FUNCTIONAL FOOD
VALENTINI SANTARMAKI1, IOANNA PRAPA1, GREGORIA MITROPOULOU1, MARIA LOLA1, GIANNIS FISEKIS1, ILEKTRA STYLIANOPOULOU1,
KATERINA SPYRIDOPOULOU1, AMALIA E. YANNI2, MARIRENA GRIGORIOU1, GEORGE SKAVDIS1, NIKOLAOS KOSTOMITSOPOULOS3, VAIOS
T. KARATHANOS2, EUGENIA BEZIRTZOGLOU4, PANAYIOTIS PANAS5, YIANNIS KOURKOUTAS1*
*Corresponding author
1. Department of Molecular Biology and Genetics, Democritus University of Thrace, Alexandroupolis, Greece
2. Laboratory of Chemistry, Biochemistry, Physical Chemistry of Foods, Department of Nutrition and Dietetics, Harokopio University of Athens, Greece
3. Center of Experimental Surgery and Translational Research, Biomedical Research Foundation of the Academy of Athens, Athens, Greece
4. Laboratory of Hygiene and Environmental Protection, Medical School, Democritus University of Thrace, Alexandroupolis, Greece
5. QLCon, Industrial Research Services, Patras, Greece

DEVELOPING FUNCTIONAL FOOD INGREDIENTS FOR MAINTAINING DIGESTIVE HEALTH
KEYWORDS: Functional ingredients, probiotics, prebiotics, cell immobilization, functional food.

ABSTRACT

An increasing trend in developing novel functional food ingredients containing probiotic microorganisms tailored for maintenance of
digestive health is witnessed today. In this vein, the use of natural food components, containing prebiotic dietary fibers and
associated with health effects, as immobilization supports for selected wild-type probiotic strains isolated by traditional fermented
foods and human samples, directing at preparation of readily processable functional food ingredients targeting maintenance of
digestive health was of interest. The technology developed is expected to result in successful marketable “ready-to-use” beneficial
constitutents previously tested in a series of food applications, achieving enhanced probiotic cell viability during processing and
storage, as well as during digestion.

INTRODUCTION
An increased attention in developing
novel functional foods containing
probiotic microorganisms targeting
maintenance of digestive health is
witnessed today, as consumers are
increasingly interested in their personal
health and particularly in products capable
of preventing and/or curing illness.
According to the latest definition of FAO/
WHO, probiotics are viable
microorganisms (bacteria or yeasts) which,
when administered in adequate amounts,
confer a health benefit on the host.
Many studies have clearly documented the
beneficial effects of probiotics in
metabolism (lactose digestion/intolerance,
reducing cholesterol and triglyceride
levels, etc), reducing the risk factors of
infection by modulating gut microbial flora (1),
a l l e rg i c d i s e a s e s ( e c z e m a , a t o p i c
dermatitis, etc) (1-3), inflammatory bowel
diseases (Crohn’s disease, irritable bowel
syndrome, etc) (1, 4), and reducing cancer
risk possibility (5-6).
To induce the health benefits, probiotic
products need to contain an adequate
amount of live bacteria, able to survive the
acidic conditions of the upper GI tract,
proliferate and colonize in the gut.
The delivery vehicle and the food matrix
may influence surface properties and
adhesion abilities of probiotic cells (7).

The food industry has adopted the
recommended levels of 10 7cfu/g at the
time of consumption for probiotic
microorganisms, according to International
Probiotics Association (IPA) Europe
recommendations. Hence, a daily intake of
at least 109 viable cells, which could be
achieved with a daily consumption of at
least 100g of probiotic food, has been
suggested as the minimum intake to
provide a health effect, although it is
advisable that the minimum dose should
be determined for each strain separately.
Currently, the probiotic market is mainly
focused on pharmaceutical products (pilltype products), while probiotic foods are
limited to dairies, such as fermented milk
products, or probiotic fruit juices, due to
inability to ascertain high cell viability
levels in the harsh conditions that
predominate in the food microenvironment. Our goal aims at filling in
the commercial gap and expanding the
consumers’ options with new products by
developing novel functional ingredients
tailored for the food industry. The strategy
adopted was to use natural food
components, containing prebiotic dietary
fibers and associated with health effects, as
immobilization supports for selected wildtype probiotic strains isolated by traditional
fermented foods and human samples,
directing at preparation of readily
processable functional food ingredients and
targeting maintenance of digestive health.
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DEVELOPING FUNCTIONAL FOOD
INGREDIENTS
A p ro p e r l y d e s i g n e d s t r a t e g y f o r
incorporation of functional cultures into
food products (formulation strategies,
processing, stability and organoleptic
quality issues) is a key factor in the
development of functional products.
Although encapsulation technologies have
largely been exploited in the
pharmaceutical (e.g. drug and vaccine
delivery) and agricultural/agro-industrial
industry (e.g. fertilizers), the food industry
has only recently become aware of the
immense benefits that these technologies
may offer. Incorporating probiotics into a
food matrix presents a fully new challenge,
not only because of their interactions with
other constituents, but also because of the
severe conditions often employed during
food processing and storage, as well as
during the GI transit until they reach the
desired site in the intestine. These
conditions might lead to important losses
in viability, as probiotics are thermally
labile (on heating and/or freezing),
sensitive to acidity, oxygen or to other
food constituents (e.g. salts). To overcome
such deficiencies, cell immobilization has
been proposed to maintain the probiotics
in their active and functional form,
ensuring thus that they reach the desired
site of the GI tract without modifications,
but intactly. Overall, the challenge for food
manufacturers is to develop effective
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protective delivery systems for probiotics
without adversely affecting the sensorial
quality and/or the shelf-life of the fortified
products.
In order to maximize the benefits of
functional food ingredients, it is important
to: i) employ both food-grade
components and microbial strains with
health-promoting characteristics tailored
for novel foods, ii) achieve enhanced
viability of the health-promoting cultures,
and iii) develop approaches that are
compatible with the use of dried food
ingredients and cultures, in order to be
readily adopted by the industrial sector.
In this vein, our technology aims at developing
successful marketable “ready-to-use”
functional ingredients previously tested in a
series of food applications, achieving
enhanced probiotic cell viability during
processing and storage, as well as during
digestion. Hence, two factors are of outmost
importance: selection of the (a) immobilization
support (carrier), and (b) probiotic strain.
Selection of the immobilization support
(carrier)
Selection of the immobilization support of
probiotic cells is of vital importance and it
depends mostly on the food application (1).
The main prerequisites required include:
1) Metabolic stability against enzymes,
temperature and pressure fluctuations,
shear forces, etc.
2) Large surface area to facilitate cell
adhesion.
3) Abundance, easy handling of the
immobilization protocols, suitability for
scale-up and process cost-effectiveness.
4) Protection, maintenance of viability and
activity, and avoidance of potentially
negative effects on cell physiology and
metabolism.
5) Food-grade purity and acceptance by
the consumers.
6) Compatibility with the food product and
no provision of side-effect on the quality
attributes.
7) Provision of a health benefit, if possible.
In this context, the effect of a dietary
intervention with pistachio (Pistacia vera L.)
nuts, a rich source of monounsaturated
fatty acids, dietary fibers and
phytochemicals, on gut microbiota
composition in a Type 1 Diabetes (T1D) rat
model was investigated, since they could
serve as an ideal immobilization support for
probiotic bacteria (8). The results showed
that pistachio supplementation significantly
increased lactobacilli and bifidobacteria
populations in jejunum, ileum and caecum
and normalized microbial flora in the
intestine of diabetic animals.
Next Generation sequencing of fecal
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samples revealed increased and decreased
levels of Firmicutes and Bacteroidetes,
respectively, in healthy animals that
received the pistachio diet. Moreover, the
pistachio treatment resulted in increased
abundance of Bifidobacterium in diabetic
rats and Lactobacillus, Turicibacter and
Romboutsia in healthy animals (8).
Selection of the probiotic strain
Several aspects, including safety, functional
and technological characteristics, should be
considered in the selection process of
probiotic microorganisms. Many strains
could be suggested as potential probiotics,
but only a limited number are able to satisfy
the necessary criteria.
Safety aspects include strain origin (human
or traditional fermented foods is a
desirable trait), non-pathogenicity and
GRAS-designation (1). In addition to the
safety criteria, functional properties should
be established based on in vitro and in
vivo assays, and further verified in
controlled human studies. GI survival,
adhesion to the intestinal mucosa and
colonization to the intestine are crucial for
providing the beneficial effects of
probiotics, since they may influence
interaction with the host and the other
bacteria present, affect the local microbial
composition and/or stimulate the host’s
immune system. However, at least a
beneficial effect associated to the
probiotic strain should have been
documented. Desired activities include
modulation of the immune responses,
production of antimicrobial substances,
influence of human metabolic activities
(e.g. cholesterol assimilation, lactase
activity, vitamin production), etc (1).
Even though the safety and functional
criteria are fulfilled, technological criteria,
such as efficiency in the scaling-up of the

Figure 1. Adhesion of a presumptive probiotic strain on
differentiated Caco-2 cells after 2h of incubation at 37°C in
a 5% CO2 atmosphere. Bacterial cells were stained with
FITC (green fluorescence), Caco-2 cells were stained with
Hoechst (blue fluorescence, nucleus) and mitotracker (red
fluorescence, mitochondria).

Figure 2. Representative flow cytometric analysis of
cholesterol binding on a presumptive probiotic strain.
Right: Bacteria (108 cfu/mL) incubated at 37oC for 15h with
CholEsteryl BODIPYFL C12 dye (0.05 mg/mL), washed with
PBS, incubated with propidium iodide (PI) and analyzed on
a Attune NxT flow cytometer. Binding of cholesterol was
observed on 13.83% of the bacterial cells. Left: Control
without addition of BODIPY FL C12 dye.

cultivation process, maintenance of cell
viability during drying procedures and
storage, etc, are also vital to ensure ability
for effective industrial production (1).
A series of presumptive probiotic strains
isolated by Greek traditional fermented
foods were tested for acidic and bile
salts resistance (9-10), adhesion ability

Table 1. Patent applications on industrial use of immobilized probiotic bacteria in food products.
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to intestinal mucosa (11), ability to
re d u c e c h o l e s t e ro l l e v e l s ( 1 1 ) a n d
growth inhibition of foodborne
pathogens (12-14) by our group. The
results recorded significant
maintenance of cell survival in
conditions resembling human GI tract,
adhesion to Caco-2 cells (Figure 1),
reduction of cholesterol content (Figure 2)
and inhibition of Clostridium difficile,
Escherichia
coli,
Listeria
monocytogenes, Staphylococcus aureus
and Salmonella enterica growth,
suggesting potential probiotic
properties.
NOVEL
FOOD
PRODUCTS
C O N TA I N I N G
FUNCTIONAL
INGREDIENTS
Many efforts have focused on
immobilization of probiotic bacteria in
various natural food-grade supports (1).
Fruit pieces (15-17), casein (18), whey
protein (19), wheat grains (20), and
prebiotic dietary fibers (unpublished
results) have been proposed as
supports for LAB immobilization and
tested in the production of many food
products, such as fermented milk (15),
cheese (16), yoghurt (21) and fermented
sausages (22) (Table 1).
In addition, the probiotic properties of
free and immobilized lactobacilli on
apple pieces by documenting survival
a f t e r t r a n s i t t h ro u g h t h e G I t r a c t ,
adhesion to the epithelial tissue of the
large intestine at levels ≥ 6 logcfu/g
and regulation of the intestinal
microbial flora in Wistar rats (23-24),
were assessed.
FINAL REMARKS AND FUTURE
PERSPECTIVES
The development of novel functional
food ingredients is a major challenge
for the industry to address the
expectation of consumers for products
associated to health benefits. Crucial
issues for implementation of cell
immobilization technology on an
industrial level are verification of largescale application, bioreactor design
and cost-effectiveness of the process.
In the near future, multiple delivery
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sy stems a re e xp e ct e d t o b e a ke y
factor, leading to complex nutritional
components. Thus, immobilization of
probiotic microbial strains (or
co-immobilization with bioactive
natural compounds) on food
constituents related to documented
beneficial effects has a great potential.
However, since none of the commercial
probiotic food products is yet
associated with specific health claims
approved by the European Food and
Safety Association (EFSA), ongoing
research efforts should be oriented on
clinical evidence to confirm the efficacy
of the functional components. Finally,
regulations should specify labeling,
including the microbial strain and the
viable cells counts at probiotic-claimed
foods. Such directives are considered
essential for the development of
industrial and commercial awareness
and for the consumers’ protection.
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