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A B S T R A C T

The demand for functional foods is rapidly increasing, particularly in the confectionery sector. Cinnamon, a 
natural spice rich in polyphenols, exhibits antioxidant, anti-inflammatory, and antimicrobial properties, making 
it a valuable addition to health-oriented foods. Lacticaseibacillus rhamnosus CRL1505 is a probiotic strain known 
for its immunomodulatory effects, notably in reducing respiratory infections in children. This study aimed to 
develop milk chocolate pralines enriched with cinnamon and fortified with CRL1505 strain, in order to assess the 
impact of cinnamon on probiotic viability during storage and simulated digestion.

Two praline variants were formulated: one containing only CRL1505 and the same but supplemented with 3.4 
% cinnamon powder. Products were stored at 25 ◦C for 120 days and analyzed every 30 days for probiotic 
survival and physicochemical parameters. Microbiological stability was evaluated at the beginning and at the 
end of the storage period. To assess the probiotic resistance to simulated gastrointestinal digestion, the stan
dardized INFOGEST in vitro human digestion static protocol was implied immediately at the end of production, 
and after 120 days.

Both formulations demonstrated to be microbiologically stable throughout storage. Cinnamon supplementa
tion did not adversely affect probiotic viability during the 120 day-storage period. Simulated digestion confirmed 
over 77 % survival across all digestive phases, even after extended storage.

These findings suggest that incorporating cinnamon into probiotic chocolate confections does not drastically 
compromise probiotic viability and offer additional flavor. The combination of CRL1505 and cinnamon presents 
a promising approach for developing shelf-stable, health-oriented confectionery products.

1. Introduction

Functional foods are defined as foods that provide health benefits 
beyond basic nutrition. These foods often contain bioactive compounds 
or nutrients that can enhance health and mitigate disease risk. Pro
biotics, defined by the World Health Organization (WHO) as “live mi
croorganisms which when administered in adequate amounts confer a 
health benefit on the host,” are a prominent category of bioactive 
components within functional foods (Fiocco et al., 2020; Mordor Intel
ligence, 2025; Tarahi et al., 2024). These beneficial microbes, primarily 
from the genera Lactobacillus and Bifidobacterium, are well-known for 
their role in promoting gut health (Hossain et al., 2021).

Recent research has increasingly focused on the role of probiotics in 
supporting immune function and reducing infection risk, particularly 

among children, a population highly susceptible to respiratory tract 
infections (RTIs), which remain a leading cause of global pediatric 
morbidity and mortality (Liu et al., 2013). Numerous studies indicate 
that specific probiotic strains can decrease the incidence, severity, and 
duration of RTIs by enhancing mucosal and systemic immune responses 
(Villena et al., 2012; Wang et al., 2016). For instance, a randomized 
clinical trial reported that a probiotic mixture containing Bifidobacterium 
breve M-16V, Bifidobacterium lactis HN019, and Lacticaseibacillus rham
nosus HN001 significantly reduced the duration of fever in children with 
upper RTIs compared to the placebo group (Bettocchi et al., 2025). 
Among studied strains, Lacticaseibacillus rhamnosus CRL1505, originally 
isolated from goat milk, has shown immunomodulatory properties, 
particularly in enhancing respiratory immunity in pediatric populations 
(Chiba et al., 2013; Salva et al., 2010). A study involving preschool 
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children showed that CRL1505 supplementation reduced the frequency 
of upper RTIs and the need for antibiotic therapy (Kitazawa & Villena, 
2014).

To confer health benefits to the host, it is widely accepted that pro
biotic formulations must contain a minimum concentration of 106–107 

CFU per gram or milliliter of viable cells at the time of consumption. 
However, their viability can be compromised by various stressors during 
food processing, storage, and gastrointestinal transit (Fiocco et al., 
2020). To address this challenge, delivery systems have been developed 
in order to encapsulate and protect bacteria from the adverse conditions 
that they may face (Gao et al., 2022). Albeit the complexity of the 
equipment and the high investment and maintenance costs associated 
with these protection methods, disadvantages are still present that limit 
their adoption (Rajam & Subramanian, 2022).

In the last years, chocolate has emerged as a promising alternative 
matrix for probiotic delivery, offering natural protection against gastric 
acidity and bile salts while maintaining probiotic viability (Muhammad 
et al., 2021; Roobab et al., 2020). Camelo-Silva et al. (2024) demon
strated that white chocolate enriched with L. rhamnosus GG 
co-encapsulated with beet residue extract maintained probiotic viability 
for 120 days at 4 ◦C and ensured survival though the gastrointestinal 
transit. Other studies have investigated the fortification of dark choco
late and confirmed its potential as an effective vehicle for the delivery of 
probiotic strains and other bioactive compounds (Faccinetto-Beltrán, 
Gómez-Fernández, Santacruz, & Jacobo-Velázquez, 2021; Samanta 
et al., 2022). Additionally, chocolate is a rich source of antioxidants, 
such as flavonoids (Faccinetto-Beltrán, Gómez-Fernández, Santacruz, & 
Jacobo-Velázquez, 2021), which have been associated with protective 
effects against cardiovascular diseases and cancer (Succi et al., 2017). 
Despite concerns over its fat and sugar content, chocolate fortification 
with functional ingredients may enhance health benefits of this widely 
consumed food (Hossain et al., 2021; Li & Wang, 2023; Singh et al., 
2024).

Cinnamon, a spice derived from the bark of the cinnamon tree (Arya 
et al., 2022), is rich in bioactive compounds such as cinnamaldehyde, 
cinnamyl alcohol, cinnamic acid, and cinnamate, which exhibit anti
oxidant, anti-inflammatory, and antibacterial properties (Błaszczyk 
et al., 2021; Talgerd et al., 2023; Valdivieso-Ugarte et al., 2021). Recent 
investigations have also shown that cinnamon extract can enhance the 
antioxidant capacity of cocoa (Muhammad et al., 2017). Moreover, 
cinnamaldehyde and cinnamon-derived polyphenols have been reported 
to exert antimicrobial effects against respiratory pathogens such as 
Streptococcus pneumoniae and Haemophilus influenzae (Li et al., 2020; Qi 
et al., 2021; Ranasinghe et al., 2013; Ács et al., 2018). However, while 
the integration of cinnamon may augment the functional profile of 
probiotic-enriched chocolate products, its known antimicrobial activity 
necessitates careful evaluation. Among foodborne pathogens and 
spoilage microorganisms, cinnamon has demonstrated antibacterial 
activity against both gram-positive and gram-negative bacteria 
(Lucas-González et al., 2023). Its antibacterial mechanism is associated 
with disruptions of the cell membrane structure and lipid composition, 
inhibition of ATPase activity, interference with cell division, alteration 
of membrane porin function, and suppression of bacterial motility and 
biofilm formation, as well as an anti–quorum sensing effect (Vasconcelos 
et al., 2018). The antimicrobial activity of cinnamon against pathogenic 
microorganisms is highly desirable; however, its effects on probiotics 
and starter cultures are less favorable. Mengue et al. (2012) evaluated 
the impact of cinnamon essential oil on the starter culture and the 
probiotic strain L. rhamnosus ATCC 9595 in yogurt, observing a reduc
tion in viable cell counts. Furthermore, De Giani et al. (2022) investi
gated the potential of cinnamon bark extract as a prebiotic. L. rhamnosus 
showed reduced growth in the presence of cinnamon, but, interestingly, 
its growth was promoted by the presence of previously digested cinna
mon extract.

This study aimed to develop a novel milk chocolate praline enriched 
with the probiotic L. rhamnosus CRL1505 and to determine whether the 

inclusion of cinnamon adversely affects probiotic viability. Two 
hazelnut-filled praline variants were produced, containing the probiotic 
strain with or without cinnamon, and stored at room temperature for 
120 days. Over the shelf-life period, the synergistic effects of cinnamon 
and the chocolate matrix on probiotic viability were studied, and the 
survival of the probiotic under simulated in vitro gastrointestinal con
ditions was also evaluated.

2. Materials and methods

2.1. Production of chocolate pralines enriched with L. rhamnosus 
CRL1505 and cinnamon

Chocolate pralines were produced at the pilot plant of FGA Chocolate 
confectionery & Consultancy S.r.l. (Novi Ligure, Italy). The cocoa beans 
used in their production were imported from Peru and consisted of 
Criollo, Trinitario, and Forastero varieties.

A total of 25 kg of dried cocoa beans were stored at a temperature of 
14 ◦C and a relative humidity of 70–75 %, to maintain a moisture con
tent of 8 %. The beans were then roasted at 170 ◦C for 20 min using a 
roaster. Successively, the beans were ground in two phases. Initially, 
cocoa nibs were separated using a cocoa mill, leaving 2 % of the skin 
intact. Subsequently, pre-grinding with cylinders reduced the nibs’ 
granulometry. The refining process, carried out using a ball mill, 
transformed the nibs into cocoa liquor by reducing particle size to less 
than 20 μm. Then, the cocoa liquor was transferred to the conche, where 
it underwent conching at 70 ◦C for 12 h.

In order to produce 6 kg of milk chocolate, a specific blend of in
gredients was used (Table 1), including 0.72 kg of cocoa liquor, 1.44 kg 
of cocoa butter, 0.66 kg of milk powder, 1.11 kg of sucrose, 0.84 kg of 
whey proteins, 1.2 kg of inulin, 0.024 kg of lecithin, and 0.006 kg of 
vanillin. These ingredients were mixed in a ball mill for 20 min at 40 ◦C.

Two distinct praline formulations were prepared to assess the effect 
of cinnamon on probiotic viability: one without cinnamon (CRL) and 
one with cinnamon (CAN). For both versions, 1.5 kg of milk chocolate 
was mixed in the ball mill with 0.045 kg of lyophilized L. rhamnosus 
CRL1505 (Sacco System, Cadorago, Italy) for 5 min at 40 ◦C. This pro
biotic amount was selected to achieve an initial inoculum of approxi
mately 8 log CFU/g in the pralines. For the CAN formulation, an 
additional 0.0524 kg (3.4 % w/w) of cinnamon powder from Cinnamo
mum cassia (Ubena alimentari S.r.l., Milan, Italy) was incorporated.

The tempered chocolate was poured into cubic molds and shaken to 
remove air bubbles, before being inverted to create hollow shells. The 
shells were cooled at 4 ◦C for 15 min. Subsequently, 5 g of hazelnut paste 
(EuroCompany S.r.l., Godo, Italy) was added to each shell, followed by 
an additional cooling step at 4 ◦C for 10 min. The pralines, consisting of 
5 g of chocolate for the shell and 5 g of hazelnut paste, were then sealed 
with a final layer of chocolate and cooled at 4 ◦C for 20 min. Finally, they 
were demolded, wrapped in plastic, and stored at 25 ◦C for 120 days.

Table 1 
List of ingredients utilized for the preparation of praline variants.

Ingredient Concentration in CAN (%) Concentration in CRL (%)

Cocoa liquor 11.2 11.6
Cocoa butter 22.5 23.2
Milk powder 10.3 10.6
Whey proteins 13.0 13.5
Inulin 18.7 19.4
Sucrose 17.3 17.9
Lecithin 0.4 0.4
Vanillin 0.1 0.1
Probiotic 2.8 2.9
Hazelnut paste 0.3 0.3
Cinnamon powder 3.4 0
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2.2. Physicochemical characterization of chocolate pralines

The water activity (aw) of each product was measured every 30 days 
over the 120-day shelf life (0, 30, 60, 90, and 120 days). To determine 
aw, the samples were crushed with a mortar and pestle, placed in a 
crucible, and then analyzed in the AQUALAB 4 TE dew-point water 
activity meter (METER Group, Inc. USA, Pullman, WA, USA) at 25 ◦C.

The pH of the pralines was measured every 30 days using the edge® 
blu pH meter (Hanna Instruments Inc., Woonsocket, RI, USA). For each 
measurement, 5 g of praline sample was first crushed using a mortar and 
pestle and then diluted 1:10 in deionized water (Succi et al., 2017).

2.3. Viability of probiotic bacteria and microbiological quality during 
chocolate storage

A total of 10 g of each sample was homogenized in a BagMixer 
stomacher (Interscience, Saint-Nom-la-Bretèche, France) with 90 mL of 
Mitsuoka buffer (0.45 % Sodium phosphate dibasic dodecahydrate 
(Carlo Erba, Cornaredo, Italy), 0.6 % Potassium phosphate monobasic 
(Carlo Erba, Cornaredo, Italy), 0.05 % L-cysteine hydrochloride mono
hydrate (Merck KGaA, Darmstadt, Germany), 0.05 % Tween 80 (Merck 
KGaA, Darmstadt, Germany)). Decimal dilutions were obtained and 
plated onto De Man, Rogosa and Sharpe (MRS) Agar (Oxoid, Basing
stoke, UK). Plates were incubated under anaerobic conditions (Anae
rocult® A gas packs, Merck KGaA, Darmstadt, Germany) at 37 ◦C for 48 
h. The viability of the probiotic was expressed as log CFU/g. The ana
lyses were performed in triplicate at intervals of 30 days over a 120 days 
period.

Moreover, at the beginning (T0), and after 120 days (T4) samples 
were processed as described above to evaluate the count of molds, yeasts 
and total Enterobacteriaceae. In particular, molds and yeasts were 
cultivated on Rose Bengal (RB) Agar (Oxoid, Basingstoke, UK), supple
mented with 0.05 g/L chloramphenicol (Merck KGaA, Darmstadt, Ger
many). Plates were incubated at 30 ◦C for 4 days. Enterobacteriaceae 
were grown on Violet Red Bile Glucose (VRBGA) Agar (Oxoid, Basing
stoke, UK) and incubated at 37 ◦C for 48 h. The viability of molds, yeasts 
and total Enterobacteriaceae was expressed as log CFU/g. Analyses were 
performed in triplicate.

2.4. Evaluation of probiotic survival under in vitro digestion model

In order to assess the stability of L. rhamnosus CRL1505 in chocolate 
pralines during transit through the gastrointestinal tract, the standard
ized INFOGEST in vitro human digestion static protocol was applied, as 
described by Brodkorb et al. (2019). The method involves three 
sequential digestion phases: oral (2 min, 37 ◦C, pH 7.0), gastric (120 
min, 37 ◦C, pH 3.0), and intestinal (120 min, 37 ◦C, pH 7.0). The enzyme 
concentrations and digestion conditions were standardized according to 
the guidelines provided by Minekus et al. (2014) and Brodkorb et al. 
(2019).

To simulate the chewing process, the pralines were manually crushed 
using a mortar. For each digestion, 5 g of praline were used, and 1 mL 
aliquots were collected after each digestion phase for microbiological 
analysis. These aliquots were then plated on MRS Agar to evaluate the 
viability of L. rhamnosus CRL1505. The analysis was conducted imme
diately after the production, and after 120 days, with each test per
formed in triplicates.

2.5. Statistical analysis

For each set of triplicates, the mean, standard deviation (SD), and 
variance were calculated. The Shapiro-Wilk test in Python (v3.12) was 
used to assess normality, while the Levene test was performed to eval
uate the homogeneity of variance. A two-factor ANOVA with replication 
followed by Tukey’s post-hoc test was conducted to statistically assess 
the effect of cinnamon and time on pH, water activity (aw) and probiotic 

viability using R (v4.4.3). Additionally, a two-factor ANOVA with 
Tukey’s post-hoc test was performed on the digested sample data.

3. Results and discussion

The incorporation of probiotics into chocolate products has garnered 
significant interest in recent years (Faccinetto-Beltrán, 
Gómez-Fernández, Santacruz, & Jacobo-Velázquez, 2021). Previous 
evidence demonstrated that probiotics, belonging to different species, 
maintained viability and, therefore, the effectiveness in delivering 
health-promoting properties in various types of chocolate products 
(Marcial-Coba et al., 2019). However, the incorporation of probiotics 
into this matrix presents some challenges. For instance, the conching 
temperature of chocolate typically ranges from 60 to 70 ◦C, which is 
critical to maintaining high probiotic viability (Zyzelewicz et al., 2012). 
Therefore, to prevent a significant reduction in probiotic concentration, 
the strains were added after the conching step, at a temperature of 40 ◦C.

The combination of chocolate with functional ingredients, such as 
cinnamon, inulin and hazelnut, is expected to potentially influence the 
probiotic behavior in the food matrix together with a functional effect on 
human health. Preclinical and clinical studies have demonstrated that 
cinnamon exhibits a range of pharmacological properties, including 
antioxidant, anti-inflammatory, and immunomodulatory effects (Gou 
et al., 2025). However, in addition to the health benefits, there is evi
dence that cinnamon may also have adverse effects, such as hepato
toxicity, carcinogenicity, and dermatitis (Gu et al., 2022). These side 
effects can be associated with the content of coumarin (Woehrlin et al., 
2010). The tolerable daily intake (TDI) for cinnamon in Europe ac
cording to EFSA previous assessment has been set at 0.1 mg per kg of 
body weight (Gu et al., 2022), therefore, particular attention should be 
paid when considering cinnamon intake in children (European Food 
Safety Authority (EFSA), 2008). Assuming an average body weight of 
30–35 kg for a school-aged child, the safe daily dose is 3–3.5 mg. In our 
praline, cinnamon was added at a concentration of 3.4 %, corresponding 
to 0.17 mg per praline, which highly remains within a safe range and 
does not pose a health risk for children.

Inulin was employed as a natural sweetener due to its dual function 
as a sweetening agent and prebiotic fiber. Its inclusion in the chocolate 
matrix not only contributes to lowering the content of simple sugars, but 
also provides a favorable substrate for the survival of probiotic strains 
(Toker et al., 2017).

Hazelnuts are a nutrient-rich food that provide significant amounts 
of vitamin E, B-group vitamins, magnesium, zinc, and essential fatty 
acids (Lai et al., 2021; Talebi et al., 2023). The total dietary fiber content 
of hazelnuts has been reported to be approximately 17.8 % (Tunçil, 
2020). This fibers exhibit prebiotic potential by modulating the growth 
of beneficial microorganisms in the colon (Lin et al., 2024).

In this study, we developed a new functional chocolate-based prod
uct intended for children, specifically designed to help combat seasonal 
respiratory diseases. Accordingly, L. rhamnosus CRL1505 and cinnamon 
were incorporated into the praline formulations, and the effect of the 
spice on probiotic viability during storage and simulated digestion was 
evaluated. We acknowledge that chocolate is not generally regarded as a 
healthy food for children. However, the product developed in this study, 
formulated with carefully selected ingredients, is intended to serve as a 
palatable supplement for occasional consumption.

3.1. Physicochemical characterization of chocolate pralines

Among the various physicochemical indicators used to evaluate food 
quality of pralines along the shelf life, pH and water activity (aw) were 
selected. As illustrated in Fig. 1, the aw values in CRL praline initially 
increased from 0.371 ± 0.001 to 0.399 ± 0.003 during the first 30 days, 
then returned to 0.368 ± 0.004 by 90 days. Subsequently, a gradual 
increase was observed, reaching a peak of 0.418 ± 0.008. In the CAN 
praline, a similar trend was observed, ending at a final value of 0.422 ±
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0.004. Both the samples showed some fluctuations over time, but ulti
mately maintained a not statistically different aw value at the end of the 
storage period. These values align with previous findings (Silva et al., 
2017; Toker et al., 2017) and can be attributed to the complexity of the 
chocolate matrix, which includes a high fat content and various other 
ingredients. Notably, aw values below 0.6 help ensure the microbio
logical safety of the product (Silva et al., 2017).

The pH remained stable throughout the storage period in both for
mulations (Fig. 1). In the praline without cinnamon, it ranged between 
6.64 ± 0.08 and 6.53 ± 0.01, while in the cinnamon-containing variant, 
it was slightly lower, fluctuating between 6.56 ± 0.09 and 6.39 ± 0.01. 
These values were generally higher than those reported for other 
chocolate formulations (Cielecka-Piontek et al., 2020; Silva et al., 2017), 
which may be attributed to the presence of milk in the chocolate recipe.

3.2. Probiotic viability and microbiological quality during chocolate 
storage

Probiotic viability was monitored every 30 days, while microbio
logical quality was evaluated at the beginning of storage, and after 120 
days.

The stability of L. rhamnosus CRL1505 in milk chocolate remained 
relatively high during the shelf life. As shown in Fig. 2, a statistically 
significant reduction of 0.43 log CFU/g in microbial load was observed 

in the CRL formulation after 30 days of storage. Following this initial 
decline, the cell count remained stable until day 90, with no further 
significant changes. A second statistically significant decrease occurred 
after 120 days. In contrast, the CAN formulation did not exhibit a sig
nificant reduction in probiotic counts during the first 30 days of storage. 
A notable decrease occurred at day 60, followed by a period of stability 
until day 90. Over the final 30 days of storage, the CAN sample expe
rienced another statistically significant reduction.

After 120 days of storage at room temperature, a total reduction of 
0.88 log CFU/g was observed in the praline without cinnamon, while the 
praline containing the spice exhibited a decrease of 0.90log CFU/g.

Hossain et al. (2021) have reported that free cells of L. rhamnosus 
LGG in chocolate stored under similar conditions with an initial cell load 
of 12 log CFU/g dropped below 2 log CFU/g after 120 days, whereas 
encapsulation was necessary to maintain viability at approximately 7 
log CFU/g. In comparison, L. rhamnosus CRL1505 in our chocolate ma
trix reached 7.54 ± 0.11 log CFU/g (CRL) and 7.40 ± 0.25 log CFU/g 
(CAN), starting from initial loads of 8.42 ± 0.05 and 8.53 ± 0.04 log 
CFU/g, respectively. These values highlight the superior resilience of 
CRL1505 in our chocolate formulation, achieved without the need for 
encapsulation.

Previous studies by Lalicic-Petronijevic et al. (2015) and Hossain 
et al. (2022) also demonstrated that storage temperature significantly 
influences probiotic viability in chocolate, with greater reductions 
observed at 25 ◦C compared to refrigerated conditions. However, 
L. rhamnosus CRL1505 in the present study exhibited excellent stability 
during storage at ambient temperature. These findings suggest that 
CRL1505 is an ideal candidate for the development of functional choc
olate products, offering a cost-effective solution for maintaining pro
biotic functionality without the need for cold storage.

In addition to its well-documented antioxidant properties, cinnamon 
has been reported to possess significant antimicrobial activity, pre
dominantly attributed to its principal active component, cinnamalde
hyde (Shu et al., 2024). This antimicrobial potential may pose 
challenges in maintaining the viability of probiotic microorganisms in 
fortified food products. Fig. 2 presents the variation in bacterial cell 
counts in CRL and CAN pralines, formulated with and without the 
addition of cinnamon. Statistical analysis revealed comparable viability 
between the two formulations during the 120 days of storage. 
Throughout the storage period, no significant differences were observed 
between the two variants at any sampling time, indicating that the 
addition of 3.4 % (w/w) cinnamon did not adversely affect the viability 
of CRL1505 in the chocolate matrix.

Previous research has demonstrated that chocolate matrices provide 
superior protection to probiotics under both storage and gastrointestinal 
conditions (Hossain et al., 2022; Muhammad et al., 2021; Silva et al., 
2017). Furthermore, the high fat content in certain foods can sequester 
hydrophobic components, thereby limiting their direct contact with 
microbial cells (Mengue Feniman Moritz et al., 2015; Wang et al., 2023). 
Considering that chocolate presents a complex matrix rich in lipids and 
polyphenols (Samanta et al., 2022), it is reasonable that its physico
chemical properties help mitigate the antimicrobial activity of cinna
mon, thus promoting the stability of CRL1505 over time. Supporting this 
hypothesis, Singh and Gaur (2025) reported that the inclusion of addi
tional ingredients such as cinnamon in chocolate formulations contrib
uted providing an improved protective environment for probiotics, 
resulting in only modest reductions in cell viability.

These results are particularly relevant for the development of func
tional chocolate products, demonstrating that cinnamon can be incor
porated as a natural flavoring agent without substantially compromising 
probiotic stability.

Microbiological quality was also evaluated in chocolate pralines at 
0 and 120 days. Molds, yeasts and Enterobacteriaceae were enumerated, 
and in both formulations, their levels remained below the European 
Union’s safety threshold of 100 CFU/g (European Union, 2005, 2017) 
throughout the storage period. These findings confirm that both product 

Fig. 1. pH and water activity (aw) over the 120 days shelf life in praline for
mulations with (CAN) and without (CRL) cinnamon. The values of pH and aw 
are expressed as mean ± standard deviation of three independent experiments. 
Different letters (a–d) indicate significant differences according to two-way 
ANOVA and Tukey’s post hoc test (p < 0.05).

Fig. 2. Probiotic viability (log CFU/g) in chocolate pralines with (CAN) and 
without (CRL) cinnamon over the 120 days shelf life. The results are expressed 
as mean value (n = 3 biological replicates) ± standard deviation. Different 
letters (a–f) denote significant differences between samples, as determined by 
two-way ANOVA coupled with a Tukey’s post hoc test (p < 0.05).
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variants are microbiologically safe for human consumption.

3.3. Impact of in vitro digestion on probiotic viability in chocolate praline 
during the shelf life

Food matrices can enhance the survival of probiotics by providing 
additional protection during their transit through the gastrointestinal 
tract (Silva et al., 2017). In this study, the standardized INFOGEST in 
vitro human digestion static model was employed to evaluate the sur
vival of L. rhamnosus CRL1505 in the two praline formulations (CAN and 
CRL) at two time points throughout the shelf life: 0 (T0), and 120 (T4) 
days. Probiotic survival was expressed as the percentage of viable cells 
recovered after each digestive phase. Although previous studies have 
already demonstrated the potential of chocolate as a protective delivery 
vehicle for probiotics (Cielecka-Piontek et al., 2020; Silva et al., 2017), 
limited data are available on how this protective capacity may change 
over time during product storage.

At T0, both formulations showed similar behavior, with CRL1505 
maintaining high viability (>77 %) across all digestive phases (Fig. 3). 
Notably, both variants exhibited lower survival rates following the oral 
phase compared to the gastric and intestinal phases. This reduced sur
vival may be attributed to methodological limitations, particularly those 
related to sample processing. The oral phase of the in vitro digestion, 
lasting only 2 min and conducted at neutral pH, may not have been 
sufficient to achieve complete solubilization of the chocolate matrix, 
thereby limiting the release of probiotic cells into the simulated salivary 
fluid. Across all digestive phases, the CRL formulation showed slightly 
higher probiotic counts compared to CAN, with values of 6.96 and 6.60 
log CFU/g after the oral phase, 7.89 and 7.47 log CFU/g following the 
gastric phase, and 8.01 and 6.92 log CFU/g after the intestinal phase, 
respectively.

Singh and Gaur (2025), who developed a probiotic-enriched choco
late, reported that the viability of L. rhamnosus GG decreased from 8.62 
log CFU/g to 5.78 log CFU/g, following simulated gastrointestinal 
digestion. An even greater limitation was described by Cielecka-Piontek 
et al. (2020), who observed 4- and 3-log reductions for L. rhamnosus GG 
and Lacticaseibacillus paracasei F19 in dark chocolate after the gastric 
intestinal phases, respectively. Hossain et al. (2022) reported a 7-log 
reduction for non-encapsulated and a 4-log reduction for encapsulated 
Lactobacillus delbrueckii subsp. bulgaricus in chocolate after gastric 
digestion. By contrast, CRL1505 in the current study demonstrated su
perior stability, with only a 1-log reduction observed after each digestive 
stage.

After 120 days of storage, L. rhamnosus CRL1505 continued to exhibit 
excellent survival in both praline formulations (Fig. 3). The trend 
observed at T0 was maintained over time, with slightly reduced survival 
following the oral phase compared to the gastric and intestinal phases. 
Notably, the probiotic demonstrated high resistance to simulated gastric 
and intestinal digestion, with survival rates consistently above 86 % at 
T4. Furthermore, no significant differences in the CRL1505 survival 
were observed between the two formulations after the gastric and 

intestinal phases.
To date, the impact of storage on the survival of probiotics in choc

olate during simulated digestion has been scarcely addressed. Hossain 
et al. (2022), who reported substantial viability losses for L. delbrueckii 
subsp. bulgaricus in chocolate after just one day of storage following 
simulated digestion, observed similar survival trends after 90 days, 
suggesting that shelf life had a limited impact on the strain’s digestive 
stability. In the present study, L. rhamnosus CRL1505 consistently 
exhibited only a 1 log CFU/g reduction across all digestive phases and 
storage times (T0, T4), underscoring its stability and strong potential for 
application in probiotic chocolate formulations.

4. Conclusions

The growing demand for functional foods has driven innovation in 
probiotic-enriched products, such as chocolate. In this study, two 
functional chocolate pralines fortified with L. rhamnosus CRL1505 were 
successfully developed, one of which was further enriched with cinna
mon powder (3.4 % w/w), a natural antioxidant and antimicrobial 
agent. The incorporation of cinnamon did not alter the physicochemical 
properties of the chocolate, nor did it drastically impair probiotic 
viability. Notably, both formulations maintained high probiotic counts 
after 120 days of storage, with final concentrations of 7.54 ± 0.11 log 
CFU/g (without cinnamon) and 7.40 ± 0.25 log CFU/g (with cinna
mon). Although a slight decrease in viability was observed in both for
mulations after 120 days, no significant differences were found between 
the two samples at any sampling time during the storage period. 
Moreover, in vitro gastrointestinal simulation confirmed robust survival 
of CRL1505 in both formulations, even after extended storage, high
lighting the protective role of the chocolate matrix.

These findings demonstrate that chocolate is an effective carrier for 
L. rhamnosus CRL1505, offering protection during storage and digestion, 
even in the presence of potential antimicrobials. Importantly, this study 
provides evidence that cinnamon can be incorporated into probiotic 
chocolate products supplemented with L. rhamnosus strains without 
critically compromising bacterial viability. This supports the develop
ment of novel confectionery products that combine probiotics and nat
ural flavors. Although chocolate is not generally regarded as a healthy 
food choice for children, the product developed in this study was 
formulated as a palatable supplement intended for occasional con
sumption. Inulin was incorporated into the recipe to reduce the content 
of simple sugars and to confer an additional prebiotic function, while 
hazelnut paste was included to enhance the lipid profile of the praline 
through its naturally high content of unsaturated fatty acids.

Future studies may focus on optimizing cinnamon concentrations, 
evaluating sensory acceptance, and improving the nutritional profile of 
the product to enhance its commercial applicability.
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Antibacterial activity evaluation of selected essential oils in liquid and vapor phase 
on respiratory tract pathogens. BMC Complementary and Alternative Medicine, 18(1), 
1–9. https://doi.org/10.1186/S12906-018-2291-9/TABLES/6

Arya, P., Kumari, N., Ahmad Wani, S., & Kumar, P. (2022). Cinnamon as a potential 
nutraceutical and functional food ingredient. In Herbs, spices and their roles in 
nutraceuticals and functional foods (pp. 133–148). Elsevier. https://doi.org/10.1016/ 
B978-0-323-90794-1.00001-6. 

Bettocchi, S., Comotti, A., Elli, M., De Cosmi, V., Berti, C., Alberti, I., Mazzocchi, A., 
Rosazza, C., Agostoni, C., & Milani, G. P. (2025). Probiotics and fever duration in 
children with upper respiratory tract infections: A randomized clinical trial. JAMA 
Network Open, 8(3), Article e250669. https://doi.org/10.1001/ 
JAMANETWORKOPEN.2025.0669
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