72401 - -
PhNH:PyFlav_ALG 7.17 £0.02 - -

*The pigments COOHPyFlav and PhNH2PyFlav presented a lower pKa value corresponding to the

deprotonation of carboxylic acid and ammonia cation groups, respectively.

Since the relevant pH range in the spoilage process of fresh animal products is between
pH 5.5 and 7, one of the aims of this work was the rational design of new pyranoflavylium
pigments in order to their pK, values (at least one) could match that range. Regarding
the existing pyranoflavylium salts at the time of this work, the pKa values described in the
literature are between 3.6 and 5.4 which is due to the first deprotonation occurring at the
C7-hydroxyl group?.

The pKas of the first studied pigment (MePyStyrylFlav) was lower than pretended,;
however, its modulation in SDS micellar system yielded good color tuning. Nevertheless,
the development of pigments lacking a hydroxyl group at position 7 allowed, in general,
to push the pKa values toward the desired range. In addition to possessing the requisite
pKa value, the symmetric PhOHPyFlav demonstrated a remarkable color change from
yellow to purple without a decrease in color intensity over the pH range, making it the
most suitable dye, and exhibited the lowest cytotoxicity as well. The pigments
COOHPyFlav and PhNH:PyFlav were essentially designed to be covalently linked to
chitosan (CHT) and alginate (ALG) biopolymers, respectively, via amide-type bonding

1 L. Cruz, N. Basilio, N. Mateus, V. de Freitas, and F. Pina, “Natural and Synthetic Flavylium-Based Dyes: The Chemistry
Behind the Color,” Chem. Rev., vol. 122, no. 1, pp. 1416-1481, Jan. 2022, doi: 10.1021/acs.chemrev.1c00399.
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using EDC/NHS coupling chemistry. Although the remainder of the work was not
completed during this project, the purpose of these conjugates is to build multilayered
films by electrostatic interactions between oppositely charged polyelectrolytes through
Layer-by-Layer assembly technology. Particularly, the COOHPyFlav_CHT conjugate
showed a suitable pKa to be applied in food freshness monitoring.

The study of pigment MePyXan arose from the fact that it is a by-product formed in large
quantities from the reaction from Article I. In the acidic aldol condensation between 2,4,6-
trihnydroxybenzaldehyde and the acetophenone, the by-product xanthylium results from
the condensation between two aldehyde molecules. Since it is a secondary product
formed in large quantities, this pigment was used to synthesize a new pyranic compound
and study its potential. Despite not having demonstrated chromatic variation (yellow color
in the entire pH range), it had interesting fluorescence properties. The “off-on-off”
fluorescence behavior and the pK, values within the neutral pH region make this pigment
a promising candidate as a pH-responsive fluorescent probe for several applications in
the biomedical field.

In the work's second part, the PhOHPyFlav pigment was immobilized by physical
entrapment in a polymeric matrix. After some preliminary tests (data not shown) with
different biopolymers, cellulose acetate was the polymer chosen due to showed more
water resistance. Unlike the other biopolymers tested, the cellulose acetate films
remained strong when immersed in water. Since the first formulation with pigment and
cellulose acetate did not change de color in the pH buffer solution (pH 4 - 8), the addition
of a plasticizer, namely, glycerol was tested. The effect of adding glycerol was crucial to
the performance of the smart label because of two reasons. Firstly, glycerol provided the
appearance of pores in films, which led to an ideal water vapor permeability of the films
as well as the surface contact area, resulting in a more efficient color response to the
environmental pH. Secondly, the glycerol content also promoted an increase in opacity,
leading to a more distinguishable color. After testing different concentrations of glycerol,
films with 30% showed the best performance in solutions with different pH values. In
addition, films with 0.2% (w/w) of pigment showed greater color intensity in entire pH
variations than films with 0.1% (w/w). These films exhibited a relevant and remarkable
color change at the pH range of food spoilage, such as observed for the pigment in the
solution. However, the best performance in real samples was observed for the freshness
monitoring of fish since they had higher pH values as well as high pH variations during
the spoilage process. In the test of freshness monitoring of fish Atlantic horse mackerel,

the label color variation (AE) showed a directly proportional correlation with pH 7 and
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TVB-N during the spoilage process. Following the limit values for pH, TVB-N, and TVC
for fish products reported in the literature, the indicator demonstrated high efficacy in
detecting spoilage of Atlantic horse mackerel. The color of the label changed from yellow
(AE = 9.05 % 1.4) to purple (AE = 37.1 + 1.4) when the freshness parameters exceeded
the limit defined by EU regulations on day 5 (TVB = 39.4 £ 2.7 and pH = 7.1 + 0.1),
indicating that the fish was unfit for consumption. In terms of photostability, the label kept
its color for over 15 days by exposition to light. However, it would also be relevant to
study its photostability at different pH values, with higher relative humidities and lower

temperatures, since these are more realistic conditions.

In conclusion, in this work, it was possible to successfully obtain a pH indicator label to
monitor the freshness of packaged fish products. Contrary to most of the works found in
the literature, the development of this indicator was based on knowledge regarding the
physical-chemical properties (pKa values) of compounds, which are designed for the
purpose. Future work would be important to consolidate these results by increasing the
reproducibility, testing more Atlantic horse mackerel samples, and testing with other
species. In the case of meat samples, it could be interesting to develop indicator films
containing structurally different pigments with lower pKa. values such as the case of
MePyFlav (2). It would also be interesting to develop the films with the
COOHPyFlav_CHT conjugate by layer-by-layer methodology, as originally planned.
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