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Abstract: This study evaluated the interaction between probiotics and polyphenols in chocolates (45%
and 70% cocoa) fortified with encapsulated probiotics. Cocoa powder was used as the main encap-
sulation component in a Na-alginate plus fructooligosaccharides formulation. Probiotic-chocolates
(PCh) were produced by adding 1% encapsulated probiotics to the final mixture. The chocolate
samples were subjected to in vitro gastrointestinal digestion and colonic fermentation. The data
revealed that the most bioaccessible polyphenols in both formulations of PCh containing 45% and
70% cocoa were released in the gastric digested supernatant. The bioaccessible polyphenols from
PCh with 70% cocoa reached 83.22-92.33% and 8.08-15.14% during gastrointestinal digestion and
colonic fermentation, respectively. Furthermore, the polyphenols with higher bioaccessibility during
colonic fermentation of both PChs developed with the CA1 formulation (cocoa powder 10%, Na-
alginate 1% and fructooligosaccharides 2%) were detected in the presence of Streptococcus thermophilus
and Lactobacillus sanfranciscensis. The results showed that PCh with specific probiotics favored the
bioconversion of a specific polyphenol. For example, chocolate fortified with Lacticaseibacillus casei
released larger quantities of epicatechin and procyanidin B1, while Lactiplantibacillus plantarum re-
leased more catechin and procyanidin B1 for Lacticaseibacillus rhamnosus LGG. Overall, the study
findings concluded that chocolate polyphenols could be utilized by probiotics for their metabolism
and modulating the gut, which improved the chocolates” functionality.

Keywords: chocolates; polyphenols; gastrointestinal digestion; gut microbiota; bioaccessibility

1. Introduction

There is a continuing interest in functional foods from both consumers and the scien-
tific community [1]. These functional foods, also named as nutraceuticals, are known to
provide additional health benefits beyond their nutritional values [2]. Some cocoa-derived
products, such as chocolates, are very popular snack foods and can be grouped under
functional snacks due to their high contents of flavonoids, a sub-group of polyphenolic com-
pounds [3]. The flavonoids in chocolates include mostly flavanols, such as (—)-epicatechin
(EC), (+)-catechin, and their dimers procyanidins B2 and B1 [4,5]. Chocolates also contain
some other functional phenolic compounds, such as quercetin, iso-quercetin (quercetin
3-O-glucoside), hyperoside (quercetin 3-O-galactoside), quercetin 3-O-arabinose, luteolin,
naringenin, apigenin, and methylxanthines, particularly, caffeine and theobromine [3,6].
Chocolates with these wide varieties of phytochemicals have been reported to exert ben-
eficial preventive effects on the incidence and prevalence of many chronic diseases [4,7].
Bioavailability is determined by in vitro and in vivo methods using simulated gastroin-
testinal digestion, absorption and metabolism for determining the bioaccessibility of the
bioactive compounds and nutrients through liberation from the food matrix, and assimi-
lation by intestinal epithelium [8,9]. However, the bioavailability of flavonoids and other
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phenolic compounds is crucial for achieving the potential beneficial impacts on human
health [10]. In vitro analysis of the bioaccessibility of these phytochemicals provides mean-
ingful insight into their bioavailability [11-13].

The consumption of live probiotics and their fortified functional foods can provide
many health benefits for consumers, such as improved gut health, inflammation and allergies
prevention, and immune maintenance [14-16]. Some recent studies have also reported that
the chocolate flavonoids epicatechin (382 mg/100 g), catechin (115 mg/100 g), procyanidins
(167 mg/100 g) and non-flavonoid compounds, such as theobromine (742 mg/100 g), are
effective in modulating the gut microbiota composition [6,17], providing additional health
benefits for the consumers. This could be due to the potential prebiotic effects of these com-
pounds [18] that can lead to the production of specific fermentation by-products, such as
short-chain fatty acids [19], bioactive amines, and amino acids [20] and B group vitamins [21].
However, the mechanisms of interaction between chocolate polyphenols and various probiotic
bacteria in the gastrointestinal environment have not been fully investigated yet. This study
aimed to investigate the bioaccessibility of chocolate polyphenols in the presence of some com-
mon probiotics (L. rhamnosus LGG, L. casei 431, L. plantarum UALp-05, Lactobacillus acidophilus
La5, Lactobacillus sanfranciscensis JCM5668, Bifidobacterium animalis subsp. lactis BB12 and
Streptococcus thermophilus UASt-09), using an in vitro gastrointestinal digestion and colonic
fermentation model.

2. Materials and Methods
2.1. Chemicals and Reagents

The probiotics L. rhamnosus LGG, L. casei 431 (Lc) and B. animalis subsp. lactis BB12
cultures were gifted by Chr. Hansen, Melbourne, VIC, Australia, and L. plantarum UALp-
05 (Lp), L. acidophilus La5, L. sanfranciscensis JCM5668 (Ls), and S. thermophilus UASt-09
(St) were obtained from the culture collection stock in the Food Microbiology Laboratory,
School of Agriculture and Food, the University of Melbourne. Epicatechin (EC), catechin
(C), procyanidin B1 (Pro B1), procyanidin B2 (Pro B2), quercetin 3-O-glucoside (QC glu),
quercetin 3-O-galactoside (QC gal), Folin-Ciocalteu phenol reagent, gallic acid, HPLC
grade acetonitrile, methanol, enzymes (salivary a-amylase, pancreatin, porcine pepsin),
HC, fructooligosaccharides (FOS) from chicory, degree of polymerization >10 and acetone
were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). The selective culture
media DeMan, Rogosa and Sharpe (MRS), yeast extract, protease peptone, beef extract,
L-cysteine hydrochloride, bile salts, and trichloroacetic acid were bought from Thermo
Fisher (Melbourne, VIC, Australia). Phosphate-buffered saline (PBS), potassium persulfate,
potassium acetate, dextrose, aluminum chloride, NaOH, (NH4),504, CaCl,, K;HPOy,
MgSO4-7H,0, NaCl, NaHCO3, KCl, MgCl, (H,0)6 and (NHy4),CO3 were purchased from
the Chem-Supply Pty Ltd. (Melbourne, VIC, Australia). Cocoa powder (100% pure)
and other chocolate ingredients were purchased from a local supermarket (Melbourne,
VIC, Australia).

2.2. Methods
2.2.1. Preparation of Encapsulated Probiotics

The encapsulation of activated probiotics was conducted using the following
two formulations: (1) cocoa powder 10%, Na-alginate 1%, and fructooligosaccharides
(FOS) 2%; and (2) cocoa powder 10% and FOS 2% (without Na-alginate). These two formu-
lations were designated as CAl and CA2, respectively, and subjected to a freeze-drying
technique according to the method described by Hossain et al. [22]. In this method, all
probiotics in powder forms were revived and cultured anaerobically using an anaerobic
incubator with 8% CO, (D-63450, Heraeus Instruments, Hanau, Germany), and cell pellets
were harvested by centrifugation (Allegra X-12R, Beckman Coulter, Lane Cove, NSW,
Australia). The pellets were washed and mixed with previously prepared encapsulation
formulations CA1 and CA2. The formulation blends and probiotics were frozen overnight
at —20 °C, before they were freeze-dried at —55 °C (Dynavac Engineering FD3, Seven Hills,
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NSW, Australia). Chocolate treatments were prepared using 45% and 70% cocoa pow-
der, and probiotics (encapsulated and non-encapsulated) were added at 1% (w/w) of the
encapsulated probiotic powder. The prepared treatments included (chocolate fortified
with encapsulated probiotics) a positive control (chocolate fortified with non-encapsulated
probiotics) with individual probiotics and a negative control (basal medium and fecal slurry
5 mL each). All samples were investigated through in vitro gastrointestinal digestion and
colonic fermentation in triplicates.

2.2.2. The In Vitro Gastrointestinal Digestion and Colonic Fermentation of
Probiotic-Chocolate

The bioaccessibility of polyphenols was investigated using an in vitro gastrointesti-
nal digestion and colonic fermentation model. The gastrointestinal digestion was con-
ducted using salivary, gastric, and intestinal fluids according to the methods described by
Minekus et al. [23]. The stock digestion fluids were made using a mixture of the electrolytes
(K+, Na+, Cl, HCO3, H,PO,, NH* Mg2+, and Ca?*) at different concentrations. The basal
medium for the colonic fermentation was made following the methods of Hossain et al. [22].
A healthy male donor (32 years old), who had not ingested antibiotics or hormone supple-
ments with any other complication for the last 3 months, donated fresh feces. The fecal
slurry mixture was prepared as described by Tzounis et al. [24] and used on the same
day of collection and preparation. The pH of the basal medium was adjusted to 7.0 using
1M HCl or 1M NaOH immediately before autoclaving. The in vitro colonic fermentation
was investigated by mixing the gastrointestinal digested sample residue with the fecal
slurry at a 1:1 (v/v) ratio, followed by anaerobic incubation at 37 °C for up to 72 h [22]. The
in vitro gastrointestinal digestion was conducted in a 50 mL falcon tube incubated in an
anaerobic incubator with 8% CQO,. The in vitro colonic fermentation was conducted in a
fermentation flask and the anaerobic environment was created by flashing with Ny gas.
Sufficient replications were used to avoid any disturbance to the experiment. The samples
for the total polyphenol and individual flavonoid analyses were collected at the end of 4 h
of in vitro digestion and 72 h of colonic fermentation.

2.2.3. Extraction of Polyphenols from the Digested /Fermented Chocolate Samples

To avoid excessive fat in chocolates, the fresh chocolate samples (approximately 0.5 g
each) were defatted 3 times successively with 5 mL of hexane and the residues were dried
at 60 °C to evaporate the hexane completely [25]. The residues were extracted 3-fold
with 2.5 mL of acetone: water: acetic acid (70:28:2, v/v/v) by sonication (20 kHz, 15 min)
and centrifugation at 2500 x g using a refrigerated centrifuge, and the supernatants were
collected. The polyphenols were extracted from the supernatants after gastric digestion and
colonic fermentation of all the treatments (samples, positive and negative controls). Each
individually collected supernatant was concentrated to 2-3 mL by a vacuum evaporator
(G3B, Hei-VAP, Schwabach, Germany) and diluted to 10 mL in Milli-Q water. All the diluted
supernatants were filtered through a 0.22 pm membrane cartridge (Sigma Aldrich, Castle
Hill, NSW, Australia) before the analysis of total polyphenols and individual flavonoids.

Analysis of Total Polyphenols Content in the Extracted Supernatant

The total polyphenol content (TPCs) in the extracted supernatants collected after
gastric digestion and colonic fermentation was quantitated using the Folin—Ciocalteu
method [26]. An aliquot of the extracted supernatant (100 uL) was incorporated with 100 pL.
of Folin—Ciocalteu’s phenol reagent in a test tube and kept to react at room temperature
for 10 min. Then, 300 pL of 20% (w/w) sodium carbonate solution and 1000 pL of Milli-Q
water were mixed into the test tube, mixed thoroughly, and incubated at 40 °C for 30 min.
The absorbance was measured at 765 nm using a microplate reader (Multiskan GO, Thermo
Scientific, Melbourne, VIC, Australia). A standard curve was created using gallic acid and
the results were calculated and reported as mg/g (GAE).
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Analyses of Individual Flavonoids Using an HPLC Technique

The identification and quantitation of individual flavonoids in the extracted super-
natants were performed by a Waters 2690 Alliance HPLC machine, equipped with a Waters
2998 photodiode array (PDA) detector (Waters, Rydalmere, NSW, Australia). A Gemini
C18 Silica 250 x 4.6 mm, 5 um column was employed with a binary gradient system
(Phenomenex, Lane Cove, NSW, Australia). The filtered extracts (20 uL) were injected
into the system with a binary phase: phase A (Milli Q water and 0.1% formic acid); phase
B (acetonitrile and 0.1% formic acid) with a flow rate of 0.3 mL/min and 55 min gradi-
ent elution at a wavelength of 280 nm [27]. A standard curve was generated using six
standard flavonoids (epicatechin, catechin, procyanidin B1, procyanidin B2, quercetin
3-O-galactoside, quercetin 3-O-glucoside) that were previously identified in cocoa powder
and chocolate [28]. The detected individual flavonoids were quantitated using the matching
peak area in the external standard along with the generated linear regression equation and
expressed as ng/g of probiotic-chocolate. The instrumental limit of detection (LOD) and
limit of quantification (LOQ) for the Waters 2690 Alliance separation module with a Waters
2998 PDA detector were calculated for each of the flavonoids. The LODs and LOQs for all
the 6 polyphenol compounds were 2.0 ug/mL and 6.0 ug/mL, respectively.

2.3. Statistical Analysis

All the experiments were investigated in triplicate, with at least two measurements of
each parameter. The results were subjected to one-way ANOVA using Minitab®19 statistical
software (State College, PA, USA). The averages were separated using Tukey honest
significant difference (HSD) at a 95% confidence level. The results were expressed as
mean =+ standard deviation.

3. Results

The encapsulation efficacy of probiotics using CA1 and CA2 formulations during
processing and storage at 4 °C and 25 °C for up to 180 days, and during the gastrointestinal
digestion were comprehensively described in our previous publication [22]. In the current
investigation, the interactions between seven encapsulated strains of diverse probiotics and
chocolate polyphenols were thoroughly examined using in-vitro gastrointestinal digestion
and colonic fermentation.

3.1. Total Polyphenol Bioaccessibility in Chocolate Fortified with Encapsulated or
Non-Encapsulated Probiotics during the In Vitro Gastrointestinal Digestion and
Colonic Fermentation

The TPCs in the negative control (basal medium and fecal slurry), positive control
(chocolate fortified with non-encapsulated probiotics), and probiotic-chocolate (chocolate
fortified with encapsulated probiotics) samples containing 70% and 45% cocoa powder were
determined before and after gastrointestinal digestion and colonic fermentation (Figure 1).
The chocolate positive control samples showed that the average TPCs before in vitro diges-
tion was 4.51 & 0.18 and 2.81 £ 0.05 mg GAE/g in 70% and 45% cocoa powder, respectively,
for all 7 tested probiotics (LGG, LC, La5, Bb12, Lp, Ls, and St) (Figure 1A). The data in
Figure 1A also revealed that the total amount of bioaccessible TPC after the gastrointestinal
digestion of the positive control chocolate was 87.34-92.33% and 88.72-95.61% in 70%
and 45% cocoa chocolates, respectively. However, significantly (p < 0.05) less bioaccessi-
ble total polyphenols (21.06-26.60%) and (14.57-20.19%) were recorded after the colonic
fermentation of the 70% and 45% cocoa chocolate positive control.
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Figure 1. Total polyphenol content in probiotic-chocolate subjected to gastric digestion and colonic
fermentation. (A) positive control, (B) probiotic-chocolate with 70% cocoa mass, and (C) probiotic-
chocolate with 45% cocoa mass. * BB12: B. animalis spp. lactis, La5: L. acidophilus, Lc: L. casei, LGG:
L. rhamnosus, Lp: L. plantarum, Ls: L. sanfranciscensis, St: S. thermophilus, n = 6. Columns with different
uppercase superscript letters in different treatments indicate statistically significant (p < 0.05). Column
with different lowercase superscript letters within each treatment indicate statistically significant
(p < 0.05).
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Similar to the results obtained with the positive controls (Figure 1A), the data from the
probiotic-chocolates with 70% cocoa powder (Figure 1B) showed that the most bioaccessible
polyphenols (83.22-92.33%) were available during the in vitro gastrointestinal digestion.
In comparison, significantly (p < 0.05) smaller amounts (8.08-15.14%) of total polyphenols
were available during the invitro colonic fermentation. The larger and smaller polyphenol
quantities retrieved from the chocolate containing 45% cocoa powder with the CA1 formu-
lation and L. acidophilus La5 and S. thermophilus after in vitro gastrointestinal digestion were
2.56 + 0.11 mg/g and 2.29 & 0.08 mg/g, respectively (Figure 1C). In comparison, these
values reached 3.87 £ 0.09 mg/g and 3.86 & 0.27 mg/g in chocolate with 70% cocoa powder
under the same conditions (L. acidophilus and S. thermophilus after in vitro gastrointestinal
digestion). As explained earlier, such a variation could be attributed to the greater contents
of cocoa powder in the 70% probiotic-chocolates.

The interaction between the individually tested probiotics and chocolate flavonoids
was analyzed. The polyphenol bioaccessibility showed no significant differences (p > 0.05)
within each treatment (undigested, gastrointestinal, and colonic) in chocolates with 45%
and 70% cocoa powder, with the following minor exceptions. Chocolates containing 70%
cocoa powder with the CA1 formulation (Figure 1B) exhibited significantly (p < 0.05) larger
amounts of bioaccessible polyphenols in the presence of L. plantarum (3.99 & 0.26 mg/g)
after gastrointestinal digestion. Furthermore, L. sanfranciscensis and B. animalis revealed
smaller contents (3.77 £ 0.37 mg/g and 3.82 &+ 0.31 mg/g, respectively) under the same
conditions. An opposite trend was observed after colonic fermentation with the smallest
bioaccessible polyphenols (0.46 + 0.13 mg/g and 0.36 & 0.04 mg/g, respectively) detected
in chocolate fortified with L. plantarum and La5 in both CA1 formulations and 70% co-
coa. The data revealed that 97-99% and 80-92% of total polyphenols were recovered
from the probiotic-chocolates with 45% and 70% cocoa powder, respectively, after in vitro
gastrointestinal digestion, and the remaining insignificant amounts were detected after
colonic fermentation.

3.2. In Vitro Bioaccessibility of Individual Flavonoids from the Probiotic-Chocolates
3.2.1. Probiotic-Chocolate Containing 70% Cocoa Powder

The analyses of individual flavonoids in probiotic-chocolates (PCh) in both CA1 and
CA2 formulations and positive controls after in vitro gastrointestinal digestion and colonic
fermentation showed equivalent results. Furthermore, the negative control samples did
not show any detectable peaks against the standard flavonoids. Consequently, the data in
Tables 1 and 2 presented the results generated from the CA1 formulation only before and
after in vitro gastrointestinal digestion and colonic fermentation. The most identified and
quantified flavonoids in chocolates containing 70% and 45% cocoa powder included EC, C,
Pro B1, Pro B2, QC gal and QC glu. The EC contents in the PCh fortified with L. rhamnosus
LGG were 298.66 + 5.2, 183.0 & 1.59, and 87.33 & 2.16 ug/g, before digestion, and after
in vitro gastrointestinal digestion and colonic fermentation, respectively (Table 1). The
values indicated that about 61.27% of EC was bioaccessible in the supernatant of the in vitro
gastrointestinal digestion and 29.24% after the colonic fermentation. The +(—) catechin
appeared with the smallest quantity (114.89 &£ 3.16 pg/g) in the undigested PCh fortified
with BB12, which yielded 75.33 & 1.8 and 30 + 1.52 ug/g after in vitro gastrointestinal
digestion and colonic fermentation, respectively. Another two major flavonoids found
in the chocolates were pro Bl and pro B2. The pro Bl contents in PCh fortified with
L. acidophilus La5 were 388.46 £+ 1.15, 291.33 £ 3.56 and 60.83 + 2.19 pg/g initially, after
in vitro gastrointestinal digestion and after colonic fermentation, respectively. The pro B2
contents in PCh fortified with L. plantarum were much higher than all the other detected
flavonoids and showed 793.56 £ 3.98, 553.33 & 2.24, and 191.33 £ 4.7 ug/g for undigested,
after in vitro gastrointestinal digestion and colonic fermentation, respectively.
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Table 1. Quantitates (ug/g) of major flavonoids isolated during in vitro digestion of probiotic-chocolate (70% cocoa powder).

Flavonoids, nug/g

Probiotic-Chocolates Digestion Stage EC* C Pro B1 Pro B2 QCGal QCGlu

Initial 298.66 - 5.2 & whxx 115.66 + 1.56 2 387.86 & 1.05 2 793.0 & 5.52 2 644.33 £ 4,552 587.0 +3.932

LGG *+* GD 1830.0 £ 1.59 P 82.0+1.22b 3135+ 1.60° 636.33 £ 5.07P 631.67 +3.502 582.0 +1.282
CF 8733 +2.16¢ 26.0+1.3¢ 68.7 £0.12°¢ 146.33 +1.33 ¢ nd ** nd

Initial 296.36 & 4.122 121.16 + 2.162 382.18 4 2.232 798.13 +£3.2242 649.13 £ 2.512 586.06 + 4.06

Lc GD 194.66 + 2.06 P 73.33 4+ 1.08P 321.33 £2.92b 704.24 + 1.68P 623.37 £ 2594 581.33 & 4.81 2
CF 96.33 +2.82¢ 32.0+20¢ 58.3 +0.2°¢ 68.0 £2.24°¢ nd nd

Initial 299.61 + 1.272 117.34 + 1.06 2 388.46 + 1.152 794.24 + 2524 644.87 +3.76 2 589.52 + 6.09 @

La5 GD 184.67 + 1.58P 77.0 £ 0.66 P 291.33 +3.56 P 652.0 +4.29P 627.33 + 6.532 571.33 + 3.24 2
CF 97.0 £2.13¢ 34.67 + 0.05°¢ 60.83 +2.19¢ 103.67 + 2.03 ¢ nd nd

Initial 298.49 + 7.09 115.27 + 2.09 2 390.66 =+ 2.05 2 793.56 + 3.98 2 643.45 +1.79 2 582.74 + 7.81 2

Lp GD 178.25 +2.15P 69.0 £1.0° 277.7 +£3.79P 553.33 +£2.24b 623.67 &+ 4.86 2 574.67 +7.02
CF 90.0 £ 0.71°¢ 4367 +15¢ 102.63 + 2.58 ¢ 19133 +4.7¢ nd nd

Initial 301.24 + 6.02 2 118.57 + 1.022 387.23 + 1.672 797.21 +3.0542 647.87 +3.03 2 589.26 + 6.41 2

Ls GD 169.0 +£2.80° 72.33 £1.3P 271.03 £ 2.64° 702 £+ 3.77° 637.67 £2.52 576.04 + 3.66
CF 113.33 +1.83¢ 39.67 + 0.93 ¢ 102.2 +£2.54°¢ 81.66 + 1.13 ¢ nd nd

Initial 298.52 4 5.02 2 114.89 + 3.16 2 389.56 =+ 3.25 2 793.83 £2.352 644.73 £ 5722 587.49 4 2.93 2

BB12 GD 192.33 +4.77P 7533+ 1.8 304.7 + 1.83P 719.33 £3.71P 638.36 +2.18 2 581.33 & 4.89 2
CF 96.67 + 0.51 ¢ 30+ 152¢ 7497 +1.67°¢ 69.23 4+ 3.78 ¢ nd nd

Initial 293.26 + 3.76 2 119.52 + 1.352 388.11 4 2.59 2 791.53 + 2.46 2 645.74 +1.04 2 588.55 + 7.01 2

St GD 164.12 £ 3.07P 88 4 1.47b 266.36 +2.87P 632.0 & 3.53P 623.67 +4.042 564.67 + 3.712
CF 123.33 £ 2.02¢ 25.67 + 0.06 ¢ 112.03 £ 2.40°¢ 134.37 £ 3.13¢ nd nd

* EC: (—)-epicatechin, C: (+)-catechin, Pro Bl: procyanidin B1, Pro B2: procyanidin B2, QC gal: quercetin 3-O-galactoside, QC glu: quercetin 3-O-glucoside; GD: gastrointestinal
digestion, CF: colonic fermentation ** nd: not detected, n = 6. *** BB12: B. animalis spp. lactis, La5: L. acidophilus, Lc: L. casei, LGG: L. rhamnosus, Lp: L. plantarum, Ls: L. sanfranciscensis,
St: S. thermophilus. **** Means within each column and each treatment (initial, after gastric digestion, and after colonic fermentation) followed by the same superscript letters were not
significantly different at a 95% confidence level.
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Table 2. Quantitates (ug/g) of major flavonoids isolated during in vitro digestion of probiotic-chocolate (45% cocoa powder).

Flavonoids, ug/g

Probiotic-Chocolates Digestion Stage EC* C Pro B1 Pro B2 QCGal QCGlu

Initial 187.0 &+ 1,28 ##x 75.62 £1.422 257.13 +2.052 518.33 + 1.522 410.0 £ 3.552 379.0 + 5.932

LGG *** GD 1100+ 1.6° 60.6 +2.81P 198.67 & 3.11P 458 +9.07b 397.63 4+ 3.50 2 364.0 + 1.282
CF 70.33 £ 0.55¢ 1393 +£0.11°¢ 57.7 +1.12°¢ 61.13 £1.33¢ nd ** nd

Initial 182.67 4 3.09 2 75.12 +£1.022 263.27 +2.853 528.61 + 7.522 405.27 +7.09 2 37254 + 5232

Lc GD 122.66 + 1.09P 63.67 £ 0.08 208.0 + 2.08 P 464.66 + 4.68P 373.37 £ 2.59 2 357.33 + 4.812
CF 62.0 £0.80¢ 8.67 +£03°¢ 53.3 £0.28 ¢ 48.0 +£2.24°¢ nd nd

Initial 187.66 & 3.98 2 7352 £2.262 258.21 +3.052 513.41 +1.922 410.57 +3.052 380.13 + 8.07 2

La5 GD 114.33 4+ 2.48P 62.16 + 0.57 P 200.66 + 2.56 P 409 + 6.08 b 401.24 + 1,532 370.27 +3.242
CF 71.0 £ 251¢ 11.0+£1.7¢ 50.83 &+ 0.19 € 101.1 £2.03¢ nd nd

Initial 189.23 + 2.03 2 77.62 +1.152 257.73 + 5.82 2 518.97 + 6.02 2 415.03 + 5.87 2 377.19 + 3.78

Lp GD 111.67 £ 2.68P 6033+ 1.0P 179.40 + 1.79 P 386.33 +£3.72P 398.67 + 4.86 2 374.67 +2.02
CF 72.33 +2.06 ¢ 12.56 +£2.5¢ 7243 +1.58¢ 12133 +4.7¢ nd nd

Initial 190.12 4 4.08 2 73.44 +3.422 255.55 + 4.09 2 523.74 + 6.97 2 409.44 + 2.07 2 379.47 + 6.09 @

Ls GD 117.0 £ 2.51P 64.33 +£1.3P 201.03 +2.94P 447.67 +5.22°P 387.67 + 852 366.04 + 1.66 2
CF 59.33 + 1.56 ¢ 823+1.7¢ 432 +154°¢ 61.66 +3.13°¢ nd nd

Initial 186.87 &+ 1.022 78.23 £1.562 258.35 + 5.272 522.36 + 3.522 412.67 +7.282 378.93 +4.342

BB12 GD 119.66 + 1.6 P 67.67 +1.6P 208.46 + 4.83 b 45233 +£5.05P 378.36 +2.182 357.33 +4.892
CF 65.33 +£3.8¢ 6.4 +173¢ 4497 +2.67°¢ 59.23 4+ 3.78 ¢ nd nd

Initial 187.74 +2.122 76.56 + 3.78 2 264.70 + 4.85 2 518.43 + 6.28 @ 410.71 £ 4.05 2 381.33 £+ 5.14 2

St GD 121.66 +2.21P 66 & 0.06 P 161.16 &+ 1.28 P 364.67 +1.53P 403.67 + 6.04 2 361.61 +2.832
CF 61.67 +2.02¢ 8.66 £+ 0.09 € 83.8 +£1.40°¢ 142.0 +3.13 ¢ nd nd

* EC: (—)-epicatechin, C: (+)-catechin, Pro B1: procyanidin B1, Pro B2: procyanidin B2, QC gal: quercetin 3-O-galactoside, QC glu: quercetin 3-O-glucoside; GD: gastrointestinal
digestion, CF: colonic fermentation ** nd: not detected, n = 6. *** BB12: B. animalis spp. lactis, La5: L. acidophilus, Lc: L. casei, LGG: L. rhamnosus, Lp: L. plantarum, Ls: L. sanfranciscensis,
St: S. thermophilus. **** Means within each column and each treatment (initial, after gastric digestion, and after colonic fermentation) followed by the same superscript letters were not
significantly different at a 95% confidence level.
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3.2.2. Probiotic-Chocolate Containing 45% Cocoa Powder

The individual flavonoid content in probiotic-chocolates (PCh) containing 45% cocoa
was presented in Table 2. As with the PCh fortified with 70% cocoa powder, the 45% cocoa
containing samples showed a similar trend. The highest bioaccessible epicatechin was
found at 67.14% for L. casei and 38.22% for L. plantarum after gastrointestinal digestion
and colonic fermentation, respectively. Similar to the observations reported in the PCh
containing 70% cocoa powder, the quantity of detected catechin was the smallest among all
the tested flavonoids. Catechin content ranged from 73.44 & 3.42 pg/g in L. sanfranciscensis
to the highest 78.23 £ 1.5 pg/g in BB12 in the undigested PCh (Table 2). Additionally, the
quantities of Pro B2 in the PCh containing 45% cocoa were the highest within each tested
probiotic after in vitro gastrointestinal digestion and colonic fermentation, followed by QC
gal, QC glu, Pro B1, C, and EC.

3.3. Interaction between Flavonoids and Encapsulated Probiotics in the Chocolates

The interactive main effect plot (Figure 2A) demonstrated the interaction between the
encapsulated probiotics in chocolates and the flavonoid production in the PCh containing
70% cocoa powder, with the total released flavonoids during the in vitro gastrointestinal
digestion and colonic fermentation. The effect of individual probiotics revealed that
L. sanfranciscensis had a better bioconversion effect on most identified flavonoids than
other probiotics, except catechin. This observation was confirmed by the larger amount of
epicatechin, procyanidin B1 and procyanidin B2 detected in the presence of this probiotic
during the in vitro gastrointestinal digestion and colonic fermentation. For S. thermophilus,
the bioaccessible flavonoid quantities were also very good except for procyanidin B2, where
it was the lowest. Other than these two probiotics, BB12, L. acidophilus, and L. plantarum
also showed a higher bioconversion capacity for catechin. The results from the interaction
assessment between probiotics and flavonoids in the chocolate containing 45% cocoa
powder are shown in Figure 2B. The highest amount of EC was available with L. casei
and S. thermophilus, whereas for catechin, the highest amount was in the presence of
L. plantarum. For procyanidin Bl and procyanidin B2, L. casei, LGG, and La5 showed a
better effect over the other probiotics. Overall, the data in Figure 2 demonstrated that
probiotic-chocolate fortified with a specific probiotic favored the bioconversion of a specific
flavonoid. For example, L. casei released the largest quantities of EC and procyanidin Bl,
while L. plantarum converted more catechin, and LGG more pro B2 (Figure 2B).

Catechin
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€
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Figure 2. Cont.
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Figure 2. Interactive effect of major polyphenols in 70% (A) and 45% (B) cocoa chocolates through
simulated in vitro gastrointestinal digestion and colonic fermentation. * BB12: B. animalis spp.
lactis, La5: L. acidophilus, Lc: L. casei, LGG: L. rhamnosus, Lp: L. plantarum, Ls: L. sanfranciscensis,
St: S. thermophilus. Column with different lowercase letters for each polyphenol indicate statistically
significant (p < 0.01), n = 6.

4. Discussion

Until recently, there has not been sufficient work conducted to investigate the interac-
tions between individual probiotics and chocolate polyphenols through in vitro gastroin-
testinal digestion and colonic fermentation, particularly the bioaccessibility and biocon-
version of polyphenols. In this present study, seven diverse but common probiotics with
diverse types of chocolates were investigated. The significantly (p < 0.05) larger contents of
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polyphenols in chocolate with 70% cocoa powder in comparison with the 45% cocoa content
could be attributed to the larger contents in the chocolate [29,30]. The TPCs recorded in
this study were smaller than the value previously reported by Todorovic et al. [31], who
stated that TPCs in the Serbian dark chocolate ranged from 7.21 to 12.65 mg GAE/g. On
the contrary, our recorded TPCs in the positive control were much larger than the value
(0.022 mg GAE/g) mentioned by Urbanska et al. and Gomez-Juaristi et al. [32,33] in some
cocoa products, such as conventional and flavanol-rich soluble cocoa products. Such varia-
tions may be attributed to the diverse sources of cocoa powder, as well as processing and
analysis methods of roasted and unroasted cocoa beans.

There were significant differences (p < 0.05) among all the tested probiotic species
within each treatment (Figure 1). The negative controls (fecal slurry and basal medium only,
no added probiotics) did not show any detectable amounts of polyphenols; consequently, no
data were reported. These findings indicated that polyphenol bioaccessibility was related
to the presence of probiotics in the chocolate samples during the in vitro gastrointestinal
digestion and colonic fermentation. Similar observations were reported by Barisic et al. and
Montagnana et al. [29,34] who mentioned that the available total polyphenol content varied
due to the various bacterial culture. These remarks might indicate that as more polyphenols
were bioaccessible during the in vitro gastrointestinal digestion, fewer amounts remained
in the residue that was passed into colonic fermentation, yielding smaller amounts of
bioaccessible polyphenols during colonic fermentation. In both types of fortified chocolates
(45% and 70% cocoa contents), the polyphenols with higher bioaccessibility were detected
after colonic fermentation in the presence of S. thermophilus and L. sanfranciscensis with the
CA1 formulation. Furthermore, significant differences (p < 0.05) were detected between the
two encapsulation formulations and CA1 showed a higher bioconversion effect than the
CA2 formulation. These general trends in polyphenol bioaccessibility were also recorded
in probiotic-chocolate containing 45% cocoa powder (Figure 1C) with both formulations
(CA1 and CA2). Dala-Paula et al. [20] explained that dark chocolate (70% cocoa) contains a
lot of proteins, amino acids, and polyphenols, which can be converted into other bioactive
compounds through in vitro gastrointestinal digestion. The same authors [20] also reported
that fortifying chocolate with more than one encapsulated probiotic strain had a positive
impact on polyphenol bioaccessibility. They further indicated a positive correlation between
the number of added probiotics that have better polyphenol bioconversion capacities.

Todorovic et al. [31] stated that 70% of dark chocolates contain 0.229 mg/g EC and
0.151 mg/g catechin, which supported the present study results of EC and catechin content
in the 70% cocoa chocolates. Similar trends were detected in all the tested probiotics and
within each individually analyzed flavonoid. These trends demonstrated direct positive
relationships between the detected amounts before digestion and those in in vitro gastroin-
testinal digestion and colonic fermentation. The larger the amount of flavonoids in the
undigested chocolate sample, the larger the quantity detected after in vitro gastrointestinal
digestion and colonic fermentation. Similar observations were reported by Cantele et al.
and Gonzalez-Barrio et al. [35,36], who reported that bioaccessible flavonoids are available
at both phases of gastrointestinal digestion (in vitro gastrointestinal digestion and colonic
fermentation), which were affected by the initial amount before digestion. The current
results were matched with other findings, where QC gal and QC glu availability were
reported at the in vitro gastrointestinal digestion stages in dark chocolates [4,35,37]. The
detected quantities of QC gal and QC glu in PCh were larger than EC, C, and Pro B1, and
less than Pro B2 (Table 1). Finally, our results showed that the amount of each detected
flavonoid in PCh before digestion showed no significant (p > 0.05) differences among all
the tested probiotics. Furthermore, the reported amount of each flavonoid after in vitro
gastrointestinal digestion and within each tested probiotic was significantly (p < 0.05)
higher than the quantity detected after colonic fermentation within the same treatment.
The data in Figure 2 indicated that the examined probiotics showed significant differences
(p < 0.05) in their bioconversion capacity. For example, in the chocolate with 70% cocoa,
Ls and St had the highest bioconversion capacities among all the probiotics and produced
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more bioaccessible flavonoids, such as EC, Pro B1 and ProB2. On the other hand, in the
chocolate with 45% cocoa, Lc, LGG and Lp had significantly (p < 0.05) higher conversion
capacities of EC, C, Pro B1 and Pro B2 flavonoids than other probiotics.

Moreover, the amount of each identified flavonoid in PCh with 45% cocoa was smaller
than the amount reported with 70% cocoa. Previous studies by Michael et al. and Got-
tumukkala et al. [37,38] also mentioned the presence of flavonol compounds, such as
epicatechin, catechin, procyanidin B1 and procyanidin B2 in cocoa and cocoa derivative
products, such as chocolate products. Todorovic et al. [31] stated that 70% of dark choco-
lates contained 0.23 mg/g epicatechin and 0.15 mg/g catechin, which are very similar
to the amounts reported in this study. The previous polyphenols have been reported
to alter the gut microbiota and specifically increase the abundance of health-promoting
Lactobacillus and Bifidobacterium, and decrease the amount of pathogens, without af-
fecting other beneficial microbes [33,39]. A likely mechanism is that the high content of
polyphenols was able to reduce the oxidative stress that occurs within the gastrointestinal
environment, which otherwise would have caused probiotic death. This suggests that the
fortification of chocolate with probiotics is a highly effective way to improve its functional-
ity, as mediated by changes in the gut microbiota upon consumption [18,40,41]. This was
also indicated in another study by Faccinetto-Beltran [42], who reported that the addition
of probiotics to chocolates improved the bioaccessibility and bioavailability of bioactive
compounds through animal models or clinical studies. The present study added additional
value by assessing the interaction of probiotics and chocolate polyphenols to enhance the
bioaccessibility during in vitro gastrointestinal digestion.

5. Conclusions

In this study, probiotic-chocolate was successfully produced using 1% encapsulated
probiotics. It was found that the interactions between chocolate polyphenols and encap-
sulated probiotics can impact their bioaccessibility during in vitro gastric digestion and
colonic fermentation. It was also found that the number of bioaccessible polyphenols was
dependent on the metabolic activity of these probiotics. In vitro gastrointestinal digestion
and colonic fermentation of PCh revealed that most bioaccessible polyphenols in both
types of PCh with 45% and 70% cocoa were released in the in vitro gastrointestinal di-
gested supernatant. The bioaccessible polyphenols from the PCh with 70% cocoa reached
83.22-92.33% during in vitro gastric digestion and 8.08-15.14% in colonic fermentation.
The results also showed that the polyphenols with higher bioaccessibility during colonic
fermentation of probiotic-chocolates with 45% and 70% cocoa and CA1 formulation were
detected in the presence of S. thermophilus and L. sanfranciscensis probiotics. It was also
noted that PCh fortified with specific probiotics would favor the production of a specific
flavonoid. For example, L. casei released larger quantities of epicatechin and procyanidin
B1, while L. plantarum produced more catechin, and L. rhamnosus LGG more procyanidin
B1. The findings of this study also revealed that chocolates with a higher amount of cocoa
powder (70% cocoa chocolate) may have a prebiotic impact on the growth of gut microbiota
in the gastrointestinal environment. Based on the study results, it can be concluded that
the most common and diverse probiotics might have the capacities to convert bioaccessible
bioactive compounds in the gastrointestinal transit. The findings will be helpful to enhance
the functionality of chocolates fortified with probiotics. To confirm the present findings,
more in vitro and in vivo laboratory-based research needs to be conducted with other types
of chocolates.

Author Contributions: The main project conceptualization was carried out by M.N.H. and S.A.
Methodology, formal analysis, investigation, data curation and original draft writing by M.N.H.
Supervision, review, editing or written materials, and instructions by S.A., C.S.R. and Z.F. All authors
have read and agreed to the published version of the manuscript.



Fermentation 2022, 8, 253 13 of 14

Funding: This work was funded by the Bangabandhu Science and Technology Fellowship’ 2018,
Bangabandhu Science and Technology Fellowship Trust, Ministry of Science and Technology, People’s
Republic of Bangladesh for financial support to Md Nur Hossain for his PhD studies.

Institutional Review Board Statement: An ethical approval was taken from the Human Ethics
Advisory Group, The University of Melbourne, Australia. Approval ID: 1954660.1.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study and written informed consent has been obtained from donner to publish this paper.

Data Availability Statement: All the data and materials are available in this manuscript.

Acknowledgments: The authors want to thank Pangzhen Zhang at the School of Agriculture and
Food, The University of Melbourne for his kind permission to use the polyphenol standards.

Conflicts of Interest: The authors have no conflict of interest to declare.

References

1.  Granato, D.; Barba, FJ.; Kovacevi¢, D.B.; Lorenzo, ].M.; Cruz, A.G.; Putnik, P. Functional Foods: Product Development,
Technological Trends, Efficacy Testing, and Safety. Annu. Rev. Food Sci. Technol. 2020, 11, 93-118. [CrossRef] [PubMed]

2. Min, M,; Bunt, C.R.;; Mason, S.L.; Hussain, M.A. Non-dairy probiotic food products: An emerging group of functional foods. Crit.
Rev. Food Sci. Nutr. 2019, 59, 2626-2641. [CrossRef] [PubMed]

3. Socci, V.; Tempesta, D.; Desideri, G.; De Gennaro, L.; Ferrara, M. Enhancing human cognition with cocoa flavonoids. Front. Nutr.
2017, 4, 19. [CrossRef] [PubMed]

4. Martin, M.A.; Ramos, S. Cocoa polyphenols in oxidative stress: Potential health implications. J. Funct. Foods 2016, 27, 570-588.
[CrossRef]

5. Davinelli, S.; Corbi, G.; Righetti, S.; Sears, B.; Olarte, H.H.; Grassi, D.; Scapagnini, G. Cardioprotection by cocoa polyphenols
and w-3 fatty acids: A disease-prevention perspective on aging-associated cardiovascular risk. . Med. Food 2018, 21, 1060-1069.
[CrossRef] [PubMed]

6.  Alvarez-Cilleros, D.; Ramos, S.; Lopez-Oliva, M.E.; Escriva, F.; Alvarez, C.; Fernandez-Millan, E.; Martin, M.A. Cocoa diet
modulates gut microbiota composition and improves intestinal health in Zucker diabetic rats. Food Res. Int. 2020, 132, 109058.
[CrossRef] [PubMed]

7. Kerimi, A.; Williamson, G. The cardiovascular benefits of dark chocolate. Vascul. Pharmacol. 2015, 71, 11-15. [CrossRef] [PubMed]

8.  Santos, D.I; Saraiva, ] M.A.; Vicente, A.A.; Moldao-Martins, M. Methods for determining bioavailability and bioaccessibility of
bioactive compounds and nutrients. In Innovative Thermal and Non-Thermal Processing, Bioaccessibility and Bioavailability of Nutrients
and Bioactive Compounds; Elsevier: Amsterdam, The Netherlands, 2019; pp. 23-54.

9.  Toutain, P-L.; Bousquet-Mélou, A. Bioavailability and its assessment. ]. Vet. Pharmacol. Ther. 2004, 27, 455-466. [CrossRef]
[PubMed]

10. Lavefve, L.; Howard, L.R.; Carbonero, F. Berry polyphenols metabolism and impact on human gut microbiota and health. Food
Funct. 2020, 11, 45-65. [CrossRef] [PubMed]

11. Oracz, J.; Nebesny, E.; Zyzelewicz, D.; Budryn, G.; Luzak, B. Bioavailability and metabolism of selected cocoa bioactive
compounds: A comprehensive review. Crit. Rev. Food Sci. Nutr. 2020, 60, 1947-1985. [CrossRef] [PubMed]

12.  Holst, B.; Williamson, G. Nutrients and phytochemicals: From bioavailability to bioefficacy beyond antioxidants. Curr. Opin.
Biotechnol. 2008, 19, 73-82. [CrossRef] [PubMed]

13.  Wasilewski, A.; Zielifiska, M.; Storr, M.; Fichna, ]. Beneficial effects of probiotics, prebiotics, synbiotics, and psychobiotics in
inflammatory bowel disease. Inflamm. Bowel Dis. 2015, 21, 1674-1682. [CrossRef] [PubMed]

14. Hill, C; Guarner, F; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. 2014, 11, 506-514. [CrossRef] [PubMed]

15. Hossain, M.N.; Ranadheera, C.S.; Fang, Z.; Ajlouni, S. Healthy chocolate enriched with probiotics: A review. Food Sci. Technol.
2021, 41, 531-543. [CrossRef]

16. Camps-Bossacoma, M.; Pérez-Cano, FJ.; Franch, A.; Castell, M. Gut microbiota in a rat oral sensitization model: Effect of a
cocoa-enriched diet. Oxid. Med. Cell. Longev. 2017, 2017, 7417505. [CrossRef] [PubMed]

17.  Cueva, C,; Silva, M.; Pinillos, I.; Bartolomé, B.; Moreno-Arribas, M. Interplay between Dietary Polyphenols and Oral and Gut
Microbiota in the Development of Colorectal Cancer. Nutrients 2020, 12, 625. [CrossRef] [PubMed]

18. Sorrenti, V.; Ali, S.; Mancin, L.; Davinelli, S.; Paoli, A.; Scapagnini, G. Cocoa Polyphenols and Gut Microbiota Interplay:
Bioavailability, Prebiotic Effect, and Impact on Human Health. Nutrients 2020, 12, 1908. [CrossRef] [PubMed]

19. Zhang, X.; Aweya, ].J.; Huang, Z.X; Kang, Z.Y.; Bai, Z.H.; Li, K.H.; He, X.T,; Liu, Y.; Chen, X.Q.; Cheong, K.L. In-Vitro fermentation

of Gracilaria lemaneiformis sulfated polysaccharides and its agaro-oligosaccharides by human fecal inocula and its impact on
microbiota. Carbohydr. Polym. 2020, 234, 115894. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev-food-032519-051708
http://www.ncbi.nlm.nih.gov/pubmed/31905019
http://doi.org/10.1080/10408398.2018.1462760
http://www.ncbi.nlm.nih.gov/pubmed/29630845
http://doi.org/10.3389/fnut.2017.00019
http://www.ncbi.nlm.nih.gov/pubmed/28560212
http://doi.org/10.1016/j.jff.2016.10.008
http://doi.org/10.1089/jmf.2018.0002
http://www.ncbi.nlm.nih.gov/pubmed/29723102
http://doi.org/10.1016/j.foodres.2020.109058
http://www.ncbi.nlm.nih.gov/pubmed/32331673
http://doi.org/10.1016/j.vph.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26026398
http://doi.org/10.1111/j.1365-2885.2004.00604.x
http://www.ncbi.nlm.nih.gov/pubmed/15601440
http://doi.org/10.1039/C9FO01634A
http://www.ncbi.nlm.nih.gov/pubmed/31808762
http://doi.org/10.1080/10408398.2019.1619160
http://www.ncbi.nlm.nih.gov/pubmed/31124371
http://doi.org/10.1016/j.copbio.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18406129
http://doi.org/10.1097/MIB.0000000000000364
http://www.ncbi.nlm.nih.gov/pubmed/25822014
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.1590/fst.11420
http://doi.org/10.1155/2017/7417505
http://www.ncbi.nlm.nih.gov/pubmed/28239436
http://doi.org/10.3390/nu12030625
http://www.ncbi.nlm.nih.gov/pubmed/32120799
http://doi.org/10.3390/nu12071908
http://www.ncbi.nlm.nih.gov/pubmed/32605083
http://doi.org/10.1016/j.carbpol.2020.115894
http://www.ncbi.nlm.nih.gov/pubmed/32070514

Fermentation 2022, 8, 253 14 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Dala-Paula, B.M.; Deus, V.L.; Tavano, O.L.; Gloria, M.B.A. In-Vitro bioaccessibility of amino acids and bioactive amines in 70%
cocoa dark chocolate: What you eat and what you get. Food Chem. 2021, 343, 128397. [CrossRef] [PubMed]

Soto-Martin, E.C.; Warnke, I.; Farquharson, EM.; Christodoulou, M.; Horgan, G.; Derrien, M.; Faurie, ].E.; Flint, H.].; Duncan,
S.H.; Louis, P. Vitamin Biosynthesis by Human Gut Butyrate-Producing Bacteria and Cross-Feeding in Synthetic Microbial
Communities. Mbio 2020, 11, e00886-20. [CrossRef] [PubMed]

Hossain, M.N.; Ranadheera, C.S.; Fang, Z.; Ajlouni, S. Impact of encapsulating probiotics with cocoa powder on the viability of
probiotics during chocolate processing, storage, and in-vitro gastrointestinal digestion. J. Food Sci. 2021, 86, 1629-1641. [CrossRef]
[PubMed]

Minekus, M.; Alminger, M.; Alvito, P; Ballance, S.; Bohn, T.; Bourlieu, C.; Carriere, E; Boutrou, R.; Corredig, M.; Dupont, D.; et al.
A standardised static In-Vitro digestion method suitable for food—An international consensus. Food Funct. 2014, 5, 1113-1124.
[CrossRef] [PubMed]

Tzounis, X.; Vulevic, J.; Kuhnle, G.G.; George, T.; Leonczak, J.; Gibson, G.R.; Kwik-Uribe, C.; Spencer, ].P. Flavanol monomer-
induced changes to the human faecal microflora. Br. . Nutr. 2008, 99, 782-792. [CrossRef] [PubMed]

Cooper, K.A.; Campos-Giménez, E.; Jiménez Alvarez, D.; Nagy, K.; Donovan, ].L.; Williamson, G. Rapid reversed phase ultra-
performance liquid chromatography analysis of the major cocoa polyphenols and inter-relationships of their concentrations in
chocolate. J. Agric. Food Chem. 2007, 55, 2841-2847. [CrossRef]

Sirisena, S.; Zabaras, D.; Ng, K.; Ajlouni, S. Characterization of Date (Deglet Nour) Seed Free and Bound Polyphenols by
High-Performance Liquid Chromatography-Mass Spectrometry. J. Food Sci. 2017, 82, 333-340. [CrossRef]

Sirisena, S.; Ajlouni, S.; Ng, K. Simulated gastrointestinal digestion and in vitro colonic fermentation of date (Phoenix dactylifera
L.) seed polyphenols. Int. J. Food Sci. Technol. 2018, 53, 412-422. [CrossRef]

Katz, D.L.; Doughty, K.; Ali, A. Cocoa and chocolate in human health and disease. Antioxid. Redox Signal. 2011, 15, 2779-2811.
[CrossRef]

Barisic, V.; Stokanovic, M.C.; Flanjak, I.; Doko, K.; Jozinovic, A.; Babic, J.; Subaric, D.; Milicevic, B.; Cindric, I.; Ackar, D. Cocoa
Shell as a Step Forward to Functional Chocolates-Bioactive Components in Chocolates with Different Composition. Molecules
2020, 25, 5470. [CrossRef]

Magrone, T.; Russo, M. A ; Jirillo, E. Cocoa and dark chocolate polyphenols: From biology to clinical applications. Front. Immunol.
2017, 8, 677. [CrossRef]

Todorovic, V.; Redovnikovic, I.R.; Todorovic, Z.; Jankovic, G.; Dodevska, M.; Sobajic, S. Polyphenols, methylxanthines, and
antioxidant capacity of chocolates produced in Serbia. J. Food Compos. Anal. 2015, 41, 137-143. [CrossRef]

Urbariska, B.; Kowalska, J. 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 2019, 8, 283. [CrossRef]

Gomez-Juaristi, M.; Sarria, B.; Martinez-Lopez, S.; Bravo Clemente, L.; Mateos, R. Flavanol Bioavailability in Two Cocoa Products
with Different Phenolic Content. A Comparative Study in Humans. Nutrients 2019, 11, 1441. [CrossRef]

Montagnana, M.; Danese, E.; Angelino, D.; Mena, P; Rosi, A.; Benati, M.; Gelati, M.; Salvagno, G.L.; Favaloro, E.]J.; Del Rio,
D.; et al. Dark chocolate modulates platelet function with a mechanism mediated by flavan-3-ol metabolites. Medicine 2018,
97,e13432. [CrossRef]

Cantele, C.; Rojo-Poveda, O.; Bertolino, M.; Ghirardello, D.; Cardenia, V.; Barbosa-Pereira, L.; Zeppa, G. In Vitro Bioaccessibility
and Functional Properties of Phenolic Compounds from Enriched Beverages Based on Cocoa Bean Shell. Foods 2020, 9, 715.
[CrossRef]

Gonzalez-Barrio, R.; Nunez-Gomez, V.; Cienfuegos-Jovellanos, E.; Garcia-Alonso, EJ.; Periago-Caston, M.]. Improvement of the
Flavanol Profile and the Antioxidant Capacity of Chocolate Using a Phenolic Rich Cocoa Powder. Foods 2020, 9, 189. [CrossRef]
Michael, K.; Papagiannopoulos, M.; Galensa, R. (-)-Catechin in Cocoa and Chocolate: Occurence and Analysis of an Atypical
Flavan-3-ol Enantiomer. Molecules 2007, 12, 1274-1288.

Gottumukkala, R.V.; Nadimpalli, N.; Sukala, K.; Subbaraju, G.V. Determination of Catechin and Epicatechin Content in Chocolates
by High-Performance Liquid Chromatography. Int. Sch. Res. Not. 2014, 2014, 628196. [CrossRef]

Ma, G.; Chen, Y. Polyphenol supplementation benefits human health via gut microbiota: A systematic review via meta-analysis. J.
Funct. Foods 2020, 66, 103829. [CrossRef]

Yang, Q.; Liang, Q.; Balakrishnan, B.; Belobrajdic, D.P; Feng, Q.].; Zhang, W. Role of dietary nutrients in the modulation of gut
microbiota: A narrative review. Nutrients 2020, 12, 381. [CrossRef]

Konar, N.; Palabiyik, I.; Toker, 0sS.; Saputro, A.D.; Pirouzian, H.R. Improving Functionality of Chocolate. In Trends in Sustainable
Chocolate Production; Springer Nature: Cham, Switzerland, 2022; pp. 75-112.

Faccinetto-Beltran, P.; Gomez-Fernandez, A R.; Santacruz, A.; Jacobo-Velazquez, D.A. Chocolate as Carrier to Deliver Bioactive
Ingredients: Current Advances and Future Perspectives. Foods 2021, 10, 2065. [CrossRef]


http://doi.org/10.1016/j.foodchem.2020.128397
http://www.ncbi.nlm.nih.gov/pubmed/33406569
http://doi.org/10.1128/mBio.00886-20
http://www.ncbi.nlm.nih.gov/pubmed/32665271
http://doi.org/10.1111/1750-3841.15695
http://www.ncbi.nlm.nih.gov/pubmed/33822381
http://doi.org/10.1039/C3FO60702J
http://www.ncbi.nlm.nih.gov/pubmed/24803111
http://doi.org/10.1017/S0007114507853384
http://www.ncbi.nlm.nih.gov/pubmed/17977475
http://doi.org/10.1021/jf063277c
http://doi.org/10.1111/1750-3841.13625
http://doi.org/10.1111/ijfs.13599
http://doi.org/10.1089/ars.2010.3697
http://doi.org/10.3390/molecules25225470
http://doi.org/10.3389/fimmu.2017.00677
http://doi.org/10.1016/j.jfca.2015.01.018
http://doi.org/10.3390/antiox8080283
http://doi.org/10.3390/nu11071441
http://doi.org/10.1097/MD.0000000000013432
http://doi.org/10.3390/foods9060715
http://doi.org/10.3390/foods9020189
http://doi.org/10.1155/2014/628196
http://doi.org/10.1016/j.jff.2020.103829
http://doi.org/10.3390/nu12020381
http://doi.org/10.3390/foods10092065

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Methods 
	Preparation of Encapsulated Probiotics 
	The In Vitro Gastrointestinal Digestion and Colonic Fermentation of Probiotic-Chocolate 
	Extraction of Polyphenols from the Digested/Fermented Chocolate Samples 

	Statistical Analysis 

	Results 
	Total Polyphenol Bioaccessibility in Chocolate Fortified with Encapsulated or Non-Encapsulated Probiotics during the In Vitro Gastrointestinal Digestion and Colonic Fermentation 
	In Vitro Bioaccessibility of Individual Flavonoids from the Probiotic-Chocolates 
	Probiotic-Chocolate Containing 70% Cocoa Powder 
	Probiotic-Chocolate Containing 45% Cocoa Powder 

	Interaction between Flavonoids and Encapsulated Probiotics in the Chocolates 

	Discussion 
	Conclusions 
	References

