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Dark chocolate gets popularity for several decades due to its enormous health benefits. It contains several health-
promoting factors (bioactive components - polyphenols, flavonoids, procyanidins, theobromines, etc, and vita-
mins and minerals) that positively modulate the immune system of human beings. It confers safeguards against
cardiovascular diseases, certain types of cancers, and other brain-related disorders like Alzheimer’s disease,
Parkinson’s disease, etc. Dark chocolate is considered a functional food due to its anti-diabetic, anti-inflamma-
tory, and anti-microbial properties. It also has a well-established role in weight management and the alteration of
a lipid profile to a healthy direction. But during the processing of dark chocolate, several nutrients are lost
(polyphenol, flavonoids, flavan 3 ol, ascorbic acid, and thiamine). So, fortification would be an effective method
of enhancing the overall nutrient content and also making the dark chocolate self-sufficient. Thus, the focus of
this review study is to gather all the experimental studies done on dark chocolate fortification. Several in-
gredients were used for the fortification, such as fruits (mulberry, chokeberries, and elderberries), spices (cin-
namon), phytosterols, peanut oil, probiotics (mainly Lactobacillus, bacillus spices), prebiotics (inulin, xanthan
gum, and maltodextrin), flavonoids, flavan-3-ols, etc. Those fortifications were done to raise the total antioxidant
content as well as essential fatty acid content simultaneously reducing total calorie content. Sometimes, the
fortification was done to improve physical properties like viscosity, rheological propertiesand also improve
overall consumer acceptance by modifying its bitter taste.

consumption of chocolate. Germany, Ireland, Great Britain, Sweden,
Estonia, Norway, and Poland are popular examples of per-capita choc-
olate consumption in the world (Hapsari and Yuniasih, 2020).

1. Introduction

Chocolate is a popular, lip-smacking sweet stuff among all age

groups. Its consumption rate continues to grow around the world year
after year. According to the consumption statistics, Switzerland was the
leading country in chocolate consumption. According to a survey done
in 2017, Swiss people have long affairs with the consumption of choc-
olate. Austria was ranked 2nd after Switzerland in per-capita
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The consumer importance of chocolate is very high due to its deli-
cacy and health benefits. The use of chocolate was 1st started in Meso
America. Old Aztecs used chocolate as a valuable drug for the prevention
of different ailments. Chocolate is also effective to increase overall
longevity, sexual appetite, and fertility. These health benefits are due to
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the presence of cocoa in chocolate (Zugravu and Otelea, 2019). Cocoa
was 1st cultivated 5300 years ago in Central America by the Mayo-Chin
chipe people (Fanton et al., 2021). The main antioxidant phytonutrients
present in the cocoa bean are polyphenols and flavonoids. 10% dry
weight of the cocoa bean is composed of polyphenol. The most abundant
flavonoids in cocoa powder are catechins, anthocyanins, and proan-
thocyanidins (Zugravu and Otelea, 2019). Cocoa beans (Theobroma
cacao) contain 50-57% lipid, predominantly known as cocoa butter
(Hannum and Erdman, 2000). Cocoa butter is one of the principal
components of dark chocolate. The major constituents of cocoa butter
are 33% oleic acid, 25% palmitic acid, and 33% stearic acid (Tokede
et al.,, 2011; Didar, 2021). Cocoa is very much popular due to its
extensive health benefits. Cocoa consumption is related to the reduction
of cardiovascular mortality by about 50% (Araujo et al., 2016). Due to
this characteristic, chocolate is considered a functional food; it has a
positive relationship with the prevention of degenerative diseases such
as diabetes, obesity, Alzheimer’s disease, etc. (Araujo et al., 2016;
Gianfredi et al., 2018). When health issues come to our mind, then se-
lection should be proper. Dark chocolate instead of milk chocolate will
be a better option for its high polyphenol and flavonoid content than
milk chocolate. The total polyphenol and flavonoid content in dark
chocolate is five times higher than in milk and white chocolate. The fat
(30 g fat per 100 g) and sugar (52 g per 100 g) content is also quite
higher in milk and white chocolate (Fanton et al., 2021). Henderson and
Hudson (2019) first identified the usefulness of cocoa beverages before
1000 B.C (Henderson and Hudson, 2019) Chocolate-based drinks
enhance the overall vitamin D and calcium status in human beings. It
also strengthens the immune system by increasing IFN-y levels. The
chocolate drink also increases the BMI. Thus it can prevent the problem
of being underweight and can be used successfully in the malnourished
community for the prevention of malnutrition (Taslim et al., 2020).

Manufacturing of chocolate is a multistep process consisting of
fermentation, drying, roasting, nib grinding and refining, conching, and
tempering cocoa beans. During this prolonged procedure, the nutrient
loss is quiet notable. Polyphenol content drops almost 10 times from its
original form. Some flavonoids are completely diminished in time of
formation of Maillard products. For this reason, the antioxidant com-
pounds vary from raw materials to finished products (Mattia et al.,
2017). Approximately 50% of epicatechin is lost during drying. A higher
rate of drying leads to the production of acetic acid which imparts un-
desirable flavors and too slow drying generates high mold growth and an
absence of optimal colour in the chocolate (Cheng et al., 2015).
Degradation of anthocyanin occurs during fermentation due to hydro-
lysis and further polymerization of condensed tannins (Mattia et al.,
2017). During the time of fermentation, the content of epicatechin,
polyphenol and procyanidins are drastically decreased. Even, antho-
cyanidins become non-detectable after fermentation (Zugravu and
Otelea, 2019). To compensate for these large losses of phytonutrients,
fortification is one of the effective ways. If dark chocolate is fortified
with other valuable micro-nutrients; its therapeutic importance will be
raised.

Micronutrient deficiency is a very common scenario in India. So,
fortification is an effective way to solve this problem because it leads to a
higher intake of micronutrients (Clewes, 2013). To the best of our
knowledge similar review emphasizing the role of fortified dark choc-
olate on human health is not available. The current review article covers
the experimental studies which focus on different approaches to forti-
fication and also present the positive impact of dark chocolate fortifi-
cation with different micro-nutrients for raising the overall immunity
and nutritional status by preventing micronutrient deficiency diseases in
the human community. Dark chocolate itself is a nutritious food item
frequently consumed as a desert by people of all age groups. So, dark
chocolate could be a good candidate for fortification. After processing
the losses of nutrients should be compensated as well as to make it a
more affluent source of crucial nutrients, fortification is the crucial
procedure. Fortification of dark chocolate was already done with several
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micronutrients and bioactive compounds. The main aim of the current
work is to explore the positive relationship between dark chocolate
fortification and the alleviation of different diseases. Finally, to raise the
therapeutic importance of newly developed dark chocolate and its
effective utilization for the prohibition of different diseases.

2. Methodology

This review study is performed on the collaboration of different as-
pects of dark chocolate fortification. This study is dealt with the health
benefits of dark chocolate, the different bioactive components present in
dark chocolate, and also the processing steps and nutrient losses during
the processing. There are several recent experimental studies which
have discussed the bioactive components present in dark chocolate
(Virgens et al., 2021; Faccinetto-Beltran et al., 2021). Researchers have
focused on the health benefits of dark chocolate since 2008 (IVicShea
et al., 2008). The processing of dark chocolate and the effect of dark
chocolate fortification on nutrient composition is a commonly discussed
topic (Charoenngam and Holick, 2020). There are numerous research
articles available that have discussed the processing of dark chocolate
and the effect of processing on the stability of several phytonutrients
(Wong, 2018). This review covers those studies, but the main focus of
this review is to identify different approaches to dark chocolate fortifi-
cation and enrichment of overall health benefits and physical properties
of newly developed dark chocolate and ultimately to buildup a positive
relationship between newly developed dark chocolate and disease pre-
vention. Fortification of dark chocolate started in 2007 (Nebesny et al.,
2007). But during the last 5-7 years the trends of dark chocolate forti-
fication has been increased. There are 20 studies from 2018 to 2022 and
13 studies from 2013 to 2017. Searching relevant keywords indicates
that, the health benefits of dark chocolate was a commonly discussed
topic, and several recent studies are available on this topic (Bartkiene
et al., 2021; Lamport et al.,, 2020; Zugravu and Otelea, 2019). So,
searching for relevant keywords related to this topic clearly reflect that
dark chocolate becomes a compulsive topic of discussion among
researcher.

3. Bioactive components present in cocoa

Bioactive components are the secondary metabolites that contribute
additional protection to the cocoa tree from UV lights, parasites, and
pathogens (Lechtenberg et al., 2012; Salvador et al., 2019). Those
bioactive components are responsible for the organoleptic properties of
cocoa and cocoa-derived products, for example, dark chocolate (Apro-
tosoaie et al., 2016; Brglez Mojzer et al., 2016). Dark chocolate is rich in
total phenolic compounds, catechin, caffeine, epicatechin, flavonoids,
etc., that provide higher intensity bitterness, acid taste, cocoa flavor,
astringency, and sometimes negatively affect the acceptance of choco-
late (Virgens et al., 2021). A brief elaboration is given below.

3.1. Polyphenols

Polyphenol is one of the major components in cocoa beans. Poly-
phenols found in the plant are of different types, e.g. phenolic acids,
stilbenes, flavonol and flavan-3-ols, and anthocyanins. Total polyphenol
content in cocoa is partially dependent on the cultivators of cocoa beans.
The amount of polyphenol varies among different cocoa-containing
foods. It gives the plant protection against different herbivores and
pathogens (Manach et al., 2004). In the natural form, cocoa is inedible
because of the high amount of polyphenol content in the raw cocoa
bean. It contributes secondary metabolites and is responsible for
extreme bitterness, and astringency (Marie et al., 2021). Fresh cocoa
bean contains 5-6% polyphenol (Urbanska and Kowalska, 2019). Cocoa
polyphenol has a preventive role against cancer, cardiovascular dis-
eases, metabolic disorders, and anti-inflammatory diseases. Lipid per-
oxidation is inhibited by polyphenols and also reduces LDL cholesterol
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oxidation. Cocoa modulates the glycemic response, platelet functioning,
and inflammation along with systolic and diastolic arterial pressure.
Intestinal inflammation is also delayed by cocoa polyphenol by reducing
neutrophil infiltration and the expression of the different transcription
factors, thus, the production of pro-inflammatory cytokines is getting
lowered. Cocoa polyphenol also possesses chemoprotective effects,
antimutagenic effects, anticarcinogenic and antiproliferative effects, etc.
(Andgjar et al., 2012), (Jalil and Ismail., 2008).

3.1.1. Flavonoids

Cocoa contains 12-18% of flavonoids on a dry basis. Cocoa contains
a higher amount of flavonoids than apple, onion, and wine. The struc-
ture of flavonoids consists of 15 carbon atoms with 2 aromatic rings
(Ring A and Ring B), which are connected through a three-carbon bridge
(RingC). Flavonoids can be further classified into different subcategories
such as flavonols, flavones, anthocyanin, flavanone, flavan 3-ols, an-
thocyanins, etc. (Tsao, 2010). The bitterness of the chocolate is attrib-
uted to high levels of flavonols. This mainly represents the palatability
and organoleptic properties of dark chocolate (Hurst et al., 2008).
Flavonol contributes better healing capacity and photoprotection to the
skin and also promotes better dermal blood flow (Heinrich et al., 2006;
Neukam et al., 2007). Flavonoids are effective against certain types of
cancers and cardiovascular diseases. Cocoa flavonoids have greater
potency in brain functioning. Its neurobiological action gives protection
to vulnerable neurons and also stimulates neuronal capabilities. It can
regenerate neuronal action through the neuronal intracellular signaling
pathways (such as phosphoinositide 3-kinase (PI3-kinase/Akt) signaling
cascades, mitogen-activated protein kinase, and extracellular
signal-regulated kinase, etc.) and finally leads to strong memory and
long term potentiation (Spencer, 2008). Flavonoids restrain neuronal
degeneration by interacting with signaling proteins which are essential
in pro-survival pathways. Thus flavonoids permit protection against
Alzheimer’s, diseases, and Parkinson’s diseases (Spencer, 2009). Cocoa
flavonol is also improved brain function. It also improves insulin resis-
tance and blood pressure and positively modulates endothelial functions
and glucose sensitivity (Desideri et al., 2012; Ballard and Junior., 2018;
Barrio et al., 2020).

3.1.1.1. Flavonols. Flavonol is one of the important candidates of cocoa
flavonoids, which comprises kaempferol and quercetin derivatives.
Cocoa beans and their derived products generally contain a glycosylated
form of the flavonol. Quercetin and its derivatives are frequently
occurring derivatives in cocoa and its derived products (Almatroodi
et al., 2021). Quercetin-3-O-galactoside, quercetin-3-O-arabinoside,
quercetin-3-Oglucoside and quercetin-3-O-rhamnoside, querceti-
n-3-O-rutinoside etc are the examples of quercetin derivatives present in
cocoa beans (Sanchez-Rabaneda et al., 2003). According to Karakaya
et al. the absorption of quercetin glycoside is higher than the quercetin
aglycones due to low water solubility (Karakaya, 2004). Cytosolic
p-glucosidase is the enzyme which involves in the hydrolysis of quer-
cetin glycosides in the enterocytes. In mammals cytosolic -glucosidase
is synthesized in the small intestine, kidney, and liver. Quercetin gly-
cosides are absorbed after deglycosylation and ultimately converted into
quercetin aglycones. Quercetin aglycones are further translocated with
the help of intestinal mucosa by passive diffusion (Day et al., 2003;
Németh et al., 2003).

3.1.1.2. Anthocyanin. In raw cocoa beans, 4% of the total polyphenol is
composed of anthocyanin. Chemically it is glycosides of the anthocya-
nidin aglycones. That is a derivative of flavylium (2-phenyl benzo-
pyrylium) salts (Akkarachiyasit et al., 2010). Cyanidin-3-O-galactoside
and cyanidin-3- O-arabinoside is mainly present in Cocoa beans that
are derivatives of cyanidin (Blanco-Montenegro et al., 2007). Anthocy-
anin is poorly absorbed in the intestine among all the flavonoids (Czank
et al., 2013). Among all forms of anthocyanin, O-glycosyl is most easily

1918

Current Research in Food Science 5 (2022) 1916-1943

absorbed, and it occurs by distributing it into the systemic circulation
(Xie et al., 2016). The absorption of anthocyanin is dependent on
epithelial transporters, such as sodium-dependent glucose transporter 1
(SGLT1) (Ader et al., 2001). It has an effective role in cardiovascular
diseases. It also reduces oxidative stress by reducing the amount of ROS
and by increasing the synthesis of antioxidant enzymes like superoxide
dismutase and catalase (Chiang et al., 2006).

3.1.1.3. Procyanidins. It is another type of cocoa polyphenol which
have an antioxidant effect by reducing the production of mRNA
expression interleukin 2. Thus, it can reduce acute inflammation. It also
enhances the production of pro-inflammatory cytokines and interleukin
1B. The investigation was done at the level of transcription and protein
secretion to detect both the resting and phytohemagglutinin (PHA)-
stimulated peripheral blood mononuclear cells (Mao et al., 2000). The
absorption of cocoa procyanidins is poor in the GI tract. The bioavail-
ability of Procyanidins is influenced by both degree of polymerization
and the presence of A-type linkages (Appeldoorn et al., 2009; Ou et al.,
2012). The location and stereochemistry of the interflavan linkage be-
tween the monomeric units, as well as their molecular size, is the greater
influential factor in the bioavailability of procyanidins. The degree of
polymerization can decrease the absorption capacity of procyanidins
(Aprotosoaie et al., 2016).

3.1.2. Non flavonoids

3.1.2.1. Stilbenes. Another commonly occurring compound in the cocoa
bean is resveratrol. The chemical name of this compound is 3,5,40
-trihydroxystilbene. It can be classified into two forms, the Cis form and
the transform. In those two forms, the cis form is the active form (Hurst
et al., 2008). Due to the similarity of the structure with synthetic
estrogendiethylstilbestrol, sometimes it is also called phytoestrogen.
Resveratrol and its all derivatives elicit different types of biological ac-
tivities such as antiproliferative, cardioprotective activities, chemo-
preventive and anti-inflammatory, antioxidant activities, etc.
Resveratrol enhances NO production and reduces the pressure of the
blood vessel wall. It can enhance the amount of HDL cholesterol and also
inhibits the aggregation of blood platelets (Rauf et al., 2018).

3.1.2.2. Phenolic acid. Phenolic acid is found in fewer amounts in the
cocoa bean. Hydroxybenzoic acids (protocatechuic acid, gallic acid
(GA), vanillic acid (VA), syringic acid (SA)) or hydroxycinnamic acids
(coumaric acid (CuA), caffeic acid (CA), chlorogenic acid (CHA) and
ferulic acid (FA)) are the commonly occurring derivatives of phenolic
acid. Among all mentioned derivatives of phenolic acids, gallic acid (GA)
is the highest occurring compound in cocoa beans. In the upper part of
the gastrointestinal tract, phenolic acid is easily absorbed by passive
paracellular diffusion (Adam et al., 2002). In gastric mucosa active ab-
sorption of phenolic acid takes place. In the stomach FA, GA, CuA, and
CA, CHA is absorbed (Konishi et al., 2006). Among all the derivatives of
phenolic acids, the absorption of GA is the highest. Its metabolization
rate is very fast and rapidly excreted after ingestion (Mennen et al.,
2006). The bioavailability of esterified phenolic acid is 0.3-0.4%.
Hydrolisation of esterified phenolic acids is occurred in the enterocytes
before reaching the bloodstream. The intestinal enzymes are not capable
of breaking the esterified bond. Esterified phenolic acids enter the colon
where metabolized by colon microflora (Azuma et al., 2000).

3.1.3. Non-polyphenols

3.1.3.1. Methylxanthine. Methylxanthine is one of the important
bioactive compounds present in cocoa beans. Methylxanthine can be
classified into theobromine (TB), caffeine (CF), and theophylline (TP).
Theobromine and caffeine is the most commonly occurring compound in
the cocoa bean whereas, theophylline is found in a lesser amount (Hurst
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et al., 2008). Methylxanthine is rapidly absorbed in the GI tract and
metabolized in the liver and then excreted in the urine (Burgos et al.,
2014). Commercially available dark chocolate bars contain 188 mg of
TB and 26 mg of caffeine to increase the amount of theobromine in
saliva, plasma, and urine, oral administration of 376 mg of cocoa is
needed. The amount of TB in blood serum gets higher after 2 h of dark
chocolate intake (Richelle et al., 1999). About 90% of CF is distributed
and absorbed in its undissociated form throughout the whole body. Its
concentration in blood plasma is raised after 30-70 min of ingestion
(Beach et al., 1986).

3.1.3.2. Theobromine. Cocoa contains a significant amount of methyl-
xanthine compounds, in which caffeine and theobromine are the pre-
dominant ones. Theobromine falls under the category of a group of
purine alkaloids that provide numerous physiological benefits (Ashihara
et al.,, 2011). Its bioavailability is quite high than procyanidin (Neu-
fingerl et al., 2013). Theobromine increases the level of HDL cholesterol
in the blood. It also elicits its activity on both heart and lung muscles. It
can stimulate heart muscle and also relaxes bronchial smooth muscles in
the lungs that play a major role in the transmission of intracellular
signals (Blinks et al., 1972). Its amazing antioxidant role is used to treat
depressive disorders (Scapagnini et al., 2012). It might have a measur-
able amount of neurocognitive effect. Its satisfactory amount of anti-
oxidant effect is quite helpful for scavenging the free radicals, which are
produced in the skin in the presence of UV light. Those ROS can nega-
tively alter the signaling pathways in the skin (Saraf and Kaur, 2010).
The health benefits of bioactive components present in dark chocolate
are summarised in Fig. 1.

4. Health benefits of dark chocolates
4.1. Protection against vascular endothelial disorders

According to previous studies, regular consumption of dark
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chocolate will lower the occurrence of high blood pressure. Thus, it
delays the occurrence of Cardio Vascular Diseases (Grassi et al., 2005b,
2008). Vascular endothelial disorder is the most potent key event of
atherosclerosis. The main cause of vascular endothelial dysfunction is
reduced bioactivity of nitric oxide (NO), which dictates impaired
flow-mediated vasodilatation (FMD). Cocoa flavonols can enhance the
circulating NO levels that ultimately raise the response of FMD in
conduit arteries. This effect results in a great increase in microcircula-
tion. Epicatechin-7-O-glucuronide is an independent predictor of
vascular effects when flavonol-rich cocoa is ingested (Schroeter et al.,
2006). It also ameliorates the function of the vascular endothelial system
by improving platelet function in healthy smokers 2-8 h after ingestion
(Engler et al., 2004; Wang-Polagruto et al., 2006; Nogueira et al., 2012).

4.2. Protection from diabetes

It improves insulin sensitivity by reducing insulin resistance. Dark
chocolate keeps blood vessels healthy and makes the blood flow unim-
paired (Grassi, 2005a). Reduced production of NO by the NOS enzyme is
also responsible for defective insulin formation. That can lead to the
generation of insulin resistance. Epicatechin present in the cocoa
augmented the level of endogenous NO production that stimulates PI3K
signaling. PI3K signaling pathways can influence insulin activation and
glucose transportation in the metabolic tissues till the step of Akt acti-
vation. The hemodynamic effect of insulin is characterized by the
recruitment of capillaries leading to the induction of glucose uptake.
Cocoa polyphenol has a dual strategy (Akt/PI3K and ERK1/2 pathways)
to stimulate insulin production from pancreatic p cells. Procyandine is
another beneficial component present in dark chocolate that can reduce
post-prandial blood glucose levels. Though the bioavailability of pro-
cyanidin is poor, it can still interact with glucose transporters. Trans-
location of GLUT4 to the muscle can facilitate central glucose clearance
and enhance insulin signaling (Kerimi and Williamson, 2015; Grassi
et al., 2005b).
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Fig. 1. Bioactive components present in dark chocolate and their health benefits.
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4.3. Protection from oxidative stress

It gets scientific attention for its amazing antioxidant properties and
reduction of cancer (Wan et al., 2001). Free radicals are continuously
generated through metabolic processes. Those free radical damages
healthy cells and dark chocolate consumption lowers the unnecessary
cell damage (Baba et al., 2000). Antioxidants remove free radicals and
protect the body from the early occurrence of cancer and aging (Davison
et al., 2012). Dark chocolate stimulates mitochondrial activity as
detected by citrate synthase activity and enhances glutathione levels
which give protection from oxidative stress. Epicatechin present in dark
chocolate influences mitochondrial production by increasing the level of
nitric oxide that activates co-activator 1-alpha (PCG-la), which is a
stimulator of microbial biogenesis. These results improved mitochon-
drial function, gave protection against oxidative stress, enhanced
cellular metabolism, and ultimately improved cellular metabolism.
Mitochondrial function improves the level of ATP that also stimulates
skeletal function. Epicatechin has another role in mitochondria. It
directly inhibits the mitochondrial permeability transition pore (mPTP)
and gives protection against cell death (Pinilla et al., 2015; Decroix
et al., 2017).; (Munoz et al., 2013)

4.4. Amelioration of obesity

Dark chocolate is also used for weight management due to its low-
calorie content. Regular intake of dark chocolate can reduce obesity
(Farhat et al., 2014). Primary stages of adiposeness in preadipocytes are
hampered by cocoa polyphenols. According to in vitro studies, cocoa
polyphenol extract can resist diet-induced adipogenesis inside the cell
by decreasing mitotic clonal expansion, which is an important step in
DNA remodeling for gene expression atthe time of the development of
fat cells. Mainly 2 types of transcription factors (peroxisome
proliferator-activated receptor gamma and CCAAT enhancer-binding
proteins alpha) are inhibited, which ultimately inhibits the mRNA
expression of fatty acid synthase in these cells (Farhat et al., 2014;
Kord-Varkaneh et al., 2019).

4.5. Maintenance of healthy lipid profile

A moderate amount of dark chocolate consumption will lead main-
tenance of blood cholesterol levels in a healthier direction. Cocoa resists
the absorption and biosynthesis of cholesterol by decreasing the number
of cholesterol receptors. The cocoa product reduces the amount of LDL
and total cholesterol but has no significant effects on HDL levels. Cocoa
polyphenol can reduce lipid peroxidation in the liver and serum, which
lower levels of malondialdehyde production. But the liver glutathione
level is not altered by cocoa fiber (Lecumberri et al., 2007).

4.6. Stimulate brain function

Cocoa is also believed to energize the human body. So, the cocoa-
containing product is generally consumed before engaging in hard
work (Toplar, 2017). Another prime importance of dark chocolate is to
enhance brain function. DC (Dark Chocolate) is believed to improve the
blood flow in both the heart and brain. The different chemical com-
pounds present in dark chocolate stimulate cognitive function and also
positively modulate mood swings (Lippi et al., 2009). Dark chocolate
positively influences the nerve growth factor and theobromine levels in
plasma (Sumiyoshi et al., 2019).

4.7. Anti-inflammatory effect

Several experimental studies found that Dark chocolate also has an
anti-inflammatory effect. It enhances the expression of mRNA, espe-
cially anti-inflammatory cytokines IL10, by diminishing the pro-
inflammatory stress response. Cocoa also has some direct influence on
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immune cells. Therefore, it can modulate innate and acquired immunity.
Secretions of inflammatory substances from macrophages and other
leukocytes are regulated by the ingestion of cocoa (Dugo et al., 2017).
The health benefits of dark chocolate are summarised in Fig. 2.

The beneficial role of dark chocolate is entirely dependent on the
characteristics of cocoa beans. Cocoa beans are rich in cocoa butter, but
they also contain proteins and methylxanthines (caffeine and theobro-
mine), minerals (zinc, phosphorus, potassium, iron, copper, and mag-
nesium), as well as significant amounts of antioxidants (catechins,
dietary polyphenols, proanthocyanidins, and anthocyanidins). 100 g
cocoa contains 836.8 KJ or 200 kcal. The exact nutrient composition of
Cocoa beans is summarised in Table 1.

5. Processing of dark chocolate

Chocolate is processed from cocoa beans after undergoing several
steps (Table 2). At the initial stage, uniformly ripe cocoa pods are
collected from the farmers. Harvested cocoa pods should be fermented
within 3 days. Fermentation involved smashing the cocoa pods by
breaking them down with an object on a concrete surface. Then cocoa
beans are scooped by hand, and then these are taken for the fermenta-
tion step.

5.1. Fermentation

It is done by the basket method. This step consists of 3 stages. The 1st
stage of the fermentation is dominated by yeast. It takes 24-36 h. The
oxygen content and pH both are low in this phase. This stage is fully
anaerobic. In the 2nd stage, Lactic acid bacteria are the predominant
ones. The third stage is dominated by acetic acid bacteria. The alcohol
present in cocoa is converted to acid at a high temperature (50 °C). This
is an exothermic reaction. The chocolate aroma is formed by the
fermentation step (Adeyeye et al., 2010; Afoakwa et al., 2008b).

5.2. Drying

The fermentation process is followed by drying. After completion of
fermentation, beans are weighed and dried in an oven less than 70 °C.
Moisture content is reduced to 6-8%. This process is important for the
preservation of cocoa beans. Low moisture content reduces mold growth
which makes the cocoa beans stable for transportation. After overnight
drying, the beans are passed through a 20-mesh sieve screen for milling.
At the end of milling, the finished product is stored in a refrigerator for
further preparations. Storage should be done in an air-tight black
polythene bag because bioactive components are very sensitive to air
and light (Schwan, 1998).

5.3. Roasting

This process is mainly done by the chocolate factory. 120-140 °C
temperature is applied for the development of the Maillard reaction.
Roasting is essential for the reduction of undesirable compounds. This
process is needed for the decontamination of cocoa beans and also for
the generation of chocolate flavor and aroma. The precursors for the
above steps react and generate new components (Afoakwa et al., 2008b;
Barisi¢ et al., 2019).

5.4. Grinding

Proper grinding and mixing are required to achieve the actual par-
ticle size of the chocolate. In this step, all the ingredients (cocoa liquor,
cocoa butter, sugar, etc.) of chocolate are mixed properly to get a uni-
form mixture. The texture of the chocolate is also dependent on this step.
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Fig. 2. Health benefits of dark chocolate.
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Table 1
Nutrient composition of Cocoa bean (100 g).
Name of the (Abt Caprioli Aremu Afoakwa Poveda et al.
Nutrients et al., et al. et al. et al. (2020)
2020) (2016) (1995) (2013)
Energy (Kcal) 536 504.6 - - 122
Moisture - 3.53 5.0 4.2 3.60
Fiber (g) - - 5.9 - 3.60-13.13
Protein (g) 10.71 12.16 17.5 21.6 10.30-27.40
Carbohydrates - 34.53 - - 7.85-70.25
(€3]
Fat(g) 53.57 35.34 - 55.2 1.50-.49
Saturated 32.14 - - - -
Sodium (g) - - - 3.4 16.00-192.20
Calcium (mg) - - 29.2 140.2 0.23-0.44
Potassium (g) - - - 2313.1 1.25-1.82
Iron (mg) 2.57 - - 2.7 27.60-80.50
Phosphorus - - 201.0 236.6 58-100
(mg)
Copper (mg) - - - 11.1 2.35-6.62
Zinc (mg) - - - 9.7 2.75-19.00
Magnesium - - - 286.8 48-129
(mg)

5.5. Conching and tempering

Final mixing and heating are done in this step. The higher temper-
ature leads to the formation of liquid chocolate. In this step, all the solid
particles are coated with fat, and volatile acids are evaporated. After
conching, proper viscosity is achieved, excess moisture is removed from
the cocoa, and the desired color is developed. After conching, tempering
is applied. This process is done to obtain a stable product. Application of
high temperature helps in the formation of consistently sized crystals of
cocoa butter which ultimately leads to the formation of a stable crys-
talline network during cooling (Afoakwa et al., 2008b; Aprotosoaie
et al.,, 2016). Above mentioned steps are common for all types of
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chocolates. These processing steps are required to retain the cocoa favor
unaltered and are followed over the centuries. This process increases the
overall palatability of the cocoa beans by changing physical and
chemical characteristics. In their native form, cocoa beans are quite
unpleasant in taste. So, many steps are involved in breaking down the
shelled seed (Cotylendon) to neutralize unpleasant flavor. Fermentation
was carried out when piles of harvested cocoa seeds were spontaneously
inoculated. In the 1st 24 h of fermentation, the process is dominated by
yeast, but in the 2nd half, the no. of Lactic Acid Bacteria is getting higher
than yeast. For the preparation of dark chocolate, every ingredient
should be present in the proper amount, for example, cocoa butter
(45%), cocoa powder (15%), sugar (39.52%), Soy lecithin (0.3%), So-
dium Carbonate (0.15%), and vanilla extract (0.03%). The sequential
procedure for dark chocolate preparation is summarised in Fig. 3.

6. Significance of dark chocolate fortification

Dark chocolate is a natural source of antioxidants. Its antioxidant
nature is entirely dependent on polyphenol, especially proanthocyani-
dins, flavan-3-ols (Epicatechin, catechin), and anthocyanins. The
quantity of polyphenol present in dark chocolate is 12-15 mg/g. Its
flavonoid content is comparatively higher than tea and wine. Biological
availability is also greater in dark chocolate because its absorption ca-
pacity is much better than in milk chocolate. (Murga et al., 2011).

6.1. Effect of roasting

During the processing of dark chocolate, cocoa beans undergo
various stages. So, the nutrient and antioxidant content may vary from
the original one to the finished product. One of the important parts of
cocoa processing is roasting, which can alter the composition of Nutri-
ents that already exist in the cocoa beans. Roasting is responsible for the
characteristic taste, color, aroma, and texture (Krysiak, 2006). Most of
the time, 120-150 °C temperature is used for roasting and the total time
taken for this process is 5-120 min. This condition exaggerates the loss
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Table 2
Effect of processing on nutrients.
Processing Key features Effect on nutritional References
Step properties of dark
chocolate

Roasting Chocolate is treated Monomeric flavonols Ioannone et al.
at a high are reduced. (2015)
temperature Flavonoid content is Redgwell et al.
(120-140 °C) reduced. (2003)
temperature. Total antioxidant Moreno et al.
Maillard reaction capacity was reduced (2012)
occurs. by 44% and 45% at (Vicker., 2017)

190 °C for 15mins. (Vicker., 2017)
FRAP decreases 51% Redgwell et al.
and 45% at 125 °C (2003)

and 145 °C. Redgwell et al.
At 125 °C TRAP is (2003)
reduced by 20%.

The amount of

fructose and glucose

is decreased.

10% arabinose lost.

Fermentation It is done by the Procyanidins and Aremu et al.

Basket method. catechins are (1995)
3 step fermentation decreased. Aremu et al.
is applied. Phenolic compounds (1995)
1st phase is decreased than the (Aremu et al.,
dominated by yeast. raw materials. 1995)
2nd stage is On the 9th day and (Aremu et al.,
dependent on Lactic 12th day of 1995)
acid bacteria. fermentation, protein (Aremu et al.,
3rd stage is content is reduced. 1995)
predominant by After the 12th day, (McShea et al.,
acetobacter aceti. inorganic phosphate 2008)
was reduced from McShea et al.
201.0 to 102.0 mg/ (2008)
100 g. (Vicker., 2017)
Calcium content is (Moreno et al.,
increased 29.2 mg/ 2012), (Djikeng
100 g-60.4 mg/100g. et al., 2018)
After the 6‘hday total (Moreno et al.,
fat content is starting ~ 2012), (Djikeng
to decrease. et al., 2018)
The amount of crude
fiber is lost.
Total antioxidant
power is reduced.
The composition of
procyanidins and
flavan-3-ols is
altered.
The amount of
anthocyanin is
reduced.

Conching Solid particles are In the Short time, Mattia et al.
coated with fat and conching process (2014)
volatile acids are higher amount of (Mattia et al.,
evaporated. monomer is 2014)
Desirable color is produced. (Schumacher
developed. In Long term, et al., 2009)
Proper viscosity is conching process
achieved. polyphenols undergo

thermal alterations
that are followed by a
condensation
reaction.

The reduction of
polyphenol is 3%.

Drying The temperature for Polyphenol contentis  Jawad et al.
drying is reduced by 44-77% (2013)
approximately 7 °C. Flavan-3-ol content is ~ Mattia et al.
Moisture content is reduced by 80%. (2013)
reduced to 6-8%. Thermolabile Wong (2018)

Mold growth is
significantly
reduced.

vitamins (Thiamin,
pantothenic acid,
ascorbic acid,
pyridoxine,

(Wong, 2018)
(Wong, 2018)
(Wong, 2018)
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Table 2 (continued)

Effect on nutritional References
properties of dark

chocolate

Processing
Step

Key features

riboflavin, etc) are
reduced.

Vitamin A and
carotenoid undergo
geometric
isomerization and
ultimately reduced
their action.

The amount of
vitamin K is not much
affected during
drying.

of total polyphenol content and flavonoids (Krysiak, 2011). The mono-
meric flavonols are lost during normal roasting temperature (Vicker.,
2017; loannone et al., 2015). The rate of polyphenol degradation is
reduced by maintaining 5% humidity during roasting. For a carbohy-
drate, for example, the amount of fructose and glucose is decreased, but
the concentration of non-reducing sugar (stachyose, sucrose, verbas-
cose, and raffinose) remains unaltered. In polysaccharides, approxi-
mately 10% arabinose is lost, but the overall level of pectic and
hemicellulosic polymers is not changed after finishing roasting. The
level of acetylation and esterification of pectic polysaccharides are not
hampered by roasting. Polyphenolic compounds, polysaccharides, and
Maillard products interact with each other by roasting (Redgwell et al.,
2003). Traditional roasting causes higher nutrient loss than oven
roasting. Antioxidant capacity is lost due to the destruction of the
polyphenolic compounds (Reddy and Love, 1999). The high roasting
temperature will increase the rate of polyphenol degradation, but
sometimes it has been found that a high roasting temperature will lower
the rate of polyphenol degradation due to low roasting time (loannone
et al., 2015). Catechin is one of the important thermolabile antioxidant
compounds, which is partially destroyed by roasting. Flavonoid content
is also decreased during fermentation, but this is entirely dependent on
the type of roasting procedure chosen by the industry (McShea et al.,
2008). The total antioxidant capacity is reduced by 44% and 50% at a
roasting temperature of 190 °C for 15 min (Moreno et al., 2012). The
amount of FRAP decreases by 51% and 45% at 125 and 145 °C roasting
temperatures, respectively. At 125 °C the number of TRAP increases by
7%. At the end of roasting, at 145 °C, temperature TRAP decreases by
about 20% (Vickers, 2017).

6.2. Effect of fermentation

On the other hand, the duration of fermentation also plays an
important role. On the 3rd day of fermentation, the total protein content
does not differ from the raw one, but after 6 days of fermentation, this
value is getting higher, while on the 9th and 12th days, the value is less
than the raw content. The mineral content also differs from the original
cocoa bean to dry matter. After 12 days of fermentation, the amount of
inorganic phosphate varies from 201.0 to 102.0 mg/100 g. But the level
of calcium increased from 29.2 mg/100 g to 60.4 mg/100 g (Aremu
et al., 1995). The total lipid content is starting to decrease from day 3 of
fermentation and the loss is getting significant from the 6th to day 9th
onwards. Ash content is also lowered from the 6th day to the 9th day.
The amount of crude fiber loss is also inversely related to the length of
fermentation time. The antioxidant content of under-fermented cocoa
beans is much higher and has an astringent flavor (McShea et al., 2008).
The combined effect of heat (50 °C) and acid leads to the breakdown of
cocoa seeds. During a time of fermentation process, several organic acids
are generated. Phosphoric, oxalic, malic, and succinic acids are the
organic acids that are responsible for the breakdown of cotyledons. This
imparts the characteristic flavor of the chocolate, but the fermentation
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Mixing 1 min 55 sec
Pre-Refining 1 hr
(Partial reduction of particle size using two roller
refiner)
Pre-Refining 3 hr
(Further reduction of particle size using five roller

refiner)

Lecithin, Cocoa butter,
Sodium carbonate,
vanilla extract

Conching 12 hr
(Achievement of the optimal textural, sensory and
rheological properties using double overthrow conche)

Tempering 2 hr
(Crystallisation of cocoa butter in most stable form)

Cooling

=3

Deoulding

Packing

Fig. 3. Preparation steps for dark chocolate.

step is an uncontrolled and nonsterile process. Some variables interfere (Symbiotic Culture of Bacteria and Yeast). It can be used for the
with the final flavor of chocolate. Mold colonization sometimes nega- fermentation of cocoa beans because polyphenols and antioxidant
tively affects the characteristics and flavor of chocolate. The composi- properties will be enriched after fermentation. The addition of SCOBY
tion and concentration of the flavan-3-ols and procyanidins are altered gel will increase the polyphenol and antioxidant content of dark choc-
during the time of fermentation. According to several researchers’ ob- olate. The addition of SCOBY gel will increase the polyphenol and
servations, fermented cocoa beans contain a higher amount of antioxi- antioxidant content of dark chocolate (Permatasari et al., 2021, 2022a,

dants with astringent flavor. The type of colonization and length of 2022b).
fermentation also result in the breakdown of flavonol content. Antho-
cyanin is an essential antioxidant component present in raw beans, but
this content is reduced in fermented cocoa beans due to polymerization
and hydrolysis of condensed tannin (Djikeng et al., 2018; Moreno et al.,
2012). 20-40% reduction of total antioxidant capacity was observed
during fermentation. Antioxidant capacity was measured by DPPH,
ABTS, and FRAP (Vickers, 2017; Mattia et al., 2013). Recently one of the
simplest and easiest methods of fermentation was found which was
utilized in the formulation of kombucha tea by using SCOBY gel

6.3. Effect of conching

Conching is the mandatory step for attaining the actual viscosity,
flavor, and texture of dark chocolate (Afoakwa et al., 2007). In
maximum time, 70°C-90 °C was used for the dark chocolate prepara-
tion. When the temperature and condition applied for the conching
varies from normal, then the flavor and texture also alter (Konar, 2013;
Owusu et al., 2012). Grinding is the step when cocoa beans are
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converted into fine particles. Grinding also affects the nutrient content
in chocolate. During the time of grinding, the fat and carbohydrate
content of the chocolate is decreased. Conching is another essential part
of processing. Conching is mainly of two types Short Time Conching
process (STC) and Long Time conching process (LTC). Procyanidin
content is significantly differing by the conching process. The compo-
sition of procyanidin varies in chocolate produced by LTC and STC. In
the STC method higher amount of monomer is produced. In LTC, the
polyphenols undergo thermal alteration that leads to a condensation
reaction. On the other hand, a hydrolytic reaction occurs during the STC
process. After considering two methods of conching, the yield of pro-
cyanidin is 70% in its bio-available form (Mattia et al., 2014). The
polyphenol content and total antioxidant content of dark chocolate do
not significantly change during this stage. The reduction of polyphenol
is a maximum of 3% (Ozguven et al., 2016a; Albak and Takin, 2016;
Schumacher et al., 2009).

6.4. Effect of drying

Drying is also responsible for the destruction of polyphenolic com-
pounds. According to the researcher, sun drying reduces the total
polyphenolic content by about 44-77% (Jawad et al., 2013). Sun drying
is an uncontrolled process so it affects not only polyphenol content but
also total antioxidant capacity. Flavan-3-ol is reduced by about 80%
(Mattia et al., 2013). Apart from these antioxidant components, some
types of vitamins are destroyed to some extent during processing due to
their sensitivity to light, heat, and high exposure to oxygen. Certain
types of fat-soluble vitamins, such as vitamin A and carotenoid, undergo
geometric isomerization in time of thermal processing that may cause
the degradation of vitamin content (Wong, 2018). Except for vitamin K,
other types of fat-soluble vitamins are lost during thermal processing.
The stability of the fat-soluble vitamins is dependent on the moisture
content and water activity during processing and storage (Reid, 2020).
Water-soluble vitamins such as Ascorbic acid, Thiamin, folacin, Niacin,
Biotin, and Pantothenic acid are stable in acidic pH but lost in alkaline
pH during manufacturing. Pyridoxin and riboflavin are lost photo-
chemically during processing. Riboflavin biotin and niacin is stable in
thermal processing. Thiamin, pantothenic, and ascorbic acid degrada-
tion occurs more easily due to their high sensitivity to temperature
(Reddy and Love, 1999).

Minerals are much more stable component components, but the
bioavailability of minerals is affected during milling, fermentation, and
thermal processing (Reddy and Love, 1999). So, Fortification is needed

Mechanical Stress

Chocolate

Buissaosoid
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to compensate for this large nutrient loss during processing because
antioxidant plays a vital role in our body. Antioxidants are very much
helpful in scavenging free radicals from our bodies. Those free radicals
are the markers of early aging and also some types of cancers. If dark
chocolate is fortified with antioxidant-rich nutrients and other vital
nutrients, then it could play a vital role in delaying the occurrence of
early aging and also preventing some types of cancers. Fortification also
has multiple roles in enriching dark chocolate to enhance its nutritional
aspects and also immunity-boosting capacity. The concept of fortifica-
tion started successfully over several decades. Now it has become an
emerging concern in every sector of the food industry. Thus, enriching
those antioxidant components which are lost during processing fortifi-
cation is a must. So, Fortification is an important step in chocolate
manufacturing to gain its complete health benefits. The significance of
dark chocolate fortification is summarised in the following Fig. 4.

7. In vivo antioxidant effect of dark chocolate

Chocolate is the most popular confectionary item throughout the
world. But among all the chocolate varieties, dark chocolate is the
healthiest option. Among all health effects, the anti-oxidant property is
one of the most prominent ones. Dark chocolate is rich in polyphenol, a
flavonoid. Epicatechin, flavan-3-ol monomers, catechin, and oligomeric
procyanidins are the flavonoids commonly present in dark chocolate
(Moutou et al., 2004). Flavonoids are very effective against oxidative
stress. After all, they can scavenge free radicals from our bodies because
they can chelate metal ions (Nicole, 2005). Procyanidins and their
monomer, catechin, and epicatechin present in cocoa also have a pro-
tective role against DNA destruction and also reduce LDL oxidation as
well as overall lipid peroxidation. Cocoa provides a safeguard against
arterial plaque formation and maintains arterial flexibility, thus pre-
venting atherosclerosis. Polyphenols and flavonoids are commonly
present in dark chocolate and play dual actions in the treatment of
cardiovascular disease and cancer (Kruger et al., 2014). Not only cancer,
but dark chocolate also delays the generation of AIDS, Alzheimer’s
diseases, and alopecia and is helpful for the recovery of premenstrual
syndrome (Baron et al., 1999).

Equally, it prevents unnecessary cell damage. In certain conditions,
flavonoids and polyphenols also take part in some vital biological ac-
tions, for example, antithrombotic, anti-inflammatory, vasodilatory,
antibacterial, antiviral (against influenza and HIV), antiplaque, and
anticarcinogenic functions. Major polyphenols present in dark chocolate
are Catechin, quercetin, Procyanidin B2, Protocatechuic acid,

Heat induced change

Reduction in Phenolic components

uonesyo

Antioxidant property enrichment

Fig. 4. Significance of dark chocolate fortification.
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epicatechin, etc. Cocoa flavonoids are believed to improve insulin
resistance by changing the vascular endothelial function; flavonoids can
modify glucose metabolism for the reduction of oxidative stress.
Compared to white chocolate, dark chocolate consumption increases
beta cell functioning. The effect is markedly shown in that dark choco-
late consumption is continued for a longer period (Hollenberg and
Norman, 2006). It has also been observed that dark chocolate con-
sumption reduces the fasting blood glucose level and maintains a
healthy blood glucose profile. Flavonoid present in dark chocolate is
responsible for the lowering of insulin resistance in blood and improves
the sensitivity to the insulin receptor by inhibiting
angiotensin-converting enzymes (Engler and Englaer, 2006). This ulti-
mately maintains a healthy blood sugar level (Nogueira et al., 2012).

Flavonols in dark chocolate can dominate the growth of bacteria,
especially gram-positive. Sometimes, several substances present in the
flavonols form hydrogen peroxide (Vickers, 2017), which negatively
affects the growth of gram-positive bacteria. It can also be effective
against the toxins produced by H. pylori infections by suppressing the
activity of urease. Flavonols can damage the bacterial cell wall. They are
also proved to be effective in the prevention of some types of gut cancer,
but the exact mechanism is still unknown.

Researchers have found that dark chocolate has a beneficial effect on
arterial stiffness after doing some intervention studies. An intervention
study was done on 35 individuals, where individuals were treated with
dark chocolate for one week, and it was proved that dark chocolate
improves arterial blood flow performance (Curtis et al., 2012). Flavan
3-ol has a direct effect on the prevention of cardiovascular diseases
(Hooper et al., 2012). It prevents the hardening of arteries and also
decreases the process of sticking white blood cells to the arteries (Fisher
and Hollenberg, 2005; Mink et al., 2007). Flavonoid reduces oxidative
stress by increasing the release of prostacyclins (Erdman et al., 2008).
The main alkaloid present in cocoa is theobromine which shows a
similar type of activity to caffeine. 40 g of dark chocolate contains
approximately 240 mg of theobromine. The role of theobromine in dark
chocolate is still under research. According to some limited findings, it
can be said that theobromine cannot produce any satisfactory results in
terms of anti-oxidant capacity (Cooper et al., 2008).

Dark chocolate is also popular for encouraging brain function. It
influences the blood flow to the heart and brain so improves cognitive
function. Several chemical compounds (tyramine, theobromine,
phenylalanine, caffeine, etc.) are present in dark chocolate, responsible
for the stimulating action on the brain. Phenylalanine is an aromatic
compound that plays the main role in the secretion of endorphin, which
makes a human being alert. Dark chocolate interacts with several neu-
rotransmitters like serotonin and dopamine, which directly or indirectly
regulate reward, mood regulation, and appetite. It enhances cognitive
performance because it removes free radicals from the body, which
causes memory loss and cognitive decline in old age. Several experi-
mental studies have found that regular intake of flavonol-rich cocoa will
increase cerebral blood flow. Thus dark chocolate could be used for the
treatment of cognitive insufficiency, dementia, and stroke (Parker et al.,
2006).

Theobromine also has a role in managing oral problems. It hardens
the tooth enamel and prevents dental decay. Theobromine is not as
strong as caffeine, but it also suppresses vagus nerves so it can cure
cough (Martinez et al., 2015). Dark chocolate is a rich source of micro-
nutrients, for example, vitamins B1, B2, B3, B9, K, Calcium, phosphorus,
magnesium, manganese, iron, selenium, copper, potassium, and zinc.
Potassium and copper have a cardioprotective role, especially in stroke
and cardiovascular ailments. Iron is helpful for the prevention of anemia
and magnesium has a role in pancreatic beta-cell functioning. Due to the
presence of magnesium, dark chocolate has a preventive role against
Type II Diabetes (Haritha et al., 2014). Cocoa product intake can correct
magnesium deficiency problems in rats, but enough evidence was not to
support this statement in the case of humans (Planells et al., 1999). So,
At last, it can be well defined that dark chocolate has multiple
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therapeutic roles in human health. So, in the future dark chocolate could
be an alternative medicine for the prevention of various degenerative
diseases.

8. Approaches to fortify dark chocolate

The main motivation of the fortification is not only to make the
product self-sufficient and complement the food product but also to
make it nutritionally enriched. There are different approaches to forti-
fying dark chocolate. Several experimental studies have been done on
dark chocolate fortification. For example, fruits and nuts, phytosterols,
eicosapentaenoic acid, docosahexaenoic acid, etc., were fortified with
dark chocolate. This review study includes different types of dark
chocolate fortification. The detailed approaches are explained below
(Table 3).

8.1. Dark chocolate fortified with fruits and nuts

Several researchers worked on fortification with fruits Ozguven et al.
did fortification of dark chocolate with spray-dried black mulberry.
Mulberry contains isoquercitrin, rutin, and 3-(- malonylglucoside),
which reduces copper-induced LDL oxidation. It also plays an effective
role in the prevention of atherosclerosis and Diabetes. Black mulberry is
a rich source of flavonoids, especially anthocyanin, but during pro-
cessing, storage, and distribution or in time of passing through the GI
tract, the concentration of anthocyanin is lost to some greater extent. So,
the main concern of this study is to store the existing amount of
anthocyanin present in the black mulberry. So, the Fortification of
mulberry in dark chocolate should be done in encapsulated form. The
extract of black mulberry was combined with a fine dispersed anionic
liposome, and the process was done by homogenization at 25,000 psi.
Cationic chitosan was used to cover the primary liposome by using layer
by layer depositing method. Maltodextrin was added before spray dry-
ing of mulberry. The fortification was done in the pH range of 4.5, 6, and
7.5 at conching temperatures of 40 °C, 60 °C, and 80 °C. The use of li-
posomes in time of fortification gave better protection against the loss of
anthocyanin content, even though the sharp fluctuation in temperature
and pH. Encapsulation also enhances the in-vitro bioaccessibility of
anthocyanin (Ozguven et al., 2016b).

Godocikova et al. discussed the dark chocolate fortified with Sea
buckthorn and mulberry. After fortification, the number of bioactive
components was compared with the plain chocolate. Dark chocolate
contained more polyphenolic compounds compared with milk chocolate
and white chocolate. Milk solid reduced the availability of polyphenolic
compounds. After fortification of dark chocolate with mulberry and sea
buckthorn had a higher amount of polyphenol content than the control
sample. The greater amount of polyphenol was mainly due to the
presence of mulberry, even when a low amount of buckthorn was pre-
sent. This study also included some other research works done on fruits
and vegetables fortified with dark chocolate. Fruits are a rich source of
polyphenols. Dark chocolate was fortified with different fruits like dried
mulberry, prunes, papaya, cranberry apricot, and raisins. Especially
fortification with prunes and cranberries has shown better polyphenol
content than the control group. The total flavonoid content was almost
double that of the original chocolate. The highest flavonoid content was
observed again in mulberry fortified dark chocolate. Phenolic acid
content was inversely related to the fortification with buckthorn. Total
phenolic acid content was less than the normal chocolate. In terms of
total antioxidant capacity measured by the DPPH free radical scav-
enging method best result was observed in the mulberry fortified
product (4.39 mg TEACa™!). Even the reducing power analysis also
showed the best result in mulberry fortified dark chocolate (16.79 mg
TEACa™!) (Godocikova et al., 2017).

Here sik et al. had done another different type of fortification. In this
experimental study, dark chocolate was fortified with lemon balm
extract and rosmarinic acid level was checked. Lemon balm extract was
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Table 3
Dark chocolate fortification approaches.

Fortification
approach

Fortifying agent

Aim of fortification

Method of fortification

References

fortification with
Fruits and nuts

fortification with
spices and herbs

Fortification with
Prebiotic and
probiotic

Black Mulberry

Sea buckthorn and mulberry

Lemon balm extract

Pequi mesocarp (pulp)

elderberries (EFrE), elderflowers
(EFIE), and chokeberries (ChFrE)
plant extract

Dates and palms

Cinnamon oil

Cinnamon powder

Cinnamon bark

Sakura green tea leaves and
turmeric

Inulin (Prebiotic)

Bacillus coagulans

Lactobacillus casei0l and
Lactobacillus acidophilus 5

Lactobacillus casei and
Lactobacillus paracasei

Lactobacillus plantarum

L. plantarum 299v (L299v) and
L. acidophilus La 3 (DSMZ 17742

Leuconostocmessenteroids

To enrich the amount of anthocyanin content
in dark chocolate.

To enhance the number of bioactive
components, present in dark chocolate after
fortification.

To enhance the amount of rosmarinic acid
content by fortifying with lemon balm
extract.

To improve the physical properties and
nutritional properties for successful
industrial production.

To enrich the functional properties of dark
chocolate.

To increase the amount of natural sugar
extracted from dates and palms and also to
reduce the total sucrose content of dark
chocolate.

To increase the amount of total antioxidant
content in dark chocolate.

To improve the dark chocolate sensorially,
aromatically, and analytically.

To make the dark functionally and
nutritionally enrich by adding cinnamon
bark to the dark chocolate.

Increasing the nutrient and antioxidant
content of dark chocolate thus can prevent
CVD and other degenerative diseases
successfully.

To design the chocolate in such a way that
this can be used for the therapeutic purpose
of the Prevention of gastrointestinal
problems.

To make a novel type of dark chocolate that
contains live microorganisms which could be
helpful for the reduction of pathogenic
bacteria in the intestine?

To enhance the functional property of dark
chocolate by adding an important variant of
probiotic bacteria.

To make healthy chocolate for diabetics by
adding Lactobacillus casei and Lactobacillus
paracasei strains and assess the overall
acceptability during preservation.

To make the dark chocolate suitable
transporter for probiotic bacteria.

Probiotic dark chocolate was made with low-
calorie sweetener to use successively for
diabetic individuals.

To produce symbiotic chocolate to gain
combined benefits from prebiotics and
probiotics.
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The black mulberry was added in the
encapsulated form to restore the efficiency of
anthocyanin when it will be passing through
the GI tract.

The fruit extracts were directly added to the
dark chocolate after extracting bioactive
components from it. After fortification, the
total polyphenol, flavonoids, and total
antioxidant capacities were checked.

This lemon balm extract was added in the form
of freeze-dried after fortification rosmarinic
acid content was checked.

pequi mesocarp (pulp) was added in
lyophilized form.

The dried plant extract was used for
fortification.

The palm and dates were added in the form of
syrup. This syrup was added atthe time of the
formation of dark chocolate. This was done by
the double broiler method.

The cinnamon was added in different
percentage (0.25%, 0.50%, and 0.75%). The
best possible concentration of cinnamon oil
used for fortification was analyzed by checking
sensory evaluation. The total antioxidant
capacity was also checked after fortification.
Cinnamon was added in the form of powder.
Gas chromatography-mass spectroscopy was
used to analyze bioactive components and
sensory properties were checked by using
olfactometry and trained panelists.

This fortification was done by adopting the
process of encapsulation. Encapsulation was
done to improve the functionality and
bioavailability of the product.

The fortification was done in powdered form.
Several bioactive components were checked
after fortification for eg.ferulic acid,
epicatechin, and epigallocatechin level were
measured. FRAP and ABTS were applied to
evaluate total antioxidant capacity.

Inulin was added in powdered form. The
sensory properties were checked by the trained
panelists.

The bacteria were added after lyophilization.
The stability of the new variant of chocolate
was analyzed. The sensory properties were also
checked after fortification.

After adding lyophilized strain, the viability of
live microorganisms was checked during
preservation. The sensory properties were
analyzed after fortification and storage.

After adding lyophilized strain, the viability of
live micro-organisms was measured even
during preservation. This chocolate was
specially developed for diabetic patients. So,
sucrose was replaced with Aspertame. To
increase the volume of the finished isomaltose
was added to the dark chocolate.

After the addition of lyophilized strain. The
number of volatile components and aromatic
profiles were evaluated. The stability was also
checked even after 60days and 180days after
preservation.

Microencapsulated strain was added in
maltodextrin and then spray dried form was
added to the dark chocolate.

Dark chocolate was fortified with sterile flax
seeds and fresh probiotic culture. After

Ozguven et al.
(2016b)

(Godocikova et al.,
2017)

Sik et al. (2021)
Lorenzo et al.
(2022)

Polinski et al.
(2021)

Ibrahim et al.

(2020)

Dwijatmokoa
(2016)

Albak and Takin
(2015)

Praseptiangga
et al. (2019)

Martini et al.
(2018)

Norhayati et al.
(2013)

Kobus-Cisowska
et al. (2019)

Kemsawasd et al.
(2016)

Nebesny et al.
(2007)

Mirkovi¢ et al.
(2018)

Fernandez et al.
(2021)

Waghmode et al.
(2020)
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S. Samanta et al.

Table 3 (continued)

Current Research in Food Science 5 (2022) 1916-1943

Fortification
approach

Fortifying agent

Aim of fortification

Method of fortification

References

Fortification with
leaf

Fortification with
polysaccharide

Fortification algae

Fortification with
lipid and related
components

Fortification with
Protein

Fortification with
bioactive
components

Bacillus indicus HU36,
maltodextrin and lemon fiber

Raspberry leaf

Poly dextrose and inulin

Xanthan gum, corn starch, and
glycerine blends

Polyglycerol polyricinoleate:
water: gum Arabic: invert syrup

Wheat germ

D-tagatose and inulin

Astaxanthin

Spirulina platensis

Spirulina platensis

Arthrospira carotenoid

Phytosterols

Peanut oil

DHA, EPA

Santolina chamaecyparissus

Whey Protein Isolate and
erythritol

Flavonol

Flavan-3-ol

Enrichment was done to produce functional
dark chocolate.

To analyze the effect of raspberry addition to
the three types of chocolate example dark
chocolate, milk chocolate, and semi-sweet
plain chocolate.

To make the chocolate less calorie dense by
replacing sugar with polysaccharides and
inulin.

The main focus of this study was to make the
chocolate healthier by replacing the cocoa
butter with a mixture of polysaccharides in
dark chocolate.

To improve the molding stability during the
storage of dark chocolate.

To study the nutritional and physical
characteristics of wheat germ fortified dark
chocolate.

Production of fortified dark chocolate by
using D-tagatose and inulin to reduce overall
calorie content and glycemic index.

To ensure if newly fortified dark chocolate
could reduce the oxidative stress parameters
in the human body.

To compare the effectiveness of dark
chocolate and milk chocolate when fortified
with Spirulina platensis.

To make the dark chocolate calorie and
vitamin A-rich, betacarotene was extracted
from Spirulina platensis for fortification.

To enhance the antioxidant content and
check the acceptability of dark chocolate
after the addition of arthospira carotenoid.

Phytosterol has multiple roles in CVD
prevention. So, the main focus of this study
was to increase the unsaturated fatty acid
content in dark chocolate by fortification.
To increase the composition of healthy fat in
dark chocolate. So fortification with peanut
oil could improve the composition because
peanut oil was rich in tocopherol,
phytosterol, and monounsaturated fatty
acids.

To enrich dark chocolate with DHA and EPA.
DHA and EPA are very good components for
brain development.

To make the dark chocolate essential fatty
acid rich as well as the antioxidant content.

To measure the effect of whey protein isolate
(WPI) and erythritol addition on
physicochemical properties of untempered
high-protein (16%, 20% and 24% of protein),
sugar-free dark chocolates intended for
athletes and diabetics.

To enhance the overall antioxidant capacity
(flavonol content and procyanidin content) of
enriched chocolate.

To understand the exact mechanisms
involved in the prevention of platelet
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fortification overall antioxidant capacity was
checked.

The lyophilized strain was added to the dark
chocolate. The lemon fiber and malto dextrin
were added in powdered form.

Freeze-dried leaf extract was added to make the
healthy chocolate, After fortification physical,
sensory and biochemical properties were
measured.

Polydextrose and inulin were directly added.
Mechanical and rheological properties were
checked after fortification.

Ingredients were directly added atthe time of
formulation of chocolate. Physical properties
(flow parameter, overall viscosity) were
measured after fortification.

Polyglycerol polyricinoleate: water: gum
Arabic: invert syrup this combination was
added in the form of emulsification.

Both grounds and intact wheat germ were
added during the time of chocolate mounding.
After fortification, the proximate analysis was
done to check the total nutrient content.
Physical, microbiological, and sensory
properties were checked.

Fortifying agents were added in the powder
form and then the physiochemical properties
were checked.

The experiment was done in 4 groups. After
applying the astaxanthin fortified dark
chocolate oxidative stress biomarkers
(Malonicdialdehyde and oxidized LDL level)
were measured.

The fortification was done by the encapsulation
method. The color, texture, and aroma were
compared with the control and that newly
developed chocolate. The shelf life of those
chocolates was also measured.

Spirulina was added in encapsulated form. To
get a better result the researchers applied the
analytical hierarchical method. The survey was
carried out on 100 respondents.

The project mapping method was applied to
analyze the consumer response after
fortification. Colour, texture, and flavor were
evaluated after fortification.

Phytosterol was esterified with canola oil fatty
acid and then it was added. After fortification
measure the amount of unsaturated fatty acids
in finished products.

The fortification was done by adopting the
micro-encapsulation method. A spray drying
technique was involved to encapsulate peanut
oil.

EPA was added in the form of micro-
encapsulated powder from fish gelatin and
DHA was added in the form of free-flowing
micro-algal powder.

After extraction of essential oil by
hydrodistillation method from this leaf, the oil
was added to the chocolate in molding process.
WPI and Erythritol were directly added to the
melted chocolate. Then molded in a proper
shape.

This experimental study analyzed the total
antioxidant capacity of the enriched chocolate
and compares it with the normal conventional
chocolate.

42 healthy individuals were selected for the
experiment. After applying fortified dark

Erdem et al. (2014)

Cvitanovic and
Bauman (2012)

Aidoo et al. (2017)

Syafiq et al. (2014)

Lillah et al. (2017)

Marazeeq (2018)

Shourideh et al.
(2012)

Petyaev et al.
(2018)

Asti and Ekantari
(2020)

Ekantari et al.
(2019)

Ramadhanti et al.
(2021)

Botelho et al.
(2014)

Cooper et al.

(2007)

Toker et al.

(2018a)

Bolek et al. (2022)

Nastaj et al. (2022)

Gonzalez et al.
(2020)

Ostertag et al.
(2013)
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Fortification Fortifying agent Aim of fortification Method of fortification References
approach
aggregation by applying flavan-3-ol enrich chocolate several blood and urine parameters
dark chocolate were checked for the analysis of platelet
aggregation. ADP-induced platelet
aggregations and p selectin expression were
checked.
Flavan-3-ol To check out the acute effect of flavan-3-ol The assessment was done on plasma metabolon ~ Ostertag et al.
enriched dark chocolate on cardiovascular before 2 h and after 6 h of taking dark (2017)
disease. chocolate. A comparative study was done
between 3 types of chocolates.
Rice berry rice Anthocyanin The main purpose of this study was to make Anthocyanin was added in the form of freeze- Ngamdee et al.

healthier chocolate by enhancing its

anthocyanin content.

dried powder. Maltodextrin was used for (2020)
covering those anthocyanin particles. It was
added in the concentration of 5, 10,15 g/g

cocoa powder.

added in the form of freeze-dried. This freeze-dried lemon balm extract
was incorporated to enhance rosmarinic acid content. Rosmarinic acid
incorporation was done to increase its antioxidant content. It also plays
several vital functions in our body, such as acting as an immunomodu-
latory, anti-inflammatory, antidiabetic, antimicrobial, hepatic, and
renal protectant agent, and anti-allergic. Even when the sensory evalu-
ation was done there was no significant alteration observed after forti-
fication. So, it could be said that lemon balm extract could be used as a
fortifying agent for dark chocolate (Sik et al., 2021).

Some researchers have fortified dark chocolate with lyophilized
pequi mesocarp (pulp). After fortification, scanning electron micro-
scopy, granulometry, carotenoids and centesimal composition were
analyzed. 1.5% lyophilized pequi mesocarp was used for the fortifica-
tion. Total antioxidant capacity, physiochemical parameters, particle
size and rheological properties, and other nutritional properties were
significantly altered after fortification. After fortification, the content of
oleic, linoleic and palmitic acids content were increased. Lyophilization
was chosen for the preservation of existing nutritional qualities. The
phenolic content of the fortified chocolate was increased from 235.98 pg
GAE mL! to 813.49 pg GAE mL™L. In this study, lyophilization was
chosen for the preservation of existing nutritional qualities (Lorenzo
et al., 2022).

According to Polinski et al. dark chocolate was enriched with
chokeberries (ChFrE), m elderberries (EFrE) and elderflowers (EFIE). In
this experimental study, the dark chocolate which was used for the
fortification was already containing zinc lactate. The formulated choc-
olate was taken for the analysis of total antioxidant capacity By ferric-
reducing antioxidant power (FRAP), 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) methods.
Folin—Ciocalteu (F-C) assay was used to check total phenolic content
(TPC). The highest TPC and antioxidant capacity were observed in dark
chocolate enriched with chokeberries (DCh + ChFrE). Viscosity, total fat
content and some physiochemical properties (moisture content) were
also checked (Polinski et al., 2021).

The researcher was focused on the fortification of dark chocolate
with palm sap (CPS) and date sugar (CDS). Physiochemical and me-
chanical properties were checked after fortification. The fortified
chocolate contains 4.18% (CPS) and 3.96% (CDS) moisture which was 4
times higher than the control (1.24%). CDS produced a higher amount of
agglomerated moisture. CPS had the smallest aptitude to hold the load
with measured penetration of 180 g/s measured by harness measure-
ment study hence CPS had a much softer texture than other variants.
Colour was not affected after fortification. There was a slight increase in
the roughness of the chocolate after fortification in both types. After
concerning all parameters overall acceptability was increased by the
consumer (Ibrahim et al., 2020).
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8.2. Dark chocolate fortified with spices and herbs

Indian spices and herbs also could be a good candidate for the
fortification of dark chocolate. This review study also includes some
types of experimental studies. Here the dark chocolate was fortified with
cinnamon essential oil. According to Dwijatmokoa et al. Cinnamon is a
very popular type of spice for culinary use. But it also has numerous
immunity-enhancing properties due to the presence of cinnamaldehyde.
This component is responsible for the antioxidant property by inhibiting
oxidative reaction and is also believed to enhance the acceptability of
the product due to its excellent flavor-enhancing capacity. It also has
anti-inflammatory, and anti-diabetic characteristics. It also reduces
serum LDL and triglyceride levels, thus reducing the risk of developing
cardiovascular diseases. Certain literature studies showed that cinna-
mon also has antimutagenic, anticancerous, hypoglycemic, and hypo-
lipidemic properties. Due to the addition of cinnamon oil to the dark
chocolate, the sensory property improved more than the control due to
its significant aromatic properties. Fortification was done in the con-
centration of 0.25%, 0.50% and 0.75%. The fortification did not
significantly affect the color of the product. In 0.25% addition got the
best result in terms of taste because 0.50% and 0.75% were getting much
spicy. So from the results of the panelists, it could already be proved that
the acceptability of the chocolate was higher when fortified with mild
cinnamaldehyde with a concentration of 0.25% due to mild aromatic
flavor. The main aromatic compound present in cinnamon is trans-
cinnamaldehyde (55.45%) which is responsible for the beneficial
properties of chocolate. Cinnamaldehyde was effective in increasing the
efficiency of pancreatic § cells when consumed at the concentration of
20 mg/kg body weight. The total antioxidant capacity of cinnamon oil
was 0.60 + 0.05 mg TAE/g (Dwijatmokoa, 2016).

Another experimental study was done by Albak et al. on the fortifi-
cation of refined dark chocolate with cinnamon powder. This powder
was added to the dark chocolate at the time of the conching process. The
fortification was done in a laboratory-style conching machine. Aromatic
properties were tested both sensorial and analytically. The sensory
characteristics were checked by trained panelists, and the olfactometry
and solid-phase microextraction (SPME)-gas chromatography (GC)-
mass spectroscopy (MS) worked in a combined way to measure the
analytical profile of the newly developed product. The innovative
product got greater acceptance in the overall inclination test. Conched
sample’s fruity odor value was lower than the unconched sample. Cin-
namon chocolate produced a more specific aroma than normal dark
chocolate. This aroma was produced due to the interaction of cocoa
mass and cinnamon. The amount of pyrazine was reduced and the
amount of aldehyde was increased during conching. But certain textural
properties such as hardness and coarseness of the sample were not rich
at the satisfactory level. They scored below the reference result. The
proximate analysis showed the proportion of macronutrients. The
nutritional composition of fortified dark chocolate was Carbohydrate-
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57.80%, Protein-8.73%, Fat-30.70%, Ash-2.15%, Moisture-0.54%. After
conching 26 aromatic compounds were identified, for example, Butanal,
3-methyl, 1-propen-2-ol-acetate, Pyrazine, 2,5, dimethyl, etc. (Albak
and Takin, 2015).

Dark chocolate was also fortified with cinnamon bark to make the
chocolate functionally and nutritionally rich. According to Pra-
septiangga et al. the chocolate fortification was done by the encapsu-
lation method to cover undesirable characteristics of oleoresins. At the
time of encapsulation, the cinnamon bark was added in the concentra-
tion of 4%, 6%, and 8%. The encapsulation is also used to improve the
functional properties of the chocolate and also to improve the
bioavailability of the fortified product. After fortification, physical,
chemical, and sensory properties were assessed. The fortification at the
rate of 8% was the best-accepted product by the panelists. Oleoresin
microcapsule addition was markedly affecting the texture, phenolic
content, and lightness of the final product. The finished product contains
amide, methylxanthines, esters, aldehyde, hydrocarbon, tocopherol, and
phytosterol. A higher amount of oleoresin reflected a higher amount of
antioxidant capacity. After considering all the parameters, the addition
of cinnamon bark in the concentration of 8% was the best product with a
higher amount of tocopherol antioxidant content (Praseptiangga et al.,
2019).

According to Martini et al. dark chocolate was fortified with sakura
green tea leaves and turmeric. After fortification, the polyphenol profile
was checked and compared with the original one. Dark chocolate could
be used in the treatment of cardiovascular diseases, but the phenolic
profiles are not identified properly in previous studies. So, this study was
mainly focused on the identification of phenolic compounds present in
normal dark chocolate and fortified chocolate. Normal dark chocolate
contains catechin and procyanidin that represent more than the 90%
phenolic profile of cocoa products. In flavan 3-ols the major monomeric
structures are catechin and epicatechin. It has been found that epi-
catechin has a cardioprotective role in older patients. In the healthy
adult male, the elevation of nitric oxide, level occurs after taking
flavanol-rich cocoa, which results in enhanced flow-mediated dialated
response in arteries. Hydroxycinnamic is another compound that com-
prises a 20.6 percent phenolic profile of dark chocolate. Another major
component is ferulic acid. Whereas sakura green tea leaves fortified dark
chocolate (GTDC) contain a higher amount of phenolic compound than
normal chocolate. Due to high phenolic content, the antioxidant capa-
bility also rises more than normal. The Ferric reducing capacity and
ABTS radical scavenging capacity rise to 144% and 40%, respectively.
Epigallocatechin, epicatechin (49%), procyanidins, and hydroxycin-
namic acid were increased than the normal dark chocolate. On the other
hand, turmeric fortification also increased the total polyphenolic con-
tent. In addition, that turmeric contains curcuminoids which provide
additional health properties such as antimutagenic, anti-inflammatory,
anticancer, antioxidant, anticoagulant and antimicrobial, etc. So, it
provides better tolerance against several chronic degenerative diseases
such as neurological diseases, diabetes, cancer, and obesity (Martini
et al., 2018).

8.3. Dark chocolates fortified with prebiotics and probiotics

Another type of fortification was done in dark chocolate, for
example, prebiotic fortified dark chocolate. According to Norhayati
et al. Inulin is one of the most popular types of prebiotic with multiple
health benefits. Prebiotics are one of the essential components of
maintaining gut health. They are helpful in maintaining a healthy count
of probiotic bacteria in the gut; they protect the human body from an
intestinal infection, stimulate mineral absorption, prevent constipation
and reduce the incidence of colon cancer. Prebiotics are also responsible
for the production of vitamin B. The inulin is added in such a way that
the healthy components should be restored. Prebiotic chocolate had a
better shelf life of up to 12 months when stored at 18 °C. No fungal
growth was observed after processing, and it was also fairly accepted by
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the sensory panelist due to its good taste. So, after this product devel-
opment, it could be a better option in terms of sugar-free confectionery
items (Norhayati et al., 2013).

Another example of innovative fortification was probiotic fortified
dark chocolate. This novel type of chocolate was made with Bacillus
coagulans. According to Kobus et al. Probiotics are generally used as a
medication for the treatment of intestinal problems. It can inhibit the
growth of pathogenic bacteria. The concentration of polyphenol and its
bioavailability were evaluated in this in-vitro study. Bacillus was used
for fortification because bacillus can form endospores, so its activity in
harsh conditions was not destroyed easily. After enrichment of the
chocolate, the polyphenol content, pH and acidity were not affected. The
sensory property did not differ sharply from the original dark chocolate.
But from this, it was observed that the higher survival rate of Bacillus
coagulans was observed when it undergoes the GI tract. Thus Dark
chocolate provides a suitable matrix to deliver Bacillus coagulans to the
human body, especially to children so, this novel product could also be
an example of functional food (Kobus-Cisowska et al., 2019).

According to Kemsawasd et al. three types of chocolate (milk, white
and dark) were fortified with different strains of probiotic bacteria, for
example, Lactobacillus casei 01 and Lactobacillus acidophilus LAS5. After
fortification stability of those bacteria was checked up to 60days of
storage. For both cultures, the viable count of those bacteria was more
than 6 logs CFU/g when stored at 4 °C for 60 days. Chocolate provided a
suitable transporter to transport probiotic bacteria without affecting its
bioavailability in the gastrointestinal pH. The probiotic fortification was
not affecting the overall sensory attributes of the chocolate. After 60
days of storage, the overall liking was decreased by the consumers. But
within proper storage time, it could be used as the best carrier for
delivering the probiotic bacteria to ensure the consumer’s overall health
status (Kemsawasd et al., 2016).

Another effective study was done on the same fortification by
Nebesny et al. Here, and the dark chocolate was supplemented with
lactobacillus casei and Lactobacillus paracasei. In this experimental study,
those bacterial strains were lyophilized in milk. The total number used
for the supplementation was 7.9 x 109 cfu/g. Sucrose, Aspartame, and
isomaltose were used as bulking agents and sweeteners. The sensory
properties of chocolate did not differ from the conventional ones. If
sucrose was not used, then the calorie value was decreased by about
11.1-14.6%. Sucrose-free dark chocolate was developed for diabetic
patients by using aspartame and isomaltose. This newly developed
chocolate was easily stored for 12 months affecting its viable count. Up
to 12 months of storage, those probiotics maintain a higher bacterial
count, nearly 106-107 cfu/g. The temperature should be maintained at
4-18 °C. The number of volatile acids and textural properties was not
altered before and after the addition of probiotic supplements. The
sucrose-free chocolate supplemented with lyophilized bacteria con-
tained 3-55% less fat content. So, it’s a good choice not only for diabetic
patients but also could be used for the treatment of obesity (Nebesny
et al., 2007).

Dark chocolate was also fortified with Lactobacillus plantarum bac-
teria in encapsulated form. This study was done by Mirkovic et al. After
fortification, volatile properties and sensory profile were evaluated. Two
types of strains (Lactobacillus plantarum 299v, Lactobacillus plantarum
564) were used for the incorporation. Their survival rate was checked
after 60days and 180days of preservation. 108 cfu/g was seen after
60days of preservation and 106 cfu/g after 180 days of preservation. No
major differences were observed between the control and experimental
chocolate in terms of the composition of volatile components. Even there
was no effect was observed due to the addition of probiotics to the
chocolate. The appearance, aroma, and color were not disturbed even
after 60 and 180 days of storage. These strains could be used as a for-
tifying agent to fortify dark chocolate without affect ting any charac-
teristics of dark chocolate (Mirkovic et al., 2018).

Some experimental studies have focused on the production of sugar-
free dark chocolate. But Fernandez et al. have focused on sugar-free
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chocolate that was fortified with probiotics. This fortified chocolate
could be easily used by diabetic individuals. Here L. acidophilus La 3
(DSMZ 17742) and L. plantarum 299v (L299v) strains were used as
probiotic bacteria, whereas; stevia (Stev), polydextrose (Pol), inulin
(Inu) and isomalt (Iso) were used as natural low-calorie sweeteners.
Low-calorie sweeteners were used in combination with Pol + Inu and
Iso + Stev. Sensory acceptability and physiochemical properties were
not affected by probiotic addition. The best result was obtained when
dark chocolate was fortified with the combination of Iso + Stev + Pro-
biotics. This formulation is successively used by diabetic individuals

According to Waghmodeet al., dark chocolate was fortified with both
prebiotics and probiotics. This combined fortification produced symbi-
otic dark chocolate. The source of the prebiotic was flax seed and the
probiotic strain was Leuconostoc messenteroid. Flax seed was chosen
because it promotes the growth of probiotic bacteria. Biochemical,
morphological, and MALDI-TOF tests were done to check several char-
acteristics of the probiotic culture. Leuconostoc messenteroid was chosen
due to its high tolerance in NaCl, temperature, pH, bile salt, etc. It also
has the capability of the production of hydrogen peroxide. Thus it can
produce cytotoxic activity against neuroblastoma cells (30%) and MDA,
MB 231 (48%). Ultimately the symbiotic chocolate produced more
antioxidant activity, for eg. 200 pg torolox/mL when measured by FRAP
assay and 90 p/mL by DPPH method. Ultimately symbiotic chocolate
provides excellent nutritional support for maintaining a healthy gut in
human beings (Waghmode et al., 2020).

Here also, some researchers are kin interested in the production of
symbiotic chocolate. According to Erdem et al., Bacillus indicus HU36
and dietary fibers (maltodextrin and lemon fiber) were used as fortifying
agents of dark chocolate. Bacillus indicus HU36 was used as a probiotic
agent after fortification. The viability test was done to check the number
of live microorganisms after fortification. For the formulation of this
innovative type of dark chocolate, Three-level (1.5, 3.5, 5.5 (g/100 g)),
two factorial (maltodextrin, lemon fiber) Central Composite Design
(CCD) were adopted. The survival rate of Bacillus indicus HU36 after
fortification was between 88 and 91%. Sweetness, firmness and adher-
ence were improved after the addition of dietary fibre. No negative ef-
fects in color and sensory properties were observed after fortification
(Erdem et al., 2014).

8.4. Fortification with leaf

Cvitanovic et al. compared three types of chocolate fortified with
concentrated freeze-dried red raspberry leaf extract. In this experi-
mental study, physical, sensory and bioactive properties were measured
after fortification. The textural and rheological properties showed that
among all variants, semisweet plain chocolate was the hardest variant,
then plain chocolate came after that. In the case of milk chocolate, a 3%
addition of freeze-dried leaf extract reduced the hardness of the choc-
olate. 1% addition to semi-sweet chocolate significantly reduced the
hardness of the chocolate. On the other side, dark chocolate containing
the freeze-dried extract had the lowest hardness. Microstructural ex-
aminations showed similar types of structure on the surface image of
three types of chocolates. Total polyphenol content was lower in milk
chocolate because milk protein interferes with the availability of cat-
echine. In the case of dark chocolate highest amount of Total Polyphenol
Content (TPC), procyanidin, flavan-3-ol, and total antioxidant capacity
(measured by ABTS and FRAP Assay) were shown. In the case of 1%, the
addition of leaf extract gave higher results in terms of TPC content. 1%
addition of leaf extract got the sensory acceptance as well as visual and
textural characteristics in semisweet and dark chocolate. The antioxi-
dant capacity measured in the FRAP assay showed that 3% concentrated
leaf extract fortified dark chocolate had the highest antioxidant capacity
1% fortified dark chocolate came after that. But the semisweet chocolate
and milk chocolate showed slightly increased antioxidant capacity than
plain chocolate after fortification (Cvitanovic and Bauman, 2012).

1930

Current Research in Food Science 5 (2022) 1916-1943
8.5. Fortification with polysaccharides

Several researchers focused on the replacement of sugar with some of
the popular polysaccharides like polydextrose and inulin. Polydextrose
and inulin were replaced with sucrose to make them healthier. The
beneficial roles of prebiotics have already been discussed in this review
study. After replacement, bulk mixture concentration and the effect of
fat content were measured. The effect of inulin and polydextrose on the
mechanical and rheological properties of the finished products was
checked. Steviol glycosides are used to sweeten this product. Poly-
dextrose and inulin were added with dark chocolate having different fat
concentrations (27%, 30%, and 33%). High inulin with low poly-
dextrose concentration gave the best result due to a sharp rise in Casson
plastic viscosity and simultaneous reduction in Casson yield stress. This
explanation was given by microstructural examination of the sugar re-
placers that presented large variations in network structure. This
finished product would be helpful for the reduction of the total energy
load in sugar-free dark chocolate. This application could be done in any
type of sugar-free confectionery item (Aidoo et al., 2017).

Some types of differential studies were also included in this review
study. According to Syafiq et al. cocoa butter was replaced with xanthan
gum or corn starch and glycerine blends. Cocoa butter is one of the
important components of dark chocolate. In this experiment, the fat
component was replaced with a non-fat substituent. After replacement,
the flow parameter was checked with the help of a D-optimal mixture
design. The chocolate fortification was done in the concentration of 5%,
10%, and 15%. Xanthan gum had a high water holding capacity and
glycerine contributed to high yield stress. So, both components
enhanced the stickiness and viscosity of the product. The dual effect of
xanthan gum and glycerine gave higher viscosity and positively modi-
fied the rheological property of the product. Cocoa butter individually
provided only the continuous phase for the transport of solid particles in
chocolate, but this combination enhanced the viscosity and shape of the
product, which raised the flow behavior of the new variant of chocolate.
So, 5%-15% replacement positive modified the rheological character-
istics of the chocolate (Syafiq et al., 2014).

Sometimes fortification or replacement was done to improve the
physical properties of the dark chocolate. Here, the researchers Lillah
et al. replaced cocoa butter with a cocoa butter substitute (CBS: poly-
glycerol polyricinoleate: water: gum Arabic: invert syrup). This
replacement increased the stability of the product in hot weather. The
prepared chocolate bar was taken for the evaluation of pH, shape
retention index (SRI), color, hardness, water activity, moisture reten-
tion, and sensory evaluation. The new variant of chocolate had high
moisture and fat content. Up to 60 mL/L CBS, emulsion addition
decreased surface whiteness and viscosity of the product, but the sensory
attributes improved. Maximum hardness was observed when CBS
emulsion was added to the concentration of 80 mL/L. But the appear-
ance of fat bloom decreased the acceptability of the product and sensory
property was also below the average value. So, after analyzing 2 vari-
ants, it could be concluded that the addition of CBS emulsion in 60 mL/L
concentration produced the best result (Lillah et al., 2017).

According to Marazeeq., dark chocolate was fortified with wheat
germ to examine the alteration of physical, nutritional, and chemical
characteristics after fortification. The fortification improved the total
protein and mineral content of dark chocolate. The total fat content was
decreased than the control. The calorie content was reduced by about
20.5 kcal/100 g. The amount of carbohydrates and moisture content was
similar to the original one. The best result was observed when the
fortification was done with 10% wheat germ. But mouth feel, taste,
texture, and overall acceptability were better than normal dark choco-
late. Colour and sensory properties were not affected by fortification.
Two months of controlled storage did not affect the sensory properties of
the chocolate. So, it can be claimed fortification provided a healthier
option for all age groups people (Marazeeq, 2018).

Replacing sugar in dark chocolate with another healthy option is a
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common approach tothe production of sugar-free dark chocolate. Here
the researchers used D-tagatose and inulin for the production of choc-
olate that can be easily consumed by diabetics and patients having tooth
decay. The glycemic index and overall calorie content were reduced
after fortification. The D tagatose and inulin were added in the pro-
portion of 100:0, 75:25, 50:50, 25:75, and 0:100. Moisture contents of
the chocolate samples decreased with the reduction of the inulin content
and increase of D-tagatose content. D tagatose contributed more hard-
ness to the chocolate. Whereas inulin conferred the least L*,a*,b*,c* and
huge value when it was added in 100% concentration. The appearance
and plastic viscosity were decreased and linear stress and yield stress
were increased when there was a reduction in inulin concentration. The
Addition of D-tagatose increased the overall consumer acceptability.
The best acceptable dark chocolate was produced when inulin and D-
tagatose were replaced by sucrose in the ratios of 25%-75% and 100%
(Shourideh et al., 2012).

8.6. Fortification with algae

Petyaev et al. dealt with another type of fortification; for example,
dark chocolate was fortified with astaxanthin which is an algal antiox-
idant. For the prevention of oxidative stress, this innovative product was
developed. Here are biologically available polyphenols of lycosome-
formulated dark chocolate (DC) which contains a co-crystallized form
of astaxanthin (LF-DC-ASTX) to evaluate the oxidative stress parameters
on the human body. The study was done in four groups. Each and every
group was treated differently. For example, 1st group was taken as
control and was treated with 7.5 g DC, and the 2nd group was treated
with 4 mg and 7 mg astaxanthin capsule, 3rd group was suggested to
take DC bars (7.5 g) and 4 mg ASTX capsules for co-ingestion in the form
of two separate formulations. 4th group was treated with LF-DC-ASTX,
which contains astaxanthin with different concentrations of 1 mg, 2
mg, 4 mg, or 7 mg co-crystallized with 7.5 g of Dark Chocolate matrix.
The treatment was followed for 1 month. After taking, 2-4 weeks, serum
malondialdehyde (MDA) level and serum oxidized LDL level was eval-
uated. No significant changes were observed in the control group. Those
people who took ASTX capsules showed a reduction of oxidative marker
to some extent, but the best oxidative LDL inhibition result was obtained
from the group who was taken astaxanthin combined with the dark
chocolate matrix. So it was proved that dark chocolate and ASTX were
best effective in combined form and it would be a future alternative for
the management of oxidative stress-related disorders (Cancer, CVD, and
Diabetes) (Petyaev et al., 2018).

Asti et al. focused on consumer preferences, which were checked
after the fortification of dark chocolate with Spirulina platensis. Dark
chocolate was fortified with beta carotene extracted from Spirulina pla-
tensis (0.372% dose) to make it energy-dense and vitamin A rich. This
study followed the analytical hierarchical method to carry out the sur-
vey. In Yogyakarta, 100 respondents were chosen for participation.
According to the consumer’s response, the taste of fortified chocolate
was quite bitter, acidic, and astringent. Caffeine and theobromine were
the responsible factors for bitter taste. Apart from these two compo-
nents, polyphenol and flavonoids were attributed to the bitter taste.
During roasting and conching, the acid content of cocoa beans was not
evaporated, so those acids contributed to the mild acidic taste of dark
chocolate. The astringent taste was given by anthocyanin. Its mouthfeel
was good. The texture of the chocolate was smooth, hard, and grainy.
The fortified chocolate’s price and its health benefit made the product
more acceptable to the consumer (Asti and Ekantari, 2020).

Researchers have found one study focused on the consumer presence
of dark chocolate fortified with Spirulina Platensis, but Ekantari et al.
compared the stability of the chocolate when Spirulina Platensis was
fortified with dark chocolate and milk chocolate. Especially carotenoid
used for fortification was isolated from the Spirulina Platensis. The
fortification was done by forming nano-encapsulate. After enrichment, it
was observed that texture, taste, and aroma were not varied with the
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control. The flat bloom development also lowered fortified chocolate
rather than control during storage. But the stability test proved that the
shelf life of fortified dark chocolate was 1.5 times higher than milk
chocolate (Ekantari et al., 2019).

Several researchers also had done fortification of dark chocolate with
Arthrospira carotenoid. Ramadhanti et al. used the project mapping
method to check consumer acceptance. The researcher wanted to check
the Arthrospira carotenoid incorporation can influence the buying
behavior of customers. The comparison was done between fortified dark
chocolate and commercial dark and milk chocolate. Arthrospira carot-
enoid was fortified with dark chocolate in the form of nanocapsule. It
was shown that Arthrospira carotenoid incorporation would enhance
buying interests of customers. The color, texture, and flavor increase the
acceptability of the product. The main reason to buy arthrospira product
was its good antioxidant capacity. Besides, that arthrospira contains
anti-inflammatory phycocyanin pigment; it had polysaccharides with
antiviral and antitumor capacity. It’s another important component was
linoleic acid which was helpful for the reduction of total cholesterol and
the effect of immunoglobulin (IgE) (Ramadhanti et al., 2021).

8.7. Fortification with lipid-related components

To reduce the total cholesterol intake by individuals, the next study
focused on fortification DC with phytosterol esters. According to Botelho
et al. Phytosterol reduces the absorption of cholesterol, so it maintains
heart health. Phytosterols could be lost at the time of oxidative reaction
or during storage or processing. So, the DC bar containing palm oil or
2.2 g phytosterol was stored at 20 °C and 30 °C for a period of 5 months.
The highest value of hydroperoxide was obtained after 60 days of stor-
age at the temperature of 20 °C and 30 days of preservation at 30 °C also
gave a better result than the control group. Hydroperoxide could be
attributed to the increased amount of alpha-linolenic acid present in
phytosterol. After 90 days of preservation, the chocolate bar became
softer and lighter. But these changes were not affected the sensory
profile of the chocolate. Bioactive components were better reserved
during 5months of storage at room temperature. This phytosterol-
fortified dark chocolate could be a better option in terms of functional
food (Botelho et al., 2014).

Fortification with vegetable oil gives several additional health ben-
efits. Vegetable oil is sometimes called nutritional oil due to the high
amount of polyunsaturated fatty acids such as linolenic and linoleic acid
content with ample sources of monounsaturated fatty acids. Vegetable
oil also provides an adequate amount of natural antioxidant components
such as Phytosterol, tocopherols, phenolic compounds, carotenoids, etc.
Peanut oil contains tocopherol, palmitic acid, and linoleic acid. Cooper
et al. focused on the effect of dark chocolate fortified with peanut oil. In
this study, microencapsulation was followed to preserve bioactive
compounds. The microencapsulated product had low moisture with
great stability. Spray drying was applied to encapsulate the product to
make the product at a low cost, easily available with higher flexibility.
Arabic gum and maltodextrin are generally used in this encapsulation
process. The finished product was thermally stable and the physical
characteristics were also sufficient for industrial production. The parti-
cle interactions were leading to a decrease in the amount of free fatty
acids in the finished products. Ultimately viscosity of the product also
increased more than the control. Microencapsulation prevented the fatty
acid and antioxidant products from oxidation (Cooper et al., 2007).

Dark chocolate was fortified with DHA (Docosahexaenoic acid) and
EPA (Eicosapentaenoic acid). According to Tokeret al., product quality
was checked after enrichment. Here EPA was added in the form of
microencapsulated powder based on fish gelatin and DHA was added as
free-flowing microalgal powder. Melting property and rheological
property were not significantly altered. It is also well accepted by con-
sumers due to its satisfactory sensorial properties. EPA and DHA in their
triglyceride form reduce the hardness of the finished product. So, this
enriched dark chocolate could be a medium for delivering omega-3 fatty
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acids to the human body (Toker et al., 2018a).

Here the researcher enriched the properties of dark chocolate by
fortification with Santolina chamaecyparissu essential oil. The fortifica-
tion was done in the concentration of 0.01 ml/g (w/w), 0.02 ml/g (w/w)
and 0.03 ml/g (w/w). Physical, textural, and chemical rheological
properties and sensory thermal, and antioxidative properties were
analyzed after fortification. The antioxidant property was enhanced
after enrichment. Rheological property was not significantly altered
after fortification. The processing steps were not modified due to the
enrichment. For getting the best possible enriched dark chocolate
Santolina chamaecyparissu essential oil should be added to 0.02% (Bolek
et al., 2022).

8.8. Fortification with protein

Here the researcher enriched the dark chocolate by using whey
protein isolate (WPI) and erythritol to make it more suitable for the
consumption of athletic and also diabetic individuals. Colour analysis,
contact angles and roughness were checked after to get an idea about the
surface properties of the dark chocolate. Water activity, melting prop-
erties and viscosity was checked. WPI-enriched chocolate produced
slight roughness and a more hydrophobic surface. After WPI addition
there is an improvement in the shelf life of the chocolate and also the
mechanical properties. Protein-enriched chocolate was more resistance
to melting. WPI addition produced a denser structure which leads to the
firmly packed chocolate. Colour coordinates were not significantly
changed by addition. The anti-blooming effect was produced by the
addition of WPI and erythritol. Therefore it can be said that highly
nutritious dark chocolate was produced ata low cost (Nastaj et al.,
2022).

8.9. Fortification with bioactive components

To improve the total flavonol profile of dark chocolate, it was
enriched with epicatechin and procyanidin B2. After enrichment, the
total flavan 3ol was checked, and this was 4 mg/gm (3 times higher than
the conventional chocolate). The amount of procyanidin B1 and B2 was
2.4 times higher in fortified chocolate. The total content of procyanidin
B1 and B2 was almost 6 mg/g. The total flavonol content was increased
by 39%, which simultaneously increased the total antioxidant capacity
by about 56% when compared with the conventional one. Regular
consumption of 10 g of enriched chocolate was provided with 200 mg of
the flavonol. Cocoa flavonol is believed to maintain the elasticity of the
blood vessels that imparts normal blood flow. So this enriched product
could be used for the purpose of maintaining healthy cardiovascular
health.

Researchers have found that flavonol-rich dark chocolate improves
platelet functions. An experimental study was done to understand the
exact mechanisms involved in the relation between flavonol-rich choc-
olate (dark) consumption and the prevention of platelet aggregation.
The experiment was carried out on 42 healthy individuals. They were
treated with 2 types of chocolate flavan-3-ol-enriched dark chocolate
and standard dark and white chocolate. To evaluate the platelet func-
tion, blood and urine samples were collected from the individuals after 2
and 6 h of taking enriched chocolate. Flavan-3-ols enriched dark choc-
olate significantly lowered the adenosine diphosphate-induced platelet
aggregation. P-selectin expression in men also decreased simultaneously
there is the reduction of platelet aggregation induced by thrombin re-
ceptor activating peptide. The new version of dark chocolate is also
responsible for the enhancement of thrombin receptor-activated pep-
tide-controlled fibrinogen binding in women and raised the collagen/
epinephrine-induced ex vivo bleeding time in women and men. But
white chocolate only induced epinephrine/collagen-induced ex vivo
bleeding time in men and had a role in decreasing the adenosine
diphosphate-controlled platelet P-selectin expression. After considering
two types of enriched chocolate, it could be summarised that the two
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types of chocolates are played a vital role in the reduction of athero-
genesis, but Flavan-3-ols in dark chocolate are more effective than in
white chocolate (Ostertag et al., 2013).

One comparative study was found in which differentiation was done
to check the acute effect of flavan-3-ol-enriched dark chocolate, stan-
dard dark chocolate, and white chocolate on the metabolism of humans.
Urine and plasma parameters were assessed before 2 h and after 6 h of
taking enriched chocolate. Here, 42 healthy volunteers were engaged in
this trial. Some significant changes were observed in the level of
endogenous metabolites after taking measurements. In plasma, there
was no theobromine and catechin was observed. Para-
hydroxyphenylacetate (HPA) was increased in both types of dark
chocolate after 6 h of intake. The amount of lactate was increased in the
case of white chocolate ingestion and concomitantly, it was decreased in
flavan-3-ol enriched dark chocolate ingestion. But the amount of urinary
pyruvate was reduced because flavan-3-ol enriched dark chocolate
increased the rate of gluconeogenesis and glycolysis. Whereas the low
level of a glucogenic amino acid (Glycine, arginine, alanine, and valine)
indicated an increased rate of gluconeogenesis. Standard dark chocolate
and fortified dark chocolate both have the power of oxidative stress-
reducing capacity. This statement was well supported by the capacity
of creatinine to reduce the power of catechine. The amount of catechine
present in dark chocolate can reduce oxidative stress. The reduction of
creatinine also plays an indicator of better regulation of ATP usage and
PCR pool. Ultimately it was proved that the flavan-3-ol enriched dark
chocolate was much more effective in the reduction of oxidative stress
by modifying human metabolism (Ostertag et al., 2017).

Another type of unique study was found, where Rice et al. fortified
dark chocolate with broken rice berry rice which delivered plenty of
anthocyanins to make healthy dark chocolate. Here the researcher
partially replaced the cocoa powder with anthocyanin powder. The
anthocyanin powder was added in the concentration of 5 g, 10 g, and 15
g. At first, the anthocyanin powder was made from the rice berry by
freeze-drying technique and the maltodextrin was taken for coating
purposes. The Colour and appearance of the finished product were not
affected by the anthocyanin addition. Anthocyanin reduced the hard-
ness of the chocolate. The anthocyanin powder addition increased the
total antioxidant capacity measured by the DPPH assay. The DPPH free
radical scavenging capacity was increased by about 4-9%. The 10 g
anthocyanin fortification produced the best result in terms of sensory
evaluation. The amount of anthocyanin concentration was increased
with the fortification. This rice berry rice was used to enhance the value
of the underutilized Thai crops (Ngamdee et al., 2020). Approaches to
dark chocolate fortification are summarised in Fig. 5.

9. Process of addition of bioactive ingredients to the dark
chocolate

To produce healthy chocolate, it is necessary to add bioactive in-
gredients in the proper step, and time of preparation. Bioactive com-
ponents are very sensitive. They are easily destroyed by light and heat
and strong chemical components. So, it should be added after conching,
Conching is a crucial step where micro-organisms are inactivated and
the flow behavior, color, aroma, and texture are developed (Toker et al.,
2019). In this step, the chocolate mass is heated to a specific temperature
of >40 °C. This process also includes mixing, shearing, and aeration of
cocoa mass. The next step is tempering, and in this process, chocolate
transforms liquid mass into a solid mass. Before the tempering step,
bioactive components are added to restore their stability. Especially,
probiotic bacteria can maintain their viable count if added before the
tempering step. High temperatures in conching process can destroy the
activity of bioactive components (Fernandez et al., 2021; Konar et al.,
2018; Toker et al., 2018a).
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Fig. 5. Approaches to fortify dark chocolate.

10. Effect of dark chocolate fortification on physical,
nutritional, antioxidant profile and health immunity

From the above discussion, it has been shown that the dark chocolate
was fortified with different categories of ingredients (Including edible
parts and waste parts). Thus, this fortification produces several inno-
vative types of effects on the physical properties as well as nutritional
properties (Table 4). Those effects are categorized below.

10.1. Effect of fortification on physical and rheological properties

Dark chocolate fortification with different ingredients sometimes
imparted alteration of physical properties. Colour, texture, viscosity,
flow properties, and Aroma were affected due to fortification. In a
maximum number of cases, the fortification or enrichment positively
affects the physical properties of dark chocolate. For example, the
addition of fruits and nuts will improve the color, texture, and aroma of
the product. The sensory properties were not largely affected by the
addition of Prebiotic and probiotics. On the other hand, fortification
with peanut oil increased the viscosity of the finished product. When
cocoa butter was replaced with xanthan gum, the viscosity and shape of
the finished product increased. Thus, the new variant of dark chocolate
showed better flow behaviour (Didar, 2021; Toker et al., 2018b).

10.2. Effect of fortification on nutritional properties

The main aim of this review study is to focus on the nutritional
enrichment of dark chocolate by fortification. After summarising all the
experimental studies related to the fortification of dark chocolate, it can
be said that fortification would improve the nutrient content and
composition of dark chocolate. For example, black mulberry was a rich
source of flavonoids, especially anthocyanin. So, fortification with black
mulberry would make dark chocolate richer in anthocyanin content.
Another study was focused on black mulberry and sea buckthorn
enhancing the total polyphenol content in dark chocolate. Lemon balm
extract provided rosmarinic acid content to dark chocolate. Prebiotics
and probiotics provide a good environment in the GI tract for the
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synthesis of the vitamin B complex. Fortification with beta carotene
increased the total vitamin A content and calorie content of dark choc-
olate. As well as the fortification enriches the total vitamin D content of
dark chocolate (Didar, 2021). Different types of polysaccharides’ forti-
fication increase the total fiber content of the novel type of fortified dark
chocolate. The amount of monounsaturated and polyunsaturated fatty
acids were increased with the fortification of phytosterol and peanut oil.
The DHA and EPA fortification enrich the essential fatty acids content in
dark chocolate.

10.3. Effect of fortification on antioxidant properties

The overall antioxidant capacity of dark chocolate increased more
than the control after adding nutritious ingredients. The bioactive
component contains the highest amount of antioxidant capacity. The
majority of the studies were focused on the enhancement of the total
antioxidant capacity of dark chocolate. Polyphenolic compound and
total flavonol content were responsible for the antioxidant capacity.
Those components are believed for the best removal of free radicals from
the body. This maintains a balance between the total antioxidant status
and oxidative stress. Anthocyanin also alters the Nrf2-ARE signaling
pathway, which ultimately raises the functioning of several antioxidant
enzymes such as Super Oxide Dismutase (SOD), Glutathione Peroxidase,
and Catalase (Kropat et al., 2013). Black mulberry, mulberry, buck-
thorn, lemon balm extract, cinnamon, raspberry leaf extract, astax-
anthin, and flavon-3-ol components were added successfully to increase
the total antioxidant capacity of dark chocolate. The black mulberry
contains a high amount of anthocyanin, and lemon balm extract con-
tains rosmarinic acid, cinnamon contains cinnamaldehyde, etc. are the
specific bioactive components present in those fortifying agents.
Different properties after fortification are summarised in Fig. 6.

10.4. Effect of fortification on human health

One of the major aims of this review study is to explain the effect on
health after fortification. Every study aimed to fortify dark chocolate in
such a way that it would provide some extra beneficial role to the human
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Table 4

Effect of dark chocolate fortification and their measurement.
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Fortifying agent

Effect of fortification

Quantitative results obtained

Instrumental characterization

References

Mulberry

Sea buckthorn and mulberry

Lemon balm extract

Pequi mesocarp (pulp)

elderberries (EFrE), elderflowers

(EFIE), and chokeberries (ChFrE)

Dates and palm syrup

Cinnamon oil

Cinnamon powder

Cinnamon bark

Sakura green tea leaves

Inulin

Bacillus coagulans

Lactobacillus casei01 and Lactobacillus

acidophilus 5

Lactobacillus casei and Lactobacillus
paracasei

Lactobacillus plantarum

L. plantarum 299v (L299v) and L.
acidophilus La 3 (DSMZ 17742) with

Total anthocyanin content
(ACN) and phenolic content
(TPC) were increased.
Biological activity and
antioxidant potential were
raised in newly fortified
chocolate.

Total rosmarinic acid content
was increased.

The amount of essential fatty
acids (oleic, palmitic and
linoleic acids) increased. TPC
content was increased.

Chokeberries fortified dark
chocolate showed the highest
amount of antioxidant capacity
and TPC content.

The overall sugar content was
reduced after fortification with
some modification of
physiochemical properties.
The main aromatic compound
present in cinnamon oil was
detected.

Nutritional composition and
flavor were enhanced.

Total antioxidant and TPC
content were increased than the
control. The new variant
produced a hard texture.

Wide varieties of phenolic
products had been identified
after fortification.

After the replacement of sugar
with inulin and polydextrose,
Casson plastic viscosity and
Casson yield stress changed.

Several physical properties (pH,
moisture content) were altered.
Several polyphenolic
compounds were recognized.

Bioactive components were
altered after fortification.

The total calorie content was
reduced than the control. After
fortification casson yield stress
was reduced without affecting
the taste and flavor of chocolate.
The sensory quality and
nutritional quality were better
than control. The viable count of
bacteria was not changed after
preservation.

TPC = 69.23 + 5.1%, and ACN = 56.19 +
4.8%

DC + Sea buckthorn = 8.07 mg GAE"-1
DC + Black mulberry = 8.83 mg GAE'-1
DC = 7.32 mg GAE"-1 DPPH value DC +
Sea buckthorn-4.10 mgTEACa"-1

Black mulberry-4.39 mgTEACa”-1 DC-
3.64 mgTEACa"-1

Freeze-dried lemon balm extract provided
88.4 + 1.5mg/g

The energy value of the fortified dark
chocolate was 559.73 kcal. 100 g-1. The
TPC content was increased by about
235.98 pg GAE.mL-1 to 813.49 pg GAE.
mL-1.

DPPH results showed 90-95% increases in
antioxidant capacity in Chokeberries
fortified with dark chocolate. The Value of
DPPH was (181.07 pmol TE/g).

Palm and dates syrup fortified chocolate
produced higher moisture content 4.18%
and 3.96% respectively. Palm produced
the lowest penetration power (180 g/s)
An aromatic compound present in
cinnamon oil (Transcinnamaldehyde) =
55.45%

Carbohydrate-57.80%

Protein-8.73%, Fat-30.70%, Ash-2.15%,
Moisture-0.54%.

26 aromatic compounds were identified
after the conching process.

8% fortification produced the best result.
Fortified chocolate contained
theobromine-11.993%, caffeine-31.671%,
cinnamaldehyde-56.336%, Tocopherol
content 176.0.43 IU

A total of 158 phenolic compounds had
been detected in the final product, 67 were
freshly identified in dark chocolate, and
38 components were already present in
dark chocolate.

30% and 27% fat-containing chocolate
gave increased viscosity among them 30%
provided the highest casson viscosity. 27%
fat content permitted higher casson yield
stress. 25-36% cocoa butter percentage
gave the smooth texture of chocolate.
pH-6.04-6.22

Water activity-0.121-0.134 (after 12
months of storage). Quercetin constitutes
about 50% of the total polyphenol
compound. The addition of probiotics at
the level of 106 CFU 8! gave the best
result.

Total phenolic content = 196-285 mg
GAE/g, flavonoids = 155-274 mg CE/g,
antioxidant activity = 4.2-7.7 pg/ml

L. casei 01 and L. acidophilus LA5 8.4-45.9
and 11.6-69.7 pm ~2 log CFU/ml.
Sucrose-free chocolate content
11.1-14.6% fewer calories than normal
chocolate. 10°-107 cfu/g after 12 months
of preservation. Casson yield stress was
decreased by about 3-55%.

Cell count of spray-dried probiotic
bacteria = 10.36 log CFU mL—1. After 6
months of preservation, the viable count
of probiotic bacteria was 10° cfu/g 36
volatile compounds have been identified
aldehyde, alcohol; pyrazines, and acids are
major examples.

The viable count for L. plantarum 299v
(L299v) and L. acidophilus La were 33 x
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Quanta FEG 250 SEM

HPLC (High-Performance
Liquid Chromatography)
SEM, thermobalance
(Shimadzu - DTG - 60H),
Digimatic Mitutoyo - digital
Micrometer Model 293,
rheometer

SEM and Viscometer.

Texture analyzer, moisture
analyzer and stereo
microscope

GCMS (Gas chromatography-
mass spectroscopy)

solid-phase microextraction
(SPME)-gas chromatography
(GC)-mass spectroscopy (MS)
and-olfactometry (O)

GCMS

LCMS (Liquid
chromatography Mass
Spectrometry)

HPLC

a,y meter, pH meter, HPLC

SEM

Instron 5544 apparatus,
Hygropalm water activity
meter

Static headspace solid-phase
microextraction (HS-SPME)
gas chromatography-mass
spectrometry (GCMS)

Texture analyzer

Ozguven et al.
(2016b)

Godocikova et al.
(2017)

Sik et al. (2021)

Lorenzo et al. (2022)

Polinski et al. (2021)

Ibrahim et al. (2020)

Dwijatmokoaet al.
(2016)

Albak and Takin
(2015)

Praseptianggaet al.
(2019)

Martini et al. (2018)

Norhayati et al.
(2013)

Kobus-Cisowska
et al. (2019)

Kemsawasd et al.
(2016)

Nebesny et al. (2007)

Mirkovic et al.
(2018)

Fernandez et al.
(2021)

(continued on next page)
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Fortifying agent

Effect of fortification

Quantitative results obtained

Instrumental characterization

References

polidextrose (Pol), inulin (Inu),
isomalt (Iso) stevia (Stev)

Leuconostocmesenteroidsand flax seeds

Bacillus indicus HU36, maltodextrin
and lemon fibe

Raspberry leaf

Polydextrose and inulin

Xanthan gum, corn starch, and
glycerine blends

polyglycerol polyricinoleate: water:
gum Arabic: invert syrup

Wheat germ

D- tagatose and inulin

Astaxanthin

Spirulina platensis

p Carotene

The calorie content is decreased
due to the addition of low-
calorie sweetener.

Overall antioxidant properties
were increased. Cytolytic
properties were increased.

The smoothness, firmness,
sweetness and adherence were
improved.

Rheological properties (plastic
viscosity, sheer stress), and
microstructural properties were
changed. Polyphenolic content
was also enhanced.

Rheological properties changed.
Microstructural properties and
melting properties were also
altered.

Rheological properties differed
when xanthan gum, corn starch,
and glycerine were added in
blended form.

The addition of polyglycerol
polyricinoleate: water: gum
Arabic: invert syrup (CBS) in
place of cocoa butter improved
the storage properties of dark
chocolate.

Nutritional quality was enriched
after fortification.

Nutritional quality and
physiochemical properties were
altered

Significant decrease in the level
of MDA (Malonic dialdehyde)
and oxidative LDL when
ingesting dark chocolate
fortified with Astaxanthin.

After the addition of Spirulina
platensis with dark chocolate,
consumer acceptance ‘was
altered.

Spirulina platensis was used to
make dark chocolate beta
carotene enriched.

1014 CFU/g and 5 x 1010 CFU/g
respectively. Iso + Stev + Probiotic, this
combination produced less rigid dark
chocolate.

Leuconostocmesenteroids can tolerate 1-7%
NaCl concentration, pH 3-7 and bile salt
0.5-2%. Total peroxide production was
26.75 mg. DPPH-90p/mL.

Survival rate of Bacillus indicus HU36 is
88-91% that was 5 log cfu/g.

Microstructural examination showed a 3%
addition gave the uneven heterogeneous
microstructure. 3% raspberry leaf extract
addition increases the TPC content of 1.23
mg GAE/g. Procyanidin content increased
by about 0.28-0.88 mg CyE/g. 3%
addition gave the most effective
antioxidant potential in the case of ABTS
free radical scavenging properties. 1%
extract addition gave a better result in
terms of sensory analysis.

Casson viscosity increased after the
replacement of sugar with inulin and
polydextrose. The highest casson yield
viscosity (15 Pa s) was obtained in
chocolate with 27% fat. Casson yield stress
was increased in fortified chocolate.
25-36% cocoa butter containing chocolate
produced a smooth texture.

Rheological parameters were enhanced in
5-15% cocoa butter replacement. On the
other hand xanthan gum and glycerine
also uphill the yield stresses. Xanthan gum
is the single component in the blend which
produced the best result in terms of
rheological parameters.

The addition of CBS to the chocolate bar
gave increased the specific gravity of the
chocolate. The addition of 80 mL/L CBS
produced maximum hardness at 36°c and
40°c. 60 mL/L addition produced good
quality dark chocolate with heat-resistant
properties.

Total protein and mineral content were
increased. Total fat and calorie (20.5 cal/
100 g) content were reduced.
Carbohydrate and moisture content was
remaining the same for both. 10% wheat
germ addition gave the best result.
Fortified chocolate had average 1.2 g
moisture, water activity = 0.3184,
hardness = 24.48 N, reducing sugar-
26.44%, energy-387.36 kcal/100 g,
calorie reduction = 25.98%.

After 2 weeks of ingestion, the decrease in
MDA level was 25.1%, 48.2%, 54.6%, and
63.4% when taken in the concentration of
1,2,4,7 mg ASTX with dark chocolate. The
effect was more significant when intake
was done for 4 weeks (41.4, 71.2, 71.6,
and 85.5%).

The addition of Spirulina platensis
influences consumer preferences for
example 47.8% of people claimed for its
bitter taste, 53.3% supported it for its
cheap price, 64.2% preferred its sweet
flavor, 57.7% liked its smooth texture,
72.8% preferred its aroma. The overall
preference value was 55.8%.

79 aromatic compounds have been
identified. Beta carotene addition at a dose
of 0.37% produced the best result. The
new variant was low in acid and aldehyde
content and high in pyrazine and alcohol
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Texture analyzer, DIN
Viscometer VT 550 Digital
Rheometer

Rheometer

ThermoHaake RS600
Rheometer

Texture Analyzer (TA-XT
Plus), moisture analyzer (AND
MX-50)

Texture analyzer

GCMS

Waghmode et al.
(2020)

Erdem et al. (2014)

Cvitanovic and
Bauman (2012)

Aidoo et al. (2017)

Syafiq et al. (2014)

Lillah et al. (2017)

Marazeeq (2018)

Shourideh et al.
(2012)

Petyaev et al. (2018)

Asti and Ekantari
(2020)

Ekantari et al. (2019)

(continued on next page)
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Table 4 (continued)
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Fortifying agent

Effect of fortification

Quantitative results obtained

Instrumental characterization

References

Arthrospira carotenoid

Phytosterol

Peanut oil

DHA, EPA

Santolina chamaecyparissusessential oil

Whey Protein Isolate and erythritol

Flavonol

Flavan 3-ol

Flavan-3-ol

Broken rice berry rice

After addition of Arthrospira
carotenoid with milk and dark
chocolate improved the
consumer acceptability.

Several changes occurred during
the 5months of preservation.

Physical properties were
measured after fortification.

Rheological, sensory, and
textural properties were altered
after fortification,

Antioxidant property was
enhanced. No changes in
rheological property were
observed.

Overall protein content
increased as well as viscosity
and shelf life was raised after
fortification.

Flavonol enrichment increased
the antioxidant capacity of the
chocolate.

Platelet aggregation was
reduced after the ingestion of
flavan-3-ol fortified chocolate.

The percentage of nutritionally
enriched bioactive components
was increased.

After anthocyanine (extracted
from Broken rice berry rice)
fortification Physical properties
and antioxidants are altered
after fortification.

content. For example, acetic acid content
decreased from 38.79% to 36.07%.

The appearance attribute of milk
chocolate was 24.31%, the attribute of
milk chocolate in terms of texture was
21.42% and in terms of price, the attribute
was 16.64%. On the other hand, the
attribute of dark chocolate in terms of
appearance was 16.53%, 13.08% (taste
attribute), and 13.03% (price attribute).
So, from these data, it can be said that
Arthrospira fortification improved overall
consumer acceptance.

After 60days of storage hydrogen peroxide
peak was 1.39 mmol/kg. During the shelf-
life study amount of saturated fatty acid
was 50 g/100 g monounsaturated fatty
acid was 40 g/100 g. The amount of
linoleic acid was 1 g/100 g.

Particle size ranges from 5 to 150 um. The
melting point was 21 °C, the peak melting
point was 32 °C melting end was 41 °C.
Caramelisation peak 183 °C. Flow limit
was 11.09 + 1.73 Pa. PH 6.74 + 0.14,
brittleness = 18.61 + 3.74 N, water
activity = 0.358 £ 0.023, maximum
particle size = 0.019 + 0.001 mm. Peanut
oil addition increased Casson’s plastic
viscosity, whiteness index, and thixotropy.
The L* and C* values ranged from 32.16 to
33.37 and 7.45-8.09, respectively.
Hardness values varied among 6422 and
8367 N.

The best possible amount of essential oil is
0.02% for the production ofthe best
acceptable enriched dark chocolate.

Viscosity = 19.52 Pa s (WPI fortified dark
chocolate), Higher WPI means a higher
amount of hydrophobic surface. Highest
hardness (260.43 N) was produced by WPI
fortified chocolate. Water activity was
below 0.5. Aw of WPI fortified chocolate
=0.254.

After enrichment flavonol-3-ol content
was 4 mg/g, which was 3 times higher
than conventional chocolate. Procyanidin
content was 2.4 times higher. The total
content of procyanidin was 6 mg/g. Total
flavonol and antioxidant capacity were
increased by 39% and 56% respectively.
Platelet aggregation was reduced from 20
pmol/L to a significant level and the total
amount of epicatechin was enhanced by
1.20 mol/L after 2hrs consumption of
flavan-3-ol rich dark chocolate.
Flavan-3-ol dark chocolate contained
1.5% flavonoid compared to 0.64% in
standard chocolate. Theobromine and
caffeine are present in combined forms.
The percentage was 1.12 for enriched
chocolate and 1.23 for normal standard
chocolate.

The water activity of the chocolate ranged
from 0.42 to 0.45 for all types of
chocolate. The hardness of the chocolate
was decreased (27.2 N). The percentage of
DPPH free radical scavenging capacity
was high (22.1%) in anthocyanin-fortified
dark chocolate. The anthocyanine of the
fortified dark chocolate was 1.01 mg
anthocyanins per 100 g.

Texture analyzer, GCMS

Rheometer

Rheometer, texture analyzer.

Colorimeter, texture analyzer,
Differential Scanning
Calorimetry.

Water activity meter,
rheometer, GT Contour
Surface Metrology optical
profilometer, texture analyzer
and confocal microscope.

HPLC

HPLC

HPLC, High-Performance
Liquid Chromatography and
Fluorescence Detection
(HPLC-FL)

XT plus texture analyzer,
Rotavapor, BUCHI Rotavapor
R-100.

Ramadhanti et al.
(2021)

Botelho et al. (2014)

Cooper et al. (2007)

Toker et al. (2018a)

Bolek et al. (2022)

Nastaj et al. (2022)

Gonziélez et al.
(2020)

Ostertag et al. (2013)

Ostertag et al. (2017)

Rice et al. (2020)
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Fig. 6. Alteration of different properties after fortification.

body. For example-when dark chocolate was fortified with black mul-
berry, it became anthocyanin-rich. Anthocyanin plays multiple roles in
our bodies. The most important function was to reduce copper-induced
LDL oxidation, which is a very crucial function for the prevention of
atherosclerosis. Anthocyanin is responsible for the reduction of total
cholesterol, LDL and triglyceride level (Habanova et al., 2016). Sea
buckthorn and mulberry fortification imparted several extra beneficial
roles to the human body. But the most specific function was to reduce
oxidative stress due to its high polyphenol and flavonoid content. When
the fortification was done with lemon balm extract, it became rich in
rosmarinic acid content as well as it was provided an
immune-modulatory, anti-inflammatory, anti-diabetic, anti-microbial,
hepatic and renal protectant agent, anti-allergic, etc. (Munoz et al.,
2013; Nunes et al., 2017; Rahman et al., 2016). Cinnamon fortified dark
chocolate would provide several medicinal properties to the consumers.
The main bioactive component cinnamaldehyde was the main respon-
sible factor for the reduction of oxidative reaction. Besides this, cinna-
maldehyde plays several roles, such as preventing CVD and diabetes,
reducing inflammation in our body, and protecting against cancer and
neurodegenerative diseases (Gruenwald et al., 2010; Thorsen, 2009).
Numerous studies were focused on fortification with probiotic bac-
teria. Probiotic and dark chocolate is a unique combination. Those
probiotics are very advantageous for maintaining healthy microflora in
the intestine. It also reduces the growth of pathogenic microorganisms
and is also helpful for the production of vitamin B complex in the human
body. Probiotics can prevent the occurrence of certain types of cancers.
Probiotics are used for a therapeutic purpose to resist Helicobacter pylori
infections. Dark chocolate could be a good vehicle for delivering live
microorganisms to the human body (Goldin, 1998; Roobab et al., 2020).
On the other hand, prebiotics was also combined with dark chocolate in
previous experimental studies. Prebiotics are helpful for the growth of
probiotic bacteria. These also increase the bulk of the faeces. Thus
regular use of prebiotics could avoid the occurrence of constipation
(Slavin, 2013; Verbeke et al., 2015). In some studies, sucrose was
replaced with artificial sweeteners with the addition of polysaccharides.
We all know that sucrose is an important component of dark chocolate.
But the replacement of sugar made the chocolate suitable for diabetic
patients. These newly developed finished products contain fewer calo-
ries also. So, it could be taken by obese individuals also (Delgado and

1937

Tamashiro, 2018).

Another study was found in which the fortification was done with the
addition of raspberry leaves. These were also rich sources of polyphenols
and flavonoids. It was added due to its high antioxidant capacities.
When dark chocolate was fortified with astaxanthin, it was proved that it
could be applied as an antioxidant supplement. The consumer would be
benefited from a combined effect of dark chocolate and astaxanthin.
Astaxanthin can inhibit LDL oxidation. It is capable of neutralizing the
amount of singlet oxygen. It also modulates the gene function and im-
mune function (Gentili et al., 2013; Rao et al., 2013). So, it could be
helpful for the reduction of several oxidative markers in the human
body. It also delays the progression of breast cancer, prostate cancer, and
also cancer in fibrosarcoma, embryonic fibroblasts, melanoma, etc.
(Chen et al., 2017; Nagaraj et al., 2012). Besides this role of astaxanthin,
is very helpful in the treatment of central and peripheral nervous dis-
eases (Fakhri et al., 2018).

Fewer studies had focused on the addition of vitamins with dark
chocolate. Vitamin D and beta carotene were added to dark chocolate to
increase the vitamin content in dark chocolate. When dark chocolate is
fortified with vitamin D, it not only provides good bone health but also
protects the endothelial membrane stability and thus maintains the
innate and adaptive immune response (Charoenngam and Holick,
2020). The sources of beta carotene were Spirulina platensis and artho-
spira. Spirulina platensis is a rich source of essential fatty acids, protein,
vitamins, minerals, and essential amino acids. That impended inflam-
mation, hypertension, cancer, etc., and is also responsible for the
reduction of the glycemic load of the blood (Matsui et al., 2003). Besides
their ~good  antioxidant  properties, arthrospira  contains
anti-inflammatory phycocyanin pigment and also contains antiviral and
anti-tumor capabilities. Thus, the fortified product could be easily used
for the prevention of vitamin deficiency syndrome and also the pre-
vention of numerous diseases (Jara et al., 2018).

The addition of phytosterol and peanut oil could lead to an increase
in the concentration of PUFA and several essential fatty acids in dark
chocolate when fortified with these substances. The notable effect of
phytosterol is the reduction of blood cholesterol by making the choles-
terol insoluble in intestinal miscelle (Quilez et al., 2003; Trautwein and
Demonty, 2007). Thus, this product could be used for the maintenance
of heart health. On the other side, DHA and EPA fortification lead to



S. Samanta et al.

better brain development and brain functioning (Menesi et al., 2009;
Zhang et al., 2019).

Dark chocolate fortification with flavonol improves platelet func-
tioning. Besides anti-inflammatory, anti-diabetic and anti-obesity ef-
fects, it prevents the ADP-induced platelet aggregation in the arteries
and decreases P selectin expression, simultaneously stopping the
occurrence of atherosclerosis (Ballard and Junior, 2018; Vita, 2005).
Flavonol-enriched dark chocolate also provided better utilization of
ADP. It was responsible for lowering the creatinine level, which was the
indicator of PCR pool and better ADP regulation (Montagnana et al.,
2018). The effect of dark chocolate fortification is summarised in Fig. 7.

11. Consumer acceptance of fortified dark chocolate

The success of any food product development resides in its Consumer
acceptance. The product’s popularity is entirely dependent on the con-
sumer’s satisfaction. From the very fast day of dark chocolate produc-
tion, it was getting popularity due to its sensory properties. Consumers
play an important role in the innovation of new product. Recently
consumption rate is increased due to its remarkable health benefits
(Flammer et al., 2007; Mattia et al., 2017; Moreno et al., 2012). One of
the main components in dark chocolate is a polyphenol which is
responsible for the anticipation of numerous diseases like high blood
pressure, atherosclerosis, and inflammatory diseases (Oracz and
Nebesny, 2016). But, due to its ample amount of energy content, it is not
permitted for higher intake. To get the best result, dark chocolate intake
should be the proper amount (Bartkiene et al., 2021; Zugravu and
Otelea, 2019). One of the major causes of dark chocolate’s popularity is
its flavor and texture. Fatty acids confer texture to the finished products,
and volatile compounds give texture to dark chocolate. Polymorphism of
cocoa butter could be prevented by the tempering process. Tempering
gives a better appearance to chocolate. For example, makes it glossier
and increases its shelf life. This is also a good sign of consumer
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acceptance (Ligeza and Czarkowska, 2019). The melting properties of
dark chocolate are dependent on the emulsifier used, fatty acid profile,
storage time, particle size, etc. (Afoakwa et al., 2008a, 2009).

In earlier days, the consumption of chocolate was only limited to
children, but now it has become more popular among all age groups due
to its functional properties mainly developed by fortification (Fernandez
et al., 2021). The nutritional approach always gives a positive effect on
the consumers. Dark chocolate is rich in healthy fatty acids and also
several bioactive compounds such as catechine, epicatechin, caffeine,
flavonoids, total polyphenolic compounds, etc. (Virgens et al., 2021).
Those components provide multiple health benefits, which have already
been discussed before. Sometimes these components are responsible for
the generation of bitterness and astringency. This could be minimized by
fortification. Fortified dark chocolate can support the nutritional status
of the population in a better way. The consumer acceptance of dark
chocolate is increased after adding micronutrients to it. Researchers
have already established the positive relationship between dark choco-
late fortification and health promotion. Dark chocolate is already for-
tified with anthocyanin which imparts modulation of different functions
in the human body. It can promote anti-inflammatory and antioxidant
effects with a protective effect against DNA damage. LDL, triglyceride,
and total cholesterol are reduced by regular intake of anthocyanins
(Kuntz et al., 2014; Triebel et al., 2012; Weisel et al., 2006). After the
addition of spices to the dark chocolate for example cinnamon con-
sumers get to benefit from its anti-microbial properties (Keith, 2019).
Chocolate was fortified with prebiotics and probiotics to promote better
gut health (Roberfroid, 2000). Polysaccharide fortification makes dark
chocolate much healthy to attract the obese population (Misurcova
et al., 2012). Vitamin fortification increases the vitamin content of dark
chocolate thus it can be used as a supplementary product for the pre-
vention of vitamin deficiency disorders. Essential fatty acid fortification
could improve skin-related problems (Ruxton et al., 2004). Flavonol
fortification gives added antioxidant properties to the consumers which

disease
prevention

Intestinal

Disorder

prevention

Fig. 7. Health benefits of fortified dark chocolate.

1938



S. Samanta et al.

reduce the possibility of degenerative diseases.

In Columbia, cocoa products were taken for getting the remedy of
fatigue, gastrointestinal problems, indigestion, etc. (Dillinger et al.,
2000). Consumers can use fortified dark chocolate for therapeutic pur-
poses for the prevention of various types of diseases. They can also use
for getting instant energy to overcome physical and mental stress. It can
be a good nutritional supplement for children as it is dense in valuable
nutrients. An aged person also can take this as a dessert item by
replacing calorie-dense sweet items. So, fortified dark chocolate can use
on multiple grounds for solving various problems.

12. Conclusion and future perspective

Nutritional aspects of dark chocolate were improved after fortifica-
tion. The fortification was done with numerous ingredients like fruits
(mulberry) and spices and herbs (cinnamon), probiotics (Lactobacillus),
prebiotics (inulin, Xanthan gum), etc. Those fortifications are aimed not
only to improve the nutritional qualities of the dark chocolate but also
can be used for a therapeutic purpose to avoid the early occurrence of
degenerative diseases. Researchers have found that fortification up-
grades platelet functioning and enhances cardiovascular health. Even
some replacement studies focused on the calorie reduction of chocolate
for the weight management of an obese person. The most prominent
health benefit is the prevention of cancer due to its excellent antioxidant
property. Dark chocolate is believed to scavenge free radicals. Fortifi-
cation also modulates the physical properties of the chocolate, for
example, rheological properties and melting properties, and also am-
plifies the consumer acceptability of the chocolate. Though a wide range
of fortification studies has already been discussed in this review, it can
still be modified in several aspects to contribute some unique advantages
to societies. So, some future studies can be done to focus on these areas.
Dark chocolate fortification can be done with some waste materials thus,
the nutrient loss could be minimized. Dark chocolate also can be forti-
fied by applying some inexpensive technologies to decrease the overall
cost of the end product. Although all age groups consume dark choco-
late, future research can be dealt to enhance the physical performance of
individuals such as sportspeople. Fortification could be done in such a
way that it can reduce the oxidative stress of sports people and improve
their overall performance.

Funding
Not applicable.
Availability of data and material
All relevant data are within the paper.
Code availability
Not applicable.
Ethical approval
Not applicable.
Consent to participate

The authors have agreed to participate in the publication of the
paper.

Consent to publish

All authors have agreed to publish the paper.

1939

Current Research in Food Science 5 (2022) 1916-1943
CRediT authorship contribution statement

Sharmistha Samanta: Conceptualization, Methodology, Writing —
original draft, All authors read the final version of the manuscript and
approved for final submission. Tanmay Sarkar: Conceptualization,
Methodology, Writing — original draft, Supervision, All authors read the
final version of the manuscript and approved for final submission. Runu
Chakraborty: Conceptualization, Methodology, Data curation, Writing
- original draft, Supervision, Writing — review & editing, Reviewing and
Editing, All authors read the final version of the manuscript and
approved for final submission. Maksim Rebezov: Image preparation,
All authors read the final version of the manuscript and approved for
final submission. Mohammad Ali Shariati: Image preparation, All au-
thors read the final version of the manuscript and approved for final
submission. Muthu Thiruvengadam: Conceptualization, Methodology,
Data curation, Supervision, Writing — review & editing, Reviewing and
Editing, All authors read the final version of the manuscript and
approved for final submission. Kannan R.R. Rengasamy: Conceptual-
ization, Methodology, Data curation, Writing — review & editingEditing,
Reviewing and Editing, All authors read the final version of the manu-
script and approved for final submission.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Abt, E., Robin, L.P., 2020. Perspective on cadmium and lead in cocoa and chocolate.
J. Agric. Food Chem. 68 (46), 13008-13015.

Adam, A., Crespy, V., Levrat-Verny, M.A., Leenhardt, F., Leuillet, M., Demigné, C.,
Rémésy, C., 2002. The bioavailability of ferulic acid is governed primarily by the
food matrix rather than its metabolism in intestine and liver in rats. J. Nutr. 132 (7),
1962-1968. https://doi.org/10.1093/jn/132.7.1962.

Ader, P., Block, M., Pietzsch, S., Wolffram, S., 2001. Interaction of quercetin glucosides
with the intestinal sodium/glucose co-transporter (SGLT-1). Cancer Lett. 162 (2),
175-180. https://doi.org/10.1016/50304-3835(00)00645-5.

Adeyeye, E.I, Akinyeye, R.O., Ogunlade, I., Olaofe, O., Boluwade, J.O., 2010. Effect of
farm and industrial processing on the amino acid profile of cocoa beans. Food Chem.
118 (2), 357-363. https://doi.org/10.1016/j.foodchem.2009.04.127.

Afoakwa, E.O., Paterson, A., Fowler, M., 2007. Factors influencing rheological and
textural qualities in chocolate - a review. Trends Food Sci. Technol. 18 (6), 290-298.
https://doi.org/10.1016/j.tifs.2007.02.002.

Afoakwa, E.O., Paterson, A., Fowler, M., Vieira, J., 2008a. Characterization of melting
properties in dark chocolates from varying particle size distribution and composition
using differential scanning calorimetry. Food Res. Int. 41 (7), 751-757. https://doi.
org/10.1016/j.foodres.2008.05.009.

Afoakwa, E.O., Paterson, A., Fowler, M., Ryan, A., 2008b. Flavor formation and character
in cocoa and chocolate: a critical review. Crit. Rev. Food Sci. Nutr. 48 (9), 840-857.
https://doi.org/10.1080/10408390701719272.

Afoakwa, E.O., Paterson, A., Fowler, M., Vieira, J., 2009. Fat bloom development and
structure-appearance relationships during storage of under-tempered dark
chocolates. J. Food Eng. 91 (4), 571-581. https://doi.org/10.1016/j.
jfoodeng.2008.10.011.

Afoakwa, E.O., Quao, J., Takrama, J., Budu, A.S., Saalia, F.K., 2013. Chemical
composition and physical quality characteristics of Ghanaian cocoa beans as affected
by pulp pre-conditioning and fermentation. J. Food Sci. Technol. 50 (6), 1097-1105.
https://doi.org/10.1007/s13197-011-0446-5.

Aidoo, R.P., Appah, E., Van Dewalle, D., Afoakwa, E.O., Dewettinck, K., 2017.
Functionality of inulin and polydextrose as sucrose replacers in sugar-free dark
chocolate manufacture — effect of fat content and bulk mixture concentration on
rheological, mechanical and melting properties. Int. J. Food Sci. Technol. 52 (1),
282-290. https://doi.org/10.1111/ijfs.13281.

Akkarachiyasit, S., Charoenlertkul, P., Yibchok-Anun, S., Adisakwattana, S., 2010.
Inhibitory activities of cyanidin and its glycosides and synergistic effect with
acarbose against intestinal a-glucosidase and pancreatic a-amylase. Int. J. Mol. Sci.
11 (9), 3387-3396. https://doi.org/10.3390/ijms11093387.

Albak, E., Takin, A.R., 2015. Effect of cinnamon powder addition during conching on the
flavor of dark chocolate mass. J. Food Sci. Technol. 52 (4), 1960-1970. https://doi.
org/10.1007/s13197-013-1217-2.

Albak, E., Takin, A.R., 2016. Variation of total aroma and polyphenol content of dark
chocolate during three phase of conching. J. Food Sci. Technol. 53 (1), 848-855.
https://doi.org/10.1007/513197-015-2036-4.

Almatroodi, S.A., Alsahli, M.A., Almatroudi, A., Verma, A.K., Aloligi, A., Allemailem, K.
S., Rahmani, A.H., 2021. Potential therapeutic targets of quercetin, a plant flavonol,


http://refhub.elsevier.com/S2665-9271(22)00187-3/sref1
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref1
https://doi.org/10.1093/jn/132.7.1962
https://doi.org/10.1016/S0304-3835(00)00645-5
https://doi.org/10.1016/j.foodchem.2009.04.127
https://doi.org/10.1016/j.tifs.2007.02.002
https://doi.org/10.1016/j.foodres.2008.05.009
https://doi.org/10.1016/j.foodres.2008.05.009
https://doi.org/10.1080/10408390701719272
https://doi.org/10.1016/j.jfoodeng.2008.10.011
https://doi.org/10.1016/j.jfoodeng.2008.10.011
https://doi.org/10.1007/s13197-011-0446-5
https://doi.org/10.1111/ijfs.13281
https://doi.org/10.3390/ijms11093387
https://doi.org/10.1007/s13197-013-1217-2
https://doi.org/10.1007/s13197-013-1217-2
https://doi.org/10.1007/s13197-015-2036-4
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref14
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref14

S. Samanta et al.

and its role in the therapy of various types of cancer through the modulation of
various cell signaling pathways. Molecules 26 (5), 1315.

Anddjar, 1., Recio, M.C., Giner, R.M., Rios, J.L., 2012. Cocoa polyphenols and their
potential benefits for human health. Oxid. Med. Cell. Longev. 2012 https://doi.org/
10.1155/2012/906252.

Appeldoorn, M.M., Vincken, J.P., Gruppen, H., Hollman, P.C.H., 2009. Procyanidin
dimers A1, A2, and B2 are absorbed without conjugation or methylation from the
small intestine of rats. J. Nutr. 139 (8), 1469-1473. https://doi.org/10.3945/
jn.109.106765.

Aprotosoaie, A.C., Luca, S.V., Miron, A., 2016. Flavor chemistry of cocoa and cocoa
products-an overview. Compr. Rev. Food Sci. Food Saf. 15 (1), 73-91. https://doi.
org/10.1111/1541-4337.12180.

Araujo, Q. R. De, Gattward, J.N., Almoosawi, S., Parada Costa Silva, M., das, G.C.,
Dantas, P.A.D.S., Araujo Junior, Q. R. De, 2016. Cocoa and human health: from head
to foot—a review. Crit. Rev. Food Sci. Nutr. 56 (1), 1-12. https://doi.org/10.1080/
10408398.2012.657921.

Aremu, C.Y., Agiang, M.A., Ayatse, J.0.1., 1995. Nutrient and antinutrient profiles of raw
and fermented cocoa beans. Plant Foods Hum. Nutr. 48 (3), 217-223. https://doi.
org/10.1007/BF01088443.

Ashihara, H., Kato, M., Crozier, A., 2011. Distribution, biosynthesis and catabolism of
methylxanthines in plants. Handb. Exp. Pharmacol. 200, 11-31. https://doi.org/
10.1007/978-3-642-13443-2 2.

Asti, G.K., Ekantari, N., 2020. Consumer PReferences for Dark Chocolate Products
Fortified with Spirulina Platensis Using Analytical Hierarchy Process Method, vol.
147. E3S Web of Conferences. https://doi.org/10.1051/e3sconf/202014703021.

Azuma, K., Ippoushi, K., Nakayama, M., Ito, H., Higashio, H., Terao, J., 2000. Absorption
of chlorogenic acid and caffeic acid in rats after oral administration. J. Agric. Food
Chem. 48 (11), 5496-5500. https://doi.org/10.1021/jf000483q.

Baba, S., Osakabe, N., Yasuda, A., Natsume, M., Takizawa, T., Nakamura, T., Terao, J.,
2000. Bioavailability of (-)-epicatechin upon intake of chocolate and cocoa in human
volunteers. Free Radic. Res. 33 (5), 635-641. https://doi.org/10.1080/
10715760000301151.

Ballard, C.R., Junior, M.R.M., 2018. Health benefits of flavonoids. In: Bioactive
Compounds: Health Benefits and Potential Applications. Elsevier Inc. https://doi.
org/10.1016/B978-0-12-814774-0.00010-4.

Barisi¢, V., Kopjar, M., Jozinovi¢, A., Flanjak, 1., Ackar, b., Milicevi¢, B., Subarié, D.,
Joki¢, S., Babi¢, J., 2019. The chemistry behind chocolate production. Molecules 24
(17). https://doi.org/10.3390/molecules24173163.

Baron, A.M., Donnerstein, R.L., Samson, R.A., Baron, J.A., Padnick, J.N., Goldberg, S.J.,
1999. Hemodynamic and electrophysiologic effects of acute chocolate ingestion in
young adults. Am. J. Cardiol. 84 (3), 370-373. https://doi.org/10.1016/50002-9149
(99)00301-X.

Barrio, R.G., Gomez, V.N., Jovellanos, E.C., Alonso, J.J.G., Caston, M.J.P., 2020.
Improvement of the flavanol profile and the antioxidant capacity of chocolate using
a phenolic rich cocoa powder. Foods 9 (2), 1-12. https://doi.org/10.3390/
foods9020189.

Bartkiene, E., Mockus, E., Monstaviciute, E., Klementaviciute, J., Mozuriene, E.,
Starkute, V., Zavistanaviciute, P., Zokaityte, E., Cernauskas, D., Klupsaite, D., 2021.
The evaluation of dark chocolate-elicited emotions and their relation with physico
chemical attributes of chocolate. Foods 10 (3), 1-12. https://doi.org/10.3390/
foods10030642.

Beach, C.A., Mays, D.C., Guiler, R.C., Jacober, C.H., Gerber, N., 1986. Inhibition of
elimination of caffeine by disulfiram in normal subjects and recovering alcoholics.
Clin. Pharmacol. Ther. 39 (3), 265-270. https://doi.org/10.1038/clpt.1986.37.

Blanco-Montenegro, L., Ritis, R., Chiappini, M., 2007. Imaging and modelling the
subsurface structure of volcanic calderas with high-resolution aeromagnetic data at
Vulcano (Aeolian Islands, Italy). Bull. Volcanol. 69 (6), 643-659. https://doi.org/
10.1007/500445-006-0100-7.

Blinks, J.R., Olson, C.B., Jewell, B.R., Braven, P., 1972. Influence of caffeine and other
methylxanthines on mechanical properties of isolated mammalian heart muscle.
Circulation 367-392.

Bolek, S., Tosya, F., Akcura, S., 2022. Effects of Santolina chamaecyparissus essential oil
on rheological, thermal and antioxidative properties of dark chocolate. International
Journal of Gastronomy and Food Science 27 (February). https://doi.org/10.1016/j.
ijgfs.2022.100481.

Botelho, P.B., Galasso, M., Dias, V., Mandrioli, M., Lobato, L.P., Rodriguez-Estrada, M.T.,
Castro, I.A., 2014. Oxidative stability of functional phytosterol-enriched dark
chocolate. LWT - Food Sci. Technol. (Lebensmittel-Wissenschaft -Technol.) 55 (2),
444-451. https://doi.org/10.1016/j.lwt.2013.09.002.

Brglez Mojzer, E., Knez Hrnéi¢, M., Skerget, M., Knez, Z., Bren, U., 2016. Polyphenols:
extraction methods, antioxidative action, bioavailability and anticarcinogenic
effects. Molecules 21 (7). https://doi.org/10.3390/molecules21070901.

Burgos, M.J.G., Pulido, R.P., Aguayo, M., del, C.L., Galvez, A., Lucas, R., 2014. The cyclic
antibacterial peptide enterocin AS-48: isolation, mode of action, and possible food
applications. Int. J. Mol. Sci. 15 (12), 22706-22727. https://doi.org/10.3390/
ijms151222706.

Caprioli, G., Fiorini, D., Maggi, F., Nicoletti, M., Ricciutelli, M., Toniolo, C., Prosper, B.,
Vittori, S., Sagratini, G., 2016. Nutritional composition, bioactive compounds and
volatile profile of cocoa beans from different regions of Cameroon. Int. J. Food Sci.
Nutr. 67 (4), 422-430. https://doi.org/10.3109/09637486.2016.1170769.

Charoenngam, N., Holick, M.F., 2020. Immunologic effects of vitamin d on human health
and disease. Nutrients 12 (7), 1-28. https://doi.org/10.3390/nul12072097.

Cheng, H., Wei, K., Wang, L., 2015. The impact of variety, environment and agricultural
practices on catechins and caffeine in plucked tea leaves. Process. Impact on Active
Components in Food 597-603. https://doi.org/10.1016/B978-0-12-404699-
3.00072-X. January 2019.

1940

Current Research in Food Science 5 (2022) 1916-1943

Chen, Y.T., Kao, C.J., Huang, H.Y., Huang, S.Y., Chen, C.Y., Lin, Y.S., Wen, Z.H.,
Wang, H.M.D., 2017. Astaxanthin reduces MMP expressions, suppresses cancer cell
migrations, and triggers apoptotic caspases of in vitro and in vivo models in
melanoma. J. Funct.Foods 31, 20-31. https://doi.org/10.1016/].jff.2017.01.005.

Chiang, A.N., Wu, H.L., Yeh, H.I., Chu, C.S., Lin, H.C., Lee, W.C., 2006. Antioxidant
effects of black rice extract through the induction of superoxide dismutase and
catalase activities. Lipids 41 (8), 797-803. https://doi.org/10.1007/s11745-006-
5033-6.

Clewes, C.A.N., 2013. Food fortification. Nutrition in Infancy 1, 359-381. https://doi.
org/10.1007/978-1-62703-224-7_25.

Cooper, D., Doucet, L., Pratt, M., 2007. Understanding in multinational organizations.
J. Organ. Behav. 28 (3), 303-325. https://doi.org/10.1002/j.

Cooper, K.A., Gimenez, E.C., Alvarez, D.J., Rytz, A., Nagy, K., Williamson, G., 2008.
Predictive relationship between polyphenol and nonfat cocoa solids content of
chocolate. J. Agric. Food Chem. 56 (1), 260-265. https://doi.org/10.1021/
jf072153c.

Curtis, P.J., Dhatariya, K., Sampson, M., Kroon, P.A., Potter, J., Cassidy, A., 2012.
Chronic ingestion of flavan-3-ols and isoflavones improves insulin sensitivity and
lipoprotein status and attenuates estimated 10-year CVD risk in medicated
postmenopausal women with type 2 diabetes: a 1-year, double-blind, randomized,
controlled trial. Diabetes Care 35 (2), 226-232. https://doi.org/10.2337/dc11-
1443.

Cvitanovic, B.A., Bauman, L., 2012. Innovative formulations of chocolates enriched with
plant polyphenols from Rubus idaeus L. leaves and characterization of their physical,
bioactive and sensory properties. Food Res. Int. 48 (2), 820-830. https://doi.org/
10.1016/j.foodres.2012.06.023.

Czank, C., Cassidy, A., Zhang, Q., Morrison, D.J., Preston, T., Kroon, P.A., Botting, N.P.,
Kay, C.D., 2013. Human metabolism and elimination of the anthocyanin, cyanidin-3-
glucoside: a 13C-tracer study. Am. J. Clin. Nutr. 97 (5), 995-1003. https://doi.org/
10.3945/ajcn.112.049247.

Davison, G., Callister, R., Williamson, G., Cooper, K.A., Gleeson, M., 2012. The effect of
acute pre-exercise dark chocolate consumption on plasma antioxidant status,
oxidative stress and immunoendocrine responses to prolonged exercise. Eur. J. Nutr.
51 (1), 69-79. https://doi.org/10.1007/s00394-011-0193-4.

Day, A.J., Gee, J.M., DuPont, M.S., Johnson, I.T., Williamson, G., 2003. Absorption of
quercetin-3-glucoside and quercetin-4'-glucoside in the rat small intestine: the role
of lactase phlorizin hydrolase and the sodium-dependent glucose transporter.
Biochem. Pharmacol. 65 (7), 1199-1206. https://doi.org/10.1016/50006-2952(03)
00039-X.

Decroix, L., Tonoli, C., Soares, D.D., Descat, A., Drittij-Reijnders, M.J., Weseler, A.R.,
Bast, A., Stahl, W., Heyman, E., Meeusen, R., 2017. Acute cocoa Flavanols intake has
minimal effects on exercise-induced oxidative stress and nitric oxide production in
healthy cyclists: a randomized controlled trial. Sports Nutr. Rev. J. 14 (1) https://
doi.org/10.1186/5s12970-017-0186-7.

Delgado, G.T.C., Tamashiro, W.M.D.S.C., 2018. Role of prebiotics in regulation of
microbiota and prevention of obesity. Food Res. Int. 113 (April), 183-188. https://
doi.org/10.1016/j.foodres.2018.07.013.

Desideri, G., Kwik-Uribe, C., Grassi, D., Necozione, S., Ghiadoni, L., Mastroiacovo, D.,
Raffaele, A., Ferri, L., Bocale, R., Lechiara, M.C., Marini, C., Ferri, C., 2012. Benefits
in cognitive function, blood pressure, and insulin resistance through cocoa flavanol
consumption in elderly subjects with mild cognitive impairment: the cocoa,
cognition, and aging (CoCoA) study. Hypertension 60 (3), 794-801. https://doi.org/
10.1161/HYPERTENSIONAHA.112.193060.

Didar, Z., 2021. Enrichment of dark chocolate with vitamin D3 (free or liposome) and
assessment quality parameters. J. Food Sci. Technol. 58 (8), 3065-3072. https://doi.
org/10.1007/s13197-020-04810-x.

Dillinger, T.L., Barriga, P., Escarcega, S., Jimenez, M., Lowe, D.S., Grivetti, L.E., 2000.
Food of the Gods: cure for humanity? A cultural history of the medicinal and ritual
use of chocolate. J. Nutr. 130 (8 Suppl. L), 2057-2072. https://doi.org/10.1093/jn/
130.8.2057s.

Djikeng, F.T., Teyomnou, W.T., Tenyang, N., Tiencheu, B., Morfor, A.T., Touko, B.A.H.,
Houketchang, S.N., Boungo, G.T., Karuna, M.S.L., Ngoufack, F.Z., Womeni, H.M.,
2018. Effect of traditional and oven roasting on the physicochemical properties of
fermented cocoa beans. Heliyon 4 (2). https://doi.org/10.1016/j.heliyon.2018.
e00533.

Dugo, L., Belluomo, M.G., Fanali, C., Russo, M., Cacciola, F., MacCarrone, M.,
Sardanelli, A.M., 2017. Effect of cocoa polyphenolic extract on macrophage
polarization from proinflammatory M1 to anti-inflammatory M2 state. Oxid. Med.
Cell. Longev. 2017 https://doi.org/10.1155/2017/6293740.

Dwijatmokoa, M.I., Praseptiangga, D., Muhammad, D.R.A., 2016. Effect of cinnamon
essential oils addition in the sensory attributes of dark chocolate. Nusantara
Bioscience 8 (2), 301-305. https://doi.org/10.13057 /nusbiosci/n080227.

Ekantari, N., Budhiyanti, S.A., Fitriya, W., Hamdan, A.B., Riaty, C., 2019. Stability of
chocolate bars fortified with nanocapsules carotenoid of Spirulina platensis. IOP
Conf. Ser. Earth Environ. Sci. 370 (1) https://doi.org/10.1088/1755-1315/370/1/
012079.

Engler, M.B., Englaer, M.M., 2006. The emerging role of flavonoid-rich cocoa and
chocolate in cardiovascular health and disease. Nutr. Rev. 64 (3), 109-118. https://
doi.org/10.1111/j.1753-4887.2006.tb00194.x.

Engler, M.B., Engler, M.M., Browne, A., Chiu, E.Y., Mietus-Snyder, M.L., Paul, S.M.,
Malloy, M.J., Chen, C.Y., Kwak, H.K., Milbury, P., Blumberg, J., 2004. Flavonoid-
rich dark chocolate improves endothelial function and increases plasma epicatechin
concentrations in healthy adults. J. Am. Coll. Nutr. 23 (3), 197-204. https://doi.org/
10.1080/07315724.2004.10719361.

Erdem, O., Giiltekin-Ozgiiven, M., Berktas, I, Ersan, S., Tuna, H.E., Karadag, A.,
ézgelik, B., Giines, G., Cutting, S.M., 2014. Development of a novel synbiotic dark


http://refhub.elsevier.com/S2665-9271(22)00187-3/sref14
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref14
https://doi.org/10.1155/2012/906252
https://doi.org/10.1155/2012/906252
https://doi.org/10.3945/jn.109.106765
https://doi.org/10.3945/jn.109.106765
https://doi.org/10.1111/1541-4337.12180
https://doi.org/10.1111/1541-4337.12180
https://doi.org/10.1080/10408398.2012.657921
https://doi.org/10.1080/10408398.2012.657921
https://doi.org/10.1007/BF01088443
https://doi.org/10.1007/BF01088443
https://doi.org/10.1007/978-3-642-13443-2_2
https://doi.org/10.1007/978-3-642-13443-2_2
https://doi.org/10.1051/e3sconf/202014703021
https://doi.org/10.1021/jf000483q
https://doi.org/10.1080/10715760000301151
https://doi.org/10.1080/10715760000301151
https://doi.org/10.1016/B978-0-12-814774-0.00010-4
https://doi.org/10.1016/B978-0-12-814774-0.00010-4
https://doi.org/10.3390/molecules24173163
https://doi.org/10.1016/S0002-9149(99)00301-X
https://doi.org/10.1016/S0002-9149(99)00301-X
https://doi.org/10.3390/foods9020189
https://doi.org/10.3390/foods9020189
https://doi.org/10.3390/foods10030642
https://doi.org/10.3390/foods10030642
https://doi.org/10.1038/clpt.1986.37
https://doi.org/10.1007/s00445-006-0100-7
https://doi.org/10.1007/s00445-006-0100-7
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref31
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref31
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref31
https://doi.org/10.1016/j.ijgfs.2022.100481
https://doi.org/10.1016/j.ijgfs.2022.100481
https://doi.org/10.1016/j.lwt.2013.09.002
https://doi.org/10.3390/molecules21070901
https://doi.org/10.3390/ijms151222706
https://doi.org/10.3390/ijms151222706
https://doi.org/10.3109/09637486.2016.1170769
https://doi.org/10.3390/nu12072097
https://doi.org/10.1016/B978-0-12-404699-3.00072-X
https://doi.org/10.1016/B978-0-12-404699-3.00072-X
https://doi.org/10.1016/j.jff.2017.01.005
https://doi.org/10.1007/s11745-006-5033-6
https://doi.org/10.1007/s11745-006-5033-6
https://doi.org/10.1007/978-1-62703-224-7_25
https://doi.org/10.1007/978-1-62703-224-7_25
https://doi.org/10.1002/j
https://doi.org/10.1021/jf072153c
https://doi.org/10.1021/jf072153c
https://doi.org/10.2337/dc11-1443
https://doi.org/10.2337/dc11-1443
https://doi.org/10.1016/j.foodres.2012.06.023
https://doi.org/10.1016/j.foodres.2012.06.023
https://doi.org/10.3945/ajcn.112.049247
https://doi.org/10.3945/ajcn.112.049247
https://doi.org/10.1007/s00394-011-0193-4
https://doi.org/10.1016/S0006-2952(03)00039-X
https://doi.org/10.1016/S0006-2952(03)00039-X
https://doi.org/10.1186/s12970-017-0186-7
https://doi.org/10.1186/s12970-017-0186-7
https://doi.org/10.1016/j.foodres.2018.07.013
https://doi.org/10.1016/j.foodres.2018.07.013
https://doi.org/10.1161/HYPERTENSIONAHA.112.193060
https://doi.org/10.1161/HYPERTENSIONAHA.112.193060
https://doi.org/10.1007/s13197-020-04810-x
https://doi.org/10.1007/s13197-020-04810-x
https://doi.org/10.1093/jn/130.8.2057s
https://doi.org/10.1093/jn/130.8.2057s
https://doi.org/10.1016/j.heliyon.2018.e00533
https://doi.org/10.1016/j.heliyon.2018.e00533
https://doi.org/10.1155/2017/6293740
https://doi.org/10.13057/nusbiosci/n080227
https://doi.org/10.1088/1755-1315/370/1/012079
https://doi.org/10.1088/1755-1315/370/1/012079
https://doi.org/10.1111/j.1753-4887.2006.tb00194.x
https://doi.org/10.1111/j.1753-4887.2006.tb00194.x
https://doi.org/10.1080/07315724.2004.10719361
https://doi.org/10.1080/07315724.2004.10719361

S. Samanta et al.

chocolate enriched with Bacillus indicus HU36, maltodextrin and lemon fiber:
optimization by response surface methodology. LWT - Food Sci. Technol.
(Lebensmittel-Wissenschaft -Technol.) 56 (1), 187-193. https://doi.org/10.1016/j.
1wt.2013.10.020.

Erdman, J.W., Carson, L.A., Kwik-Uribe, C., Evans, E.M., Allen, R.R., 2008. Effects of
cocoa flavanols on risk factors for cardiovascular disease. Asia Pac. J. Clin. Nutr. 17
(Suppl. 1), 284-287.

Faccinetto-Beltran, P., Gomez-Fernandez, A.R., Santacruz, A., Jacobo-Velazquez, D.A.,
2021. Chocolate as carrier to deliver bioactive ingredients: current advances and
future perspectives. Foods 10 (9), 1-21. https://doi.org/10.3390/foods10092065.

Fakhri, S., Abbaszadeh, F., Dargahi, L., Jorjani, M., 2018. Astaxanthin: a mechanistic
review on its biological activities and health benefits. Pharmacol. Res. 136 (August),
1-20. https://doi.org/10.1016/j.phrs.2018.08.012.

Fanton, S., Cardozo, L.F.M.F., Combet, E., Shiels, P.G., Stenvinkel, P., Vieira, 1.0.,
Narciso, H.R., Schmitz, J., Mafra, D., 2021. The sweet side of dark chocolate for
chronic kidney disease patients. Clin. Nutr. 40 (1), 15-26. https://doi.org/10.1016/
j.clnu.2020.06.039.

Farhat, G., Drummond, S., Fyfe, L., Al-Dujaili, E.A.S., 2014. Dark chocolate: an obesity
paradox or a culprit for weight gain? Phytother Res. 28 (6), 791-797. https://doi.
org/10.1002/ptr.5062.

Fernandez, A.R.G., Beltran, P.F., Sanchez, N.E.O., Carrillo, E.P., Santacruz, A.A.J., 2021.
Physicochemical properties and sensory acceptability of sugar-free dark chocolate
formulations added with probiotics. Rev. Mex. Ing. Quim. 20 (2), 697-709. https://
doi.org/10.24275/rmiq/Alim2131.

Fisher, N.D.L., Hollenberg, N.K., 2005. Flavanols for cardiovascular health: the science
behind the sweetness. J. Hypertens. 23 (8), 1453-1459. https://doi.org/10.1097/01.
hjh.0000174605.34027.9d.

Flammer, A.J., Hermann, F., Sudano, I., Spieker, L., Hermann, M., Cooper, K.A.,
Serafini, M., Liischer, T.F., Ruschitzka, F., Noll, G., Corti, R., 2007. Dark chocolate
improves coronary vasomotion and reduces platelet reactivity. Circulation 116 (21),
2376-2382. https://doi.org/10.1161/CIRCULATIONAHA.107.713867.

Gentili, A., Caretti, F., Bellante, S., Ventura, S., Canepari, S., Curini, R., 2013.
Comprehensive profiling of carotenoids and fat-soluble vitamins in milk from
different animal species by LC-DAD-MS/MS hyphenation. J. Agric. Food Chem. 61
(8), 1628-1639. https://doi.org/10.1021/jf302811a.

Gianfredi, V., Salvatori, T., Nucci, D., Villarini, M., Moretti, M., 2018. Can chocolate
consumption reduce cardio-cerebrovascular risk? A systematic review and meta-
analysis. Nutrition 46, 103-114. https://doi.org/10.1016/j.nut.2017.09.006.

Godocikova, L., IvaniSova, E., Kac¢aniova, M., 2017. The influence of fortification of dark
chocolate with Sea buckthorn and mulberry on the content of biologically active
substances. Advanced Research in Life Sciences 1 (1), 26-31. https://doi.org/
10.1515/arls-2017-0004.

Goldin, B.R., 1998. Health benefits of probiotics. Br. J. Nutr. 80 (Suppl. 2) https://doi.
org/10.1017/s0007114500006036.

Grassi, D., 2005. Cocoa reduces blood pressure and insulin resistance and improves
endothelium-dependent vasodilation in hypertensives. Hypertension 46 (2),
398-405. https://doi.org/10.1161/01.HYP.0000174990.46027.70.

Grassi, D., Desideri, G., Necozione, S., Lippi, C., Casale, R., Properzi, G., Blumberg, J.B.,
Ferri, C., 2008. Blood pressure is reduced and insulin sensitivity increased in
glucose-intolerant, hypertensive subjects after 15 days of consuming high-
polyphenol dark chocolate. J. Nutr. 138 (9), 1671-1676. https://doi.org/10.1093/
jn/138.9.1671.

Grassi, D., Lippi, C., Necozione, S., Desideri, G., Ferri, C., 2005. Short-term
administration of dark chocolate is followed by a significant increase in insulin
sensitivity and a decrease in blood pressure in healthy persons. Am. J. Clin. Nutr. 81
(3), 611-614. https://doi.org/10.1093/ajcn/81.3.611.

Gruenwald, J., Freder, J., Armbruester, N., 2010. Cinnamon and health. Crit. Rev. Food
Sci. Nutr. 50 (9), 822-834. https://doi.org/10.1080,/10408390902773052.

Habanova, M., Saraiva, J.A., Haban, M., Schwarzova, M., Chlebo, P., Predna, L., Gazo, J.,
Wyka, J., 2016. Intake of bilberries (Vaccinium myrtillus L.) reduced risk factors for
cardiovascular disease by inducing favorable changes in lipoprotein profiles. Nutr.
Res. 36 (12), 1415-1422. https://doi.org/10.1016/j.nutres.2016.11.010.

Hannum, S., Erdman, J., 2000. Emerging health benefits from cocoa and chocolate.

J. Med. Food 3 (2), 73-75.

Hapsari, T.T., Yuniasih, A.F., 2020. The determinant factors of Indonesian
competitiveness of cocoa exports to Germany. Jurnal Ekonomi Pembanguna 18 (1),
75-84.

Haritha, K., Kalyani, L., Rao, A.L., 2014. Health benefits of dark chocolate. Journal of
Advanced Drug Delivery 1 (4), 184-192.

Heinrich, U., Neukam, K., Tronnier, H., Sies, H., Stahl, W., 2006. Long-term ingestion of
high flavanol cocoa provides photoprotection against UV-induced erythema and
improves skin condition in women. J. Nutr. 136 (6), 1565-1569. https://doi.org/
10.1093/jn/136.6.1565.

Henderson, J., Hudson, K., 2019. Chasing chocolate. In: Kalle, M., Jacod, F. (Eds.),
Transatlantic Trade and Global Cultural Transfers since 1492. Routledge, Taylor &
Francis Group, London, p. 15.

Hollenberg, K., Norman, 2006. Vascular action of cocoa flavanols in humans: the roots of
the story. J. Cardiovasc. Pharmacol. 47 (Suppl. 2), 99-102. https://doi.org/
10.1097/00005344-200606001-00002.

Hooper, L., Kay, C., Abdelhamid, A., Kroon, P.A., Cohn, J.S., Rimm, E.B., Cassidy, A.,
2012. Effects of chocolate, cocoa, and flavan-3-ols on cardiovascular health: a
systematic review and meta-analysis of randomized trials. Am. J. Clin. Nutr. 95 (3),
740-751. https://doi.org/10.3945/ajcn.111.023457.

Hurst, W.J., Glinski, J.A., Miller, K.B., Apgar, J., Davey, M.H., Stuart, D.A., 2008. Survey
of the trans-resveratrol and trans-piceid content of cocoa-containing and chocolate

1941

Current Research in Food Science 5 (2022) 1916-1943

products. J. Agric. Food Chem. 56 (18), 8374-8378. https://doi.org/10.1021/
jf801297w.

Ibrahim, S.F., Ezzati, N.S., Dalek, M., Firdaus, Q.A., Raffie, M., Ain, M.R.F., 2020.
Quantification of physicochemical and microstructure properties of dark chocolate
incorporated with palm sugar and dates as alternative sweetener. Mater. Today:
Proc. 31, 366-371. https://doi.org/10.1016/j.matpr.2020.06.235.

Ioannone, F., Di Mattia, C.D., De Gregorio, M., Sergi, M., Serafini, M., Sacchetti, G., 2015.
Flavanols, proanthocyanidins and antioxidant activity changes during cocoa
(Theobroma cacao L.) roasting as affected by temperature and time of processing.
Food Chem. 174, 256-262. https://doi.org/10.1016/j.foodchem.2014.11.019.

Jalil, A.M.M., Ismail, A., 2008. Polyphenols in cocoa and cocoa products: is there a link
between antioxidant properties and health? Molecules 13 (9), 2190-2219. https://
doi.org/10.3390/molecules13092190.

Jara, A.D.L., Rodriguez, C.R., Polifrone, M., Assucao, P., Casillas, Y.B., Wagner, A.M.,
Majem, L.S., 2018. Impact of dietary Arthrospira (Spirulina) biomass consumption
on human health: main health targets and systematic review. J. Appl. Phycol. 30 (4),
2403-2423. https://doi.org/10.1007/s10811-018-1468-4.

Jawad, M., Schoop, R., Suter, A, Klein, P., Eccles, R., 2013. Perfil de eficacia y seguridad
de Echinacea purpurea en la prevencion de episodios de resfriado comun: Estudio
clinico aleatorizado, doble ciego y controlado con placebo. Revista de Fitoterapia 13
(2), 125-135. https://doi.org/10.1002/jsfa.

Karakaya, S., 2004. Bioavailability of phenolic compounds. Crit. Rev. Food Sci. Nutr. 44
(6), 453-464. https://doi.org/10.1080/10408690490886683.

Keith, S., 2019. Cinnamon: update of potential health benefits. Nutr. Today 54 (1),
42-52. https://doi.org/10.1097/NT.0000000000000319.

Kemsawasd, V., Chaikham, P., Rattanasena, P., 2016. Survival of immobilized probiotics
in chocolate during storage and with an in vitro gastrointestinal model. Food Biosci.
16 (September), 37-43. https://doi.org/10.1016/.fbio.2016.09.001.

Kerimi, A., Williamson, G., 2015. The cardiovascular benefits of dark chocolate. Vasc.
Pharmacol. 71, 11-15. https://doi.org/10.1016/j.vph.2015.05.011.

Kobus-Cisowska, J., Szymanowska, D., Maciejewska, P., Szczepaniak, O., Kmiecik, D.,
Gramza-Michatowska, A., Kulczynski, B., Cielecka-Piontek, J., 2019. Enriching novel
dark chocolate with Bacillus coagulans as a way to provide beneficial nutrients. Food
Funct. 10 (2), 997-1006. https://doi.org/10.1039/c8f002099j.

Konar, N., 2013. Influence of conching temperature and some bulk sweeteners on
physical and rheological properties of prebiotic milk chocolate containing inulin.
Eur. Food Res. Technol. 236 (1), 135-143. https://doi.org/10.1007/s00217-012-
1873-x.

Konar, N., Toker, O.S., Rasouli Pirouzian, H., Oba, S., Genc Polat, D., Palabiyik, 1.,
Poyrazoglu, E.S., Sagdic, O., 2018. Enrichment of milk chocolate by using EPA and
DHA originated from various origins: effects on product quality. Sugar Tech 20 (6),
745-755. https://doi.org/10.1007/s12355-018-0611-5.

Konishi, Y., Zhao, Z., Shimizu, M., 2006. Phenolic acids are absorbed from the rat
stomach with different absorption rates. J. Agric. Food Chem. 54 (20), 7539-7543.
https://doi.org/10.1021/jf061554+.

Kord-Varkaneh, H., Ghaedi, E., Nazary-Vanani, A., Mohammadi, H., Shab-Bidar, S.,
2019. Does cocoa/dark chocolate supplementation have favorable effect on body
weight, body mass index and waist circumference? A systematic review, meta-
analysis and dose-response of randomized clinical trials. Crit. Rev. Food Sci. Nutr. 59
(15), 2349-2362. https://doi.org/10.1080/10408398.2018.1451820.

Kropat, C., Mueller, D., Boettler, U., Zimmermann, K., Heiss, E.H., Dirsch, V.M.,
Rogoll, D., Melcher, R., Richling, E., Marko, D., 2013. Modulation of Nrf2-dependent
gene transcription by bilberry anthocyanins in vivo. Mol. Nutr. Food Res. 57 (3),
545-550. https://doi.org/10.1002/mnfr.201200504.

Kruger, M.J., Davies, N., Myburgh, K.H., Lecour, S., 2014. Proanthocyanidins,
anthocyanins and cardiovascular diseases. Food Res. Int. 59, 41-52. https://doi.org/
10.1016/j.foodres.2014.01.046.

Krysiak, W., 2006. Influence of roasting conditions on coloration of roasted cocoa beans.
J. Food Eng. 77 (3), 449-453. https://doi.org/10.1016/j.jfoodeng.2005.07.013.
Krysiak, W., 2011. Effects of convective and microwave roasting on the physicochemical
properties of cocoa beans and cocoa butter extracted from this material. Grasas

Aceites 62 (4), 467-478. https://doi.org/10.3989/gya.114910.

Kuntz, S., Kunz, C., Herrmann, J., Borsch, C.H., Abel, G., Frohling, B., Dietrich, H.,
Rudloff, S., 2014. Anthocyanins from fruit juices improve the antioxidant status of
healthy young female volunteers without affecting anti-inflammatory parameters:
results from the randomised, double-blind, placebo-controlled, cross-over
ANTHONIA (ANTHOcyanins in Nutrition. Br. J. Nutr. 112 (6), 925-936. https://doi.
org/10.1017/50007114514001482.

Lamport, D.J., Christodoulou, E., Achilleos, C., 2020. Beneficial effects of dark chocolate
for episodic memory in healthy young adults: a parallel-groups acute intervention
with a white chocolate control. Nutrients 12 (2). https://doi.org/10.3390/
nul2020483.

Lechtenberg, M., Henschel, K., Lieflander-Wulf, U., Quandt, B., Hensel, A., 2012. Fast
determination of N-phenylpropenoyl-l-amino acids (NPA) in cocoa samples from
different origins by ultra-performance liquid chromatography and capillary
electrophoresis. Food Chem. 135 (3), 1676-1684. https://doi.org/10.1016/j.
foodchem.2012.06.006.

Lecumberri, E., Goya, L., Mateos, R., Alia, M., Ramos, S., Izquierdo-Pulido, M., Bravo, L.,
2007. A diet rich in dietary fiber from cocoa improves lipid profile and reduces
malondialdehyde in hypercholesterolemic rats. Nutrition 23 (4), 332-341. https://
doi.org/10.1016/j.nut.2007.01.013.

Ligeza, E.O., Czarkowska, K., 2019. A comparative study of thermal and textural
properties of milk, white and dark chocolates. Thermochim. Acta 671, 60-69.
https://doi.org/10.1016/j.tca.2018.11.005.

Lillah, Asghar, A., Pasha, 1., Murtaza, G., Ali, M., 2017. Improving heat stability along
with quality of compound dark chocolate by adding optimized cocoa butter


https://doi.org/10.1016/j.lwt.2013.10.020
https://doi.org/10.1016/j.lwt.2013.10.020
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref60
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref60
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref60
https://doi.org/10.3390/foods10092065
https://doi.org/10.1016/j.phrs.2018.08.012
https://doi.org/10.1016/j.clnu.2020.06.039
https://doi.org/10.1016/j.clnu.2020.06.039
https://doi.org/10.1002/ptr.5062
https://doi.org/10.1002/ptr.5062
https://doi.org/10.24275/rmiq/Alim2131
https://doi.org/10.24275/rmiq/Alim2131
https://doi.org/10.1097/01.hjh.0000174605.34027.9d
https://doi.org/10.1097/01.hjh.0000174605.34027.9d
https://doi.org/10.1161/CIRCULATIONAHA.107.713867
https://doi.org/10.1021/jf302811a
https://doi.org/10.1016/j.nut.2017.09.006
https://doi.org/10.1515/arls-2017-0004
https://doi.org/10.1515/arls-2017-0004
https://doi.org/10.1017/s0007114500006036
https://doi.org/10.1017/s0007114500006036
https://doi.org/10.1161/01.HYP.0000174990.46027.70
https://doi.org/10.1093/jn/138.9.1671
https://doi.org/10.1093/jn/138.9.1671
https://doi.org/10.1093/ajcn/81.3.611
https://doi.org/10.1080/10408390902773052
https://doi.org/10.1016/j.nutres.2016.11.010
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref77
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref77
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref78
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref78
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref78
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref79
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref79
https://doi.org/10.1093/jn/136.6.1565
https://doi.org/10.1093/jn/136.6.1565
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref81
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref81
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref81
https://doi.org/10.1097/00005344-200606001-00002
https://doi.org/10.1097/00005344-200606001-00002
https://doi.org/10.3945/ajcn.111.023457
https://doi.org/10.1021/jf801297w
https://doi.org/10.1021/jf801297w
https://doi.org/10.1016/j.matpr.2020.06.235
https://doi.org/10.1016/j.foodchem.2014.11.019
https://doi.org/10.3390/molecules13092190
https://doi.org/10.3390/molecules13092190
https://doi.org/10.1007/s10811-018-1468-4
https://doi.org/10.1002/jsfa
https://doi.org/10.1080/10408690490886683
https://doi.org/10.1097/NT.0000000000000319
https://doi.org/10.1016/j.fbio.2016.09.001
https://doi.org/10.1016/j.vph.2015.05.011
https://doi.org/10.1039/c8fo02099j
https://doi.org/10.1007/s00217-012-1873-x
https://doi.org/10.1007/s00217-012-1873-x
https://doi.org/10.1007/s12355-018-0611-5
https://doi.org/10.1021/jf061554&plus;
https://doi.org/10.1080/10408398.2018.1451820
https://doi.org/10.1002/mnfr.201200504
https://doi.org/10.1016/j.foodres.2014.01.046
https://doi.org/10.1016/j.foodres.2014.01.046
https://doi.org/10.1016/j.jfoodeng.2005.07.013
https://doi.org/10.3989/gya.114910
https://doi.org/10.1017/S0007114514001482
https://doi.org/10.1017/S0007114514001482
https://doi.org/10.3390/nu12020483
https://doi.org/10.3390/nu12020483
https://doi.org/10.1016/j.foodchem.2012.06.006
https://doi.org/10.1016/j.foodchem.2012.06.006
https://doi.org/10.1016/j.nut.2007.01.013
https://doi.org/10.1016/j.nut.2007.01.013
https://doi.org/10.1016/j.tca.2018.11.005

S. Samanta et al.

substitute (hydrogenated palm kernel stearin) emulsion. LWT - Food Sci. Technol.
(Lebensmittel-Wissenschaft -Technol.) 80, 531-536. https://doi.org/10.1016/j.
Iwt.2017.02.042.

Lippi, G., Franchini, M., Montagnana, M., Favaloro, E.J., Guidi, G.C., Targher, G., 2009.
Dark chocolate: consumption for pleasure or therapy? J. Thromb. Thrombolysis 28
(4), 482-488. https://doi.org/10.1007/s11239-008-0273-3.

Lorenzo, N.D., Dos Santos, O.V., Lannes, S.C. da S., 2022. Structure and nutrition of dark
chocolate with pequi mesocarp (Caryocar villosum (Alb.) Pers.). Food Sci. Technol.
42 https://doi.org/10.1590/fst.88021.

Manach, C., Scalbert, A., Morand, C., Rémésy, C., Jiménez, L., 2004. Polyphenols: food
sources and bioavailability. Am. J. Clin. Nutr. 79 (5), 727-747. https://doi.org/
10.1093/ajen/79.5.727.

Mao, T.K., Powell, J., Van De Water, J., Keen, C.L., Schmitz, H.H., Hammerstone, J.F.,
Gershwin, E.M., 2000. The effect of cocoa procyanidins on the transcription and
secretion of interleukin 1f in peripheral blood mononuclear cells. Life Sci. 66 (15),
1377-1386. https://doi.org/10.1016/50024-3205(00)00449-5.

Marazeeq, K.M.A., 2018. Evaluation of proximate composition and sensory attributes of
dark chocolate fortified with wheat germ. Adv. J. Food Sci. Technol. 14 (3),
103-107. https://doi.org/10.19026/ajfst.14.5843.

Marie, J., Bereau, D., Robinson, J., 2021. Benefits of polyphenols and methylxanthines
from cocoa. Food 10 (9), 1-20.

Martini, S., Conte, A., Tagliazucchi, D., 2018. Comprehensive evaluation of phenolic
profile in dark chocolate and dark chocolate enriched with Sakura green tea leaves
or turmeric powder. Food Res. Int. 112 (March), 1-16. https://doi.org/10.1016/j.
foodres.2018.06.020.

Matsui, M., Muizzuddin, N., Arad, S., Marenus, K., 2003. From red microalgae have
antiinflammatory properties in vitro and in vivo. Appl. Biochem. Biotechnol. 104,
13-22.

Mattia, C.D.D., Martuscelli, M., Sacchetti, G., Scheirlinck, I., Beheydt, B., Mastrocola, D.,
Pittia, P., 2013. Effect of fermentation and drying on procyanidins, antiradical
activity and reducing properties of cocoa beans. Food Bioprocess Technol. 6 (12),
3420-3432. https://doi.org/10.1007/s11947-012-1028-x.

Mattia, C.D.D., Sacchetti, G., Mastrocola, D., Serafini, M., 2017. From cocoa to chocolate:
the impact of processing on in vitro antioxidant activity and the effects of chocolate
on antioxidant markers in vivo. Front. Inmunol. 8 (SEP), 1-7. https://doi.org/
10.3389/fimmu.2017.01207.

Mattia, C.D., Martuscelli, M., Sacchetti, G., Beheydt, B., Mastrocola, D., Pittia, P., 2014.
Effect of different conching processes on procyanidin content and antioxidant
properties of chocolate. Food Res. Int. 63, 367-372. https://doi.org/10.1016/j.
foodres.2014.04.00.

McShea, A., Ramiro-Puig, E., Munro, S.B., Casadesus, G., Castell, M., Smith, M.A., 2008.
Clinical benefit and preservation of flavonols in dark chocolate manufacturing. Nutr.
Rev. 66 (11), 630-641. https://doi.org/10.1111/j.1753-4887.2008.00114.x.

Menesi, D., Kitajka, k., Molnar, E., Kis, Z., Belleger, J., Narce, M., Kang, J.S., Puskas, L.G.,
Das, U.N., 2009. Dietary reference intakes for DHA and EPA. Prostaglandins Leukot.
Essent. Fatty Acids 81 (2-3), 99-104. https://doi.org/10.1016/j.plefa.2009.05.011.

Mennen, L.I., Sapinho, D., Ito, H., Bertrais, S., Galan, P., Hercberg, S., Scalbert, A., 2006.
Urinary flavonoids and phenolic acids as biomarkers of intake for polyphenol-rich
foods. Br. J. Nutr. 96, 191. https://doi.org/10.1079/bjn20061808, 01.

Mink, P.J., Scrafford, C.G., Barraj, L.M., Harnack, L., Hong, C.P., Nettleton, J.A.,
Jacobs, D.R., 2007. Flavonoid intake and cardiovascular disease mortality: a
prospective study in postmenopausal women. Am. J. Clin. Nutr. 85 (3), 895-909.
https://doi.org/10.1093/ajcn/85.3.895.

Mirkovié, M., Seratli¢, S., Kilcawley, K., Mannion, D., Mirkovi¢, N., Radulovi¢, Z., 2018.
The sensory quality and volatile profile of dark chocolate enriched with
encapsulated probiotic lactobacillus plantarum bacteria. Sensors 18 (8). https://doi.
org/10.3390/s18082570.

Mis$urcova, L., Skrovankovd, S., Samek, D., Ambrozova, J., Macha, L., 2012. Health
benefits of algal polysaccharides in human nutrition. In: Advances in Food and
Nutrition Research, vol. 66. https://doi.org/10.1016/B978-0-12-394597-6.00003-3.

Montagnana, M., Danese, E., Angelino, D., Mena, P., Rosi, A., Benati, M., Gelati, M.,
Salvagno, G.L., Favaloro, E.J., Del Rio, D., Lippi, G., 2018. Dark chocolate modulates
platelet function with a mechanism mediated by flavan-3-ol metabolites. Medicine
(United States) 97 (49), 1-6. https://doi.org/10.1097/MD.0000000000013432.

Moreno, M., Tarrega, A., Costell, E., Blanch, B., 2012. Dark chocolate acceptability:
influence of cocoa origin and processing conditions. J. Sci. Food Agric. 92 (2),
404-411. https://doi.org/10.1002/jsfa.4592.

Munoz, J.L.M., Molina, F.G., Tudela, E.R.J., Canovas, F.G., Lopez, J.N.R., 2013.
Prooxidant and antioxidant activities of rosmarinic acid. J. Food Biochem. 37 (4),
396-408. https://doi.org/10.1111/j.1745-4514.2011.00639.x.

Murga, L.F., Tarin, J.J., Perez, M.A.G., Cano, A., 2011. The impact of chocolate on
cardiovascular health. Maturitas 69 (4), 312-321. https://doi.org/10.1016/j.
maturitas.2011.05.011.

Nagaraj, S., Rajaram, M.G., Arulmurugan, P., Baskaraboopathy, A., Karuppasamy, K.,
Jayappriyan, K.R., Sundararaj, R., Rengasamy, R., 2012. Antiproliferative potential
of astaxanthin-rich alga Haematococcus pluvialis Flotow on human hepatic cancer
(HepG2) cell line. Biomedicine and Preventive Nutrition 2 (3), 149-153. https://doi.
0rg/10.1016/j.bionut.2012.03.009.

Nastaj, M., Sotowiej, B.G., Stasiak, D.M., Mleko, S., Terpitowski, K., Lyszczek, R.J.,
Tomasevic, I.B., Tomczynska-Mleko, M., 2022. Development and physicochemical
properties of reformulated, high-protein, untempered sugar-free dark chocolates
with addition of whey protein isolate and erythritol. IInt. Dairy J. 134 https://doi.
0rg/10.1016/j.idairyj.2022.10545.

Nebesny, E., Zyzelewicz, D., Motyl, L, Libudzisz, Z., 2007. Dark chocolates supplemented
with Lactobacillus strains. Eur. Food Res. Technol. 225 (1), 33-42. https://doi.org/
10.1007/s00217-006-0379-9.

1942

Current Research in Food Science 5 (2022) 1916-1943

Németh, K., Plumb, G.W., Berrin, J.G., Juge, N., Jacob, R., Naim, H.Y., Williamson, G.,
Swallow, D.M., Kroon, P.A., 2003. Deglycosylation by small intestinal epithelial cell
B-glucosidases is a critical step in the absorption and metabolism of dietary flavonoid
glycosides in humans. Eur. J. Nutr. 42 (1), 29-42. https://doi.org/10.1007/500394-
003-0397-3.

Neufingerl, N., Zebregs, Y.E.M.P., Schuring, E.A.H., Trautwein, E.A., 2013. Effect of
cocoa and theobromine consumption on serum HDL-cholesterol concentrations: a
randomized controlled trial. Am. J. Clin. Nutr. 97 (6), 1201-1209. https://doi.org/
10.3945/ajcn.112.047373.

Neukam, K., Stahl, W., Tronnier, H., Sies, H., Heinrich, U., 2007. Consumption of
flavanol-rich cocoa acutely increases microcirculation in human skin. Eur. J. Nutr.
46 (1), 53-56. https://doi.org/10.1007/500394-006-0627-6.

Ngamdee, P., Jamkrajang, S., Yankin, S., 2020. Development and study on physical and
sensory properties of dark chocolates fortified with anthocyanin from broken.
RMUTP Research Journal 14 (2), 45-56.

Nicole, C.B.S.P., 2005. Role of flavonoids in oxidative stress. Curr. Top. Med. Chem. 1
(6), 569-590. https://doi.org/10.2174/1568026013394750.

Nogueira, L.D.P., Knibel, M.P., Torres, M.R.S.G., Nogueira Neto, J.F., Sanjuliani, A.F.,
2012. Consumption of high-polyphenol dark chocolate improves endothelial
function in individuals with stage 1 hypertension and excess body weight. Int. J.
Hypertens. 2012 https://doi.org/10.1155/2012,/147321.

Norhayati, H., Suzielawanis, I.R., Khan, A.M., 2013. Effect of storage conditions on
quality of prebiotic dark chocolate. Malaysian Journal of Nutrition 19 (1), 111-120.

Nunes, S., Madureira, A.R., Campos, D., Sarmento, B., Gomes, A.M., Pintado, M., Reis, F.,
2017. Therapeutic and nutraceutical potential of rosmarinic acid—cytoprotective
properties and pharmacokinetic profile. Crit. Rev. Food Sci. Nutr. 57 (9),
1799-1806. https://doi.org/10.1080/10408398.2015.1006768.

Oracz, J., Nebesny, E., 2016. Antioxidant properties of cocoa beans (theobroma cacao
L.): influence of cultivar and roasting conditions. Int. J. Food Prop. 19 (6),
1242-1258. https://doi.org/10.1080/10942912.2015.1071840.

Ostertag, L.M., Kroon, P.A., Wood, S., Horgan, G.W., Cienfuegos-Jovellanos, E., Saha, S.,
Duthie, G.G., De Roos, B., 2013. Flavan-3-ol-enriched dark chocolate and white
chocolate improve acute measures of platelet function in a gender-specific way-a
randomized-controlled human intervention trial. Mol. Nutr. Food Res. 57 (2),
191-202. https://doi.org/10.1002/mnfr.201200283.

Ostertag, L.M., Philo, M., Colquhoun, I.J., Tapp, H.S., Saha, S., Duthie, G.G., Kemsley, E.
K., De Roos, B., Kroon, P.A., Le Gall, G., 2017. Acute consumption of flavan-3-ol-
enriched dark chocolate affects human endogenous metabolism. J. Proteome Res. 16
(7), 2516-2526. https://doi.org/10.1021/acs.jproteome.7b00089.

Ou, K., Percival, S.S., Zou, T., Khoo, C., Gu, L., 2012. Transport of cranberry A-type
procyanidin dimers, trimers, and tetramers across monolayers of human intestinal
epithelial caco-2 cells. J. Agric. Food Chem. 60 (6), 1390-1396. https://doi.org/
10.1021/jf2040912.

Owusu, M., Petersen, M.A., Heimdal, H., 2012. Effect of fermentation method, roasting
and conching conditions on the aroma volatiles of dark chocolate. J. Food Process.
Preserv. 36 (5), 446-456. https://doi.org/10.1111/j.1745-4549.2011.00602.x.

Ozguven, M.G., Berktas, 1., Ozcelik, B., 2016a. Influence of processing conditions on
procyanidin profiles and antioxidant capacity of chocolates: optimization of dark
chocolate manufacturing by response surface methodology. LWT - Food Sci. Technol.
(Lebensmittel-Wissenschaft -Technol.) 66, 252-259. https://doi.org/10.1016/j.
lwt.2015.10.047.

Ozguven, M.G., Karadag, A., Duman, S., Ozkal, B., 2016b. Fortification of dark chocolate
with spray dried black mulberry (Morus nigra) waste extract encapsulated in
chitosan-coated liposomes and bioaccessability studies. Food Chem. 201, 205-212.
https://doi.org/10.1016/j.foodchem.2016.01.091.

Parker, G., Parker, 1., Brotchie, H., 2006. Mood state effects of chocolate. J. Affect.
Disord. 92 (2-3), 149-159. https://doi.org/10.1016/].jad.2006.02.007.

Permatasari, H.K., Firani, N.K., Prijadi, B., Irnandi, D.F., Riawan, W., Yusuf, M.,

Amar, N., Chandra, L.A., Yusuf, V.M., Subali, A.D., Nurkolis, F., 2022a. Kombucha
drink enriched with sea grapes (Caulerpa racemosa) as potential functional beverage
to contrast obesity: an in vivo and in vitro approach. Clinical Nutrition ESPEN 49,
232-240. https://doi.org/10.1016/j.clnesp.2022.04.015.

Permatasari, H.K., Nurkolis, F., Augusta, P.S., Mayulu, N., Kuswari, M., Taslim, N.A.,
Wewengkang, D.S., Batubara, S.C., Ben Gunawan, W., 2021. Kombucha tea from
seagrapes (Caulerpa racemosa) potential as a functional anti-ageing food: in vitro
and in vivo study. Heliyon 7 (9), e07944. https://doi.org/10.1016/j.heliyon.2021.
e07944.

Permatasari, H.K., Nurkolis, F., Gunawan, W. Ben, Yusuf, V.M., Yusuf, M., Kusuma, R.J.,
Sabrina, N., Muharram, F.R., Taslim, N.A., Mayulu, N., Batubara, S.C., Samtiya, M.,
Hardinsyah, H., Tsopmo, A., 2022b. Modulation of gut microbiota and markers of
metabolic syndrome in mice on cholesterol and fat enriched diet by butterfly pea
flower kombucha. Current Research in Food Science 5 (June), 1251-1265. https://
doi.org/10.1016/j.crfs.2022.08.005.

Petyaev, .M., Orlowski, M., Klochkov, V.A., Chalyk, N.E., Kyle, N.H., Bucior, E.,
Bashmakov, Y.K., 2018. Astaxanthin Co-crystallized with dark chocolate causes a
dose-dependent inhibition of oxidation markers in middle-aged volunteers.
American Journal of Food and Nutrition 6 (5), 153-158. https://doi.org/10.12691/
ajfn-6-5-3.

Pinilla, E.M., Astibia, A.O., Franco, R., 2015. The relevance of theobromine for the
beneficial effects of cocoa consumption. Front. Pharmacol. 6 (FEB), 1-6. https://doi.
org/10.3389/fphar.2015.00030.

Planells, E., Rivero, M., Mataix, J., Llopis, J., 1999. Ability of a cocoa product to correct
chronic Mg deficiency in rats. Int. J. Vitam. Nutr. Res. 69 (1), 52-60. https://doi.
org/10.1024/0300-9831.69.1.52.

Polinski, S., Kowalska, S., Topka, P., Szydlowska-Czerniak, A., 2021. Physicochemical,
antioxidant, microstructural properties and bioaccessibility of dark chocolate with


https://doi.org/10.1016/j.lwt.2017.02.042
https://doi.org/10.1016/j.lwt.2017.02.042
https://doi.org/10.1007/s11239-008-0273-3
https://doi.org/10.1590/fst.88021
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1016/S0024-3205(00)00449-5
https://doi.org/10.19026/ajfst.14.5843
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref113
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref113
https://doi.org/10.1016/j.foodres.2018.06.020
https://doi.org/10.1016/j.foodres.2018.06.020
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref115
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref115
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref115
https://doi.org/10.1007/s11947-012-1028-x
https://doi.org/10.3389/fimmu.2017.01207
https://doi.org/10.3389/fimmu.2017.01207
https://doi.org/10.1016/j.foodres.2014.04.00
https://doi.org/10.1016/j.foodres.2014.04.00
https://doi.org/10.1111/j.1753-4887.2008.00114.x
https://doi.org/10.1016/j.plefa.2009.05.011
https://doi.org/10.1079/bjn20061808
https://doi.org/10.1093/ajcn/85.3.895
https://doi.org/10.3390/s18082570
https://doi.org/10.3390/s18082570
https://doi.org/10.1016/B978-0-12-394597-6.00003-3
https://doi.org/10.1097/MD.0000000000013432
https://doi.org/10.1002/jsfa.4592
https://doi.org/10.1111/j.1745-4514.2011.00639.x
https://doi.org/10.1016/j.maturitas.2011.05.011
https://doi.org/10.1016/j.maturitas.2011.05.011
https://doi.org/10.1016/j.bionut.2012.03.009
https://doi.org/10.1016/j.bionut.2012.03.009
https://doi.org/10.1016/j.idairyj.2022.10545
https://doi.org/10.1016/j.idairyj.2022.10545
https://doi.org/10.1007/s00217-006-0379-9
https://doi.org/10.1007/s00217-006-0379-9
https://doi.org/10.1007/s00394-003-0397-3
https://doi.org/10.1007/s00394-003-0397-3
https://doi.org/10.3945/ajcn.112.047373
https://doi.org/10.3945/ajcn.112.047373
https://doi.org/10.1007/s00394-006-0627-6
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref134
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref134
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref134
https://doi.org/10.2174/1568026013394750
https://doi.org/10.1155/2012/147321
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref137
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref137
https://doi.org/10.1080/10408398.2015.1006768
https://doi.org/10.1080/10942912.2015.1071840
https://doi.org/10.1002/mnfr.201200283
https://doi.org/10.1021/acs.jproteome.7b00089
https://doi.org/10.1021/jf2040912
https://doi.org/10.1021/jf2040912
https://doi.org/10.1111/j.1745-4549.2011.00602.x
https://doi.org/10.1016/j.lwt.2015.10.047
https://doi.org/10.1016/j.lwt.2015.10.047
https://doi.org/10.1016/j.foodchem.2016.01.091
https://doi.org/10.1016/j.jad.2006.02.007
https://doi.org/10.1016/j.clnesp.2022.04.015
https://doi.org/10.1016/j.heliyon.2021.e07944
https://doi.org/10.1016/j.heliyon.2021.e07944
https://doi.org/10.1016/j.crfs.2022.08.005
https://doi.org/10.1016/j.crfs.2022.08.005
https://doi.org/10.12691/ajfn-6-5-3
https://doi.org/10.12691/ajfn-6-5-3
https://doi.org/10.3389/fphar.2015.00030
https://doi.org/10.3389/fphar.2015.00030
https://doi.org/10.1024/0300-9831.69.1.52
https://doi.org/10.1024/0300-9831.69.1.52

S. Samanta et al.

plant extracts. Molecules 26 (18), 1-14. https://doi.org/10.3390/
molecules26185523.

Poveda, O., Pereira, L., Zeppa, G., Stevigny, C., 2020. Cocoa bean shell — a by-product
with nutritional. Nutrients 12, 1-29.

Praseptiangga, D., Invicta, S.E., Khasanah, L.U., 2019. Sensory and physicochemical
characteristics of dark chocolate bar with addition of cinnamon (Cinnamomum
burmannii) bark oleoresin microcapsule. J. Food Sci. Technol. 56 (9), 4323-4332.
https://doi.org/10.1007/513197-019-03901-8.

Quilez, J., Garcia-Lorda, P., Salas-Salvadd, J., 2003. Potential uses and benefits of
phytosterols in diet: present situation and future directions. Clin. Nutr. 22 (4),
343-351. https://doi.org/10.1016/50261-5614(03)00060-8.

Rahman, I.M.M., Begum, Z.A., Yahya, S., Lisar, S., Motafakkerazad, R., Cell, A.S.-P.,
2016. Complimentary Contributor Copy. July.

Ramadhanti, N.E., Abrori, A., Ekantari, N., 2021. Projective mapping of preferences on
milk and dark chocolate bar fortified nanocapsules Arthrospira carotenoid. IOP Conf.
Ser. Earth Environ. Sci. 919 (1) https://doi.org/10.1088/1755-1315/919/1/
012031.

Rao, A.R.,, Sindhuja, H.N., Dharmesh, S.M., Sankar, K.U., Sarada, R., Ravishankar, G.A.,
2013. Effective inhibition of skin cancer, tyrosinase, and antioxidative properties by
astaxanthin and astaxanthin esters from the green alga haematococcus pluvialis.

J. Agric. Food Chem. 61 (16), 3842-3851. https://doi.org/10.1021/j£304609j.

Rauf, A., Imran, M., Butt, M.S., Nadeem, M., Peters, D.G., Mubarak, M.S., 2018.
Resveratrol as an anti-cancer agent: a review. Crit. Rev. Food Sci. Nutr. 58 (9),
1428-1447. https://doi.org/10.1080/10408398.2016.1263597.

Reddy, M.B., Love, M., 1999. The impact of food processing on the nutritional quality of
vitamins and minerals. Adv. Exp. Med. Biol. 459, 99-106. https://doi.org/10.1007/
978-1-4615-4853-9_7.

Redgwell, R.J., Trovato, V., Curti, D., 2003. Cocoa bean carbohydrates: roasting-induced
changes and polymer interactions. Food Chem. 80 (4), 511-516. https://doi.org/
10.1016/50308-8146(02)00320-5.

Reid, D., 2020. In: Canovas, G., Fontana, A.Jr, Schmidt, S., Labuza, T. (Eds.), Water
Activity in Foods: Fundamentals and Applications, second ed. John Wiley & Sons,
Inc. and the Institute of Food Technologists, UK.

Richelle, M., Tavazzi, 1., Enslen, M., Offord, E.A., 1999. Plasma kinetics in man of
epicatechin from black chocolate. Eur. J. Clin. Nutr. 53 (1), 22-26. https://doi.org/
10.1038/sj.ejcn.1600673.

Roberfroid, M.B., 2000. Prebiotics and probiotics: are they functional foods? Am. J. Clin.
Nutr. 71 (6 Suppl. L), 1682-1687. https://doi.org/10.1093/ajcn/71.6.1682s.

Roobab, U., Batool, Z., Manzoor, M.F., Shabbir, M.A., Khan, M.R., Aadil, R.M., 2020.
Sources, formulations, advanced delivery and health benefits of probiotics. Curr.
Opin. Food Sci. 32, 17-28. https://doi.org/10.1016/j.cofs.2020.01.003.

Ruxton, C.H.S., Reed, S.C., Simpson, M.J.A., Millington, K.J., 2004. The health benefits
of omega-3 polyunsaturated fatty acids: a review of the evidence. J. Hum. Nutr. Diet.
17 (5), 449-459. https://doi.org/10.1111/j.1365-277X.2004.00552.x.

Salvador, 1., Massarioli, A.P., Silva, A.P.S., Malaguetta, H., Melo, P.S., Alencar, S.M.,
2019. Can we conserve trans-resveratrol content and antioxidant activity during
industrial production of chocolate? J. Sci. Food Agric. 99 (1), 83-89. https://doi.
0rg/10.1002/jsfa.9146.

Sanchez-Rabaneda, F., Jauregui, O., Casals, 1., Andrés-Lacueva, C., Izquierdo-Pulido, M.,
Lamuela-Raventds, R.M., 2003. Liquid chromatographic/electrospray ionization
tandem mass spectrometric study of the phenolic composition of cocoa (Theobroma
cacao). J. Mass Spectrom. 38 (1), 35-42. https://doi.org/10.1002/jms.395.

Saraf, S., Kaur, C.D., 2010. Phytoconstituents as photoprotective novel cosmetic
formulations. Phcog. Rev. 4 (7), 1-11. https://doi.org/10.4103/0973-7847.65319.

Scapagnini, G., Davinelli, S., Drago, F., De Lorenzo, A., Oriani, G., 2012. Antioxidants as
antidepressants. CNS Drugs 26 (6), 477-490. https://doi.org/10.2165/11633190-
000000000-00000.

Schroeter, H., Heiss, C., Balzer, J., Kleinbongard, P., Keen, C.L., Hollenberg, N.K.,

Sies, H., Kwik-Uribe, C., Schmitz, H.H., Kelm, M., 2006. (-)-Epicatechin mediates
beneficial effects of flavanol-rich cocoa on vascular function in humans. Proc. Natl.
Acad. Sci. U. S. A. 103 (4), 1024-1029. https://doi.org/10.1073/pnas.0510168103.

Schumacher, A.B., Brandelli, A., Schumacher, E.W., Macedo, F.C., Pieta, L., Klug, T.T.V.,
Jong, E.V.D., 2009. Development and evaluation of a laboratory scale conch for
chocolate production. Int. J. Food Sci. Technol. 44 (3), 616-622. https://doi.org/
10.1111/j.1365-2621.2008.01877.x.

Schwan, R.F., 1998. Cocoa fermentations conducted with a defined microbial cocktail
inoculum. Appl. Environ. Microbiol. 64 (4), 1477-1483. https://doi.org/10.1128/
aem.64.4.1477-1483.1998.

Shourideh, M., Taslimi, A., Azizi, M., Mohammadifar, M., 2012. Effects of D-tagatose and
inulin on some physicochemical, rheological and sensory properties of dark
chocolate. Int. J. Biosci. Biochem. Bioinf. 314-319. https://doi.org/10.7763/
ijbbb.2012.v2.124.

Sik, B., Lakatos, E.H., Kapcsandi, V., Székelyhidi, R., Ajtony, Z., 2021. Exploring the
rosmarinic acid profile of dark chocolate fortified with freeze-dried lemon balm
extract using conventional and non-conventional extraction techniques. LWT
(Lebensm.-Wiss. & Technol.) 147. https://doi.org/10.1016/j.1wt.2021.111520.

Slavin, J., 2013. Fiber and prebiotics: mechanisms and health benefits. Nutrients 5 (4),
1417-1435. https://doi.org/10.3390/nu5041417.

Spencer, J.P.E., 2008. Food for thought: the role of dietary flavonoids in enhancing
human memory, learning and neuro-cognitive performance. Proc. Nutr. Soc. 67 (2),
238-252. https://doi.org/10.1017/50029665108007088.

Spencer, J.P.E., 2009. Flavonoids and brain health: multiple effects underpinned by
common mechanisms. Genes and Nutrition 4 (4), 243-250. https://doi.org/
10.1007/512263-009-0136-3.

1943

Current Research in Food Science 5 (2022) 1916-1943

Sumiyoshi, E., Matsuzaki, K., Sugimoto, N., Tanabe, Y., Hara, T., Katakura, M.,
Miyamoto, M., Mishima, S., Shido, O., 2019. Sub-chronic consumption of dark
chocolate enhances cognitive function and releases nerve growth factors: a parallel-
group randomized trial. Nutrients 11 (11), 1-15. https://doi.org/10.3390/
null112800.

Syafiq, A., Amir, L.Z., Sharon, W.X.R., 2014. Mixture experiment on rheological
properties of dark chocolate as influenced by cocoa butter substitution with xanthan
gum/corn starch/glycerin blends. International Food Research Journal 21 (5),
1887-1892.

Taslim, N.A., Rasyid, H., Atmanegara, M.K., Angriavan, S., Amelia, R., 2020. Effect of
chocolate soybean drink on nutritional status, gamma interferon, vitamin D, and
calcium in newly lung tuberculosis patients. Open Access Macedonian Journal of
Medical Sciences 8 (T2), 210-214. https://doi.org/10.3889/0amjms.2020.5233.

Thorsen, W., 2009. Food and nutrition. Information Resources in Toxicology 43 (6),
281-291.

Tokede, O.A., Gaziano, J.M., Djoussé, L., 2011. Effects of cocoa products/dark chocolate
on serum lipids: a meta-analysis. Eur. J. Clin. Nutr. 65 (8), 879-886. https://doi.org/
10.1038/ejcn.2011.64.

Toker, O.S., Konar, N., Palabiyik, I., Rasouli Pirouzian, H., Oba, S., Polat, D.G.,
Poyrazoglu, E.S., Sagdic, O., 2018a. Formulation of dark chocolate as a carrier to
deliver eicosapentaenoic and docosahexaenoic acids: effects on product quality.
Food Chem. 254, 224-231. https://doi.org/10.1016/j.foodchem.2018.02.019. June
2017.

Toker, O.S., Konar, N., Palabiyik, I., Rasouli Pirouzian, H., Oba, S., Polat, D.G.,
Poyrazoglu, E.S., Sagdic, O., 2018b. Formulation of dark chocolate as a carrier to
deliver eicosapentaenoic and docosahexaenoic acids: effects on product quality.
Food Chem. 254, 224-231. https://doi.org/10.1016/j.foodchem.2018.02.019.

Toker, O.S., Palabiyik, I., Konar, N., 2019. Chocolate quality and conching. Trends Food
Sci. Technol. 91 (April), 446-453. https://doi.org/10.1016/j.tifs.2019.07.047.

Toplar, C., 2017. Eating and Emotions : the Effect of Dark Chocolate and Apples on Mood
Levels Eating and Emotions, vols. 5-42.

Trautwein, E.A., Demonty, 1., 2007. Phytosterols: natural compounds with established
and emerging health benefits. OCL - Oleagineux Corps Gras Lipides 14 (5), 259-266.
https://doi.org/10.1684/0cl.2007.0145.

Triebel, S., Trieu, H.L., Richling, E., 2012. Modulation of inflammatory gene expression
by a bilberry (Vaccinium myrtillus L.) extract and single anthocyanins considering
their limited stability under cell culture conditions. J. Agric. Food Chem. 60 (36),
8902-8910. https://doi.org/10.1021/jf3028842.

Tsao, R., 2010. Chemistry and biochemistry of dietary polyphenols. Nutrients 2 (12),
1231-1246. https://doi.org/10.3390/nu2121231.

Urbariska, B., Kowalska, J., 2019. Comparison of the total polyphenol content and
antioxidant activity of chocolate obtained from roasted and unroasted cocoa beans
from different regions of the world. Antioxidants 8 (8). https://doi.org/10.3390/
antiox8080283.

Verbeke, K.A., Boobis, A.R., Chiodini, A., Edwards, C.A., Franck, A., Kleerebezem, M.,
Nauta, A., Raes, J., Van Tol, E.A.F., Tuohy, K.M., 2015. Towards microbial
fermentation metabolites as markers for health benefits of prebiotics. Nutr. Res. Rev.
28 (1), 42-66. https://doi.org/10.1017/50954422415000037.

Vickers, N.J., 2017. Animal communication: when I'm calling you, will you answer too?
Curr. Biol. 27 (14), R713-R715. https://doi.org/10.1016/j.cub.2017.05.064.

Virgens, .A.D., Piers, T.C., Santana, L.R.R.D., Soares, S.E., Maciel, L.F., Ferreira, A.C.R.,
Biasoto, A.C.T., Bisopo, E.D.S., 2021. Relationship between bioactive compounds
and sensory properties of dark chocolate produced from Brazilian hybrid cocoa. Int.
J. Food Sci. Technol. 56 (4), 1905-1917. https://doi.org/10.1111/ijfs.14820.

Vita, J.A., 2005. Polyphenols and cardiovascular disease: effects on endothelial and
platelet function. Am. J. Clin. Nutr. 81 (1 Suppl. 1), 292-297. https://doi.org/
10.1093/ajen/81.1.292s.

Waghmode, M., Gunjal, A., Patil, N., 2020. Probiotic sugar confectionery fortified with
flax seeds (Linum usitatissimum L.). J. Food Sci. Technol. 57 (5), 1964-1970.
https://doi.org/10.1007/513197-020-04276-x.

Wan, Y., Vinson, J.A., Etherton, T.D., Proch, J., Lazarus, S.A., Kris-Etherton, P.M., 2001.
Effects of cocoa powder and dark chocolate on LDL oxidative susceptibility and
prostaglandin concentrations in humans. Am. J. Clin. Nutr. 74 (5), 596-602. https://
doi.org/10.1093/ajcn/74.5.596.

Wang-Polagruto, J.F., Villablanca, A.C., Polagruto, J.A., Lee, L., Holt, R.R., Schrader, H.
R., Ensunsa, J.L., Steinberg, F.M., Schmitz, H.H., Keen, C.L., 2006. Chronic
consumption of flavanol-rich cocoa improves endothelial function and decreases
vascular cell adhesion molecule in hypercholesterolemic postmenopausal women.
J. Cardiovasc. Pharmacol. 47 (Suppl. 2) https://doi.org/10.1097/00005344-
200606001-00013.

Weisel, T., Baum, M., Eisenbrand, G., Dietrich, H., Will, F., Stockis, J.P., Kulling, S.,
Riifer, C., Johannes, C., Janzowski, C., 2006. An anthocyanin/polyphenolic-rich fruit
juice reduces oxidative DNA damage and increases glutathione level in healthy
probands. Biotechnol. J. 1 (4), 388-397. https://doi.org/10.1002/biot.200600004.

Wong, D.W.S., 2018. In: Wong, Dominic W.S. (Ed.), Mechanism and Theory in Food
Chemistry, second ed. Springer International Publishing.

Xie, L., Lee, S.G., Vance, T.M., Wang, Y., Kim, B., Lee, J.Y., Chun, O.K.,, Bolling, B.W.,
2016. Bioavailability of anthocyanins and colonic polyphenol metabolites following
consumption of aronia berry extract. Food Chem. 211, 860-868. https://doi.org/
10.1016/j.foodchem.2016.05.122.

Zhang, T.T., Xu, J., Wang, Y.M., Xue, C.H., 2019. Health benefits of dietary marine DHA/
EPA-enriched glycerophospholipids. Prog. Lipid Res. 75 (January), 100997 https://
doi.org/10.1016/j.plipres.2019.100997.

Zugravu, C., Otelea, M.R., 2019. Dark chocolate: to eat or not to eat? A review. J. AOAC
Int. 102 (5), 1388-1396. https://doi.org/10.5740/jaoacint.19-0132.


https://doi.org/10.3390/molecules26185523
https://doi.org/10.3390/molecules26185523
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref154
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref154
https://doi.org/10.1007/s13197-019-03901-8
https://doi.org/10.1016/S0261-5614(03)00060-8
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref157
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref157
https://doi.org/10.1088/1755-1315/919/1/012031
https://doi.org/10.1088/1755-1315/919/1/012031
https://doi.org/10.1021/jf304609j
https://doi.org/10.1080/10408398.2016.1263597
https://doi.org/10.1007/978-1-4615-4853-9_7
https://doi.org/10.1007/978-1-4615-4853-9_7
https://doi.org/10.1016/S0308-8146(02)00320-5
https://doi.org/10.1016/S0308-8146(02)00320-5
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref163
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref163
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref163
https://doi.org/10.1038/sj.ejcn.1600673
https://doi.org/10.1038/sj.ejcn.1600673
https://doi.org/10.1093/ajcn/71.6.1682s
https://doi.org/10.1016/j.cofs.2020.01.003
https://doi.org/10.1111/j.1365-277X.2004.00552.x
https://doi.org/10.1002/jsfa.9146
https://doi.org/10.1002/jsfa.9146
https://doi.org/10.1002/jms.395
https://doi.org/10.4103/0973-7847.65319
https://doi.org/10.2165/11633190-000000000-00000
https://doi.org/10.2165/11633190-000000000-00000
https://doi.org/10.1073/pnas.0510168103
https://doi.org/10.1111/j.1365-2621.2008.01877.x
https://doi.org/10.1111/j.1365-2621.2008.01877.x
https://doi.org/10.1128/aem.64.4.1477-1483.1998
https://doi.org/10.1128/aem.64.4.1477-1483.1998
https://doi.org/10.7763/ijbbb.2012.v2.124
https://doi.org/10.7763/ijbbb.2012.v2.124
https://doi.org/10.1016/j.lwt.2021.111520
https://doi.org/10.3390/nu5041417
https://doi.org/10.1017/S0029665108007088
https://doi.org/10.1007/s12263-009-0136-3
https://doi.org/10.1007/s12263-009-0136-3
https://doi.org/10.3390/nu11112800
https://doi.org/10.3390/nu11112800
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref180
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref180
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref180
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref180
https://doi.org/10.3889/oamjms.2020.5233
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref182
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref182
https://doi.org/10.1038/ejcn.2011.64
https://doi.org/10.1038/ejcn.2011.64
https://doi.org/10.1016/j.foodchem.2018.02.019
https://doi.org/10.1016/j.foodchem.2018.02.019
https://doi.org/10.1016/j.tifs.2019.07.047
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref187
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref187
https://doi.org/10.1684/ocl.2007.0145
https://doi.org/10.1021/jf3028842
https://doi.org/10.3390/nu2121231
https://doi.org/10.3390/antiox8080283
https://doi.org/10.3390/antiox8080283
https://doi.org/10.1017/S0954422415000037
https://doi.org/10.1016/j.cub.2017.05.064
https://doi.org/10.1111/ijfs.14820
https://doi.org/10.1093/ajcn/81.1.292s
https://doi.org/10.1093/ajcn/81.1.292s
https://doi.org/10.1007/s13197-020-04276-x
https://doi.org/10.1093/ajcn/74.5.596
https://doi.org/10.1093/ajcn/74.5.596
https://doi.org/10.1097/00005344-200606001-00013
https://doi.org/10.1097/00005344-200606001-00013
https://doi.org/10.1002/biot.200600004
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref200
http://refhub.elsevier.com/S2665-9271(22)00187-3/sref200
https://doi.org/10.1016/j.foodchem.2016.05.122
https://doi.org/10.1016/j.foodchem.2016.05.122
https://doi.org/10.1016/j.plipres.2019.100997
https://doi.org/10.1016/j.plipres.2019.100997
https://doi.org/10.5740/jaoacint.19-0132

	Dark chocolate: An overview of its biological activity, processing, and fortification approaches
	1 Introduction
	2 Methodology
	3 Bioactive components present in cocoa
	3.1 Polyphenols
	3.1.1 Flavonoids
	3.1.1.1 Flavonols
	3.1.1.2 Anthocyanin
	3.1.1.3 Procyanidins

	3.1.2 Non flavonoids
	3.1.2.1 Stilbenes
	3.1.2.2 Phenolic acid

	3.1.3 Non-polyphenols
	3.1.3.1 Methylxanthine
	3.1.3.2 Theobromine



	4 Health benefits of dark chocolates
	4.1 Protection against vascular endothelial disorders
	4.2 Protection from diabetes
	4.3 Protection from oxidative stress
	4.4 Amelioration of obesity
	4.5 Maintenance of healthy lipid profile
	4.6 Stimulate brain function
	4.7 Anti-inflammatory effect

	5 Processing of dark chocolate
	5.1 Fermentation
	5.2 Drying
	5.3 Roasting
	5.4 Grinding
	5.5 Conching and tempering

	6 Significance of dark chocolate fortification
	6.1 Effect of roasting
	6.2 Effect of fermentation
	6.3 Effect of conching
	6.4 Effect of drying

	7 In vivo antioxidant effect of dark chocolate
	8 Approaches to fortify dark chocolate
	8.1 Dark chocolate fortified with fruits and nuts
	8.2 Dark chocolate fortified with spices and herbs
	8.3 Dark chocolates fortified with prebiotics and probiotics
	8.4 Fortification with leaf
	8.5 Fortification with polysaccharides
	8.6 Fortification with algae
	8.7 Fortification with lipid-related components
	8.8 Fortification with protein
	8.9 Fortification with bioactive components

	9 Process of addition of bioactive ingredients to the dark chocolate
	10 Effect of dark chocolate fortification on physical, nutritional, antioxidant profile and health immunity
	10.1 Effect of fortification on physical and rheological properties
	10.2 Effect of fortification on nutritional properties
	10.3 Effect of fortification on antioxidant properties
	10.4 Effect of fortification on human health

	11 Consumer acceptance of fortified dark chocolate
	12 Conclusion and future perspective
	Funding
	Availability of data and material
	Code availability
	Ethical approval
	Consent to participate
	Consent to publish
	CRediT authorship contribution statement
	Declaration of competing interest
	References


