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The first memory | recall from
my PhD studies was working to
obtain the solid colorants needed
| for doing my experiments. This
happened during the worst
drought in the last twenty-
five years of the history of my
hometown city, La Paz, Bolivia.
The water stopped running
through the pipes. Official
sources say it was because of
climate change, and some others

b\ 4 suggested problems during the
administration too. The point was that we had very limited access to water
for drinking or working for almost 6 months. | was using an equipment that
needed running water to dry the solvents from the colorant extract. So, you
ask me — was | able to finish my work on time to go back to Sweden? Luckily,
the building where | used to work had a water storage container that made
our access to water easier. Then, with the help of my friends and colleagues,
we managed to put a container on top of a laboratory shelf to feed water to
the equipment. Moreover, we put in the freezer water bottles every night to
cool down the water that we manually recirculated. This way, we managed
to operate the equipment and obtain sufficient solid colorant for my future
experiments in Sweden. My PhD journey was not always easy, but certainly,
the support and collaboration of my family, friends, and colleagues encouraged
me to endure the process. One day, the results from these studies came out
together and feelings of satisfaction and happiness arrived... Why did | keep
spending these years doing applied science? Because during this process |
learned that we have important challenges that need to be addressed for our
loved ones to come; anything is possible if we have purpose and a little of
creativity; life is beautiful through the eyes of love and gratitude; willingness
is necessary to find solutions; and that we all can have a bit of luck if we learn
to recognize and take the opportunities that may arise.
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Popular Scientific Summary

From the coat of the seeds of a tree named “achiote” or Bixa orellana, it is possible
to obtain the natural-colored paste “annatto” with the pigment “bixin”. These
extracts may be composed of different proportions of bixin, norbixin, native
carbohydrates, phenolic compounds and other minority compounds present in the
seed’s coat. In this thesis, I extracted different pigments from the achiote seed for
study. The pigments used were Bixin, and an annatto extract composed of bixin and
the native carbohydrates of the seeds’ coat called “Carbohydrate rich bixin”.

In some cases, I used solvents to extract and purify bixin and the native carbohydrate
rich bixin. Then, I developed an alternative solvent-free extraction method using a
weak alkaline soda compound and water. This method was used to extract all the
coat from the seed (annatto extract) and create an aqueous suspension of the
pigments. These aqueous suspensions allow the achiote extract to be analyzed
directly. It also enables microencapsulation of the pigment right after extraction
through use of spray drying.

The mild alkaline extraction process made it possible to extract the seeds of 27
samples of fruits from Bixa orellana collected from different municipalities in Los
Yungas in La Paz, Bolivia. The components of the seeds were quantified as the
water content, the weight of the colorless seed, the total colorant content, and the
amount of native carbohydrates contained in the achiote seeds. Moreover,
characterization of the shapes and colors of the collected fruit samples was
performed. An analysis was carried out with this data to determine the shape
characteristics, such as fruit size, that predicted higher colorant contents in different
fruit morphotypes (varieties). Larger fruits were found to contain higher colorant
content.

Furthermore, I made microencapsulated pure bixin and microcapsules with
carbohydrate-rich annatto extract and carried out studies on their stability against
light degradation. The microencapsulation of the pigments was performed using
spray drying. Encapsulating materials such as maltodextrin, whey, and sucrose were
used. Microencapsulation was also achieved by adding gelling agents such as gum
arabic, pectin, or carboxymethylcellulose. The encapsulating properties of the
different mixtures were compared to determine the best encapsulating systems. The
protection of dye inside the microcapsules for each system was evaluated. The
results showed that the bixin pigment has better protection when the native



carbohydrate fraction is present in the microcapsule. In addition, CMC proved to be
an excellent encapsulant agent for its film-forming properties.

Once the microcapsules were obtained, they were dispersed in water. Using these
aqueous dispersions, physical stability studies of pigment particles were conducted
over time. It was determined that suspensions containing particles of bixin with the
native carbohydrates kept their color for at least 40 days. Instead, pure bixin
particles settled on the first day.

We studied the pigment stability of the microencapsulated powders against
exposure to visible light. For this, microencapsulated powders were irradiated with
a visible light lamp, and the pigment content was measured after different days, for
30 days. The results show that microencapsulated dyes are 30 to 100 times more
stable against light than pure unprotected pigments.

Finally, colored gummy candies were prepared with annatto and annatto
microcapsules. Color stability studies were conducted in the candies. It was
determined that the candy’s components protect the colorants to some extent. It was
determined that the candy's components protect the colorants to some extent.
Sensory studies showed that participants liked the orange color of the candy.

All results aim to enhance our capacity to develop formulations with the natural
colorants from achiote for its application in aqueous rich products. Thus, this may
allow for expanding its use in food and cosmetics. In addition, the
microencapsulation of the colorants enables them to extend their stability against
light degradation.
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Resumen Cientifico Popular

A partir de la capa que recubre las semillas de un arbusto llamado "achiote" o Bixa
orellana, es posible obtener la pasta de color natural "annatto" con el pigmento
"bixina". Estos extractos pueden estar compuestos de diferentes proporciones de
bixina, norbixina, carbohidratos nativos, compuestos fendlicos y otros compuestos
minoritarios presentes en la capa externa de la semilla. En esta tesis, extraje
diferentes pigmentos de la semilla de achiote para su estudio. Los pigmentos
utilizados fueron Bixina, y un extracto de achiote compuesto de bixina y los
carbohidratos nativos de la capa de las semillas. Este extracto se denominé "Bixina
enriquecida con carbohidratos”.

En algunos casos, utilicé disolventes para extraer y purificar la bixina, y la bixina
rica en carbohidratos nativos. Luego, desarrollé un método alternativo de extraccion
libre de disolventes utilizando un compuesto de soda alcalina débil y agua. Este
método se utilizé para extraer toda la capa de la semilla (extracto de achiote) y crear
una suspension acuosa de los pigmentos. La suspension acuosa del extracto de
achiote puede ser analizado directamente. También permite la microencapsulacion
del pigmento justo después de la extraccion a través del uso de secado por aspersion.

Este proceso de extraccion alcalina hizo posible extraer el colorante de las semillas
de 27 muestras de frutas de Bixa orellana colectadas de diferentes municipios de
Los Yungas en La Paz, Bolivia. Se determinaron los porcentajes de agua, de semilla
sin colorante, de colorantes y de carbohidratos nativos contenidos en las semillas de
achiote. Por otro lado, se realizd la caracterizacion de las formas y colores de frutos
de dichas muestras colectadas. Con estos datos se realizo un analisis para determinar
que las caracteristicas de forma como el tamafio de los frutos permite predecir
mayores contenidos de colorante. Se determind que frutos mas grandes contienen
mayores contenidos de colorante.

Mas adelante, obtuve microcapsulas de bixina pura y microcapsulas con extracto de
achiote rico en carbohidratos. Luego, llevé a cabo estudios de estabilidad frente a la
degradacién debido a su exposicion a la luz. La microencapsulacion de los
pigmentos se realizdO mediante secado por aspersion. Se utilizaron materiales
encapsulantes como maltodextrina, suero de leche y sacarosa. La
microencapsulacion también se logré mediante la adicion de agentes gelificantes
como la goma arabiga, pectina, o carboximetilcelulosa, CMC. Las propiedades de
encapsulacion de las diferentes mezclas se compararon para determinar los mejores

il



sistemas de encapsulacion. Se evalu6 la proteccion del colorante dentro de las
microcapsulas para cada sistema. Los resultados mostraron que el pigmento de la
bixina tiene una mejor proteccion cuando la fraccion nativa de carbohidratos esta
presente en la microcapsula. Ademas, el CMC demostré ser un excelente agente
encapsulante por sus propiedades de formacion de peliculas.

Una vez obtenidas las microcapsulas, se dispersaron en agua. Usando estas
dispersiones acuosas, los estudios de estabilidad fisica de particulas de pigmento se
llevaron a cabo durante 40 dias. Se determind que las suspensiones que contenian
particulas de bixina con los carbohidratos nativos mantuvieron su color durante al
menos 40 dias. En su lugar, las particulas de bixina pura se asentaron el primer dia.

Estudiamos la estabilidad del pigmento de los polvos microencapsulados frente a la
exposicion a la luz visible. Para esto, polvos microencapsulados fueron irradiados
con una lampara de luz visible, y el contenido de pigmento se midid después de
diferentes dias, durante 30 dias. Los resultados muestran que los pigmentos
microencapsulados son 30 a 100 veces mds estables frente a la luz que los pigmentos
puros sin proteccion.

Finalmente, se prepararon dulces coloreados con annatto y con microcapsulas de
annatto. Se realizaron estudios de estabilidad del color en los caramelos. Se
determind que los componentes del caramelo protegen los colorantes en cierto
grado. Los estudios sensoriales mostraron que a los participantes les gusto el color
naranja de los dulces.

Todos los resultados tienen como objetivo mejorar nuestra capacidad de desarrollar
formulaciones con los colorantes naturales del achiote para su aplicacion en
productos en base a agua. Por lo tanto, esto puede permitir ampliar su uso en
alimentos y cosméticos. Ademas, la microencapsulacion de los colorantes les
permite extender su estabilidad frente a la degradacion por la luz.

v
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1 Introduction

Color is one of the most important organoleptic characteristics in food products,
cosmetics, and other products [1]. Colorants are responsible for imparting color and
enhancing the products’ appeal or attractiveness. These colorants may have synthetic
or natural origin. For the last 20 years, there has been an increasing consumer interest
in colorants of natural origin [2]. Moreover, this demand is forecast to increase
dramatically over the coming years, since it is expected to reach USD 3.2 billion by
2027 [3]. Today, some of the most valued natural colorants are carotenoids. Among
them, bixin and norbixin, which are contained in the pigment “annatto”, have drawn
great attention and demand. Annatto extracts are obtained from the waxy aril of the
seeds of the vegetal species Bixa orellana. This plant has the common names of
achiote (Spanish), annatto (English) and urucum (Portuguese) [4].

Bixa orellana is a shrub (or tree) that presents morphological diversity in its flowers
and fruits where the seeds are enclosed. The seeds are surrounded by a colored aril
that contains native carbohydrates, the pigments, and minor phenolic components
[5-9]. The colorant content in the seeds varies from one variety to another.
Consequently, global markets are interested in annatto seeds with a colorant content
above 2.5% [10]. For instance, Brazil has set a minimum content of 4% for export
[11,12].

Annatto has been commercialized all around the world, especially in the United
States (Annatto), Western Europe (Additive E160), and Japan [4, 13-15]. Producer
countries include Mexico, Brazil, Bolivia, Colombia and Peru in Latin America;
India in Asia; and Kenya in Africa among others [7, 13, 15]. Bolivia has a history
of using annatto in traditional dishes. Furthermore, “achiote” or “urucu” is
considered among the most important crops that are produced and exported in
Bolivia. The main Bolivian markets for annatto seeds exports are Ecuador, Peru,
Argentina, and the United States. The weight of exported seeds has decreased from
72,600 kg per year (USD 100,000) in 2010 to 23,600 kg per year (USD 5,000) in
2018. In contrast, the amount of annatto powder has increased from 454 kg (USD
350) in 2010 to 143,300 kg (USD 51,000 USD) in 2018 (Data taken from INE
Bolivia) [16]. This shows a development in this sector.

The FDA requires certification for certain colorants to prove that the batch does not
contain heavy metals or other possible harmful components every time a new batch
is produced. The annatto extracts are exempt from requiring safety certification.



Nevertheless, as for all colorants, the annatto colorants must comply with the
identity of the component, purity specifications and product usage limitations [2,
17]. The FDA set the acceptable ADI intake of bixin (92% purity) to 12 mg/kg of
body weight per day, while norbixin (91% purity) intake is 0.6 mg/kg of body
weight per day [18, 19]. The differences in ADI may be due to the difference in
human metabolic absorbance of bixin and norbixin [18].

Annatto’s importance is related not only with its coloring properties, but also to
its health-promoting benefits. Annatto has a long tradition of use for producing
orange to red colorations in food and textiles. Moreover, annatto extracts have
antioxidant and antimicrobial properties. Different annatto extracts containing
mainly bixin, norbixin, or mixtures of these have demonstrated their antioxidant
activities [20-22].

Colorants may be classified as dyes or pigments. Depending on their water
solubility, dyes will dissolve in water, while the pigments will not [23]. Bixin and
norbixin are practically insoluble in water, while norbixin salts are water dispersible
[24, 25]. Depending on the product’s application, several extraction methods have
been applied to obtain annatto extracts with different compositions of bixin and
norbixin [7, 15, 24, 26]. Annatto extracts containing mainly bixin are commonly
used to color oil-based products. The main products include cheeses, emulsions,
snacks, bakery products, margarines, spreads, fillings, and liqueurs among others
[7, 19, 27-30]. On the other hand, norbixin salts, which are aqueous dispersible
colorants, are mainly used in cheeses, meat and fish products [27].

The formulation of a coloring agent requires considering several aspects such as the
accessibility of the raw material, the extraction of the colorant, the processing, the
miscibility of the colorant formulation with the product to be applied to, the colorant
concentration and quantification in the product, the perception of the color in the
product, the useful life of the product, and its packaging requirements. These
considerations may be needed to extend the shelf life during storage and under the
conditions of product usage.

Since the annatto pigment is obtained from natural sources (i.e. from Bixa orellana
vegetal species), the availability of the annatto pigment depends on the management
of its cultivation, the yield of the seed’s pigment production, the breeding programs
for genetical improvement of the cultivars, and the logistics of transporting the
materials to the processing facilities. There is research that aims to identify genetic
and morphological characteristics related to the seeds’ colorant production yield.
This is very important to stablish breeding programs and increase the production
yield.

Once the seeds are harvested, any subsequent processing of the pigment starts with
its extraction. The aqueous insolubility of the seeds’ pigment, with bixin as the
major component, presents a challenge for solvent-free extraction processes.
Furthermore, the pigment’s aqueous insolubility limits its application in aqueous



products such as sodas and juices. Moreover, it also limits the pigment’s application
in aqueous continuous-based products like jellies and candies. Consequently, this
research is aimed at addressing this issue from a colloidal chemistry and
technological perspective.

Annatto has great potential to be applied in aqueous continuous-based products like
foods, cosmetics, and pharmaceuticals. The colorant formulation may be solid
powders that could be used as eye shadows for example or be applied as powders to
produce other products like foundation, blush, and lipsticks. In the pharmaceutical
industry may be used to coat capsules or be compressed as powder to produce
colored tablets. When doing so, it is important to evaluate the light stability of the
colorant in relation to the intended use of the colorant. Then, the aim of the present
research contemplated the evaluation of the photostability of solid (powdered)
colorant formulations that could increase the pigment stability against light
degradation. In this sense, it would be possible to attain longer storage lives as well
as an estimation of the lifetime of the colored powders under light exposure.

The colorant influences the human perception of the product. The color, and the
intensity of that color depend on the concentration of pigment added and the stability
of the color through time. Changes in colorant concentration may produce
differences in the color of a product, which may be visually perceived and will
determine the consumers acceptance of that product. Thus, an assessment of the
product’s color degradation caused by light gives important information regarding
the shelf life and usage life of a product as well as the packaging requirements.

Given the global importance of annatto as a natural colorant, it is of great interest to
expand its applicability in an eco-friendly and sustainable way. Consequently, there
is a great need to advance the research, development, and innovation in relation to
the whole chain of production for this valuable product. Thus, the importance of the
present thesis that looked at addressing some of these challenges. To do this, annatto
seeds samples studied in the present thesis were collected or purchased from the
geographical area of Bolivia, a South American country (western-central) that is
briefly described below.

Bolivia’s territorial administrative division is set in 9 departments. Where the capital
of Bolivia is Sucre, while the seat of government is found in La Paz. Bolivia is one
of the countries with the highest biodiversity, both for vegetation and geological
formations. The high geographical diversity is due to the presence of mountains up
to 7000 m.a.s.l. Then, the Andean highlands (~4000 m a.s.l.) with the region around
Uyuni’s Salar Dessert as one of the most important ecosystems. Decreasing in
altitude (2000 — 300 m a.s.l.), the Valley region located at the center and south part
of the country is characterized by moderate climate and farming activities. Finally,
the Llanos region or lowlands, with altitudes below 300 m a.s.l., has one of the most
humid areas on Earth called “Chapare” in Cochabamba. Equally important, the



Amazonas rain forest extends through the departments of Santa Cruz, Beni, Pando
and the northern of La Paz [31].

Bolivia’s high biodiversity comprises more than 23,700 species of plants, from
which around 980 vegetal species have been domesticated due to their nutritional,
medicinal or other economic importance [32]. Among these species, Bixa orellana
seeds are produced, harvested, and processed for export in municipalities in La Paz,
Cochabamba, and Santa Cruz. Inside La Paz, there is also great variation in altitudes,
climate conditions, temperatures, and ecosystems. The southern part of La Paz
comprises part of the Andean highlands. However, municipalities in the middle part
belong to the Valley region. They are characterized as having tropical climate
conditions with temperatures varying between 20 and 32°C, annual precipitation
around 600 to 2000 mm and accidented geography with altitudes varying from 300
to 1700 m.a.s.l. Certainly, Bixa orellana was reported to grow in those conditions
[33, 34].



2 Aim

The aim of this study was to develop comprehensive knowledge of Bixa orellana
seeds’ pigment for addressing some important challenges in its production chain.
This aims at generating social, economic, and scientific impact around this natural
product. A further aim was to take a step forward in satisfying the markets needs for
natural coloring agents for foods with information required to comply with safety
and quality standards.

In this sense, the present study seeks to assess the content of annatto in Bolivian
samples that can be found in the regions in which this vegetal species is found in
the department of La Paz. Moreover, it seeks to map the fruit morphological traits
associated with these higher annatto contents. These studies are important to create
a basis for the establishment of breeding programs and develop the research in the
agronomical field.

Likewise, this thesis seeks to study the technological approaches needed for
attaining aqueous dispersible formulations of annatto pigments to expand its
applicability into aqueous continuous-based products. Also, annatto colorant
powder formulations as an ended product or for application in other products,
require assessment of the pigment’s light stability in solid-state and its relation to
color, concentration of pigment and color perception of the product.

The present thesis seeks to employ existing scientific knowledge on the background
of emulsions and colloids, light-pigment interactions, light scattering phenomena,
color quantification, color perception, and analytical techniques. Consequently, the
study’s accumulated results seek to expand and generate new understandings.






3 Background

This chapter introduces a review of the present scientific knowledge to give context
to this study. This knowledge makes it possible to stablish the state of art of research
regarding the topics contemplated in the thesis to be able to define our study’s
objectives.

Bixa orellana characteristics

Bixa orellana is a shrub that is naturally fertilized by allogamy, a cross-fertilization
mechanism. This generates high genetic variation which results in high morphological
diversity in its aerial parts [35, 36]. White, pink, or purple flowers have been observed.
After maturation of the flowers, dehiscent or indehiscent pods are formed with
different shapes and colors. The most common pod shapes include oval, lanceolate,
conical, hemispherical, and heart shaped. Moreover, the pods’ color can vary from red
coloration, red-greenish colorations, to green coloration [35, 37, 38]. The pods contain
around 40 seeds, each of which is covered with a reddish aril.

The aril surrounding the seeds is composed of hemicellulose, starch and a small
amount of protein and ash [6]. The phytochemical profile shows the presence of the
major pigments bixin followed by cis-norbixin. Several minor components are other
carotenoids, phenolic compounds, terpenoids, and volatile compounds [5, 7-9]. It
has been reported bixin contents between 1 and 5% of the seeds’ total solids [39].
Studies have found that carotenoids present in the aril comprise approximately 80%
Bixin and 20% Norbixin [27].

Several studies have shown that the phytochemical profile of Bixa orellana seeds varies
from one variety to another, with contrasting results. Mantovani et al. observed higher
bixin content in annatto plants with some specific genotypes, like red pods with
lanceolate shape [35]. Likewise, ovate red colored pods had the highest colorant
contents in samples analyzed by Akshatha [38]. It has been shown that the gene related
to the biosynthesis of B-Xanthophills is expressed in pink petals as well. This may
explain why pink flower varieties appear to have higher concentration of bixin in their
seeds than white flower varieties [40]. Another study showed that dehiscent reddish
pods had higher bixin concentration than indehiscent greenish pods [41]. Indehiscence
might have been used by Bixa urucuana (Bixa orellana’s ancestor) to disperse seeds



inside the pods by the water (hydrochloric character) [42]. This characteristic might
have been lost during domestication of the plant, since indehiscent fruits are desired in
agricultural process for protection of the seeds from environmental damages (i.e. rain,
pests, etc.). In Bolivia, a study showed that varieties with green pods and brownish
pods had the highest colorant content among the collected varieties [37]. A recent study
showed that heterosis (cross-breeding benefits) in fruits may produce higher colorant
contents [43]. Thus, further research is needed in this regard.

Environmental factors affecting phytochemical profile

Environmental factors like altitude, soil, precipitation, and geographical position
can affect some phenotypes in plants, the yield of macromolecules’ production and
its phytochemical composition [44-49]. The environmental changes directly related
to altitude are differences in temperature, atmospheric pressure (O, and CO;
pressure), and clear-sky turbidity. The higher the altitude, the lower the temperature
(0.55 °C decrease per 100 meters of altitude). Then, temperature affects
evaporative-transpiration process in plants, although these depend also in the type
of plant. It has been shown that differences in oxygen pressure does not significantly
affect the plants’ metabolism. At higher altitudes, there is an increase in solar
radiation dose and the UV-B component. It is very difficult to separate the effect of
altitude (represented by temperature and O,) from the effects caused by differences
in regional characteristics such as differences in precipitation, wind velocity, and
soil. Therefore, the results from altitudinal observations will always reflect the
combined effect of the altitude and regional characteristics [45, 49].

There are several examples that illustrate the effect of altitude in the phytochemical
composition of important commercial plants. Billberry leaves presented higher
phenolic composition and antioxidant capacity at higher altitudes [50]. Similarly, in
Bolivia, studies on wines cultivated at high altitude valleys presented higher
production of resveratrol and phenolic components [51-53]. Conversely, grape
stems and strawberries presented lower phenolic content and lower antioxidant
capacity at higher altitudes [54].

Bixin

As in many other vegetal species, carotenoids are the result of the secondary metabolism
of the plant. Bixin is biosynthesized from the isoprenoid biosynthetic pathway that
produces lycopene which in turn transforms to norbixin (9-cis-norbixin) and then bixin
(9-cis-bixin) [40, 55]. Bixin is the monomethyl ester of the dicarboxylic acid norbixin.
It can be chemically hydrolyzed to norbixin salts under alkaline conditions [27].



Bixin and norbixin are hydrophobic colorants, practically insoluble in water, and
somewhat soluble in methanol and other solvents of intermediate polarity like
dichloromethane, ethyl acetate, acetone and acetonitrile [26, 27, 56]. These salts
remain water soluble at alkali pH but will precipitate under acidic pH as the
dicarboxylic acid is formed.

Bixin has a conjugated system of 10 double bonds that produce absorbance bands
between 400 to 550 nm. These fall within the visible light spectrum [27]. The light
absorbance translates into red to orange colorations. The carotenoid presents instability
to processing, solvent of extraction, temperature, light exposure due to the reactivity of
its conjugated system [57], presence of oxygen, pro-oxidants and hydrolysis reactions
[27, 58]. In dark conditions, oxidation of carotenoids occurs when exposed to oxygen
resulting in the formation of radicals and their reaction products [59].

Scotter et al. collected annatto industrial food coloring formulations with different
production histories and different storage times (2 to 10 years old) to analyze their
colorant content and degradation products [60]. The products included dry powders,
encapsulated powders, oil suspensions, and granules. Several degradation products
like norbixin trans-, mono-cis-, di-cis-isomers and trans-monomethyl ester of 4,8-
dimethyl-hexa-tetradecaene-dioic acid were reported. Other studies have shown that
carotenoids photodegradation products may include low molecular weight
components (7-oxo-4-methyl-(2,4)-di-heptenoic acid and 8-oxo-4-methyl-(2,4,6)-
tri-nonenoic acid) [59] and/or isomerization products [27, 61, 62].

Studies in solid-phase over 360 days have shown that annatto dye powder and
oleoresin are much less stable when exposed to light compared to when stored in
darkness. For both storage conditions, it was shown that the lower the temperature,
the higher the stability of the dyes. It is important to mention that the degradation
rate in each condition was higher for the dye powder compared to the oleoresin [63].

Colorant extraction

There are mainly three different industrial processes for pigment extraction —
extraction into oil, extraction with solvents and extraction into aqueous alkali.
Depending on the extraction procedure, different annatto formulations can be used
for different applications. Commercial water-soluble annatto formulations with 1.4,
2.8, or 3.8% norbixin are available as well as 15% norbixin powder. Oil soluble
annatto formulations contain from 0.2 to 5% bixin and higher concentrations are
available as emulsions or suspension colors [27, 28]. Examples of the extraction
processes are given in Table 1.

The extraction of annatto into oil is beneficial to color oil-based products, however,
it is not useful for aqueous based products. For this group, extraction into solvents



is an alternative, although higher costs, safety as well as environmental
considerations may be encountered. The process of abrasion into cold, mildly
alkaline solutions is an attractive option for formulating coloring agents for aqueous
based products. Nevertheless, the costs for abrasion, followed by drying and milling
may be considered. Inside this alternative, there is room for improvement to
facilitate the extraction of annatto, and design aqueous dispersible formulations that
could be attained by a continuous, straightforward processing from the extraction of
the annatto pigment.

Table 1: Extraction methods of bixin and annatto extracts. The table shows the type of extract that
can be obtained, and the product to which this formulation may be applied.

Extraction method Formulation Application Ref.
1. Mechanical abrasion of seeds with vegetable oil, cis-bixin rich oil Margarine, fats, 7, 15]
below 70°C, followed by filtration of unwanted solids. suspensions and oils ’
2. Mechanical abrasion of seeds with vegetable oil, trans-bixin oil Salad oils
S(na:,cv);vn::(?sg”zr;der vacuum, followed by filtration of solutions margarines, fats [71
Highly pure oil-
3. Solvent extraction of seeds with acetone, methanol, Annatto extract and water- 7]
hexane, ethanol, and ethyl acetate soluble
formulations
. . . Highly pure oil-
4. Seed extraction with medium polar solvents such " .
as acetone or ethyl acetate. Followed by washing lemt(tannc?edt anld k\;\llater- [277 24,
steps to remove impurities annatto extracts soluole ]
formulations
5. Strong, hot, alkali solutions for seed coating Granular powder
removal to hydrolyze bixin and precipitate it with or of norbixir? or Dry mixes, soups, | [7, 24,
without acid addition. Followed by filtration, drying and bixi | drinks cakes 27]
milling. norbixin salts
6. Seed abrasion with cold, mildly alkaline solutions, Powder with high Drinks, cheeses,
precipitation by acidifying the suspension and bixin content 9 cakes, cereal, [24]
subsequent filtration, drying and milling. ’ icecream, tablets

Physical Stability of aqueous dispersions

An aqueous dispersion can be described as hydrophobic particles being dispersed in
water. The hydrophobic particles constitute the dispersed phase and water is the
continuous phase. The physicochemical characteristics of the dispersion will be
given by several parameters. Examples include the particle size distribution, the
rheology of the system, and the repulsive or attractive interactions between particles.
These parameters will determine whether the particles remain dispersed or follow a
destabilization mechanism that leads to phase separation [64].

For instance, when the forces of gravity or attraction between particles are not
prevented, several instability mechanisms arise. The most common ones for solid
particles are sedimentation or creaming, and flocculation [65]. The movement of the
particles driven by Brownian motions may generate flocculation. That is two or
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more particles will aggregate into each other generating a bigger particle but keeping
the individual’s particle shape. Then, sedimentation will occur when particles are
denser than the continuous phase and thus travel downwards due to gravity. In
contrast, creaming will occur when particles are less dense than the continuous
media and travel upwards in the dispersion container.

Dispersions may be kept stable using different mechanisms. For example, for
particle sizes that are below 1 pm, Brownian motions may prevent particle
sedimentation. However, the most developed techniques to keep a stable dispersion
include the use of stabilizers. Stabilizers are classified in emulsifiers or texture
modifiers. Emulsifiers can be surface-active molecules, such as surfactants or ions,
that will adsorb at the particles surface and may create repulsive interactions
between particles, keeping them apart from each other. Texture modifiers are
generally macromolecules that increases the viscosity of the continuous phase or
create a gel. This increase of viscosity or the network will decrease the movement
of particles due to gravity or Brownian motion. In this sense, the particles will be
kept separate from each other and the dispersion will remain stable [65].

The surface-active molecules will adsorb at the surface of the particle, creating a
surface charge density. This charged density will attract a layer of counter-ions from
the continuous phase, that is, a counter-ion charge density. This so-called “double
layer” will keep particles apart by means of osmotic repulsion. The range of
electrostatic interaction is referred to as the Debye layer. Another important
parameter is the Z-potential, which gives insight into the interaction between
particles. It has been shown that zeta-potential values above = 30 mV are
characteristic of stable dispersions [66].

As previously mentioned, another way of achieving aqueous dispersibility and
physical stability is through Brownian motion of particles in an aqueous medium.
There is a relationship between the particle size of the dispersant and the viscosity
of the continuous phase where the particles are dispersed. This relationship is given
by Stoke’s law [65]. In this matter, a previous study produced bixin nanoparticles
through nanoencapsulation by interfacial deposition of preformed polymers with
mixtures of polymers as poly-e-caprolacton\e (PCL), capric/caprylic triglyceride,
and sorbitan monostearate [66]. In this case, solvents were used for dissolving bixin
before the encapsulation step. Then, the obtained capsules were suspended in water.
The physical stability of bixin nanoparticles was monitored over time, showing
stable colorant particle suspensions for 119 days.

Another way of stabilizing a dispersion may be as described by Zhang et al. They
produced aqueous dispersions by obtaining bixin microcapsules. Bixin was spray
dried using sodium caseinate as encapsulant [67]. A binding was produced between
the sodium caseinate and the bixin in the microcapsules. When redispersed in water,
it was found that caseinates stabilized the colorant-bound particles at different pH
away from the PI of sodium caseinate.
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Microencapsulation

Encapsulation is a process in which solid particles, liquid drops or gaseous bubbles are
entrapped or surrounded by a solid wall material (Figure 1). The entrapped particles
are generally called the core material. There may be a desire to protect the core from
external factors such as light and oxygen. There may also be a need to change the core’s
physical characteristics as well as to increase its aqueous dispersibility [67]. Wall
materials are generally macromolecules such as polysaccharides, gums and proteins
[68]. Hemicelluloses may be interesting wall materials because of their thickening and
stabilizing properties [69, 70]. The properties that are important for microencapsulation
include film formation capacity and emulsifying properties [71, 72]. Wall materials
can also be mixtures of different components. Examples include macromolecules such
as maltodextrins, gums or proteins, and low molecular weight compounds, such as
sucrose and other saccharides [73].

Simple Multicore
Encapsulant

material

Core

Figure 1: Graphical representation of a simple and a multicore microcapsule. Representations taken
from Gharsallaoui et al. [68]

There are several techniques intended to microencapsulate colorants, hydrophobic
compounds, vitamins, and other sensitive compounds. The appropriate ones (due to
physicochemical limitations) for colorants are spray drying, freeze drying,
coacervation, and molecular inclusion complexation. Their advantages and
disadvantages are described below (Table 2) to enable the selection of the most
suitable technique for encapsulating Bixa orellana colorants [68].

The microencapsulation of bixin or norbixin has been performed using spray-
drying, freeze-drying and complexation techniques, among others. Complexation of
bixin with B-cyclodextrin by means of co-precipitation produced powders with 1.9
times higher light stability than unprotected bixin under natural light storage
conditions [74]. On the other hand, potassium norbixinate was microencapsulated
with maltodextrin through freeze-Drying. Under light exposure, microcapsules had
higher stability under vacuum storage conditions than under atmospheric air [75].
In all cases, encapsulated systems were more stable when stored at dark conditions.
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Table 2: Differet techniques applied for microencapsulation of natural active compounds for food

applications. The advantages, disadvantages and applications are presented for each.

rlin;(t:ra‘zzulatlon Advantage Disadvantage Application
Spray Drying Rapid, continuous, straightforward, Loss of product particles in the walls | Flavors,
[76-78] cost affordable, reproducible, easy of drying vessels, especially sugar. colors,
to scale up, well established. Uncontrolled broad particle size vitamins, milk,
Low moisture content, efficient, distribution. antioxidants.
safe, higher chemical, physical and | Low solubilities of some wall
microbiological quality. materials (some polysaccharides
and proteins)
Freeze Drying Low operating temperatures. Long process time, high initial Suitable for
[76, 77] Absence of air. capital and operating costs. sensitive
Prevents deterioration caused by Porous structure due to ice colors
oxidation or chemical modification. sublimation that results in low
flowability powders and exposure to
atmosphere.
Coacervation High loading capacity, low High costs for particle isolation B-carotene,
[76] temperature, reduced evaporation procedure. broccoli
losses, reduced thermal Complexity of the technique particles rich
degradation, Specific equipment not | The crosslinking includes in chlorophyl,
necessary. Use of non-toxic Glutaraldehyde which is a toxic anthocyanins
solvents compound.
Molecular Protection against oxidation, and Only three cyclodextrins are Volatile
Inclusion light-induced decomposition, recognized as safe by the FDA. organic
Complexation controlled release. Uses solvent during the process compounds,
[76] Uses cyclodextrins, Low entrapment masking odor,
Flavor burst through unique release Segregation during encapsulation flavors an‘d
characteristics process preservation
Thermal stability up to 200°C High costs of cyclodextrins of aromas

Another study has proven that bixin encapsulated with sodium caseinate had a
higher thermal stability than non-protected bixin (20). In addition, bixin
microcapsules obtained by spray drying were dispersed in water. Light exposure
produced two sequential first-order decays [57].

Because spray drying has affordable costs, is a solvent-free and toxic component-
free process, is easy to scale up, and produces higher encapsulation efficiencies [ 78],
the spray-drying technique was selected for microencapsulating bixin and annatto
extracts in the present thesis. Consequently, the spray-drying process for
encapsulation can be described as follows. First, a dispersion of the target substance
(core) is dispersed in a solution of low molecular weight molecules or polymers
(wall material). Then, the dispersion (feed) is pumped into the spray-dryer. The feed
is atomized through a nozzle into a chamber and is heated by a co-current flow of
hot air. In less than a second, the atomized droplets are dried by the hot air flow
sprayed through the nozzle inside the chamber. While the water evaporates, the wall
material builds up a capsule enclosing the core [68].

The selection of the wall material is critical for achieving good protection of the
active core. A way of determining the level of protection is by measuring the
encapsulation efficiency. This parameter may be understood as the percentage of
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active core that is unavailable to be “washed” or extracted from the surface of the
capsule with a certain solvent for a short period of time. The higher this value, the
higher the entrapment of the core inside the capsule. Wall materials like
maltodextrin and sucrose showed to produce microcapsules with increased light
stability [57, 75].

The visual perception of color

The visual appearance of a product is determined by three factors — the
characteristics of the material, the nature of the light source, and the observer or
detector of light stimuli that reflects from the material [79]. The main visual
characteristic covered in this thesis is color. Thus, this section will cover the
properties of the materials that affect its color perception; light and matter
interactions; and how it is possible to detect and quantify the color of a material.

The sun or lamps that resemble sunlight emit visible radiation that reaches objects.
The incident light is absorbed, reflected and/or transmitted by the material. The visible
radiation that is reflected from an object can be perceived by the human eye. A
colorant will absorb certain wavelengths of the incident light and will reflect the
remaining spectrum of light. The reflected remaining wavelengths, together, are
perceived as a particular color (Chroma). For example, a colorant may absorb
wavelengths corresponding to yellow-to-indigo light. Thus, all the reflected
wavelengths will account as red light (complementary color). White objects reflect all
the wavelengths of an incident light, while black objects absorb all wavelengths of the
incident light. To be able to see color, the human eye or a detector detects the incoming
radiation (reflected from the object). The reflected radiation will also depend on the
physicochemical properties of the material containing the colorant [23].

According to the physicochemical properties of food products and cosmetics, they
can be classified between opaque and transparent systems. Opaque systems will
reflect or absorb all the incident light intensity. Colored opaque systems will absorb
all the incident photons at a specific range of wavelengths. Still, note that they will
reflect all the photons with wavelengths of the complementary color. Some
examples of opaque materials are powders, granulates, fruits, and vegetables.
Transparent materials will transmit most of the incident light intensity, even though,
the absorbance may be higher in certain wavelength ranges. Common examples are
transparent liquid beverages [79, 80]. Translucent systems are materials that fall in
between transparent and opaque systems, such as candies, slurries, pastes, and some
emulsions. They absorb light in the direction of the light beam, and some of this
light is diffused within the sample and then scattered in different directions [79-81].
This phenomenon happens for any wavelength to a higher or lower degree
depending on the color of the system.
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There are different techniques to measure the color or reflected light that comes from
an object. The reflectance of the solid system in the range of absorbed wavelengths is
inversely proportional to the colorant concentration. The higher the colorant
concentration, the higher the absorbance, and consequently, the lower the reflected
light in that range. The measurement of the color may be achieved by different
approaches. The first one is by measuring the colorant concentration of a system by
means of e.g. spectrophotometry. The second one is by the reflection curves that are
given by the Kubelka Munk Theory. The third one is by colorimetry using the color
space functions XYZ, a*b*L*, or RGB. And the fourth one is by human visual
perception (sensory analysis). These approaches are described below [81-83].

Color measurement by Colorimetry:

Any color is defined by three parameters: hue, chroma, and lightness. Hue
represents the identification of a specific color as in red, blue, yellow. This
parameter is related to a specific range of wavelengths that reach the observer or
detector. Chroma is defined as the saturation or intensity of that color; and lightness
is perceived as the luminosity of a surface [80, 81]. These parameters are perceived
by the human eye by cones and rode cells that detect the reflected light from an
object (range of wavelengths). As previously mentioned, the perceived color
depends on the incident light on the surface, the reflected light from that surface,
and the observer.

Experiments were conducted to define color matching functions (chromaticity
values). These functions were obtained using an observer who had to combine red,
green, and blue light to achieve or match a reference color [83]. Since the color
matching functions were required to have negative values at certain wavelengths to
match certain colors, a transformation to the imaginary color matching functions
X, y,Z was made. These functions have positive values for all wavelengths.

Then, the tristimulus functions XYZ were defined to produce any color (Hue). These
XYZ tristimulus functions (Equation 1,2 & 3) are constructed by the reflectance
curve p(A) of the viewed object (for opaque objects), the imaginary color matching
functions X, y, Z of a 10° standard observer, the spectral power distribution P(1) of
a standard illuminant at a range of wavelengths, all divided by the luminance of the
incoming light ), P;(1)¥(A). The reflectance curve p(1) of the viewed object is also
referred to as the “radiation density”, i.e., the intensity of the reflected light relative
to the intensity of the exposing light. The color matching functions, and the standard
illuminant are standardized by the International Commission d’Eclairage, CIE. On
the other hand, the standard illuminant corresponds to spectral power distributions
of light that resembles average daylight excluding sunrise and sunset. The Des
illuminant was constructed considering measurements in several countries. It
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corresponds to a color temperature between 6000 and 7000K (Light emission
spectrum of a black body at that temperature) [79-81, 84].

X = X pA)P(ADx(4;)

Y PA)T(A)) (1)
_ T p)PADY(AY)
r= YP(A)T(A)) 2)
_ Zp()PADZA) 3)
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The tristimulus functions XYZ are used for calculating the chromaticity coordinates

that are unitless. And the XnYnZn represent the perfect white tristimulus values and
TP L, _ LPZA) v _ 100
TPy "M TPy " ‘

From the tristimulus functions, xyz chromaticity cartesian coordinates can be
obtained in order to define any color. These xyz coordinates are given by the
equations:

are equal to X;, = 100

X

X = Yivez )
Y

Y= Xiv+z )
z

2= Xivez (6)

These xyz are not linearly independent of each other. They are a plane described by
x +y + z = 1. The graph of y as a function of x is known as the CIE chromaticity
diagram, where all the spectrally pure colors are represented inside a horseshoe-like
curve. The CIELAB chromaticity coordinates L*a*b* are homogeneous color space
coordinates that resembles the human visual perception. They are calculated by the
tristimulus values, by means of the following formulas [83]:

1
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‘ (Y") ¢ 90335 s < 0.008856
1
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9
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b* =200 [f,. (Yi) —fo (Zi)] where f,.(s) =

The resulting CIELAB parameters L*a*b* are a function of the tristimulus values
and were adopted by CIE in 1976. The L* parameter denotes the lightness of the
system, positive values of a* denote red colorations and negative values denote
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green colorations. The b* parameter denotes the amount of yellow in the negative
axis (-b*) or blue in the positive axis (+b*) of the color perceived by humans [83].
Note that the extremes do not represent spectrally pure colors. These parameters
denote colors very proximate to the ones perceived by the human eye. Other color
space is the RGB (Red, Green, Blue) color space. This color space is usually used
in photography [85, 86].

Color measurement in terms of reflectance of the system

The reflectance R(1) of an opaque or translucent system will be affected by the
relationship between the absorption k(1) and scattering S(1) coefficients of the
material as explained by the Kubelka-Munk (KM) theory [81]. The reflectance R
at infinite thickness of the sample is affected by the ratio of K/S. This ratio depends
on the concentration of the colorant present in the material, its refractive index, the
light scattering properties of the material and its thickness [84]. The Kubelka-Munk
model is [81, 87]:

RO =1+ 52 () 422 (10)

This equation can be used for systems where the thickness is wide enough to not
allow for color changes (constant optical thickness). This means that the equation
assumes no translucence [88]. Note that K = €Cg;,;, and S equals the scattering.
This model assumes as well that the colorant concentration is constant over the
thickness of the material. That is, that K and S are constant.

Human visual perception

When selecting a product, appearance plays a major role when evaluating a
product’s characteristics. Among the appearance attributes, color is the main factor
observed by consumers. It gives information regarding the safety of a food product
and the expectations towards it. In this sense, sensory analysis evaluations are of use
for evaluating the perception of a consumer with respect to a product. Moreover,
discrimination tests make it possible to determine the perception of a difference
between two or more colored objects. The detection of possible differences helps
the standardization of technological process for quality controls, and the
acceptability of color intensity of a product. Thresholds in differences in color
perception may be assessed. These color perceptions are assessed by panelists who
participate in identifying differences in color among samples. In addition, an
acceptability test may be performed to assess the satisfaction of a consumer towards
the color of a product [81, 89, 90].
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Light stability

Organic molecules absorb light of different energy based on the chromophores they
have. When exposed to light, the 7 electrons in the double bonds of carotenoids get
excited to m* states by absorbing different radiation of the visible spectrum. Once
they are in excited states, they undergo vibrionic relaxation processes, whereby the
electrons return to ground state. However, degradation reactions may occur when
molecules in exited states do not return to ground state. Degradation products may
be produced by light-induced carotenoid radicals and their reaction with singlet
oxygen. On the other hand, indirect light-induced reactions occur when triplet
oxygen is produced and subsequently reacts with the carotenoids. In addition,
carotenoids may undergo degradation reactions due to their light absorbance [91].

Moreover, there is a wide spectrum of colorants used in food and cosmetics as well
as photolabile drugs used in oral, topical, or parenteral formulations [92, 93]. In
order to apply these molecules in different products, photostability evaluations are
considered [94]. The information obtained is used to determine the shelf life of the
molecule of interest, along with its lifetime in retail and during consumption.

There are guidance and standards for the evaluation of these substances like “Q1B
Photostability testing Guidance of new drugs substances and products” [95] and the
ISO 18909:2006 standard, which state different irradiation sources (UV — Vis) and
different conditions for the experiments. Initially, forced degradation testing (stress
testing) is performed, followed by confirmatory testing. The stress tests may be
performed in liquid or in solid state (tablets and powder beds) depending on the
formulation. Then, the irradiation sources are selected based on the intended
application and usage conditions. The confirmatory testing is performed to obtain
information regarding the appropriate package that should be selected for the drug [96].

Light stability of colorants in single phase systems

Single phase systems may be described as non-turbid systems, solutions with low
analyte concentration and with insignificant light scattering. These systems are
studied as typical analytical solutions of different compounds. Photostability tests
of molecules in solution are usually performed under standardized conditions. This
means using a spectrophotometer. In this equipment, light traverses the pathlength
of a cuvette of z = b = 1 cm of diameter following the Beer-Lambert law:

Log (;—i)=A =e€bc (11)

Where A is the absorbance, ¢ is the extinction coefficient (an intrinsic property of
the molecule), I, and I; are the intensities of the incident and transmitted light
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respectively. Then, c is the concentration of the analyte in solution. The absorbance
under the Beer-Lambert law will be a linear function of the concentration of the
colorant for absorbances below < 2. Under these conditions, light decreases
exponentially through the pathlength of the cuvette. Important to note that the
linearity of the Beer-Lambert law is lost at higher molecule concentrations [94].

Under standard conditions, molecules are analyzed in a solvent or aqueous solution
at very diluted concentrations. Very diluted concentrations of colorant (Absorbance
< 1) lead to a regime where the light decreases exponentially over the path length.
No significant light scattering is produced by the liquid under these conditions.
Moreover, substances degrade following apparent first, second or subsequent orders
of reaction. The final degradation curve may be influenced during the different
elementary photoreaction steps by the absorption of degradation products for
example [94].

The photodegradation rate is defined experimentally even though the reaction order
of a molecular reaction is given theoretically by the stoichiometric relation between
reactants and the rate-determining step [97]. Moreover, for any system, the
degradation rate of the photodegradation is defined as the quantum yield. A previous
study on light stability of lutein and B-carotene solubilized in aqueous solutions
showed that the photoreaction quantum yield increased proportionally to the
squared root of the oxygen vapor pressure [91]. The study showed that oxygen is
necessary for f-carotene photodegradation.

Light stability of colorants in multiphase systems

Technical (real) systems are multiphase systems. These systems may be liquids or
solutions with very high concentration of analytes, aqueous dispersions, or
emulsions. Multiphase systems may also include opaque or translucent solids,
powder inclusions as microcapsules, and systems with a gradient concentration of
colorant through the thickness of the system.

The light stability of substances in multiphase systems depends on the interactions
between the light and the system containing the absorbing molecule. The total
incident light in such a system, is the sum of the absorbed, reflected, scattered and
transmitted light. The attenuation of the incident light (a) through the system is the
sum of the absorption (A) and scattering (S) of the particles. The absorption
depends on the concentration (c) and absorption coefficient (g) of the
chromophores present in the solid for example plus the scattering, multiplied by the
length of the solid (z) as shown below [98]:

a=(ec+ 9S)z (12)
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The transmission will be the non-absorbed and non-scattered light that is detected
in the forward direction. It will depend on the path length. Notice that many
substances as encapsulant materials do not absorb visible light. However, the light
scattering of these materials will depend on their refractive indexes, which depend
on their amorphous chemical structure.

The reflected light depends on the roughness of the surface of a powder or a system.
When the roughness is high because of the particle sizes of the system, the reflected
light emerges from the powder as diffuse light [99]. This also happens for the
backscattered light given the dependent multiple light scatterings of the particles of
the powder [100].

Then, the light stability of the coloring agents in a system will depend on all of the
described parameters, and how these vary through time or irradiation dose. Systems
can be composed of particles. These particles can be in the nanometer range of sizes
or be in the micrometer range of sizes (powders and granulates). Yet, a particle in a
broader sense, can be on the centimeter range of sizes as the case of candies, and
other pieces. When the particles scattering cross section is much bigger than the
wavelength of the incident light (a >> A, where a is the particle radius [101]), and
the refractive index increases, the electromagnetic approach for describing
particulate systems is no longer valid [98, 100, 102]. Then, the optical geometry is
used for measuring the radiative properties of micron-sized particles and of
continuous surfaces [99, 101]. This is because, for a 90° incidence angle, the light
will penetrate the particle until it is scattered by any point in the amorphous or
crystalline structure of the particle that produces this effect [103].

The absorption of the colorant will decrease with irradiation dose as well as the
concentration of the colorant. Thus, this influences the radiative properties of the
system through time, generating color changes. Consequently, the degradation of
the colorant and the color change in a system can be measured by the different
approaches, already mentioned in previous sections, through time. The variation in
concentration of the colorant may be measured by spectrophotometry. The color
change may be measured by AE and AChroma C,}, using the L*a*bh* colorimetric
parameters. The variation in the radiative properties of the system may be measured
by the reflected, scattered and absorbed light using the Kubelka Munk theory [81-
83,99, 104]. These parameters may be measured after certain periods of irradiation
to account for the changes through time and dose.

When concentrated solutions (with Absorbance >>1 under standard conditions) are
irradiated, all the incident light is absorbed by the liquid. Under this condition, the
variation of concentration of the reactive substance may be so small that
approximations to an apparent zero order kinetics are observed. This means that the
degradation of the molecules will not depend on the initial concentration of the
molecule, but rather on its extinction coefficient. In other words, the molecule will
degrade at a constant rate [94].
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Very little has been studied regarding the kinetics of degradation of colorants or
photolabile substances in solid state, which highlights the importance of the present
thesis in this regard. In general, the rate of photodegradation of a substance describes
the level of sensitivity of a substance towards light-induced reactions like
photodegradation or oxidation. This rate of photodegradation, identified as the
Quantum Yield, is defined by the “number of degraded molecules in relation to the
number of absorbed photons”. A study done by Petersen et al. on light sensitivity of
annatto in cheddar cheese reported an annatto’s quantum yield in solution at 436 nm
of 190 pmol bixin/mol photons [105].

Carvalho et al. [106] developed a kinetic model describing the solid state
photodegradation of pharmaceutical powders in different conditions. The study used
the formalism of the kinetics of degradation of substances in solution phase,
assuming first order degradation kinetics. These formalisms were extended to the
solid state. This was done under the principle that when photons interact with a
molecule, this will react regardless of its location (liquid or solid matrix). The
attenuation of light was stated to decrease exponentially through the powder bed
following the Beer-Lambert law. Then, the degradation of a substance through time
will be proportional to the light intensity, an effective quantum yield and the
concentration of the substance. Their results presented photodegradation profiles of
a photo-degradant for different exposure times of white light. They used 3mm and
Smm powder beds with different powder densities. Moreover, they showed that the
transmittance of an incident white light (30 W/m?) is negligible for powder beds
thicker than 500 pm. In their study, the concentration of the degradant was assumed
constant. Moreover, the substrate and the degradant substance were assumed to have
the same absorptivity over the irradiated wavelengths. Their analytical solution
followed those assumptions [106].
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4 Objectives

The aim of the thesis is to generate comprehensive knowledge that makes it possible
to expand the applicability of the natural colorant bixin in aqueous continuous-based
products and solid products by using technological approaches that makes it
possible to satisfy main product requisites during the intended use of the colorant.
Based on the reviewed scientific knowledge, the following objectives were stated:

1.

Map the morphological diversity of fruits of Bixa orellana in La Paz, Bolivia
and find specific traits that correlate with higher colorant content in the seeds of
samples.

Evaluate the encapsulation efficiency of different encapsulants for
microencapsulating bixin and annatto aqueous dispersions by spray drying.

Evaluate the physical stability of aqueous dispersible bixin and annatto colorant
formulations that were obtained through microencapsulation by spray drying.

Evaluate how the encapsulation efficiency of the microcapsules affects the light
stability of the colorants’ microcapsules in solid powdered form and determine
the degradation rate of the evaluated systems under artificial visible irradiation
conditions.

Evaluate the color stability of a product (aqueous continuous solid matrix)
containing annatto microencapsulated formulations and understand how this
color change relates to the decrease in the colorant concentration in the matrix.

23






5 Approach and Methods

Morphological characteristics of Bixa orellana fruits

Two collecting trips were planned for collecting fruits of Bixa orellana from
different geographical positions of Los Yungas of La Paz, Bolivia. The visited
municipalities were selected based on previous knowledge and experience of places
where achiote was cultivated. After the panicles (fruits) were collected, the seeds
were threshed and saved in paper bags at ambient temperature (4 — 20 °C). The
analysis of the samples was performed one year after sample collection. This is
important to mention since degradation of the colorant may be expected. The same
degradation through time was assumed for all samples. The same maturity of the
seeds was also assumed.

Shape, size and color descriptors were measured in both the frontal plane and lateral
plane of the collected fruits (Figure 2). These parameters were used to classify the
samples and compare morphological traits with colorant contents in the seeds.

Figure 2: Morphometric fruit measurements, in frontal (left) and lateral (right) plane of fruits of Bixa
orellana. L: Length, W: Width, T: Thickness, --- Dashed line denotes the surface of the fruit that was
used to calculate its area and perimeter. Hd: Bristle density as the number of bristles intercepting a
diagonal line. Alfa (a,) and beta (B,;) are angles. a: apex length. Note that B, angles higher than
180° correspond to cordate fruits. In contrast, angles lower than 180° correspond to truncate or
attenuate fruit base shape, among others.
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Colorant extraction

During the present study, several extracts were obtained from the annatto seeds to
run the experiments with. The first was the extraction and purification of bixin
crystals (Paper Il and III). The second was a bixin rich extract denominated
“Carbohydrate rich bixin, CRB” (Paper II). This extract was composed of bixin and
the seed’s native carbohydrates (starch and arabinogalactans). CRB was named as
“annatto extract” in Paper III. The third one was an annatto extract containing all
the components from the seed’s aril (Paper I, Il and 1V).

a b c
500 um 2nd (1:4) dichloromethane-ethanol
Ve € N
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(40 - 60°C) =X, Methanol%\ o Acetate ™\ o BN
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Figure 3: Extraction process of Carbohydrate rich bixin extract (CRB) using solvents for extraction
and further purification.

The extraction procedure used for obtaining CRB and bixin crystals used a modified
version of the method developed by Rios & Mercadante [107] that is based on
solvent extraction (Methods 3 and 4 from Table 2). The schematic procedure is
presented in Figure 3 and Figure 4, respectively.

Ethyl c d c
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Ethyl Acetate + Ethyl Acetate + Bixin
Bixin Bixin crystals

Figure 4: Schematic extraction process of Carbohydrate rich bixin, CRB and bixin crystals.

The second extraction procedure presented in this thesis, which uses sodium
carbonate to extract the pigment was developed in the present thesis (Paper II) [73]
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based on extraction with cold mild alkaline solutions (method 6) [24]. Even though
it is a result from Paper 11, it was presented as a methodology procedure in the same
paper. A schematic procedure is presented below (Figure 5):

500 pm
> P
; /7 sieve
o Sodium
Carbonate
“—»>Seeds Annatto aqueous

suspension

Figure 5: Annatto mild alkaline aqueous extraction

Once the annatto aqueous suspensions are obtained, they can be sedimented by
adjusting the pH to 3 by adding a few drops of HCI 0.2 N. Alternatively, this
suspension can be spray dried directly. The extraction method using mild alkaline
conditions makes it possible to obtain an extract with bixin contents around 80%
with respect to norbixin. Furthermore, the use of sodium carbonate under the same
procedure as shown in Figure 5 allows bixin crystals, CRB and the annatto extracts
to be water dispersible. Thus, it is possible to spray dry these dispersions to obtain
colorant microcapsules as product formulations that are readily water dispersible.

A Brazilian study [108] showed by HPLC that there was not significant
saponification of bixin when extracted with solutions of low concentrations of
KOH, <1%, and low temperature. The time did not increase the saponification either
(up to 3 hours). On the contrary, at higher concentration of KOH solutions and
temperatures above 40°C, the concentration of norbixin increased. In the same way,
in a short communication written by the same authors, no norbixin was detected
when 0.6% of KOH was used [108, 109]. Therefore, no saponification was expected
from the extraction method developed in the present thesis. This was supported in
Paper II by taking an HPLC chromatogram of bixin and CRB extracts before and
after dispersion with sodium carbonate and microencapsulation of each system.

The CRB or annatto extract used in Paper II and III was selected to study the effect
of the native carbohydrates on the protection of bixin and to evaluate their effect on
the aqueous dispersibility. Note that this extract contains only bixin as colorant. On
the other hand, the annatto extract obtained by mild alkaline extraction for Papers I
and IV contained norbixin, the minor phenolic compounds and the native
carbohydrates. This extract was selected to see the possibility of spray drying the
extract directly obtained from the seeds by aqueous suspension and the feasibility
of using this extract on candy formulations.
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Microencapsulation by spray drying

The technique selected for the thesis was spray drying. The reason for selecting this
technique was the affordability, the low operating costs compared to freeze drying,
and higher encapsulation efficiencies reported for this technique. Spray drying uses
water as the transporter and is flexible in terms of the variety of wall materials that
are possible to use. All the materials used are food grade in comparison to other
techniques, such as coacervation and molecular inclusion complexation that use
solvents during the process.

All of the wall materials for spray drying were selected based on the market
availability of different substances and the physicochemical properties of these
materials. Maltodextrin was selected as an encapsulant because it gives low
viscosity solutions at high concentrations. Carboxymethylcelullose (CMC), and
gum arabic were selected as encapsulant enhancers due to their film-forming
properties. Alternatively, whey was selected because it has been reported to bind
strongly with bixin [68, 78]. Sucrose was selected for its light reflecting properties
[102].

Two sets of suspensions were used for the encapsulation experiments: Pure Bixin
(PB) or Carbohydrate Rich Bixin (CRB) extract. The suspensions were obtained by
adding sodium carbonate to the colorants and then water. The suspensions were
homogenized for 3 minutes at 15,000 rpm. Then, they were dispersed in a solution
containing an encapsulating agent. The encapsulating agents were sucrose and
maltodextrin. The enhancing agents were gum arabic, carboxymethylcellulose
(CMCQ), and pectin. The dispersion contained 10% (m/V) of total solids. The final
suspension was homogenized for 2 minutes at 15,000 rpm.

Two spray dryers were used for the experiments. The spray-drying experiments
were conducted in La Paz for Papers II and III, and in Lund for paper IV. Both
equipment used a co-current mode with two-fluid nozzle for atomization. In La Paz,
the spray drying inlet temperature was set to 120°C and the outlet temperature stood
between 54 and 59°C. In contrast, in Lund, the spray drying inlet temperature was
set to 140°C and the outlet temperature was around 90-100°C. The higher difference
between inlet and outlet temperature AT in La Paz compared to Lund may be due to
the lower water boiling temperature in La Paz (86 °C) due to the higher altitude
(3600 m a.s.l.). The inlet temperatures were assessed based on previous trials where
no water droplets were observed in the chambers prior to spray drying at these
temperatures and the spray drier’s characteristics. Likewise, these temperatures did
not produce caramelization of sugars during spray drying.
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Encapsulation Efficiency

The encapsulation efficiency EE (Equation 13) of an encapsulated powder is
defined by the fraction of colorant that is covered or protected by the wall material
in a capsule with respect to the total amount. The surface colorant S is the solvent
extractable amount present in the outer layer of the capsule (Figure 6). If the total
amount of the colorant Ty is measured, as well as the surface colorant, then the
encapsulation efficiency can be calculated using the following equation [57]:

Encapsulated
bixin

Surface,
extractable
bixin

EE = TE=58) (13
Tp

Total bixin

Figure 6: Schematic representation of Bixin or CRB microcapsule. The orange particles represent the
colorant particles encapsulated with a wall material. The solvent extractable bixin is present on the
particle’s surface.

The measurement of the total and surface colorant was obtained by
spectrophotometry. The solvent used for the extraction of the surface bixin was
dichloromethane. The solubility of bixin in dichloromethane was high enough to
extract all of the surface colorant present without reaching saturation. Colorant
concentrations in the extraction solvent varied from approximately 60 to 800 mg/1.
Surface bixin concentrations in the extraction solvent were around 60—400 mg/1.

The encapsulation efficiency depends on the molecular weight of the active
component, its polarity, and its volatility. It has been shown that hydrophobic
components will present higher encapsulation efficiency than hydrophilic ones. The
reason is that polar compounds will diffuse easily in water and will be lost during
the evaporation process [110]. In this case, bixin is a hydrophobic compound that
was expected to have a relatively higher encapsulation efficiency with respect to
polar active components. Then, the colorants were introduced in the spray dryer as
solid particles that were denser than the aqueous carrier. Thus, it was expected to
generate information regarding the encapsulation efficiency as a function of the
particle size of the colorant.

A study on microencapsulation of poorly soluble drugs produced microcapsules of
ibuprofen and curcumin using glucan porous particles. During spray drying, bigger
atomization droplet sizes gave higher encapsulation efficiencies. The explanation
was that bigger droplet sizes presented a higher probability of containing glucan
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particles [111]. Another study showed that smaller particle sizes of oil emulsions
generated microcapsules with higher encapsulation efficiencies for non-volatile oils
[112]. Nonetheless, variations in the results were found in literature in relation to
particle size and encapsulation efficiency. These variations are attributed to
relationships between volatile oil retention, particle size and initial concentration of
the spray dryer feed [112].

Physical stability of aqueous dispersions

There are mainly two approaches for gaining an understanding of the stability
behavior of aqueous dispersions. The first approach comprises the ageing tests that
accelerate the destabilization process under different storage conditions. However,
this approach uses equipment that requires very diluted concentrations of the
dispersions. The second approach observes the real process of instability of aqueous
dispersions as a function of time under desired ambient conditions. Although this
might take a longer time, it offers a real measurement of the stability of emulsions
and dispersions. This second approach is attained by light scattering measurements
using the equipment Turbiscan LAB (Formulaction SAS, L’Union, France). The
Turbiscan allows the measurement of the physical instability mechanisms of
concentrated and diluted dispersions [113].

The equipment emits a light beam at 800 nm that scans the emulsion or dispersion
through the 40 pum length of the sample container to measure the scattered or
transmitted light through the sample. The sample container can be divided into three
sections — the bottom of the container, the middle section, and the top of the
container. In the bottom of the container, sedimentation of particles can be
identified. In the middle section, flocculation phenomena can be detected, and in the
top of the container it is possible to distinguish creaming processes. For example,
the transmitted light over the bottom of the container will decrease when the
particles of the dispersion settle. In contrast, light transmittance will increase at the
top of the container since fewer particles that scatter light are present (User Guide)
[114, 115].

Depending on the concentration of the sample, the equipment can be operated in
two different modes: Backscattering and Transmission. Backscattering mode is used
for measuring the light scattered by the sample from the incident beam at 180° and
45° from the light source. This mode is used for concentrated samples where the
light transmittance is negligible. Transmission mode, on the other hand, is used for
clear or turbid dispersions where the light traverses the sample to the detector. The
backscattering or the transmittance signals are detected through the whole length
(top to bottom) of the sample container every 40 um (User Guide) [114, 115].

30



In the case of the samples used for the present study, concentrations of 0.3 mg/ml
were prepared. The fast sedimentation of big particles at the beginning of the
experiment was evaluated by light transmission mode between 0 and 3 mm. The
same mode was then used to evaluate the flocculation that took place in the middle
section of the container between 3 and 37 mm.

A decrease in light transmittance between 0 and 3 mm indicates that there is higher
concentration of particles in this zone that prevents light from traversing the light
path. Thus, less light is detected through the sample. An increase in the light
transmittance between 3 and 37 mm indicates that the particle concentration in this
zone is decreasing. This could have two meanings: the particles are settling and/or
flocculating. Flocculation will produce bigger particles and decrease the probability
of light encountering a particle. Thus, more photons reach the detector through the
sample [116]. This is true for particle sizes bigger than the wavelength of the light,
since the light scattering as a function of size reaches its maximum when the particle
size equals the wavelength of the incident light [117].

The evaluation of the dispersion stability is important to determine lifespans of
product formulations. In this case, it is important to evaluate the stability of the
colorant dispersions at acid pH since most of the liquid products, such as sodas and
juices, are formulated at acid pH. The acid pH is important for preservation purposes
since it prevents bacterial growth. However, other components as preservatives may
be required for the prevention of mold and yeast [118].

Light stability

Bixin visible absorption spectrum bands are between 400 and 550 nm. The most
significant absorption is given in the visible range (maxima at 458 nm) where the
most light-molecule interactions take place. The aim was to expand the use of the
colorant in solid powdered products as cosmetics. Thus, visible light degradation
experiments were performed in solid. The degradation of bixin (unprotected
colorant) was evaluated as well as the protection given by the encapsulant materials
(microcapsules). In addition, the stability of bixin inside a matrix like candies was
evaluated. The irradiation experiments were performed using a Plasma Sulphur
lamp that had a visible spectral emission of irradiation close to daylight. The
samples were placed on a white table 5 meters below the lamp. The degradation
experiments were performed under this condition to have the light intensity,
temperature and humidity parameters controlled, and thereby, produce reproducible
and comparable results.

Having a standardized light intensity (given by the lamp) is important to determine
the irradiation dose (light intensity per unit of time) that each sample received. Note
that is possible to obtain the same irradiation dose by irradiating a sample five days
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at certain light intensity or irradiating the sample one day at five times that light
intensity. Thus, the lamp allowed for reproducible irradiation doses to the samples.
The degradation of the colorant was calculated as a function of the visible range of
wavelengths emitted to the samples. This means that contributions at each
wavelength were considered instead of average values. Bixin was responsible for
light absorption in the studied systems, since the encapsulants and excipients did
not present visible light absorption.

The temperature recordings showed temperatures between 48 and 55 °C.
However, no degradation due to heat was expected since previous reports have
shown that bixin is stable until 70°C [119]. Thus, no cooling systems were
employed. The results related to the stability of protected and unprotected colorants
show the effects of light at a temperature as high as 55 °C. Thus, the results may be
considered useful when applying the colorant in products to be consumed at ambient
temperature.

Assessment of colorant in powders

The irradiated powders (for 30 days) were bixin, annatto, spray-dried annatto, bixin
microcapsules and annatto microcapsules. Because of the morosity of bixin
extraction process, we counted with a limited amount of powder per sample.
Samples were placed in uncovered polystyrene flat-bottomed 96 wells plates, where
each well had an area of 37.8 mm?. The approximate sample quantities varied
between 1.5 mg for bixin, 3 mg for bixin microcapsules and 4 mg for annatto
microcapsules. The complete sample was withdrawn at each time position to be
analyzed. This ensured a small margin of error in the analysis of the samples. The
small amount of powder in the samples allowed for independent samples at each
irradiation period. Moreover, it allowed for two replicates per each irradiation
period. This gave a good estimation of the error.

The powders contained about 100 mmol/m? of bixin. Given the high colorant
concentration in the powders, complete absorbance of the light was attained, which
translates in the systems being opaque. The powder bed is about 20— 40 um thick
per mg of sample. Then, the total thickness of the powder is about 5— 20 times the
average particle size of the microcapsules. This might contribute to the observed
scattering of the data, since inhomogeneities in the powder layer may be expected.
This is because of the polydispersity of the particle sizes that may produce a rather
big variation of the data points. Even though we assume that the powder is
statistically homogenous considering the scattering of light, the mentioned aspect
limited the interpretability of the results somewhat.
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Assessment of colorant in candies

Candies were selected as a translucent system that could contain low colorant
concentration. Thus, light stability of annatto could be evaluated in an applied
product under more real conditions. Moreover, this system would allow a deeper
light penetration through the thickness of the candies. This thickness was about 0.6
cm and the surface area between 0.0004 and 0.0006 m?. This accounted for the use
of geometrical optics and the Radiative Transfer Theory for evaluation of color
change in the candies [99].

Candies were prepared containing spray dried annatto, and annatto microcapsules
using sucrose or maltodextrin as encapsulating agents. The candies were prepared
with three different colorant loads: 3.7, 1.0, and 0.5 mmol/m? for candies
containing A-encap, A-Sucrose and A-MD, respectively. Variation in annatto
concentration made it possible to evaluate the effect of concentration with respect
to the half-lives and quantum yield of the colorant.

The photolysis reaction of annatto extract in the candies was evaluated every 24
hours for a period of 8 days. The candies were placed in a desiccator to maintain a
constant humidity. The desiccator was covered with a quartz glass plate with light
transmittance from 225 to 2300 nm. This quartz glass allowed all the incident
wavelengths from the lamp to reach the candies.

Having independent candies for each irradiation period made it possible to decrease
the analysis error since there was no further manipulation of the candies during the
extraction of the colorant. This also made it possible to have at least 7 independent
measurements. Furthermore, the three sets of systems can be considered as 3
replicates given the same annatto extract used, and the dissolution of the
encapsulants in the candy fudge. Smoother degradation curves were obtained with
lower scattering of the data points contrary to the powders.

Analytical monitoring/determination of bixin

Bixin has an absorbance band between 400 and 560 nm. The band has three peaks.
These peaks will present a bathochromic shift with respect to hexane (maximum
peak at 408 nm) with the increase of solvent polarity. In addition, the extinction
coefficient of bixin will vary in intensity. Higher values are obtained for aprotic
polar solvents than in aprotic non-polar solvents [56]. The extinction coefficient of
bixin measured by a calibration curve in dichloromethane is € = 0.2810 L/mg -
cm? at 468 nm. This value vas used in Paper II to calculate the encapsulation
efficiencies.
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In Papers I, Il and IV, the colorant systems were analyzed in solvent mixtures of
methanol: acetonitrile: water (2:2:1). Bixin has a fairly high solubility in medium
polar solvents such as methanol. In addition, previous studies have reported HPLC
methods for the analysis of annatto using acetonitrile. Thus, these solvents were
selected to dissolve bixin. However, the extraction methods developed in this thesis
include water. Consequently, the maximum amount of water that could be added to
the mixture without producing turbidity in the sample was measured to be 10%.

In-house standards were prepared in this solvent mixture to obtain a calibration
curve by UV spectroscopy and by HPLC. From this, an extinction coefficient was
obtained. The value at 458 nm is 0.196 L/mg - cm which is equivalent to 7995.9
m?/mol bixin by transforming the units. This value is basically the same for a
solvent mixture of methanol: acetonitrile (1:1).

UV-vis Spectroscopy

The UV-vis spectrophotometry was used for measuring the absorbance spectra of
bixin and annatto extracts. This was a straightforward technique for quantifying the
colorant concentration and the variation of concentration due to light exposure. The
quantification of bixin and annatto extracts was done employing the Beer-Lambert
equation (Equation 11) using bixin’s extinction coefficient.

For Paper 11, samples were dissolved in dichloromethane. For Papers I and 111, the
samples were dissolved in a mixture of methanol: acetonitrile: water (2:2:1). In the
case of pure bixin, annatto and spray-dried annatto in Paper III, a mixture of
methanol: acetonitrile (1:1) was employed. For Paper IV, the colorants were
extracted from the candies by means of a solid-liquid extraction process using a
mixture of water followed by ethanol. The water-ethanol extract was measured by
UV-vis spectroscopy. Given the small colorant concentrations in the candies, the
solubility of bixin in the amount of ethanol used was enough to extract all the
colorant, while also maintaining a very low dissolution of the matrix of the candy.

High Performance Liquid Chromatography HPLC

The use of HPLC was intended to monitor the individual colorants inside the extract
and to evaluate possible degradation products. Furthermore, in Paper I, HPLC was
intended to monitor other minor components such as phenolic compounds in the
samples collected from the different municipalities in La Paz. The concentration of
bixin was obtained by comparing the area of the reference peak with a pure bixin
standard. Peaks were monitored at 458 nm for carotenoids (Bixin, norbixin, etc.)
and 280 nm for phenolic compounds and other metabolites [62]. All samples were
analyzed in an HPLC from Agilent Technologies (Santa Clara, CA). A C-18 column
(Purospher STAR RP-18 endcapped (3 um)) was employed. The solutions prepared
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for the spectrophotometric measurements were filtered with a 0.22 pm pore size
PTPF filter and introduced to the HPLC.

Paper I used a modified version of the method reported by Chisté et al. [5], using
acetonitrile as solvent instead of methanol. The samples were run using 0.01% acetic
acid aqueous solution (Solvent A) and Acetonitrile (Solvent B) with a gradient flow
(A:B) as follows: 70:30 to 40:60 from 0 ' to minute 15 ' (0.8 ml/min), 40:60 to 20:80
from 15 ' to minute 25 ' (0.8 ml/min), 20:80 was kept constant from 25 ' to minute
35 ' (Iml/min), 20:80 to 70:30 from 35 ' to minute 37 ' (Iml/min). A 3-minute
equilibrium time was set between runs. Papers II and III used a modified version of
the method reported by Rios & Mercadante [107]. The samples were run in isocratic
flow of 1 ml/min with a mobile phase of (65:35 v/v) acetonitrile —0.01% acetic acid
aqueous solution.

The difference in both methods is that the method by Chisté et al. [5] makes it
possible to monitor the phenolic compounds that are detected in the first minutes of
the chromatogram. It provides a resolution of the small peaks in the first 10 minutes.
The second method by Rios & Mercadante [107] is a method that makes it possible
to monitor the major carotenoids of the extract in a shorter time. Thus, a method can
be selected based on what compounds are of interest to monitor.

During the light degradation trials of the powders (Paper III), no degradation
products were observed by HPLC. This may be due to a small concentration of the
degradation products that was not detected by the instrument. The colorant
concentration introduced to the instrument was small due to the limited amount of
sample used for the irradiation trials. In addition, the sample had to be analyzed both
by UV-vis spectroscopy and by HPLC. Thus, the same prepared (dissolved) sample
concentration was measured by both techniques. Another explanation is that the
degradation products may be colorless, with limited conjugated systems, and
smaller volatile molecules that evaporate when formed. It is possible that a
combination of both explanations is true.

Digital camera imaging

Digital Image Colorimetry (DIC) consists of measuring the color of samples by
taking digital images with a camera or other electronic instruments. DIC is a
versatile and inexpensive way of measuring the color of the surface of a food from
an image [85, 86].

Pictures of the candies containing the annatto colorant formulations were taken
before and after each irradiation period. Pictures were taken using a Nikon D3300
camera with Zoom-Nikkor AF-S 18-55mm / 3.5-5.6 lens. (NY, USA). The pictures
were used to measure the color of the candies by measuring the L*a*b* parameters
of the pictures of the candies. Monitoring the L*a*b*parameters through time, the
degradation of the color was measured. This color degradation was compared to the
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variation of the pigment concentration. Thus, the colorimetric parameters could be
compared with concentration values to determine significant differences in color
change in the candies in relation to colorant concentrations.

The color of the candies was obtained by measuring the RGB (Red, Green and Blue)
parameters using ImageJ software (USA) [120]. These parameters were then
converted to the more uniform L*a*b* parameters using ColorMine.org [121]. Then,
the Hunter-Scotfield equation (Equation 14) was used for determining the difference
in color, as delta AE of candies before (0) and after each irradiation period (i) [81]:

AE = (@ = ag) + (b = bo)? + (g = Lo)? (14)

The other calculated parameters were chroma C, ;, the quantitative attribute of
colorfulness that indicates the intensity of a hue (color) with respect to a gray color,
was calculated by Equation 15;

AC = \/(ai —ag)? + (b; — bp)? (15)

The L*a*b* parameters were measured along the whole surface of the candy, except
for the area where light was reflected (observed as a white halo in the candy). The
colorimetric parameters were then measured inside a circle that was drawn inside
the halo of the candy, and in a circular frame outside the halo of the candy (See
Paper IV). Then these two parameters were averaged to determine the final value
for each irradiation period. This way, a complete measurement of the variation of
the colorimetric parameters was considered and compared to the total concentration
of the colorant inside the candy.

For the sensorial analysis tests, the biggest area of the candies (inside the halo) was
selected for measuring the L*a*b* parameters, since this area best described the
variation in color perception in the candies. The biggest area inside the halo of the
candies was selected to measure the color differences in the candies. It is important
to state that differences considering the total color variation (inside and outside the
halo of the candies) do not significantly change the results. They will only add to
the scattering of the data.

The data collected in Paper IV with respect to the colorimetric measurements, is
presented as chroma measurements. This is because we wanted to prevent the
scattering of the data due to light changes. Nevertheless, there are no important
differences between difference in chroma degradation curves and differences in
color, AE, degradation curves. The standard deviation of L* parameters through
time shows that it was relatively constant over time.
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6 Main results

The summary of results presented in this thesis comprises the most important
outcomes of the research work. These are schematized in Figure 7.

Agricultural Relationship between morphology
production of of the fruits and yields of annatto
annatto colorant
Extraction of Solvent-free, aqueous
the colorant extraction method
Microencapsulation Encapsulation efficiency with
by spray drying different wall materials

Physical stability in

Colorant aqueous dispersion In particulate powders (microcapsules),
microcapsules high colorant concentration
Light stability in
solid state
Application of the
colorant in an In candy systems
aqueous continuous (low colorant concentration)

product (candies)

Figure 7: Diagram of a production process of the annatto colorant. It schematizes the most important
outcomes of each of the operational units developed in this thesis.

Colorant extraction

Bixin can be applied in products as pure bixin crystals or as annatto extracts. Three
different types of systems were used in the present thesis for different experiments.
The first colorant was pure bixin crystals. The second colorant was the carbohydrate
rich bixin “CRB” extract that was purified from the aril of the seeds (an annatto
extract). The CRB was composed of bixin and the native carbohydrates of the aril
of the seed. The third colorant was an annatto extract obtained directly from the

37



seeds, which was the complete aril of the seeds. This annatto extract was composed
of bixin, norbixin, native carbohydrates, phenolic components, and other minor
components. Bixin and CRB were used in Paper Il and Paper I11. The annatto extract
(aril of the seeds) was extracted and analyzed in Paper I and was used to give color
to the candies in Paper IV.

The mild alkaline extraction method used for extracting the aril of the seeds (annatto
extract) was applied in Paper I for analyzing the colorant composition of the aril of
the seeds. In addition, the same extraction method was applied to obtain the annatto
extract for Paper IV. On the other hand, the use of a mild base as Na,COs; was used
to disperse pure bixin crystals and the CRB extract in water after they were extracted
and purified by solvent extraction methods (Papers Il & III). Thus, the mild base
can be used for the aqueous extraction of the annatto extracts and/or dispersing
different annatto extracts and bixin in water.

According to the HPLC chromatogram, the bixin peak keeps the same retention time
in bixin samples before and after its microencapsulation. To microencapsulate bixin,
the mild alkaline colorant suspension was spray dried. Thus, no saponification of
bixin is expected by this extraction method. The novelty of the extraction method
developed in the present thesis is that it uses a mild base in small concentration and
is applied in solid state. This allows for fast extraction of a high number of seeds by
agitation with a rod. The pH of an aqueous solution of 0.3 mg/ml of microcapsules
ranges from pH 7 to 9.

Relationship between morphology and colorant content

The 27 samples collected from Los Yungas of La Paz showed a high variation in
morphological traits of the fruits of Bixa orellana. From the 16 morphological
parameters measured in each of the samples, the most representative for describing
the varieties of the fruits were the length, the width, the acuteness angle, the
roundness of the fruit, the flatness, and the bristle density. From the 3 color
parameters, the most representative were the color of the base of the fruit presented
as a Red/Green ratio in RGB color space, the color of the apex, and the color of the
hairs in Red/Green ratio as well. Then, the 4 phytochemical parameters measured in
the aril of the seeds were the total colorant content, the bixin content, the norbixin
content, a phenolic compound content, and minor components gathered under a
same HPLC chromatographic peak. From these parameters, the samples were
classified into 3 groups: A, B and C. Each group had subgroups, accounting for a
total of 8 subgroups as shown in Figure 8. These 8 subgroups confirm the high
phenotypic diversity (large number of morphotypes) of fruits of Bixa orellana
collected in Los Yungas of La Paz.
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Figure 8: Morphological and phytochemical characteristics of samples collected in Los Yungas of La
Paz, Bolivia. Samples were classified into 3 groups. Group A has 2 subgroups, group B has 2
subgroups and group C has 4 subgroups. The most important characteristics of each group of the
Sfruits are summarized to the right of the figure. The * symbol represents samples of managed cultivars.
From Paper 1.

Group A presents two morphotypes Al and A2. This group has as principal
morphological characteristic big fruits with lengths between 4.5 and 5.5 cm.
Morphotype Al fruits are acute and ovate in their frontal and lateral shapes. The
fruit is dark red in the base and has reddish bristles. The morphotype A1 fruits are
dehiscent. Morphotype A2 has orbicular and flat frontal and lateral shape,
respectively. They are yellow in the base of the fruit and the bristles can vary in
color from yellow to red. This morphotype has soft bristles. The average total
colorant content of Group A is 3.3+0.5%.
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Group B presents two morphotypes, B1 and B2. They have fruits with small sizes
with lengths between 2.8 and 3.6 cm. Morphotype B1 has spherical fruits with
brown colors at the base and red bristles. Its average colorant content is about 3.1 £
0.6. Morphotype B2 has orbicular and round frontal and lateral shapes. They have
the same color as B1 morphotype, but smaller colorant content (2.1 £ 0.4) The
sphericity of this group is similar to the shape characteristics of Bixa urucuana, an
ancestor plant from Bixa orellana.

Group C had medium-size fruits, with lengths ranging from 3.6 to 4.4 cm. This
group has the highest number of morphotypes, C1, C2, C3, C4. Morphotypes C1
and C4 present ovate fruits and morphotypes C2 and C3 present a heart-shaped
frontal plane and an ovate lateral shape. The base of the fruits of this group is yellow.
However, the color of the bristles varies. Morphotype C1 has yellow bristles while
the rest of the morphotypes have red bristles. Morphotypes C1, C3 and C4 have an
average colorant content of 3%.

The morphological parameters that had a correlation with the colorant content were
the width (R?= 0.16, F 125 -4.61= P= 0.0416) and the length length (R>= 0.10, P=
0.1002) of the fruits. The results show that the fruits that are wider may contain
higher amounts of colorant. Fruits within the Group C showed that the yellower the
color of the base of the fruit (C1 & C2), the higher content of norbixin. Within the
Group C, which accounts for 15 samples, results showed that more cordate fruits
tend to have higher colorant contents.

The average mass balance shows that the average content in the 27 samples was
3.0% total colorant content (2.4 Bixin and 0.6 Norbixin). The dry aril of the seed
containing the colorants and native carbohydrates accounts for 10% of total weight.
The dry colorless seeds represent 82%, and 5% corresponds to the moisture content
with respect to the total weight of the seeds. A very important result shows that well-
managed cultivars had higher bixin content (>3%) regardless of the group variety.

Microencapsulation by spray drying

Microencapsulation by spray drying is an effective technique for
microencapsulating a suspension of bixin particles, CRB particles and annatto
particles. Bixin particles can be encapsulated with macromolecules as maltodextrin
(MD) and whey with encapsulation efficiencies of 77% and 62%, respectively
(Figure 9). CRB particles containing bixin and the native carbohydrates can be also
efficiently encapsulated by spray drying. The results show that encapsulating agents
as MD, whey, and Sucrose offer encapsulation efficiencies above 90%, except for
whey (86%). This means that over 90% of bixin will be protected inside the
microcapsules and is not solvent extractable from the surface of the microcapsules.
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Figure 9: Encapsulation efficiency of colorant particles that have comparable particle sizes. The
figure shows encapsulation efficiencies of colorant particles encapsulated with native carbohydrates
(CRB-encap, D34 = 7.7 um), sucrose (D34~ 7 um), maltodextrin (MD, D34 ~ 4.4 um) and a mixture
of maltodextrin and gum arabic (MD-GA, D34 ~ 4.4 um). Bixin particles (vellow) and CRB particles
(green). Higher encapsulation efficiencies are obtained for colorant particles containing the native
carbohydrates (CRB systems). From Paper II.

Enhancers like GA, pectin and CMC offer very little improvement to the
encapsulation of pure bixin and CRB colorant particles. However, the big difference
in encapsulation efficiencies between CRB systems and pure bixin shows that the
presence of the native carbohydrates offers higher encapsulation efficiencies to
bixin. This is true even for particles of the same average volume fraction diameter
as in the case of B-MD and CRB-MD, and B-MD-GA and CRB-MD-GA (particle
sizes ~4 um).

Scanning electron microscopy images were obtained for CRB and for the spray-
dried systems. An interesting case is the encapsulation of colorant with sucrose.
Figure 9 shows the extracted and purified CRB before (9a) and after (9b) spray
drying. The CRB before spray drying is composed of small particles (~1 pm)
agglomerated into amorphous bigger aggregates (D43~70 um). After spray drying,
the native carbohydrates act as an encapsulating agent. However, the relation of the
amount of native carbohydrates to the amount of bixin after extraction was not high
enough to reach a high encapsulation efficiency. As can be observed, bixin crystals
are not encapsulated at the surface of the capsule.
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Figure 9¢ and Figure 9d show the comparison between pure bixin crystals
encapsulated with sucrose (9c) and CRB encapsulated with sucrose (9d). Sucrose
crystallizes along with pure bixin, producing a low encapsulation efficiency of
Bixin. This means that bixin is highly available for solvent extraction due to
extensive fractures and a loss of capsular structure. In the case of CRB-sucrose
microcapsules, an encapsulation efficiency of 92% was achieved. Figure 8d shows
smooth microcapsules with no bixin crystals on the surface. It was concluded that
sugar acts as an interacting filler [122] with the native carbohydrates to give an
efficient spherical structure that protects bixin.

Dispersion stability

The dispersion of bixin crystals and CRB extract in acid aqueous media (pH = 3)
was evaluated by means of a light scattering method using the equipment Turbiscan
through time. The method consisted of scanning the transmittance of the samples
over the length of the cells. The difference in transmittance between scans showed
sedimentation of the particles and flocculation. Sedimentation was observed in the
bottom of the cells, while flocculation, which led to further sedimentation, took
place in the middle region of the cell.
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Figure 10: Physical stability of bixin and annatto (CRB) colorant particles aqueous dispersions
obtained by dissolving the colorants’ microcapsules. Turbiscan Stability Index is graphed as a function
of time (Days). Higher indexes are observed for bixin particles compared to annatto (CRB) particles
for the same particle sizes. The systems presented are: Annatto (4), A-encap, B-MD, B-MD-GA, A-
MD and A-MD-GA in 0.3 mg/ml. From Paper II.
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Furthermore, the sedimentation and/or destabilization profiles were analyzed to
obtain a Turbiscan Stability Index (TSI). Figure 10 shows the Turbiscan Stability
Indexes (TSI) of dissolved microcapsules of bixin crystals and CRB extract that
were microencapsulated with two encapsulants: maltodextrin, and a mixture of
maltodextrin and gum arabic. Both colorants had similar volume average particle
diameters, 4.23 pm for B-MD and B-MD-GA, 4.54 um for CRB-MD and 4.78 um
for CRB-MD- GA. The results show, that for the same particle sizes, CRB colorant
particles had lower TSI values (higher physical stability) than bixin particles
through the 40 days. Since the TSI values indicate an instant speed at which the
particles destabilize, every measurement done shows that the sedimentation rate for
bixin particles was higher than for CRB particles.

This strongly suggests that the native carbohydrates of the aril of the seeds play a
major role in stabilizing the colorant particles in aqueous media. The zeta potential
for these dispersions had a value of — 15 mV. This value is not high enough to
prevent complete sedimentation; however, it illustrates a significant stability of
CRB particles after 40 days. After this time, the presence of small CRB particles
(D34 = 0.3 pm) were still detected, which kept the orange color of the dispersions.
In contrast, no bixin particles were detected after 40 days for dissolved bixin
microcapsules.

The microcapsules are not only an efficient way of obtaining water dispersible
formulations, but they are also intended to protect the colorant against light
degradation. Thus, for describing the degradation process of the colorants, or in
general of photolabile substances, a kinetic model was stablished. This model
describes the decrease in colorant concentration as a function of the irradiation dose.
The considerations of the model are that the powder bed can be described as colorant
inclusions inside the microcapsules. This powder is analyzed as the integration over
a group of layers that conforms the whole system for which their irradiating
properties are considered. These properties include: the absorption, scattering and
transmittance of the powder bed. Moreover, the scattering comprises the diffusive
reflection and the scattering at every angle of the particles in the powder bed.

Conceptual model for light stability of photolabile
substances in solids

The spray-dried powder bed is comprised of particles that absorb light due to the
bixin pigment in the region of the blue-green light. On the other hand, the candies
may be considered as a layer where the annatto colorant particles are dispersed.
Given that the particles of the powders are, on average, >>10 times higher than the
average wavelength that impinges the powder bed, optical geometrics are used to
describe both systems. The degradation of a photolabile substance in a bed of a solid
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matrix exposed to light has been recently analyzed by Carvalho et al. [106] and our
results are comparable to theirs. The kinetic model reported in Paper III describes
the degradation of a photolabile substance in a powder bed. The sample is described
as a powder bed with total depth Z counted downwards from the surface of the
powder bed (z axis), as show in Figure 11. The incident lamp light has an intensity
I4(z,t) that decreases over the path length of the powder bed depending on the
powder’s absorption and scattering characteristics. Moreover, the colorant load B (t)
was modeled to decrease through the depth (z) of the powder bed as a function of
the total irradiation dose Q. The total bixin load B (t) is the total amount of colorant
in the sample used for the irradiation experiments.
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Figure 11: Photobleaching modeling on powder bed microcapsules. Optical geometrics are used to
describe the absorption and scattering characteristics of the powder beds under a total irradiation
dose. a) 1q is the light intensity of the lamp, and z axis describes the depth of the powder bed. The total
Bixin surface load B(t) is the integration of the local concentration of bixin b(z,t) over the depth of the
powder bed. B(t) decreases with the total irradiation dose Q. b) The graphs show exponential
degradation of bixin B(t) in a liquid exposed to a radiation dose Q; local concentration b(z,t) as a
Sfunction of depth (z) and time (t); and the local light intensity Iq as a function of depth at time t(0) and
t(1) (Model 1). ¢) Linear decay of the bixin load as a function of irradiating dose, with only absorbance
and no light scattering of the powder bed (Model 2). d) Exponential degradation of bixin load as a
function of the irradiation dose, with absorbance and light scattering of the powder bed (Model 3).
From Paper I11.

The total light that impinges a multiphase solid system, as the powders or the
candies, is divided into reflected, absorbed, scattered, and transmitted light. In the
present thesis, the reflected light is included in the scattering parameter as
backscattered light. The light will be absorbed by the chromophores present in the
solid multiphase system (bixin and annatto colorants) as a function of the colorant’s
absorptivity though wavelength (eq. 16). The transmitted light will be given by
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equation 17. Then, the attenuated light equals the non-transmitted light as shown in
equation 18. The attenuated light equals the absorbed (Eq. 19) and scattered light
(eq. 20) inside the system.

A t) = [} (e@) - b(t,2))dz (16)
Ifq((_/'l/l.)t) = 10-AAD+Z-5) (17)
h;q((_/l/{;) =1- 10-AAD+z5) (18)
%sz(A»t) (19)
Iq%) = ps(4,0) (20)

Here, A refers to the absorbance of the colorant in the solid system, €(1) refers to
the absorptivity of the colorant, b(t, z) is the local bixin load through the thickness
Z of the powder bed. S is the scattering of the powder bed per length unit, I, I, I4,
Is, I, are the transmitted, attenuated, absorbed, scattered and incident light. The
numerical solution of the modeling in Paper III gives the absorbed fraction of light
pa(4,t) as a function of wavelength and time and thus, the scattered fraction of light
ps(A,t). Notice that equation 20 can be approximately solved when there is a
constant concentration of the colorant through the thickness of the layer by the
Kubelka Munk theory (equation 10).

In Paper III, the modeling considered an average absorptivity of bixin over the
spectra. In contrast, in Paper IV, bixin’s degradation was modeled through the whole
spectra to be able to model the change in color of the candy based on bixin’s UV-
vis spectra. In the case of the experimental calculations for powders and candies,
the calculations of the degradation process were performed using the absorptivity of
bixin at every wavelength of its spectra (340nm to 650 nm).

For the modeling of the colorant photobleaching in Paper III and IV, the load of
bixin was modeled as a function of total irradiation dose that reaches the sample,
considering different scattering parameters. On the other hand, the calculations of
the degradation process, based on the experimental data for powders and candies,
were performed as a function of the absorbed photons. The absorbed photons were
required to determine the quantum yield of the colorant in each system. Equation 21
shows the attenuated photons Q(t) through the multiphase system (powder or
candy). When light scattering is negligible, the attenuated photons become
proximate to the absorbed photons. This is the case at the beginning of the system’s
irradiation for high colorant loads (where the quantum yield was measured).
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Moreover, the colorant loads used in the experiments in powders and candies were
high enough to prevent blue-green light transmittance. In the same way, the
scattering of the systems turned out to prevent light transmittance.

Q) =YX Z%zgzg Iq(ﬂ') . (1 —_ 10—B(t)~e(A)+Z-S) At 1)

The absorbed accumulated light dose per area unit is Q(t) when the term Z - S is
negligible. B is the total surface load of bixin (total bixin content per area unit
mmol/m?).

For powder beds (Paper III), given a high colorant concentration B(t) = Y b;(t)4z
and B(0) > 20 mmol/m?, and the thickness of the powder bed Z ~0.3 — 1 mm,
depending on the powder density, the transmittance of light is negligible. By
accounting for the powder density, the colorant load can be employed per distance
unit. Then, the shape of the degradation curves of the studied systems depended on
the absorption and scattering properties of the systems. In the case of the candies,
the modeling in Paper IV shows that low colorant loads B < 1 mmol/m? may
produce light transmittance and a decrease in the absorption curve of bixin. After
irradiation, the non-absorbed light may increase in the range of wavelengths where
the colorant absorbs light (blue-green light). However, the non-absorbed light may
be attenuated in the matrix of the candy by light scattering, impeding the light
transmittance. For these cases, the absorption curve has an exponential like curve
(initial linear behavior) that depends on its colorant load. In the irradiation
experiments, the lowest colorant concentration in the candies was about 0.6
mmol/m?. This concentration allowed for almost total absorption of the light in the
blue-green region. Thus, negligible light transmittance was obtained in this range
according to the modeling results. After color degradation, both light scattering and
light transmittance increase significantly.

When there is no transmitted light, all the incident light will be attenuated in the
powder. For higher doses where the scattering becomes important, the Z -S
parameters was still neglected for the experimental calculations assuming that Q (t)
is the absorbed photons. This is a pessimistic approach since it is assumed that lower
irradiation dose is needed for degradation. It is assumed that the remaining colorant
after each irradiation period will absorb all the photons, although the light scattering
is present offering higher protection to the colorant against photobleaching.

The mathematical modeling and their formalisms presented in Paper III and IV
resulted in 3 scenarios based on the characteristics of the irradiated systems: Model
1, where the system is liquid or and there are no concentration gradients (the
concentration is very low and homogeneous because it equilibrates between each
time step), there is no light scattering, and there is light transmittance; Model 2,
where the system is solid, and there are concentration gradients through the powder
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depth, but no light scattering is present; and Model 3, where the system presents
both concentration gradients through the powder depth, scattering, and no light
transmittance (see Figure 11).
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Figure 12: Total content of bixin, B(t) = [mol Bixin/m?], in a sample as a function of accumulated
total exposure, Q = [mol photons/m?]. The slope of the curve corresponds to bixin quantum yield,
which is the same in all curves, Y = 1074, The curves are constructed based on the numerical solution
of the modeled equations in paper III. In graph the scattering of the full sample, S, is varied. i. S = 0
(no light scattering is assumed, Model 2), ii.§ = 0.3 iii.§ = 1.5, iv.$ = 3, v. § = 9 (ii., iii., iv., v.
corresponds to Model 3, § = S+ Z. The total bixin load B(0) = 10 mmol/m? or 4 g/m? for a
powder bed of 70 g/m’and about 164 pm thickness. From Paper I1I.

Model 1 leads to the well-known exponential decay of the colorant with time, Model
2 leads to a linear decay as a function of the irradiation dose. In this case, the light
is absorbed by the powder bed given a high concentration of absorbent, and/or the
powder bed is thick enough, and no light scattering is observed. The slope is a direct
measurement of the quantum yield of the photoreaction of bixin in the powder bed.
The third model (Model 3) leads to an initial linear decay that is a direct
measurement of the quantum yield, followed by a decrease in the slope, which is
produced by the scattering effects of the powder bed. This happens when the
absorption of the powder decreases with the decay in the colorant concentration.
Thus, the light scattering of the powder becomes significant, decreasing the
sensitivity of the remaining colorant towards light degradation (Figure 12).
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Degradation curves of colorants in powders and candies

The systems can be classified as powder beds with a high load of colorant particles
and candy systems with a low colorant load. Within the powders there are three
groups: unprotected colorants, bixin microcapsules and annatto microcapsules
(Figure 13).
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Figure 13: a) Light degradation of colorant microcapsules applied in candies. The graphs present
bixin fraction B/B(0) as a function of absorbed irradiation dose Q (mmol photons/m?). Extracted
from Paper IV. b) Light degradation curves of the powder beds of unprotected colorants and colorant
microcapsules. Extracted from Paper III and IV.

Among the powdered systems, the unprotected colorants Bixin, Annatto and spray-
dried Annatto (A-encap) presented fast degradation. At the beginning of the
degradation process, Bixin and A-encap systems followed a linear curve (Figure
13b). Then, at about 20% of the remaining colorant (400 mol photons/m? of
irradiation dose), a decrease in the rate of colorant degradation was observed. This
behavior is explained by Model 3 presented in the previous section. There, the light
scattering of the powder bed becomes significant in protecting the color in some
extent. Another explanation may be an increase in light transmittance. Thus, a
slower degradation rate is observed. Annatto followed a mostly linear degradation
curve (Model 2) until total degradation, which indicates no light scattering effects
in the powder were present (Figure 13b).

The same degradation behavior as Model 3 is observed for B-Sucrose. Bixin spray
dried with sucrose gave a poor encapsulation efficiency. As can be observed in
Figure 8. The degradation of bixin is linear until about 50% of the remaining
colorant (1000 mol photons/m?). Then, there is a decrease in the degradation
rate. Hence, the remaining colorant concentration becomes constant up to 2500
mol photons/m?. In this system, strong scattering effects are observed given by
sucrose (Figure 13b).
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Microencapsulated systems such as bixin microcapsules and annatto microcapsules
followed a linear degradation process (Model 2) except for P-Whey microcapsules,
which followed a Model 3 type of degradation curve. For P-Whey microcapsules a
bend in the curve is observed at about 2000 mol photons/m? of irradiation dose.
Systems that followed Model 2, such as A-Sucrose, A-MD and B-MD, had a linear
degradation curve up to 3000 mol photons/m? (Figure 13b). The linearity of
these systems is explained by the small degradation rate compared to unprotected
colorants, and the high colorant load present in the powder. It is possible that when
the colorant degradation progresses, the light scattering effects of the encapsulants
will produce a bend in the curve as in Model 3 for P-Whey. Note that whey had a
lower encapsulation efficiency compared to the other microencapsulated systems.

The same linear degradation behavior is observed at the beginning of the
degradation experiments for annatto microcapsules dispersed in candies. Figure 13a
also shows the deviation from linear behavior, for the three systems (candies
containing A-encap, A-Sucrose and A-MD) caused by the light scattering effects in
the candies after 100 mol photons/m? (Model 3). The three types of candies
contained different colorant concentrations. Figure 13a shows that, with degradation
rates being similar, a lower colorant concentration will result in the colorant
degrading in a shorter time (absorbed irradiation dose). This is the case for A-
Sucrose and A-encap for example. The results from the modeling in Paper 1V,
confirmed the initial linear degradation of the colored candies, followed by a
bending in the curve when light scattering effects become important. The modeling
also shows that for the same degradation rate, candies with lower colorant
concentration will degrade with a lower total irradiation dose.

Quantum yields

The quantum yields of the different systems are compared in Figure 14. The error
bars observed were calculated from the standard deviation of the slope. This figure
presents the quantum yields of unprotected colorants as Bixin (B), Annatto (A)
(native carbohydrate rich bixin extract) and spray dried annatto (A-encap), denoted
by the blue markers; it presents bixin microcapsules as B-sucrose, B-whey, B-MD,
B-MD-GA and B-MD-CMC denoted by the orange markers; the annatto
microcapsules as A-Sucrose, A-Whey, A-MD, A-MD-GA, A-MD-Pectin, and A-
MD-CMC, denoted by the green markers; and finally presents the quantum yields
of annatto microcapsules A-encap, A-Sucrose and A-MD applied to candy systems.
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Figure 14: Quantum yields of unprotected colorants Bixin (B), Annatto (4) and spray-dried Annatto
(A-encap) in solid state (blue markers), as well as quantum yields of bixin microcapsules (orange
markers) and annatto microcapsules (green markers). Purple dots are quantum yields of A-encap, A-
Sucrose and A-MD dispersed in candy (C) matrix. The error bars observed were calculated from the
standard deviation of the slope of the degradation process of each system. Degradation processes
monitored by UV-vis spectroscopy are denoted by circles and processes monitored by HPLC are
denoted by triangles. The y axis is presented in logarithmic scale. From Papers IIl and IV.

The unprotected colorants Bixin, Annatto and A-encap have similar quantum yields
(Figure 14). This means that they have similar degradation rates around
120 pmol bixin/mol photons. This range of results is comparable to what has
been previously observed for carotenoids in solution [91]. The values obtained were
40 pmol carotenoid/mol quanta for B-carotene and
30 umol carotenoid /mol quanta for lutein in aqueous solutions [91]. A study by
Petersen et al. on light sensitivity of annatto in cheddar cheese reported an annatto’s
quantum yield in solution at 436 nm of 190 umol bixin/mol photons [105].
These values are comparable to the ones obtained in the present thesis.

Experiments with protected colorants as bixin microcapsules and annatto
microcapsules show that microencapsulation is an efficient technique for preventing
light degradation in colorants such as bixin and annatto. Microencapsulation offers
30 to 100 times higher colorant stability against light degradation. Quantum yields
for bixin microcapsules were found to have values between 2 and 9
umol bixin/mol photons. Annatto microcapsules have quantum yields between 1
and 2 umol bixin/mol photons (Figure 14).

Microcapsules containing native carbohydrates are less sensitive to light
degradation than microcapsules containing pure bixin. Materials as sucrose,
maltodextrin, and mixtures with enhancers like GA, pectin and CMC have proven
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to be efficient encapsulating agents. Furthermore, these encapsulating agents have
proven to offer protection to the colorants against light degradation. This is probably
due to the ability of these materials to block the interaction of the colorants with
oxygen. In this sense, oxidation reactions mediated or not by light are impeded.
CMC has proven to be a better microencapsulation enhancer than GA and pectin,
offering better protection to the colorants bixin and annatto against light
degradation.

Measured quantum yields of A-encap, A-Sucrose and A-MD dispersed in candy
matrix were found to be close to 13, 9 and 8 pmol bixin/mol photons,
respectively (Figure 14). The smaller quantum yield of these colorants added to the
candies compared to unprotected colorants can be explained by the protection
offered by the candy matrix. The candy matrix is composed of sugars that cover the
colorant particles. The protection mechanism may have to do with the prevention of
oxidation reactions as mentioned before.

Relationship between the quantum yield and the
encapsulation efficiency

The average particle diameter of the colorant particles (Bixin and Annatto systems)
was measured by light scattering techniques. Moreover, the encapsulation efficiency
of these colorant particles microencapsulated with different wall materials was
determined by spectrophotometric techniques. The colorant present in the surface
of the microcapsules was dissolved with solvents and measured by UV-vis
spectrophotometry. This amount was then compared to the total amount of colorant
measured in the capsule. This encapsulation efficiency indicated the fraction of
colorant that remains inside the microcapsules and is assumed to be protected. Thus,
the higher the encapsulation efficiency, the higher the expected protection of the
colorant. This hypothesis was proven by comparing the quantum yield of the
different colorant microcapsules against its encapsulation efficiency.

The results show that there is a linear relation between the quantum yield and the
encapsulation efficiency of the microcapsules by Fisher’s test (F1,9 = 18.6,P <
0.05 and R? = 0.67). The quantum yield will decrease by increasing the
encapsulation efficiency of the colorant particles (Figure 15). This proves that the
sensibility of the colorant particles against light degradation is smaller as the
encapsulation efficiency increases. Furthermore, the encapsulation efficiency has a
higher impact on the protection of the colorant than the variation in the particle size
of the colorants. Note in Figure 15 that higher particle sizes do not imply higher
stability of the colorants and vice versa.
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Figure 15: Quantum yield of bixin and annatto microcapsules as a function of their
microencapsulation efficiency EE, obtained from Curi-Borda et al. (20). A significant correlation with
F2,9 = 18.6, P < 0.05 and R> = 0.67 is observed. The label subscripts are the sample’s colorant
particle size diameter D4 3. Error bars of the quantum yield represent the standard deviation of the
slope of each degradation process. Error bars for the encapsulation efficiency represent the standard
deviation of several measurements of EE. Extracted from Paper II and II1.

Differences in color in the candies colored with annatto
formulations

Differences in color have been classified as small differences for AE < 1.5, distinct
color intensities in the range of 1.5 < AE < 3, and very distinct differences for AE > 3.
Moreover, color differences noticeable through visual perception were found for
differences in color of AE > 2 in many studied products (37). The results obtained
from the sensorial analysis performed in Paper IV showed that noticeable color
differences in the pictures of the candies were perceived for AE > 4. Pairs of candies
with AE > 4 were the ones that contained a difference in color concentration between
candies of double or quintuple times, as in the case of A-Sucrose with A-MD and A-
encap and A-MD, respectively. However, at higher colorant loads, as for A-encap (3
mmol/m?) and A-Sucrose (1.3 mmol/m?), the differences obtained below AE > 4
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may not be perceived. This may be explained by the absorption bands obtained by the
modelling results in Paper IV. For colorant loads above 1 mmol/m?, the intensity of
the absorbed light curve remains constant, which indicates the nonlinearity of the
color as a function of colorant concentration. Thus, similar intensities in color may be
obtained, and thus no perceivable color differences. The nonlinearity of color has been
previously reported for different industrial formulations that difficulted a perceivable
differentiation of color intensities [81, 123-125].

The variation in color in the irradiated candies after 60 mol photons/m?
(equivalent to an irradiation of 24 hours in southern Europe) produces a color
difference with a AE = 8 (Figure 16). This means that the candies colored with
annatto formulations may be irradiated for several hours of intense irradiation before
the difference in color becomes visually perceivable during the product’s
consumption. However, it is recommended that candies colored with annatto
formulations be packed in opaque packaging materials to prevent color degradation
in the candies during the shelf life of the product.

Is the color intensity different?

@ A2, MD1

@ Suc2,MD2

L7 Suc2, Sucl

e J
05 J MD1, MD2 ® A-encap

A A-Sucrose

Fraction
°
C (a,b) average

B A-MD

o 1 2 3 4 5 6 7 8 9 10 11 12 13

Cla*b¥) Q

300 400

Figure 16: a) Fraction of panelits who perceived a color difference between pairs of candy systems
containing A-encap, A-Sucrose and A-MD as coloring agents. The concentration of the colorants in
the candies were 3, 1.3, and 0.6 mmol/m? for A-encap, (4), A-Sucrose (Suc) and A-MD (MD),
respectively. The numbers represent the replicate. b) Differences in color C(a*b*) as a function of
absorbed irradiation dose mol photons/m? for candies containing A-encap, A-Sucrose and A-MD
as coloring agents. Extracted from Paper IV.

The time of color variation will be directly proportional to the colorant
concentration. The higher the colorant concentration, the longer it will take for the
color to fade away. This is a direct result of the half-life of a zero-order kinetic
reaction t1,, = B(0)/2Y which depends on the initial concentration of the
substance and on its degradation rate (quantum yield) [126]. It is important to note
that light scattering phenomena decrease the speed of color degradation in the
candies as in the case of A-encap. For this system, a clear inflexion in the
degradation curve is observed when the light scattering of the candy becomes
important around 100 mol photons/m?.
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7 Discussion

The importance of determining a fruit’s morphological or color traits that would
explain higher colorant contents translates in information for the construction of
breeding programs. This allows for improvement of the species of Bixa orellana to
produce higher yields of colorant, which turns into higher revenues for the
producers. Several authors agree that higher colorant content can be expected for
wider and longer fruit sizes [35, 37, 127]. Our results support this conclusion. In the
case of color, literature offers contrasting results [11, 38, 40]. The newest results
obtain through genetic experiments show that heterosis in the plants (different colors
in the base and the bristles) may result in higher colorant contents [43]. Our results
show that the color of the fruits may be related to norbixin/bixin content, however,
this result is limited by the assumption that all samples had the same maturity. It is
possible that bixin was not fully converted from norbixin when samples were
collected. Moreover, the bixin content may increase with total colorant content in a
rate of 0.8 with respect to total colorant content. Furthermore, regardless of the
morphotype of the fruits, well-managed cultivars offer higher colorant content. It is
important to note that the samples were analyzed 1 year after extraction, at which
time double colorant contents may be expected in the seeds according to the
degradation rate presented by Mantovani et al. [35].

The use of bixin, and annatto formulations containing bixin, has been limited in a
major part to oily and fatty products such as margarines, pastries, and cheeses [7].
Higher concentration limits of bixin than of norbixin are allowed for coloring
different products [18, 19]. Furthermore, we have shown that bixin is the major
component in the seeds’ aril (80% Bixin — 20% Norbixin). There is then motivation
to achieve bixin water dispersible colorant formulations to expand the use of bixin
in aqueous-based products. Extensive literature 1is available showing
microencapsulation by spray drying as a technique for obtaining water dispersible
formulations [67, 68, 128]. However, the limiting step is to obtain oil in water
emulsions or dispersions that can be introduced into the equipment without using
solvents that might increase the production and safety costs [129]. Consequently,
our results show an alternative for producing aqueous dispersions of bixin and
annatto extracts using a mild alkaline base and water. Thus, this dispersion can be
directly introduced into the spray dryer or analyzed by different techniques.

Encapsulant materials like MD and enhancers like GA and CMC proved to be
efficient encapsulants of pure bixin and annatto extracts. Comparable encapsulation
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efficiencies are obtained in previous studies by Barbosa et al. for a mixture of
encapsulating agents, such as 95% GA and 5% sucrose [57]. The mixture of native
carbohydrates and sucrose poses a very interesting high encapsulation efficiency
and light stability. It was shown that sucrose may act as an interacting filler of other
macromolecules [122]. Moreover, the native carbohydrates are important for
increasing the encapsulation efficiency of bixin. Thus, its use is recommended for
coloring formulations. It not only increases bixin protection, but eases the extraction
process, reducing costs. Spray drying was easy to use as an encapsulating technique,
giving high encapsulation efficiencies in most cases.

The direct mild alkaline extraction makes it possible to extract the colorants and the
native carbohydrates. This process makes it possible to have very small colorant
particle sizes. After introducing this dispersion into the spray dryer, higher
encapsulation efficiency is expected. That is because for a particular encapsulant
material, smaller particle sizes will produce higher encapsulation efficiencies in the
range of 4— 15 um. The microcapsules can be readily re-dispersible in water.
Therefore, smaller particle sizes will produce higher physical stability in aqueous
dispersions [73]. Furthermore, there is some evidence that the native carbohydrates
may aide the dispersibility of the pigment in water. When there are no native
carbohydrates, the bixin crystals will sediment under acid conditions. In contrast,
after 40 days of the stability study, only the set of CRB dispersions had color
remaining and submicron particles (0.3 and 0.7 pm). These results allow for the use
of annatto colorants in aqueous products, such as sodas, juices and other beverages.

The model for light stability of the colorants provides an easy model for analyzing
the photodegradation of photolabile substances. This may be of great use in the
pharmaceutical industry for assessment of the photostability of photolabile drugs.
There are very few studies that consider the powder as a system, considering the
absorption and scattering effects of the powder [106, 130]. The absorption of the
molecules in high concentration will prevent the light transmittance. This was also
observed by Carvalho et al. [106], as they describe a possible shadowing effect when
the photodegradant presents higher absorption than the matrix for the deeper layers
of the powder bed. Then, our results show that significant scattering effects decrease
the rate of colorant degradation, creating a deviation from linear behavior.
Exponential-like degradation curves may be observed in previous studies in solid
powder beds [63, 131]. Since the quantum yield imposes a linear degradation
behavior, our model explains how the light scattering of the powder bed (when
colorant concentration decreases), produces a decrease in the slope of the curve.
Furthermore, our model is of great use for calculating the quantum yields of
molecules of interest to enable determination of the shelf lives of the molecules.

Bixin and CRB degrade with similar quantum yields. This means that the native
carbohydrates do not offer real protection against light colorant interactions. In
contrast, microencapsulation by spray drying with encapsulant materials offers
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protection to the colorants, which prevents light degradation. In this regard, the
native carbohydrates offer higher encapsulation efficiencies that offer higher light
stability to the colorant. Protection against light degradation by spray drying is
supported by a previous study of light degradation of potassium norbixinate
microcapsules by freeze drying [75]. The study showed higher stability of the
colorant in the microcapsules under light exposure. Our results show that the
quantum yield decreases with the increase in encapsulation efficiency.
Carboxymethylcellulose, CMC, offered the highest protection to both bixin and
CRB due to a higher encapsulation efficiency compared to other encapsulants,
respectively (Figure 14). These results support the use of microencapsulated
powders in cosmetic formulations such as eye shadows, foundation, lipsticks, etc.

Furthermore, spray-dried annatto microcapsules can be readily applied in aqueous
dispersible products such as candies. The stability tests of the colorant formulations
in the candies give some insight about the colorant concentrations and the color of
the candies; the duration of the color under light irradiation; and about the type of
packaging to be used. An opaque package would be enough to protect the colorants
during their shelf life. Moreover, during an average day of light irradiation of 5
kWh/m? (0.99 mmol photons/m?s), for instance, which corresponds to southern
Europe (Spain) [132], and a colorant concentration of 3 mmol/m?, the candies may
be exposed to approximately 8 hours of intense light (midday light) without a
perceivable difference in color change. After this time, color differences may
increase to values higher than AE > 4. Then, these color differences may be
perceived by consumers. Consequently, these results make it possible to design the
amount of colorant to be added during the formulation of product.
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8 Conclusions

The aim of the present thesis was to generate comprehensive knowledge that would
facilitate the applicability of the annatto colorant in aqueous liquid and solid product
formulations by means of technological approaches. To fulfill this aim, 5 main
objectives were specified. The first intended to characterize Bixa orellana fruit
morphotypes at different altitudes to find traits that would correlate to higher bixin
contents. The second and third objective searched to achieve aqueous dispersibility
of the annatto colorant using microencapsulation by spray drying, and further
evaluate the physical stability of the colorant’s aqueous dispersions. The fourth
objective was to study the photostability of the colorants’ microcapsules (powder
formulations) to evaluate the improvement to its light stability with respect to
unprotected colorants. And the fifth objective was to evaluate the light stability and
color stability of the pigments applied in an aqueous continuous product formulation
such as candies. These objectives searched to satisfy the main requirements of the
colorant applied in a product formulation during intended use.

The journey of this work started with the collection of twenty-seven samples of fruits
of Bixa orellana from municipalities of La Paz, Bolivia. The fruits were classified into
3 groups according to 16 morphological parameters, 4 color parameters and 4
phytochemical parameters. The eight morphotypes found within each group confirm
the high phenotypic diversity (large number of morphotypes) of fruits of Bixa orellana
collected in La Paz. The morphological traits that had a correlation with bixin content
were the size (width and length). Higher bixin contents can be expected from longer
and wider fruits. In addition, wider fruit shapes could indicate higher bixin content.
Furthermore, well-managed cultivars lead to higher bixin content regardless of the
variety (above 3% after a year of sample collection). Our results show that the altitude
does not have an impact on bixin and norbixin concentration.

Bixin and the annatto pigment are insoluble in water. Moreover, the several layers of
pigment that cover the annatto seeds (aril) make the extraction process very laborious
using solvent extraction methods. The pigment extraction and the colorant content
analysis require an efficient extraction method. This was achieved through the
development of an exaction method based on solid-liquid mild alkaline aqueous
extraction. This method was developed based on methods reported in literature, which
extract the colorant by abrasion with mild alkaline solutions. The novelty of the method
presented in this thesis is that the mild base (Na;CO3) was added in solid state to the
seeds and then water was added gradually to extract the pigment. Several aqueous
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extractions are performed, and sodium carbonate is added by parts when needed. This
method allows a fairly rapid extraction procedure of a high number of seeds. This mild
alkaline solid-liquid extraction procedure allowed to obtain an aqueous suspension of
pigment (annatto). Moreover, this method was found useful for dispersing the bixin
crystals and the purified native carbohydrate rich bixin extracts in water. This way,
bixin, carbohydrate rich bixin extracts, and other annatto extracts can be
microencapsulated by spray drying from aqueous dispersions of the pigments.

Microencapsulation by spray drying was found to be an efficient technique for
obtaining aqueous dispersible formulations of the different pigments from annatto.
The physical stability of the dissolved/dispersed colorant microcapsules will depend
on the pH of the aqueous dispersion. Both annatto and pure bixin can be dispersed
in mild basic pH (pH = 7-9). However, at acid pH (pH = 3), pure bixin will sediment
readily, while carbohydrate rich bixin microcapsules are dispersed in water for at
least 40 days. This dispersion is attained through several factors. The first is the
modification of the native carbohydrate structure after spray drying. The second is
the small particle size observed in the carbohydrate rich bixin colorant particles (<1
um). While flocculation and long-term sedimentation remain a challenge for future
studies, these microcapsules have potential for use in aqueous products such as soft
drinks, juices, and aqueous continuous formulations, among others.

Microencapsulation by spray drying not only makes it possible to obtain dispersible
annatto formulations, but it is also an effective method for protecting the colorants
(bixin and annatto extracts) from light degradation. The light stability of the pigment
in solid state will be directly proportional to the encapsulation efficiency. The higher
the encapsulation efficiency, the lower the sensitivity of bixin towards light. The
quantum yield of bixin and annatto was found to be 30-100 times lower when
microencapsulated compared to unprotected colorants. Native carbohydrates
increase bixin stability against light by increasing its encapsulation efficiency.

The photostability studies contributed to the development of a model to describe the
degradation of solid-state photolabile substances based on analytical techniques and
using computational tools. The model comprises three scenarios. The first is the
exponential degradation of colored substances in homogeneous liquids. The second
scenario is the linear degradation of colored powders when light scattering in the
powder is not significant. And the third scenario is the exponential degradation in
solid state due to a significant light scattering of light in the solid. The annatto
extract or microcapsules follow the second and third scenarios of the solid-state
degradation model. Degradation will be linear until the scattering of light in the
system becomes significant.

To finalize this journey, microcapsules — spray dried annatto, annatto
microencapsulated with maltodextrin, and annatto microencapsulated with sucrose
—were used to color candies. Because the encapsulating agents of the capsules were
dissolved when preparing the candies, the sensitivity of the annatto extract in the
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three formulations used produced very similar quantum yields. These quantum
yields were around 12 times smaller than for unprotected colorants. The smaller
quantum yields were attained because of the caramel matrix that acted as a protector
of the pigments, decreasing their sensitivity to light. These results allow to plan the
packaging of the sweets colored with annatto to prevent color degradation.

Different concentrations of annatto can produce similar chroma in the candies, i.e.,
present similar color parameters a*, b*, and L*. The differences between the
intensity of chroma are visually noticeable for color differences greater than AE >
> 4. These results are valid considering that our sensory study was conducted in
digital format. In general, the color of the candies had a good acceptability by the
participants in the sensory analysis. Then, it is a good indicator for expecting good
acceptability of the color of the candies in a wider population.

The results of this thesis offer a wide spectrum of possibilities of application of the
colorant annatto in aqueous continuous product formulations in the food industry
and in cosmetics. Furthermore, this thesis opens the door for experimental research
in a rising field that has to do with photolabile solid formulations and their
interaction with light.
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O Future Outlook

Based on the journey and results obtained in the present thesis, a number of
questions were raised and there is an acknowledgment for further studies in several
aspects viewed during this work. Some important aspects are discussed below.

It is necessary to optimize the amount of mild alkaline base to be added, in solid
state, to extract the pigments from the seed’s aril. This optimized pigment/mild base
ratio is important to decrease extraction times. Moreover, for analytical purposes,
the quantity of seeds to be used may be decreased as well. Studies regarding this
ratio will make it possible to disperse purified bixin, and other annatto extracts in
water in a more efficient way, i.e., preventing undesired saponification, reducing the
particle average diameter of the colorant particles, and reducing the reactant amount
and analysis times.

This extraction method facilitates further research in the development of bixin or
annatto water dispersible formulations. Studies are needed to prevent flocculation
and sedimentation. These studies may include techniques that make it possible to
reduce the particle size of the pigments. These may include the mild alkaline
extraction method, the increase of the viscosity of the liquid where the colorant is
intended to be applied, or studies on emulsions are also possible.

Previous studies have reported the presence of proteins and phenolic components in
the aril of the seeds of Bixa orellana. It would be interesting to analyze these
contents in Bolivian samples.

With respect to the light stability studies in solid state, topics of interest would focus
on the effect of different particle sizes in the light stability of pure colorant powders.
Variations in particle sizes may be considered above 4 pm to be in the range of
optical geometrics, and below 4 pm where Rayleigh theory approaches may be
considered.

Another topic of interest would be studies regarding the matrices used for coating
or encapsulating the colorants. Matrices with reflecting, fluorescent or scattering
properties would be interesting to consider as encapsulating agents in order to
evaluate their impact on the color stability. Moreover, there is a need to study the
minimal thickness of excipients needed to cover a photolabile substance inside a
pharmaceutical tablet, to protect it against light degradation. These studies are of
significance for offering safer and quality products to patients.
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The model for light stability of the colorants provides an easy model for monitoring
the degradation of photolabile substances when the concentration of the photolabile
substance can be measured, or the concentration of a degradation product. The
model considers the light scattering of the matrix of the powder bed, which can be
measured by separate means. This way, the quantum yield of the photoreaction can
be measured. Conversely, the scattering of the powder excipients may be calculated
by means of photodegradation experiments.

Further studies are needed with respect to the relationship between the reflectance
curves as a function of color concentration of bixin, and how the color changes with
higher concentration. Different concentrations may produce different colors
regardless of the system that contains the colorant, i.e., liquid dispersions or solid
matrix as candies.
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