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A B S T R A C T

The probiotic Lactobacillus paracasei A13, treated at 50 MPa sub-lethal high pressure

homogenisation (HPH), was used as adjunct for producing Caciotta cheese. The cell HPH

treatment was used because it has been proven to increase the in vitro strain functionality.

The starters and Lb. paracasei A13 viability, the cheese hydrolytic patterns and organoleptic

profiles were monitored. After cheesemaking and during ripening, the Lb. paracasei A13 gastric

acid resistance in cheese and the ability of the cheese, containing HPH-treated or un-

treated cells, to modulate the gut mucosal immune system in mice were evaluated.Traditional

Caciotta was used as controls. The HPH-treated probiotic strain maintained high viability

for 14 days whilst the physico-chemical analyses on Caciotta cheese containing HPH-

treated cells showed a faster ripening, compared to other cheeses. For functional properties,

the 50 MPa treatment increased the Lb. paracasei gastric resistance in Caciotta, maintain-

ing high strain viability, but IL-10 producing capacity was lost by HPH-treatment whilst IgA

production was not modified.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Functional foods represent one of the fastest growing areas in
the global food industry due to a dietary strategy to reduce the
incidence of illness in the humankind (Patrignani, Lanciotti,
& Guerzoni, 2011). The European Commission’s Concerted

Action on Functional Food Science in Europe (FuFoSE), coor-
dinated by International Life Science Institute (ILSI), defined
functional foods as “food products having, together with the
basic nutritional impact, beneficial effects on one or more func-
tions of the human organism thus either improving the general
and physical conditions or/and decreasing the risk of the evo-
lution of diseases”. Moreover, “the amount of intake and form
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of the functional food should be as it is normally expected for
dietary purposes. Therefore, it could not be in the form of pill
or capsule just as normal food form” (Griffiths, Abernethy,
Schuber, & Williams, 2009; Siró, Kápolna, Kápolna, & Lugasi,
2008; Tripathi & Giri, 2014).

Considering the different chances available at industrial level,
the health-promoting foods can be classified into three cat-
egories: (i) foods with specific intrinsic functionality; (ii) foods
fortified with natural ingredients able to grant a desired func-
tionality; and (iii) foods with added probiotic microorganisms
and prebiotic compounds. In any case, different approaches,
based on biotechnology or food processing, can be used to
achieve specific functionalities. For this reason, the develop-
ment of dairy products containing probiotic bacteria has become
an important subject in the food industry and several at-
tempts have been made to identify the most suitable carriers
and probiotic strains, in terms of viability and functional per-
formances (Burns et al., 2008a; Patrignani et al., 2009; Romano
et al., 2014). In addition to the continuous strain selection,
another promising area to obtain new foods with new or en-
hanced functional properties is the use of technologies able
to guarantee improved nutritional value and sensory prop-
erty of food functionality as well as new food physico-chemical
and rheological properties (Patrignani et al., 2011). Moreover,
the increasing demand for high-value health promoting foods
has encouraged the industries, and consequently the re-
search field, to investigate new emerging food processes able
to assure functional but also safe and wholesome products
(Carroll, Chen, Harnett, & Harnett, 2004). Although most of these
technologies were used as alternative to thermal treatment for
microbial decontamination (Knorr, 1999; Lado & Yousef, 2002;
Senorans, Ibanez, & Cifuentes, 2003; Wan, Conventry,
Sanguansri, & Versteeg, 2009), evidence has proven their ex-
ploitation to obtain functional foods. Among these, pulsed
electric field (PEF), high hydrostatic pressure (HHP) and high
pressure homogenisation (HPH) are the most studied for this
purpose and they are still being investigated and tested at least
in the laboratory scale. In particular, the sector of high-
pressure processing is probably one of the most scientifically
developed and with already-established applications at indus-
trial level. In particular, HPH has been proposed for several
purposes in functional dairy sector, such as the production of
probiotic fermented milk, bio-yoghurt and probiotic cheeses
with improved sensory or functional properties (Burns et al.,
2008a; Patrignani et al., 2007, 2009). Recently, HPH when applied
to cells of probiotic bacteria at sub-lethal level (50 MPa), was
reported to increase some cell functional properties both in vitro
and in vivo systems (Tabanelli et al., 2012, 2013). These authors
demonstrated that this sub-lethal HPH treatment was able to
modulate hydrophobicity and auto-aggregation without modi-
fication of the viability for Lactobacillus paracasei A13 (Tabanelli
et al., 2013). Moreover, the HPH treatment increased its in vitro
resistance to simulated gastric conditions and to simulated
stomach duodenum-passage.When sub-lethal HPH treated cells
of Lb. paracasei A13 were used to feed BALB/c mice, a higher
IgA response was observed (Tabanelli et al., 2012). In addi-
tion, in previous studies (Burns et al., 2008a; Patrignani et al.,
2009) the same strain was used to produce probiotic cheese
and yoghurt from HPH treated milk, demonstrating that the
cheese was the best carrier for the probiotic strain viability.

Thus, because this strain had basically good in vitro func-
tional performances, further enhanced by sub-lethal HPH
treatments, we used sub-lethal HPH treated cells of Lb. paracasei
A13 as adjunct to produce functional Italian Caciotta cheese.
Particularly, immediately after cheesemaking and during rip-
ening, we followed the starter (Streptococcus thermophilus and
Lactobacillus delbrueckii subsp. bulgaricus) and probiotic strain
viability and the Lb. paracasei A13 gastric resistance in cheese.
In order to confirm the encouraging in vitro performance of the
strain to modulate mouse immune system, BALB/c mice were
fed with Caciotta cheese produced using as co-starter
Lb. paracasei cells, HPH treated or not, to evaluate the IgA, IFN-γ
and IL10 production in the mouse small and large intestine.
Finally, we monitored also the hydrolytic, textural, sensory and
volatile profiles of the functional Caciotta obtained in order to
evaluate the effects of a probiotic strain addition on the cheese
quality and ripening patterns.

2. Materials and methods

2.1. Strains

Lb. paracasei A13 had been previously tested for its probiotic
properties and it is commonly used in commercial func-
tional dairy products (Burns et al., 2008b; Vinderola, Prosello,
Ghiberto, & Reinheimer, 2000a). The strain was maintained in
de Man, Rogosa and Sharpe (MRS) broth (Biokar, Beauvais,
France) with sterile glycerol (20% v/v) at −70 °C in the collec-
tion of the Instituto de Lactologiía Industrial (INLAIN, UNL-
CONICET, Santa Fe, Argentina). Fresh cultures of the strain were
obtained by two consecutive daily transfers in MRS broth
(Biokar) using a 1% (v/v) inoculum, incubated at 37 °C in aerobic
conditions for 18 h.

The starters Lb. bulgaricus and S. thermophilus in lyophilised
form (Sacco srl, Italy) were provided by the local plant (Mambelli,
Bertinoro, Italy) where the cheesemaking was performed.

2.2. High pressure homogenisation treatment

Late exponential phase cells, grown in MRS broth for 18 h at
37 °C, were subjected to a high pressure homogenisation (HPH)
treatment at a level of 50 MPa with a high pressure homogeniser
PANDA (Niro Soavi, Parma, Italy). The machine was supplied
with a homogenising PS type valve; the valve assembly in-
cludes a ball type impact head made of ceramics, a stainless
steel large inner diameter impact ring and a tungsten carbide
passage head. The inlet temperature of samples was 20 °C and
the increase rate of temperature was 2.5 °C 10 MPa−1.

2.3. Cheesemaking

Three types of Italian Caciotta cheese were manufactured: type
1 (CC): Caciotta control cheese with the traditional starters; type
2 (NTC): Caciotta with traditional starters and not-HPH treated
Lb. paracasei A13 cells; and type 3 (TC): Caciotta with tradi-
tional starters and HPH-treated Lb. paracasei A13 cells. For the
production, the cheesemaking protocol of Mambelli dairy farm
was followed. For each cheese, 200 l of pasteurised cow milk
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kept at 40 °C were used and inoculated with the starters culture
at level of 7 log CFU ml−1. The inoculated milk was left at 40 °C
for 65 min after that the probiotic strain Lb. paracasei A13, HPH
treated or not, was inoculated in cheese type 3 and 2, respec-
tively, at level of about 9 log CFU ml−1. After that, rennet was
added (1:10,000 25% pepsin:75% chymosin, Bellucci, Modena,
Italy) and coagulation was achieved in 20 min. Thus, the curd
was cut and left to rest for 45 min, after that it was divided
in moulds and, only when the pH reached values of 5.18 ± 0.01,
they were stored at 4 °C. Three different productions were per-
formed in three different days and, from each cheesemaking,
100 cheeses resulted.

2.4. pH, water activity, moisture

Cheese pH was measured by using a pH-meter Hanna Instru-
ments 8519 (Incofar, Modena, Italy) diluting 10 g of cheese with
10 ml of distilled water. Water activity (Aw) was measured by
using an Aqualab Series 4TE (Decagon Device, Inc. Pullman, WA,
USA). Grated cheese samples were analysed for moisture
(International Dairy Federation, 1982).

2.5. Microbiological analyses

Immediately after cheesemaking and during the shelf-life (3
weeks), microbiological analyses were carried out for the enu-
meration of the starter and probiotic cultures. Twenty grams
of cheese were placed in 180 ml 20 g sodium citrate l−1 sterile
solution and homogenised in stomacher (Lab-blender 80, Pbi
International, Milan, Italy) for 3 min. Decimal dilutions of the
homogenates were made in 0.9% of ringer solution and 0.1 ml
of appropriate dilutions were spread onto the surface of dif-
ferent agar media. S. thermophilus was counted on M17 agar
(Oxoid, Basingstoke, Hampshire, United Kingdom) (42 °C, 48 h),
Lb. delbrueckii subsp. bulgaricus on MRS agar (Oxoid) acidified
with glacial acetic acid (Merck, Darmstadt, Germany) at pH 5.4
(42 °C, 48 h). For the enumeration of Lb. paracasei A13, MRS-LP
agar (37 °C, 48 h) was used (Vinderola & Reinheimer, 2000b).
The Total Lactic Microflora (TLM) was determined in Plate Count
Agar (Oxoid) with 10% (w/v) skim milk powder (Oxoid) at 37 °C
for 48 h.

2.6. Proteolysis, lipolysis, volatile profiles and
biogenic amines

Proteolysis was monitored during ripening by using SDS-
PAGE and for the protein extraction the method proposed by
Kuchroo and Fox (1982) was used. For the running condi-
tions, the method proposed by Lanciotti, Patrignani, Iucci,
Saracino, and Guerzoni (2007b) was used.

Free fatty acid (FFA) composition was assessed during rip-
ening. The extraction of cheese lipids and the determination
of FFA concentrations were performed as described by Vannini
et al. (2008).

The main volatile compounds were monitored during rip-
ening by using a GC/MS/SPME technique according to the
method proposed by Burns et al. (2008a). The compounds were
identified by use of available mass spectra databases (NIST
version 2005).

For the biogenic amine determination, the method pro-
posed by Lanciotti et al. (2007a) was used. Four grams of cheese
were homogenised with 15 ml of 0.2 M perchloric acid by means
of an Ultraturrax macerator at medium speed. After centrifu-
gation (10,000 rpm for 10 min at 4 °C; Avanti J-25, Beckmann
& Coulter, Palo Alto, CA, USA), the sediment was again ex-
tracted with 20 ml of 0.2 M perchloric acid and centrifuged.The
two supernatant fractions were combined and made to 50 ml
with 0.2 M perchloric acid. Amine derivatisation was per-
formed according to Eerola, Hinkkanen, Lindfors, and Hirvi
(1993).The derivatising agent used was dansyl-chloride (Sigma–
Aldrich, Gallarate, Italy), which was solubilised in acetone for
HPLC (Carlo Erba Reagents, Rodano, Italy); the solution was pre-
pared daily and used immediately; to avoid the degradation
of the dansyl derivatives all the derivatised samples were pro-
tected from light and stored at −18 °C for a maximum of 7 days.
The analyses were performed with a PU-2089 Intelligent HPLC
quaternary pump, Intelligent UV–VIS multiwavelength detec-
tor UV 2070 Plus (Jasco Corporation,Tokyo, Japan) and a manual
Rheodyne injector equipped with a 20 µl loop (Rheodyne,
Rohnert Park, CA, USA). For the chromatographic separation,
an Analytical Cartridge Waters Spherisorb column, 3 l ODS-2
4.6 mm–150 mm, coupled with Guard Cartridge Waters
Spherisorb S5 ODS2 column, 4.6–10 mm (Waters Corporation,
Milford, MA, USA), was used with the following gradient elution:
0–5 min phosphate buffer (pH 7)/acetonitrile 35:65 5–6 min
water/acetonitrile 20/80, 6–15 min water/acetonitrile 10/90, 15–
25 min phosphate buffer (pH 7)/acetonitrile 35:65; flow rate
0.8 ml/min. The amount of each amine was expressed as
mg kg−1 by reference to a calibration curve.

2.7. Texture profile analysis (TPA)

Texture analyses were performed after 1, 7, 14 and 21 days of
ripening at 6 °C using a Texture Analyser TA DHI (Stable Micro
System, Godalming, UK) and according to the method pro-
posed by Patrignani, Lanciotti, Maina Mathara, Guerzoni, and
Holzapfel (2006). The results are the means of three repeti-
tions of three different Caciotta cheeses.

2.8. Sensory analysis

The three types of Caciotta cheese, after 21 days of ripening,
were subjected to a sensory analysis.Twenty-five trained evalu-
ators tasted 20 g of each cheese under controlled conditions
of environment and light according to Gallardo-Escamilla, Kelly,
and Delahunty (2007). The assessors were asked to evaluate
cheese flavour and aroma, appearance and colour, piquant,
bitter, creamy, textural features and overall impression attrib-
uting a score ranging from 0 (low or poor) to 7 (high or very
excellent).

2.9. Resistance of Lb. paracasei A13 to simulated
gastrointestinal digestion in Caciotta cheeses

The resistance of Lb. paracasei A13 to simulated gastrointesti-
nal digestion (RSGD) was performed after 1, 14 and 21 days of
ripening. Twenty grams of cheese (NTC and TC) were treated
according to the method proposed by Vinderola et al. (2011).
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2.10. Animal trials

2.10.1. Animals
Forty five 6-old-week male BALB/c mice weighing from 20 to
23 g were purchased to the random bred colony of the Centro
de Experimentaciones Biológicas y Bioterio, Facultad de Ciencias
Veterinarias, Universidad Nacional del Litoral (Esperanza, Santa
Fe, Argentina). Animals were allowed to stand at the INLAIN
animal facility for 7 days before the animal trial began. Each
experimental group consisted of 5 mice housed together in
plastic cages and kept in a controlled environment at a tem-
perature of 21 ± 2 °C with humidity at 55 ± 2%, with a 12 h light/
dark cycle. Mice were maintained and treated according to the
guidelines of the National Institutes of Health (NIH, USA). The
animal assays were approved by the Ethical Committee for
Animal Experimentation of the Facultad de Ciencias
Veterinarias, Universidad Nacional del Litoral.

2.10.2. Feeding procedures
The following groups (five mice/group) were set: a cheese-
control group (CC) that received the control cheese; not treated
cheese group (NTC) that received cheese with not-HPH treated
Lb. paracasei A13 cells and treated cheese group (TC) that re-
ceived cheese containing HPH treated Lb. paracasei A13 cells.
Mice received daily (by gavage) 0.3 ml of a cheese suspension
containing 7.74 log CFU ml−1 for NTC and 6.6 log CFU ml−1 for
TC for 3, 6, or 10 consecutive days. All animals received, si-
multaneously and ad libitum, tap water and a sterile conventional
balanced diet (Cooperación, Buenos Aires, Argentina) contain-
ing proteins, 230 g kg−1; raw fibre, 60 g kg−1; total minerals,
100 g kg−1; Ca, 13 g kg−1; P, 8 g kg−1; water, 120 g kg−1; and vitamins.

2.10.3. Translocation assay
To determine possible secondary effects of the administra-
tion of the cheeses, at the end of each feeding period, mice
were anaesthetised and sacrificed by cervical dislocation. Liver
was removed and homogenised in sterile PBS. One millilitre
was plated in Mac Conkey (Britania, Buenos Aires, Argentina)
for detection of enterobacteria. Plates were incubated at 37 °C
for 24 h under aerobic conditions. Results were expressed as
positive or negative translocation, since liver is a sterile organ
under normal conditions.

2.10.4. Evaluation of functionality: immunofluorescence test
for IgA-producing cells enumeration and determination of
secretory IgA (sIgA), IL-10 and IFN-γ by ELISA
After each feeding period, animals were anaesthetised intra-
peritoneally (0.2 ml for each mouse) with a rodent cocktail (9
parts ketamine (100 mg ml−1) + 9 parts xylazine (20 mg ml−1) + 3
parts acepromazine (10 mg ml−1) + 79 parts sterile saline). The
small intestine was recovered and flushed with 5 ml of cold
PBS buffer containing a cocktail of protease inhibitors (Sigma
Aldrich, St. Louis, MO, USA). The intestinal fluid was centri-
fuged (2000 × g, 15 min, 4 °C) and stored at −70 °C for secretory
IgA quantification by ELISA (Vinderola, Matar, & Perdigón, 2007).
Moreover, samples of small and large intestines were recov-
ered and prepared for fixation, histological preparation and
paraffin inclusion, according to Vinderola et al. (2005). The
number of IgA-producing (IgA+) cells was determined on

histological slices. The immunofluorescence test was per-
formed using alpha-chain-specific anti-mouse IgA fluorescein
isothiocyanate (FITC) conjugate (Sigma). Histological slices were
deparaffinised and rehydrated in a series of decreasing ethanol
concentrations (from absolute alcohol to 70% (v/v) alcohol).
Deparaffinised histological samples were treated with a dilu-
tion (1/100) of the antibody in PBS and incubated in the dark
for 30 min at 37 °C.Then, samples were washed two times with
PBS and examined using a fluorescent light (Hg lamp) micro-
scope (Nikon Eclipse E200, Nikon Instruments Inc., Melville, NY,
USA).The results were expressed as the number of positive cells
(fluorescent cells)/10 fields. Positive (fluorescent) cells were
counted with a magnification of 400× (double blind counts). Data
were reported as the mean of three counts (each one in a dif-
ferent histological slice) for each animal.

Small and large intestine samples were also obtained and
kept frozen (−70 °C) for cytokine determination. Intestine
samples were homogenised (Ultra Turrax T8, Ika Labortechnik,
Staufen, Germany) in PBS solution containing 1% (v/v) anti-
protease cocktail (Sigma), 10 mmol/l EDTA (Sigma) and 0.05%
(v/v) Tween 20 (Sigma) in a proportion of 1 ml PBS:100 mg tissue.
The samples were then centrifuged (10 min, 10,000 g, 4 °C) and
the supernatant was collected and kept frozen for cytokine
quantification. The concentration of IL-10 and IFN-γ was mea-
sured by ELISA using commercially available antibodies (BD
Biosciences Pharmingen, San Diego, CA, USA), according to the
procedures supplied by the manufacturer.

2.11. Statistical analysis

Data were performed in duplicate on 3 different samples (pro-
duced in 3 different assays). The results regarding panel tests
are the average values of three different cheesemaking
processes.

The data were analysed by one-way ANOVA using the SPSS
software (SPSS Inc., Chicago, IL, USA). The differences between
means were detected by the Tukey’s multiple range and
Bonferroni test (version 15.0; SPSS Inc.). Data were consid-
ered significantly different when P < 0.05.

3. Results

3.1. pH water activity and moisture

In Table 1, the pH and water activity values recorded in the
three types of Caciotta cheese are reported, in relation to the
ripening time. The addition of Lb. paracasei A13, treated at
50 MPa, induced the highest acidification of the product high-
lighting the role of the HPH treatment in the modification of
the strain metabolism, and in particular towards the produc-
tion of lactic acid. However, in all the three cheese types, after
7 days, the pH decreased significantly with respect to the first
day. This is probably due to the activity of the starters used
in cheesemaking. Lowest values of pH in TC Caciotta cheese
(added of HPH-treated Lb. paracasei) were recorded also after
7 and 14 days whilst after 21 days it attained values of 4.87,
higher than the traditional product.The product containing the
not treated probiotic strain had higher pH values after
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cheesemaking but acidification kinetics were higher than the
traditional product during the ripening. About Aw, no signifi-
cant differences were found among the three types of cheese.
The initial moisture values of CC, NTC and TC were 54 ± 0.60,
53 ± 0.45 and 53 ± 0.40, respectively.

3.2. Microbiological analyses

As indicated by Table 2, the starter cultures had the same
behaviour in all the three types of Caciotta cheese. Particu-
larly,S. thermophilus and L. bulgaricus maintained cell loads higher
than 9 and 6 log CFU g−1, respectively, for all the considered rip-
ening time, independently of the presence of the probiotic strain
and the HPH treatment.Differently, the not HPH-treated probiotic
strain maintained high viability (>9 log orders) for all the

considered ripening time at 4 °C. The sub-lethal treatment
applied to the probiotic cells determined a significant viability
loss in Caciotta cheese only after 21 days of ripening (4.8 log
orders). About the yeast cell loads no differences were under-
lined among the three Caciotta types.The total coliforms were
fairly higher in Caciotta cheeses added with Lb. paracasei A13,
independently of the HPH treatment applied to the cells.

3.3. Lipolysis and proteolysis

The free fatty acid (FFA) release was monitored during the rip-
ening time in the three types of Caciotta cheese. The results
obtained showed a specific profile for each cheese type. FFAs
such as C14:0, C16:0, C18:1 (Δ9 cis), C18:2 (Δ7, Δ10 cis cis), C 10:0,
and C 12:0 were found, independently of the cheese type con-
sidered. Twenty-four hours after the cheesemaking, Caciotta
cheeses containing the treated probiotic strain were
characterised by 400 ppm of FFAs, whereas the traditional one
contained only 83 ppm (Table 3), evidencing a faster lipolysis
than the other cheeses. After 7 days of storage at 6 °C, the li-
polysis increased in the CC Caciotta cheese and in, minor extent,
in NTC Caciotta (containing not HPH treated Lb paracasei A13).
The level of FFAs remained constant in NTC Caciotta. The ad-
dition of the strain Lb. paracasei A13 determined a significant
increase of C18:1 (Δ 9 cis) (oleic acid), C16:1 (Δ 11 cis), C18:2 (Δ
7, Δ 10 cis cis) concentrations and of palmitoleic, vaccenic and
margaric acids.

The SDS-page patterns showed that the TC cheese had a
specific profile since the start of ripening. In fact, the results
show the presence of a large peptide (100 kDa), the presence
of bands ranging between 37 and 75 kDa and bands at 20 kDa.
The CC Caciotta cheese evidenced the absence of bands with
molecular weight ranging between 75 and 250 kDa associ-
ated to the presence of bands between 28 and 75 kDa and two
bands corresponding to 20 and 25 kDa. In the NTC cheese only
the bands between 37 and 75 appeared. After 7, 14 and 21 days,
the proteolytic profiles of TC cheese were characterised by a
major presence of bands at low weight (10 kDa) with respect
to the other cheeses.

Table 1 – pH and water activity (Aw) values in Caciotta
cheeses in relation to the adjunction of traditional
starters (CC), traditional starters and Lb. paracasei A13
(NTC) and traditional starters and high pressure treated
Lb. paracasei A13 (TC).

Cheese
type

Ripening
(days)

pH Aw

CC 1 5.11 ± 0.01a 0.991 ± 0.000a

7 4.97 ± 0.03a 0.984 ± 0.002a

14 4.93 ± 0.01a 0.985 ± 0.001a

21 4.58 ± 0.05a 0.975 ± 0.001a

NT C 1 5.21 ± 0.03b 0.991 ± 0.001a b

7 4.71 ± 0.03b 0.984 ± 0.003a

14 4.53 ± 0.07b 0.984 ± 0.002a

21 4.60 ± 0.05a 0.979 ± 0.002b

TC 1 5.07 ± 0.03a 0.992 ± 0.000b

7 4.74 ± 0.01b 0.984 ± 0.001a

14 4.75 ± 0.04c 0.983 ± 0.001a

21 4.87 ± 0.05b 0.976 ± 0.002ab

Data were performed in duplicate on 3 different samples (pro-
duced in 3 different days).
For each row, data at the same storage time must be compared. Dif-
ferent superscript letters mean P < 0.05.

Table 2 – Microbial cell loads detected in Caciotta cheeses in relation to the adjunction of traditional starters (CC),
traditional starters and Lb. paracasei A13 (NTC) and traditional starters and high pressure treated Lb. paracasei A13 (TC).

Cheese
type

Ripening
(days)

Streptococcus
thermophilus

Lactobacillus
bulgaricus

Lactobacillus
paracasei A13

Yeasts Total
coliforms

CC 1 9.6 (±0.1)a 6.9 (±0.1)a –* 1.6 (±0.1)
7 9.8 (±0.2)a 6.6 (±0.1)a – –

14 9.1 (±0.2)a 6.4 (±0.2)a – –
21 9.3 (±0.1)a 6.0 (±0.1)a – –

NT C 1 9.5 (±0.2)a 6.9 (±0.1)a 8.9 (±0.1)a – 2.3 (±0.1)
7 9.6 (±0.2)a 6.8 (±0.1)a 9.6 (±0.1)a – –

14 9.1 (±0.1)a 6.4 (±0.2)a 9.2 (±0.2)a – –
21 9.2 (±0.2)a 6.1 (±0.2)a 9.6 (±0.1)a – –

TC 1 9.4 (±0.1)a 6.8 (±0.1)a 9.3 (±0.1)b – 2.2 (±0.1)
7 9.8 (±0.1)a 6.6 (±0.1)a 9.3 (±0.1)b – –

14 9.2 (±0.1)a 6.4 (±0.1)a 9.2 (±0.1)a – –
21 9.2 (±0.1)a 6.1 (±0.1)a 4.8 (±0.2)b – –

Data were performed in duplicate on 3 different samples (produced in 3 different days).
For each row, data at the same storage time must be compared. Different superscript letters mean P < 0.05.
* Under the detection limit.
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No significant differences, in relation to the co-starter pres-
ence and HPH treatment, were observed for the three Caciotta
cheese types in the biogenic amine content whose content was
less than 2 ppm for each type of considered cheese during all
the storage times.

3.4. Volatile profiles and sensorial analysis

The three Caciotta cheese types were subjected to the analy-
sis of volatile molecule profiles by using GC/MS-SPME. Several
molecules belonging to different classes of compounds (alco-
hols, acids, ketones, esters, aldehydes) were detected (data not
shown).The HPH sub-lethal treatment performed on Lb. paracasei
A13 cells significantly affected the cheese volatile molecule pro-
files. In order to better understand the contribution of the treated
cells on cheese volatile profile, all the data were analysed
throughout a principal component analysis (PCA). The results
obtained are shown in Fig. 1a and b where it is evident that, after
24 h of ripening, the three Caciotta cheese types are separated
only by the component 2 able to explain the 18% of the total
variance, and thus grouping together. During the ripening, the
three cheese types were differentiated also along the compo-
nent 1. The traditional 7 and 14 day-ripened Caciotta cheeses
(Caciotta 1–7 d and Caciotta 1–14 d) were separated along com-
ponent 2 from all the cheeses containing the probiotic strain,
treated or not, and from the traditional 20 day-ripened cheese.
The metabolites characterising the different cheese types are
reported in Fig. 1b. 2,3 butanedione, 2-heptanone, 2-nonanone
characterised the traditional Caciotta cheese, whilst they were
less present in the other two types containing the probiotic strain,
independently of the treatment. The NTC Caciotta cheese

(Caciotta 2) (added of not-HPH treated probiotic strain) was
mainly characterised by 2-butanone, 1-pentanone and acetone
whilst the functional cheese containing probiotic treated cells
differed for the major presence of hydroxy-2-propanone (Caciotta
3). The data regarding the organic acids showed that the sorbic
acid was majorly accumulated in the traditional Caciotta cheese
whilst the presence of acetic acid from Lb. paracasei A13 was af-
fected by the hyperbaric treatment. In fact, major production
of acetic acid was found in Caciotta cheese containing not-
HPH treated probiotic cells with respect to the functional one
with treated cells. On the other hand, in this last cheese type
after 21 days of ripening, the acidity descriptor received a lower
score compared to the other cheese type by the panellists as
shown by Fig. 2.This cheese type was also characterised by major
sweetness and improved flavour and overall aroma and, finally,
it was the most appreciated by the panellists.

3.5. Texture

The textural analyses showed no significant differences among
the three types of Caciotta cheese immediately after
cheesemaking and after 14 days of ripening. Differently, after
21 days, fair differences were recorded showing highest firm-
ness values for NTC Caciotta cheese (data not shown).

3.6. Resistance to simulated gastrointestinal digestion

Table 4 shows the cell load reduction following the simulated
gastrointestinal digestion (SDG) of Lb. paracasei A13, treated or
not, incorporated in both types of cheese (NTC and TC).

Table 3 – Free fatty acids (ppm) released in the three types of Caciotta cheeses in relation to the adjunction of traditional
starters (CC), traditional starters and Lb. paracasei A13 (NTC) and traditional starters and high pressure treated
Lb. paracasei A13 (TC).

Cheese type Ripening time (days)

1 7 14 21

CC 83.30 ± 10.20a 1033.40 ± 12.30a 118.43 ± 15.80a 236.58 ± 12.10a

NTC 168.15 ± 35.60b 135.60 ± 10.70b 207.51 ± 18.50b 183.39 ± 15.65b

TC 400.95 ± 22.35c 707.81 ± 23.45c 270.68 ± 12.30c 91.27 ± 8.90c

Data were performed in duplicate on 3 different samples (produced in 3 different days).
For each column, data with different superscript letters are significantly different (P < 0.05).

Table 4 – Cell load reduction (Log CFU g−1) of Lb. paracasei A13, treated (TC) or not (NTC) in Caciotta cheese following the
simulated gastrointestinal digestion.

Cheese type GIT challenge Cell load reduction of Lb. paracasei A13

Ripening time (days)

1 14 21

NT C Acid (pH = 3) 0.02 1.29 ± 0.30a 2.07 ± 0.40a

Bile (1%) 0.08 1.21 ± 0.10a 2.77 ± 0.30a

Bile-pancreatin (0.3–0.1%) 0.40 ± 0.08a 1.14 ± 0.20a 2.35 ± 0.50a

T C Acid (pH = 3) 0.00 0.91 ± 0.10a 1.29 ± 0.20b

Bile (1%) 0.00 1.09 ± 0.08a 1.18 ± 0.10b

Bile-pancreatin (0.3–0.1%) 0.26 ± 0.10b 1.12 ± 0.10a 1.32 ± 0.10b

Data were performed in duplicate on 3 different samples (produced in 3 different days).
For each sample, the same treatment applied to cells must be compared. Different superscript letters mean P < 0.05.
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Immediately after cheesemaking (day 1 of ripening) the vi-
ability loss of Lb. paracasei A13 in TC or NTC, after exposure to
bile-pancreatin (0.3–0.1%), were 0.26 and 0.40 log orders, re-
spectively. However, when a fresh culture of Lb. paracasei A13
treated or not by HPH (50 MPa) was re-suspended in buffer and
submitted to simulated gastrointestinal digestion the viabil-
ity loss, after exposure to bile-pancreatin (0.3–0.1%), were 4.27
and 4.86 log orders, respectively (data not shown). After 21 days

of ripening, Lb. paracasei A13 in TC was more resistant than in
NTC indicating that the HPH treatment improved the resis-
tance of the strain to the SGD.

3.7. Translocation assay

The oral administration of the three types of cheese did
not induce undesirable side-effects since there was no
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Fig. 1 – Principal component analysis loading plot of the two-first factors relative to volatile profiles of the different Caciotta
cheese types (a) and variable factor coordinates for the two-first factors (b). Caciotta1: CC, traditional Caciotta cheese.
Caciotta2: NTC, Caciotta cheese added of Lb. paracasei A13. Caciotta3: TC, Caciotta cheese added of high pressure treated
Lb. paracasei A13. Data were performed in duplicate on 3 different samples (produced in 3 different days).
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translocation of enterobacteria to the liver (the translocation
assay was negative).

3.8. Evaluation of functionality

No differences in the number of IgA+ cells in the small intes-
tinal lamina propria (immunohistochemistry) or in the small
intestine content of S-IgA (ELISA) were observed among the
groups of mice that received control cheese, or cheese con-
taining HPH-treated and non-treated Lb. paracasei A13 cells (3a).
Additionally, no differences in the content of IFNγ were ob-
served in small and large intestine homogenates among groups
(data not shown) nor in the content of IL-10 in the large in-
testine. As regards the levels of the regulatory IL-10 in
homogenates of small intestine tissue, a significant increase
on its concentration was observed in animals that received NTC
for 3 consecutive days (Fig. 3b). An increasing, not significant,
trend for IL-10 was observed in the CC group from day 3 to 10
of oral administration of the product.

4. Discussion

Probiotic cells are often conveyed throughout fermented prod-
ucts due to their ability to improve the probiotic cell resistance
to the human barriers. For example, Wang et al. (2009) re-
ported that the survival rates of freshly prepared cultures of
Lactobacillus casei Zhang in simulated gastric juice at pH 2.0 and
2.5 were 31 and 69%, respectively, and the delivery of L. casei
Zhang through fermented soymilk and bovine milk signifi-
cantly improved the viability of the strain in simulated gastric
transit.

Among fermented foods, cheese has been proven to be an
optimal carrier to deliver probiotic bacteria, although also in
this system there can be loss of viability; because characterised
by a solid matrix, higher pH, higher buffering capacity and fat
content with respect to yoghurt, joined to its ability to effi-
ciently protect probiotic bacteria during intestinal transit to the

site of action (Patrignani et al., 2007; Saxelin, Tynkkynen,
Mattila-Sandholm, & de Vos, 2005). In addition, cheeses are per-
ceived positively by consumers because they represent a good
source of calcium and vitamins and they are highly digest-
ible. Moreover, the adjunction of probiotic bacteria has
contributed to increase their claimed functional features.
However, the inclusion of probiotic bacteria in foods, as starter,
co-starter or adjunct, can affect their sensorial and quality char-
acteristics to which consumers are used. For this reason, the
probiotic strain selection needs to take into consideration their
effects on sensory features of the products (Mattila-Sandholm
et al., 2002). In fact, when probiotic are used as starters the de-
riving products are generally lacking of sensorial features, iper-
acidity e loss of texture (Gobbetti, Di Cagno, & De Angelis, 2010;
Patrignani et al., 2006). In this research, we have proposed the
use of sub-lethal high pressure homogenisation (HPH) levels
for the treatment of Lb. paracasei A13, used as adjunct for
Caciotta cheese production, in order to increase cheese func-
tionality without negative effect on its quality and texture. The
choice to use HPH-treated cells comes out from our previous
researches demonstrating that, in in vitro system, the appli-
cation of a 50 MPa treatment to this strain could enhance its
probiotic features such as auto-aggregation, hydrophobicity, its
gastric and duodenal resistance and its ability to stimulate IgA
production in in vivo model (Tabanelli et al., 2012, 2013). In this
study, the application of a 50 MPa sub-lethal treatment on
Lb. paracasei A13 has guaranteed high strain viability in cheese
up to 21 days of Caciotta ripening, after that its viability de-
creased. However, the results obtained are in agreement with
the literature according to the viability of probiotic strains is
negatively affected by refrigerated condition (Patrignani et al.,
2007) and so this skill, for cheese products like Caciotta, having
probiotic levels of 5 log CFU g−1 after 21 days of storage, is con-
sidered a positive result. However, recent papers have
underlined the positive role of dead probiotic cells for the
human well-being (Adams, 2010). In fact many of the effects
observed with living cells can be obtained also by dead cells
generating in the host beneficial biological responses. Heat-
dead cells of Enterococcus faecalis were able to stimulate the

Fig. 2 – Sensory analysis scores obtained for the three types of Caciotta cheese. CC, traditional Caciotta cheese. NTC,
Caciotta cheese added of Lb. paracasei A13. TC, Caciotta cheese added of high pressure treated Lb. paracasei A13. The data
reported are the average values resulting from three different cheesemaking.
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immune system in chickens. Thus, in this perspective, the de-
crease of viability of the HPH-treated strain Lb. paracasei A13
in cheese could not be negative. This type of treatment applied
to Lb. paracasei A13 cells increased the gastric and duodenum
resistance of the strain up to the 14th day of ripening and it
has permitted, since the first days of refrigerated storage, to
modify the ripening patterns of the Caciotta cheese, bringing
to precocious proteolysis and lipolysis. In fact, these cheeses,
between 7 and 14 days of ripening, had a volatile molecule
profile very similar to those of the 21 day ripened traditional
control cheeses, demonstrating an acceleration of the ripen-
ing processes without detrimental effects on cheese sensory
quality and safety. In fact, no significant differences in bio-
genic amine contents were recorded in relation to the treatment
and co-starter presence. Moreover, the application of HPH treat-
ment to Lb. paracasei A13 cells permitted to avoid sensory defects
related to the production of acetic acid and to increase its overall
quality due mainly to the lower scores received for acidity. The
major appreciation of cheeses obtained with HPH treated

Lb. paracasei cells could be attributed also to the modification
of proteolytic, lipolytic and volatile molecule profiles.These find-
ings are in agreement with our earlier studies, where we have
found that sub-lethal HPH treatments are able to modify the
lactic acid bacteria metabolic profiles, leading to obtain at-
tenuated cells, in terms of acidification, and changing their
hydrolytic patterns with improved cheese characterising vola-
tile molecule production (Lanciotti et al., 2007b).

IgA is the main immunoglobulin in the gut mucosa where
its main function is to exert the immune exclusion of patho-
gens (Brandtzaeg et al., 1987).As a functional trait, the capacity
of enhancing mucosal IgA in the gut after oral administration
is a desirable attribute for probiotic bacteria (Galdeano, de Moreno
de Leblanc, Carmuega, Weill, & Perdigón, 2009; Vinderola et al.,
2007). The results of the present works showed that the
traslocation assay was negative and so the use of Lb. paracasei
A13 as adjunct can be regarded as safe since no colonies ap-
peared in Mac Conkey agar where the liver of mice was plated.
Moreover, it did not affect the IgA and InF-y production of the

Fig. 3 – Determination of production of IgA (a) and anti-inflammatory IL-10 (b) in mice in relation to the feeding with the
three types of Caciotta cheese. CC, traditional Caciotta cheese. NTC, Caciotta cheese added of Lb. paracasei A13. TC, Caciotta
cheese added of high pressure treated Lb. paracasei A13. Data were performed in duplicate on 3 different samples (produced
in 3 different days).
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mice fed with the cheeses taken into consideration. By contast,
Medici, Vinderola, and Perdigon (2004) showed in a previous
work conducted using fresh cheese containing Lb. paracasei A13,
L. acidophilus and Bifidobacterium bifidum that the administra-
tion of the probiotic product significantly increased the
phagocytic activity of peritoneal macrophages, the number of
IgA+ producing cells and the CD4+/CD8+ ratio in the small in-
testine after 5 days. However, it is well known that the immune
modulation ability is species and strain dependent (Medici et al.,
2004). The HPH treatment did not affect the IgA and InF-γ pro-
duction in mice fed with the cheeses taken into consideration.
By contrast, the HPH-treatment of Lb. paracasei A13 signifi-
cantly impaired its capacity to induce IL-10 when compared
to non-treated cells. The incorporation into the diet of micro-
organisms able to induce the intestinal production of the anti-
inflammatory IL-10 has been signalled also as an interesting
tool, among the multiple strategies, to treat inflammatory bowel
diseases (Baumgart & Sandborn, 2007). For this strain, the re-
duction of IL-10 stimulation can be explained with the
modification of surface proteins on the cell caused by HPH treat-
ment. On the other hand, the changes of other cell-wall related
properties, such as increased hydrophobicity and the interac-
tion capacity with the gut, had been previously reported for
this strain as pure culture not included in a food matrix (Tabanelli
et al., 2013).

5. Conclusion

The data obtained have underlined the applicative potential
of the proposed sub-lethal HPH treatment for the production
of probiotic short ripened cheese. Although the HPH treat-
ment affected in negative mode the IL-10 secretion, the IgA
production was not influenced by the treatment. Moreover, the
resulting probiotic cheese was characterised by improved sen-
sorial features with a reduction of ripening time. Consequently,
the application of this technology to probiotic cells used as co-
starter for cheese production, can reduce the costs linked to
the maturation in refrigerated condition contributing to the
entire process sustainability and to the expansion of new func-
tional dairy products, similar to the traditional for safety, but
differentiated or improved for quality, sensory and func-
tional features. However, to reach this important skill, an
appropriate selection of the probiotic strains and the
optimisation of the treatment condition, in relation to the
cheese desired features, are fundamental.
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