
mdpi.com/journal/foods

Special Issue Reprint

Dairy Products
Processing Technology and Sensory Properties

Edited by 

Michele Faccia and Giuseppe Natrella



Dairy Products: Processing
Technology and Sensory Properties





Dairy Products: Processing
Technology and Sensory Properties

Guest Editors

Michele Faccia

Giuseppe Natrella

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Michele Faccia

Department of Soil, Plant and

Food Sciences

University of Bari

Bari

Italy

Giuseppe Natrella

Department of Soil, Plant and

Food Sciences

University of Bari

Bari

Italy

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Foods (ISSN 2304-8158),

freely accessible at: https://www.mdpi.com/journal/foods/special_issues/68C37DM1G2.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-3549-2 (Hbk)

ISBN 978-3-7258-3550-8 (PDF)

https://doi.org/10.3390/books978-3-7258-3550-8

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Michele Faccia and Giuseppe Natrella

Dairy Products: Processing Technology and Sensory Properties
Reprinted from: Foods 2024, 13, 2551, https://doi.org/10.3390/foods13162551 . . . . . . . . . . . 1

Onyeka M. Ikele, Chigoziri T. Ogu, Xiuping Jiang and George A. Cavender

Evaluation of Different Lactic Acid Bacteria as Starter Cultures for Nono—A West African
Fermented Dairy Product
Reprinted from: Foods 2024, 13, 3030, https://doi.org/10.3390/foods13193030 . . . . . . . . . . . 5

Antonella Santillo, Maria Giovanna Ciliberti, Mariangela Caroprese, Agostino Sevi and

Marzia Albenzio

Fatty Acids Profile and Consumers’ Preferences of Pecorino Cheese Manufactured from Milk of
Sheep Supplemented with Flaxseed and Ascophyllum nodosum
Reprinted from: Foods 2024, 13, 2165, https://doi.org/10.3390/foods13142165 . . . . . . . . . . . 17

Biljana Trajkovska, Gjore Nakov, Sari Thachappully Prabhat and Prarabdh C. Badgujar

Effect of Blueberry Pomace Addition on Quality Attributes of Buttermilk-Based Fermented
Drinks during Cold Storage
Reprinted from: Foods 2024, 13, 1770, https://doi.org/10.3390/foods13111770 . . . . . . . . . . . 32

Artur Mykhalevych, Magdalena Buniowska-Olejnik, Galyna Polishchuk,
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Preface

The dairy sector plays a crucial role in the global food industry, with cheese being one of the most

widely consumed foods worldwide. Its production is continuously evolving to meet the needs of

increasingly conscious consumers, who demand safer products with enhanced nutritional properties,

made without chemicals through sustainable processing methods that minimize waste for the sake of

the environment.

To achieve these goals, advanced technologies, quality control strategies, sensory evaluation

methods, and the valorization and recovery of nutrients from by-products have significantly

influenced both cheese production and consumer perception.

This Special Issue, titled Dairy Products: Processing Technology and Sensory Properties,

is intended for the scientific community and industry professionals engaged in dairy research,

production, and quality assessment. It aims to provide new insights to face the modern challenges of

the sector.

The papers in this issue cover a wide range of topics, involving many issues such as the

development of functional cheeses, fortified with blueberry pomace and bovine colostrum; the effects

of animal diet on the chemical composition of cheese; the impact of processing on the quality

and traceability of dairy products; an investigation into non-coding RNAs as potential biomarkers

and bioactive components in milk and dairy products; the effects of thermization on the chemical

and sensory characteristics of a P.D.O. Apulian cheese; and the production of dairy ingredients

with enhanced functional and organoleptic qualities through the optimization of the block freeze

concentration technique. Additionally, some studies focused on shelf life extension strategies.

The outcomes of each paper integrate recent scientific findings with practical applications,

providing interesting insights for researchers and producers.

I would like to extend my sincere gratitude to all the experts and researchers who contributed

to this Special Issue. In particular, I am profoundly grateful to Professor Michele Faccia, who is an

invaluable source of inspiration. His vast and profound scientific knowledge combined with his

kind and supportive nature make him not only an outstanding mentor but also a guiding figure and

motivator for students, researchers, and colleagues.

Giuseppe Natrella

Guest Editor
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Dairy Products: Processing Technology and Sensory Properties

Michele Faccia * and Giuseppe Natrella

Department of Soil, Plant and Food Sciences, University of Bari, Via Amendola 165/A, 70126 Bari, Italy;
disspa@pec.uniba.it
* Correspondence: michele.faccia@uniba.it; Tel.: +39-080-5442939

In developed countries, the dairy sector is going through a highly challenging phase
as a consequence of changes in consumers’ expectations and the spread of new cultural
approaches to food. Among the most challenging requirements are producing products
with a more balanced chemical composition, valorizing or improving their nutraceutical
properties, extending shelf life to reduce food waste, and finding new tools to enhance
traceability and safety. Of course, all these goals must be reached without impairing
foods’ sensory characteristics, which remain a constraint in food choices. This Special
Issue comprises several interesting contributions to the field authored by researchers from
11 different countries. The contents of these papers can be grouped into three categories: the
development and consumer acceptance of innovative products with improved nutritional
characteristics, the effect of processing on quality and traceability, cheese shelf life, and
preservation conditions.

In Article 1, an interesting functional dairy product was developed consisting of
a buttermilk-based fermented drink fortified with blueberry pomace, a fruit byproduct.
This is an innovation creation given that the literature related to this research largely
focuses on the fortification of buttermilk with industrial or self-produced ingredients but
not with byproducts [1–3]. The use of bovine colostrum in cheesemaking was studied
in Article 2, with the aim of developing fresh and matured cheeses rich in bioactive
compounds. Colostrum differs significantly from milk and contains higher concentrations
of bioactive compounds, such as immunoglobulins, enzymes, vitamins, and growth factors,
but its presence in milk may cause problems in industrial processes [4]. After chemical,
microbiological, and sensory evaluation, the authors found the presence of colostrum is
compatible with the production of fresh cheese at a 75:25 ratio. The authors of Article 3
produced Pecorino Cheese from the milk of sheep whose diet had been supplemented with
flaxseed and algae (Ascophyllum nodosum) and registered a higher content of unsaturated
fatty acids and lower levels of atherogenic and thrombogenic indexes than in the control
cheese. This improvement in nutritional quality did not have a detrimental impact on the
cheese’s sensory attributes.

Four research groups contributed to this Special Issue by publishing papers dealing
with the effect of processing on the quality and traceability of dairy products. In Article 4,
the possibility of using concentrated demineralized liquid whey in the formulation of ice
cream was investigated. This study also considered two processing variables: the addition
of lactase to the whey concentrate to hydrolyze lactose and fortification with whey protein
isolate. The obtained products were subjected to a series of laboratory analyses, with a
particular focus on the physical characteristics. The results were thoroughly discussed,
and the effect of all the variables was evaluated by highlighting the pros and cons of the
different formulations. An interesting study was conducted on the effect of processing at the
level of microRNAs in milk and milk-related products (Article 5). MiRNAs are noncoding
RNAs that are present in milk and might have bioactive effects in humans. Research on
these molecules as possible biomarkers of the dairy system, diet, and animal health status
is rapidly increasing worldwide [5–7], but more information is needed about the effect
of milk processing on their presence. In this study, the levels of seven microRNAs were

Foods 2024, 13, 2551. https://doi.org/10.3390/foods13162551 https://www.mdpi.com/journal/foods1



Foods 2024, 13, 2551

assessed in raw milk and three derived products: microwaved milk, yogurt, or cheese. The
results demonstrated that milk treatments tended to decrease the level of all the miRNAs
to some extent, even though the concentration effect that took place during cheesemaking
counterbalanced this decrease. In conclusion, raw milk and cheese may contain similar
concentrations of miRNAs, which are higher than those of yogurt and microwaved milk.

The effect of applying milk thermization in the production of Canestrato Pugliese,
a Protected Designation of Origin (P.D.O.) ovine hard cheese, was assessed in Article
6. According to the official production protocol, this cheese can only be manufactured
from raw milk, with a high risk of defects that might undermine the profitability of the
cheesemaking process [8,9]. The results obtained in this study demonstrated that heat
treatment did not lead to remarkable differences in the gross composition with respect
to cheese made from raw milk, but caused different microbiological profiles that led to
differences in proteolysis during ripening. The sensory analysis revealed that the thermized
cheese lost some of its typical sensory characteristics, which was likely due to a reduction
in indigenous microbiota populations. It was concluded that milk thermization could only
be applied with the development and use of an autochthonous starter.

Article 7 focused on the application of vacuum-assisted block freeze concentration
(BFC) to concentrate different types of whey. In BFC, the liquid is completely frozen, and the
temperature at the core of the product is set to below its freezing point. Subsequently, the
block is thawed, and the concentrated fraction is then separated from the ice fraction [10,11].
During the process, a vacuum pressure can be applied. The study first investigated the
influence of the initial concentration, time, and vacuum pressure on the concentration index
and solute yield; then, the optimal time and vacuum pressure conditions were applied to
three different types of whey. Additionally, the effect of vacuum-assisted BFC on lactose
content was also studied, and the results suggested that lactose tends to remain in the
concentrated phase rather than in the ice. In this way, it is possible to recover, in a single
step, at least 70% of the lactose initially contained in the whey.

Finally, three papers focused on the shelf life of cheese and its preservation conditions.
The effect of two different types of preservation containers (stainless steel tanks—SST, and
tin containers—TC) on the cheeses’ physicochemical, microbiological, and textural charac-
teristics was investigated in Article 8, along with the volatile profile of white brined cheese.
The results of this study showed that the material and capacity of the ripening–preservation
containers did not statistically significantly affect the physicochemical, textural, microbio-
logical, and sensory characteristics of the white brine cheeses. The authors concluded that
stainless steel tanks can be used by cheese factories with a significant focus on repackaging,
as an SST container keeps dairy products fresher at lower temperatures, as well as having
the advantages of being reusable and highly resistant to corrosion.

Article 9 focused on the shelf-life extension of Burrata cheese, a fresh pasta filata
cheese that is becoming very popular worldwide. This cheese is very similar to mozzarella
and is increasingly manufactured at an industrial level. The same strategies proposed
for extending the shelf life of mozzarella [12–14] have also been tested on burrata, but
with poor results. In this study, the combination of a commercial bioprotective starter and
modified-atmosphere packaging (MAP) was evaluated as a strategy to delay the spoilage
of a product’s quality. The main outcome of the research was that a synergy between
the modified atmosphere and bioprotective starter, in conjunction with good-quality raw
materials and good manufacturing practices, can significantly improve the microbiological
stability of burrata without the use of chemical additives. Finally, Albisu et al. (Article
10) evaluated the influence of different types of packaging conditions—air, vacuum, and
four different modified atmospheres—on the quality of semihard Idiazabal sheep’s milk
cheese ripened for 56 days under refrigerated conditions. MAP was found to be the most
effective preservation technique when compared to air- and vacuum-packaging treatments.
Air-packaged cheeses presented a moldy flavor by day 35, whereas vacuum packaging led
to a paste-like appearance and holes after 14 days. MAP mixtures with a CO2 concentration
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between 50/50 and 80/20% CO2/N2 (v/v) were found to ensure sensory quality and
stability in the distribution of these raw sheep-milk cheese wedges.

In summary, the Special Issue “Dairy Products: Processing Technology and Sen-
sory Properties” has supplied some new information to help combat modern challenges
faced by the dairy sector and has demonstrated that innovative research in this sector is
very active.

Author Contributions: Conceptualization, M.F. and G.N.; writing—original draft preparation, M.F.;
writing—review and editing, M.F. and G.N. All authors have read and agreed to the published
version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Evaluation of Different Lactic Acid Bacteria as Starter Cultures
for Nono—A West African Fermented Dairy Product
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Abstract: Nono is a traditional cultured dairy product consumed across West Africa. In this study,
five cultures isolated from Nigerian-produced nono and three purified lactic acid bacteria from the
USDA-NRRL were examined for use in preparing nono starter cultures. Isolated cultures were
characterized using microbiological and biochemical tests, including 16s rDNA sequencing to identify
the genotype. Each isolated strain was cultured and inoculated into UHT milk (1% v/v) and allowed
to ferment for 24 h at 25 ◦C. Fermented products were evaluated for pH, moisture content, water
activity, and viscosity, and their descriptive sensory properties were noted. The isolate that resulted in
sensory properties most similar to traditional nono was then used as the primary strain for subsequent
starter culture blends made with the NRRL cultures. These blends were used for the fermentation of
nono and compared with commercial nono samples. Isolates obtained from nono were as follows:
Lactobacillus fermentum, Lactobacillus paracasei, and, surprisingly, Lactobacillus rhamnosus, which has not
been previously reported as a part of the nono microflora. There was no significant difference in the
physical parameters of nono made from the individual indigenous isolates and a similar pattern was
observed for the organisms from NRRL, except that their total titratable acidity and viscosities were
significantly (p < 0.05) higher than those of the indigenous organisms. Compounded starter made
with L. rhamnosus and NRRL cultures was then used to make nono that showed significantly (p < 0.05)
different pH and viscosity values than commercially purchased nono, while sensory evaluation
showed that nono made from the new starter culture had a high overall consumer acceptance score.

Keywords: cultured dairy; nono; sensory evaluation; starter culture; lactic acid bacteria;
fermented milk

1. Introduction

Nono is a fermented dairy product made in different parts of Nigeria and West Africa,
especially in settlements inhabited by the Fulani tribe. Nono production is known to be a
craft and also a source of livelihood for the Fulani women who hand-milk the cows and
ferment the milk into nono; they are popularly called ‘milkmaids’. Nono holds a cultural
heritage for the Fulani tribe, who are known to be traditionally pastoral nomadic farmers
who reside in different parts of West Africa [1–3]. The culture of nomadic pastoralism made
it possible for the consumption of nono to spread from the Fulanis to other tribes in the
region where they reside at a given time. On the other hand, nomadic pastoralism poses a
disadvantage to the safety and quality of nono made by these women, since there are no
standard fermentation facilities available and no standardized product-processing methods.
Other disadvantages are product inconsistencies between the different nono batches made,
as well as the presence of microbial contaminants and pathogens in the finished product.

Nono is essentially made through hand milking, overnight boiling of the milk, cooling
and fermentation, storage, and vending. As much as the boiling step is a critical control
point in its production process, contamination occurs at the fermentation step, stemming

Foods 2024, 13, 3030. https://doi.org/10.3390/foods13193030 https://www.mdpi.com/journal/foods5
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from the process of back-slopping with improperly preserved cream (pre-ferment) from
the previous fermentation batch [2]. This cream (Manshanu) is purported to be the starter
culture for the fresh fermentation process; however, it is usually preserved in a wooden
calabash kept in a hut. The cream has been found to be heavily laden with pathogens and
fecal contaminants [3–8], evidently due to the association of nono with houseflies. This
poses a food safety risk t consumers; therefore, methods to provide a safe and wholesome
product are paramount. Likewise, variations in product consistency abound as a result of
differences in the microbial composition of each cream used for back-slopping.

Nono has been reported to be a beverage rich in carbohydrates, proteins, and miner-
als [2,9,10]. It contains free fatty acids, lactose, calcium, sodium, potassium, magnesium,
iron, and zinc [2,5]. It is also known to be rich in probiotic microorganisms, especially those
of the lactic acid bacteria group. Nono is produced through lactic acid fermentation, and
different studies carried out on nono have shown the presence of lactic acid bacteria, viz.,
Lactobacillus brevis, Lactobacillus casei, Lactobacillus fermentum, Lactobacillus plantarum, Lacto-
bacillus bulgaricus, Lactobacillus senioris, Lactobacillus helveticus, and Streptococcus thermophilus,
Lactocossus lactis, Leuconostoc pseudomesenteroides, and Lactobacillus cremoris [8,11–17].

However, these listed microorganisms do not all appear in one product; instead,
they occur in variations in the different nono products examined. These organisms are
known to drive the fermentation process, impacting the physical and sensory properties of
nono—alongside the possible metabolic contributions of contaminants and pathogens like
Staphylococcus aureus, Alcaligenes faecalis, Clostridium sporogenes, Salmonella, and Escherichia
coli [18–20]. Thus, this study sought to evaluate different lactic acid bacteria reported to be
indigenous to nono, for the sole purpose of creating a beneficial consortium that serves as
the best starter culture with positive consumer acceptance and, by extension, solves the
food safety problem.

2. Materials and Methods

2.1. Materials

Shelf-stable UHT milk (Horizon Organic, USA) was sourced from a local supermarket.
Microbial media (MRS agar and MRS broth) were sourced from VWR Avantor, Radnor,
PA, USA. pH buffers, indicators, and chemicals (ethanol and sodium hydroxide) were also
sourced from VWR Avantor, USA.

2.2. Isolation, Characterization, and Identification of Indigenous Lactic Acid Bacteria in Nono

Ten nono samples were pooled and subjected to 1 in 10-fold serial dilution in phosphate-
buffered saline (pH 6.8). Subsequently, 0.1 mL of the 10−3 tube from each sample was
cultured on MRS agar plates and incubated at 30 ◦C and 5% CO2 in an anaerobic incubator
for 24–48 h. This was carried out according to the modified methods of Fagbemigun [20].
Isolates obtained from the cultured plates were separated into pure cultures based on their
colony morphologies and thereafter subjected to a Gram stain, catalase test, and oxidase
test for preliminary identification.

Subsequently, 16s rDNA sequencing was used to identify the isolates to the species
level at Zymobiomics, Orange, CA, USA. The DNA samples were prepared for targeted
sequencing with the Quick-16S ŒPlus NGS Library Prep Kit (Zymo Research, Irvine,
CA, USA). These primers were custom-designed by Zymo Research to provide the best
coverage of the 16S gene while maintaining high sensitivity, and the actual sequencing was
performed by the aforementioned commercial lab (Zymobiomics, Irvine, CA, USA) as part
of their commercial offerings.

Three lactic acid bacterial samples—Lactobacillus plantarum, Lactobacillus casei, and
Lactococcus lactis—from fermented milk were also obtained from the USDA-NRRL culture
collection and used as extraneous isolates for the product formulation.
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2.3. Nono Production
2.3.1. Standardization of Starter Culture Isolates

The method reported by Ikele et al. [21] was used to standardize the starter cultures
used for the fermentation process. Briefly, a 0.25 mL aliquot of pure culture isolates
(105 cfu/mL) of each lactic acid bacterium was incubated in 25 mL of MRS broth without
agitation at 30 ◦C for 24 h and then used as an inoculum to begin the fermentation process.

2.3.2. Fermentation Protocol

A modified method described by Adesokan [12] was used for nono production. For
the lab fermentation procedure, 1% (v/v) of each indigenous isolate in De Man, Rogosa, and
Sharpe (MRS) broth was inoculated into UHT-pasteurized whole milk (Grade A organic,
Horizon Organic, Broomfield, CO, USA) in situ, sealed, and incubated at 30 ◦C for 24 h.

All production trials for analytical/instrumental analyses were performed in triplicate.

2.4. Physiochemical Analysis

Determinations of pH, moisture content, water activity, viscosity, total titratable acidity,
and color were performed on the samples of nono. The pH was determined using a digital
pH meter (pHenomenal, VWR, Randor, PA, USA). The pH electrode was immersed in
10 mL of the sample until a stable reading was obtained, and the values were recorded.

To determine moisture content, the samples were placed dropwise onto an aluminum
pan provided by the manufacturer of a halogen moisture analyzer (model number 677723
Schuler Scientific, Englewood, CA, USA) and allowed to run to completion using the built-
in sensing feature. Water activity determination was likewise carried out using a specialized
instrument, in this case an Aqualab water activity meter (model number 1100843 Aqualab,
Pullman, WA, USA), with the samples being loaded into disposable sample cups before
initiating the measurement cycle.

Viscosity was measured using a rotary viscometer (model number 126408 Produstrial,
Fredon, NJ, USA). For each measurement, the viscometer probe was immersed in a 15 mL
aliquot of the sample before rotation was initiated, and the sample was allowed to reach a
stable reading before the values were recorded.

Total titratable acidity determination was carried out according to the titration method
described by Fabro [22]. Briefly, a 20 mL aliquot of fermented milk samples was added to
40 mL of distilled water that had been boiled and cooled, along with 2 mL of phenolph-
thalein solution as an indicator (prepared by dissolving 1% phenolphthalein in 95% ethanol).
The mixture was then titrated with 0.1 M NaOH until a pink color change was observed.

To determine instrumental color, a 10 mL aliquot of each fermented milk sample was
dispensed into the lid of individual 100 mm Petri dishes and covered with the inverted dish
body, which was then placed onto the white calibration tile provided by the colorimeter
manufacturer. A calibrated handheld colorimeter (model number CR400, Konica Minolta,
Ramsey, NJ, USA) was then used to determine the color through the Petri dish.

Preliminary Sensory Property Screening

Test nono samples made from each of the indigenous isolates were examined for
characteristic appearance, taste, aroma, and texture by the research team. Isolates which
exhibited characteristic sensory properties were selected as choice isolates for the starter
culture formulation study.

2.5. Evaluation of Effects of Best Starter Culture Consortium on Physical and Sensory Properties
of Nono

The choice isolate from the indigenous cultures was used in bi- and multiple-culture
cocktails with the extraneous fermented milk cultures from the USDA-NRRL at 1% (v/v),
at 30 ◦C for 24 h, for the fermentation process. The physical and sensory parameters
of the fermented products were measured as previously described. Unfermented fresh
milk and a commercially purchased nono were used as the control for this experiment.
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Sensory evaluation of the finished product was carried out by ten untrained panelists (who
are frequent nono consumers) from Nnamdi Azikiwe University, Awka, Nigeria, using a
9-point hedonic test according to the modified methods of Dafur [19]. They characterized
the nono on attributes of appearance, taste, aroma, and texture.

Institutional oversight was provided by Nnamdi Azikiwe University, under their
existing approval for food tastings. Participant consent was obtained via oral consent in
accordance with the published oral consent guidelines provided by the Department of
Applied Microbiology and Brewing, Nnamdi Azikiwe University, Awka, Nigeria. Panelists
who did not provide consent or withdrew consent were excluded from this study and any
data regarding their responses were destroyed.

2.6. Statistical Analyses

The data obtained were analyzed as means with analyses of variance (ANOVA) using
statistical software (GraphPad Prism, version 10.3.1). Results were deemed significant if
p ≤ 0.05.

3. Results

3.1. Isolation, Characterization, and Identification of Indigenous Lactic Acid Bacteria in Nono

Five Lactobacillus isolates (A–E) were isolated from the examined nono samples on
the basis of their colony morphologies, and their biochemical characteristics are shown in
Table 1. Molecular characterization of the isolates through sequence blast identified them
as Lactobacillus fermentum (three isolates), Lactobacillus paracasei, and Lactobacillus rhamnosus
(Table 1); a presumptive microbial identity heat map is also shown in Figure 1.

Figure 1. 16s rDNA amplicon mapping of isolates.
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Table 1. Identification of indigenous isolates from nono.

Isolate Groups Colony Morphology
Biochemical

Tests
Presumptive
Organisms

16s rDNA
Identity

Gram stain Catalase Oxidase

A
Glistening, punctiform whitish

colonies with entire margins and
smooth appearance

Positive rods Negative Negative Lactobacillus sp. L. fermentum

B
Punctiform milkish colonies

with entire margins and smooth
appearance.

Positive rods Negative Negative Lactobacillus sp. L. paracasei

C Circular milkish colonies with
glistening appearance

Positive
cocco-bacilli Negative Negative Lactobacillus sp. L. fermentum

D Circular whitish colonies with
slimy appearance Positive rods Negative Negative Lactobacillus sp. L. fermentum

E Punctiform, milkish colonies
with slimy appearance

Positive
cocco-bacilli Negative Negative Lactobacillus sp. L. rhamnosus

3.2. Assessment of Effects of Starter Culture Isolates on Physical and Sensory Properties of Nono

Indigenous starter culture isolates exhibited a low acid pH with no significant (p > 0.05)
difference between cultures. For most of the isolates, no difference was found in moisture
content (except for L. rhamnosus), water activity (except for L. paracasei), color, and viscosity
values compared with those of the nono fermented with each indigenous isolate. For
the extraneous starter cultures, there were no significant differences in the pH (except
for L. casei), moisture content, and color (except for L. plantarum) when compared to
the indigenous cultures. However, nono produced from these extraneous cultures had
significantly (p < 0.05) higher total titratable acidity (3.0–3.8 g/L) and viscosity values
(5.5 mpa.s) when compared to the indigenous cultures, as shown in Figures 2–7. Screening
of the sensory capacities of indigenous and extraneous isolates is shown in Table 2.

Figure 2. pH values of each starter culture candidate after fermentation. A: Lactobacillus fermentum 1;
B: Lactobacillus paracasei; C: Lactobacillus fermentum 2; D: Lactobacillus fermentum 3; E: Lactobacillus rhamnosus.
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Figure 3. Moisture content values of each starter culture candidate after fermentation. A: Lactobacillus
fermentum 1; B: Lactobacillus paracasei; C: Lactobacillus fermentum 2; D: Lactobacillus fermentum 3;
E: Lactobacillus rhamnosus.

Figure 4. Water activity values of each starter culture candidate after fermentation. A: Lactobacillus
fermentum 1; B: Lactobacillus paracasei; C: Lactobacillus fermentum 2; D: Lactobacillus fermentum 3;
E: Lactobacillus rhamnosus.

10



Foods 2024, 13, 3030

Figure 5. Viscosity values of each starter culture candidate after fermentation. A: Lactobacillus
fermentum 1; B: Lactobacillus paracasei; C: Lactobacillus fermentum 2; D: Lactobacillus fermentum 3;
E: Lactobacillus rhamnosus.
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Figure 6. Total titratable acidity of each starter culture candidate after fermentation. A: Lactobacillus
fermentum 1; B: Lactobacillus paracasei; C: Lactobacillus fermentum 2; D: Lactobacillus fermentum 3;
E: Lactobacillus rhamnosus.
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Figure 7. Color values of each starter culture candidate after fermentation. A: Lactobacillus fermentum 1;
B: Lactobacillus paracasei; C: Lactobacillus fermentum 2; D: Lactobacillus fermentum 3; E: Lactobacillus rhamnosus.

Table 2. Preliminary screening of the sensory properties of nono made from individual isolates.

Isolates Sensory Property of Fermented Product

Lactobacillus fermentum 1 Nono aroma, fresh milk taste, and white color
Lactobacillus paracasei Nono taste only

Lactobacillus fermentum 2 Fresh milk taste only
Lactobacillus fermentum 3 Nono aroma, fresh milk taste, and white color
Lactobacillus rhamnosus Nono appearance, taste, and aroma

Lactobacillus lactis Yogurt aroma and taste
Lactobacillus plantarum Fresh milk taste and yogurt aroma

Lactobacillus casei Fresh milk taste and yogurt aroma

3.3. Evaluation of Effects of Best Starter Culture Consortium on Physical and Sensory Properties
of Nono

Lactobacillus rhamnosus exhibited the best sensory quality in the fermented product
that typified that of the regular nono and was made the choice isolate. This isolate was
then used in co-culture with the extraneous isolates as bi-cultures and mixed cultures. The
mixed culture displayed the physical properties (Table 3) and sensory properties (Table 4)
most consistent with conventional nono.

Table 3. Evaluation of the effects of the best starter culture consortium on the physical properties
of nono.

Samples pH
Moisture

Content (%)
Water

Activity
Viscosity
(mpa.s)

Total Titratable
Acidity

Color

L* a* b*
Fresh milk 6.66 ± 0.02 b 87.12 ± 0.01 a 0.99 ± 0.00 a 5.33 ± 0.29 a 3.50 ± 0.20 a 79.52 ± 1.58 a −1.99 ± 0.05 a −0.38 ± 0.63 a

Commercial nono 6.56 ± 0.05 b 87.51 ± 0.25 a 0.99 ± 0.00 a 165.3 ± 2.52 c 2.93 ± 0.12 a 85.59 ± 1.45 a −3.19 ± 0.09 b 4.09 ± 0.28 c

Starter culture mix 4.49 ± 0.02 a 87.30 ± 0.02 a 1.00 ± 0.01 a 113.7 ± 7.64 b 5.50 ± 0.30 b 83.45 ± 2.52 a −3.02 ± 0.16 b 2.73 ± 0.44 b

p-value 0.002 0.144 0.066 0.003 0.003 0.104 0.007 0.0017

Mean values in the same column with different letters are significantly different (p ≤ 0.05).
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Table 4. Sensory analyses of test nono samples made from the starter culture mix.

Attributes Mean ± S.D p-Value

Appearance 8.04 ± 0.70 0.584
Taste 8.37 ± 0.69 0.343

Aroma 7.49 ± 0.56 0.145
Texture 7.05 ± 0.89 0.015

Overall acceptance 7.65 ± 0.47 0.009

4. Discussion

The present study sought to formulate a starter culture suitable for nono production
with the goal of its standardization and improved safety. The lactic acid cultures isolated
and used in this study have been partly reported by [12,15,20] as part of the microflora of
nono. However, this study identified Lactobacillus rhamnosus, which has not been previously
reported by different authors [8,11–17] as part of the microflora of nono. This study isolated
Lactobacillus fermentum, Lactobacillus paracasei, and Lactobacillus rhamnosus. L. fermentum was
the most commonly occurring isolate, which corresponds with the reports of [15,20], who
also reported L. fermentum in nono. Three milk-fermenting lactic acid cultures not isolated
from this study, but reported to be a part of the nono microflora [12,20], were also obtained
from the USDA-NRRL culture collection center and incorporated as a part of the starter
culture consortium in order to conduct a fair assessment on the fermentation capacities of
each microbe reported to be found in nono.

The suitability of these organisms as starter culture candidates was assessed in terms
of the physical and sensory properties they imparted on the fermented product, while
Adesokan [12] chose the suitability of their own isolates for starter culture formulation
solely on the basis of diacetyl production capacity. For the indigenous isolates used in this
study, there was no significant (p > 0.05) difference observed in the pH, moisture content,
and viscosity when they were used individually as starter cultures. The pH values of nono
made from each isolate ranged from 6.4 to 6.7, which partly corresponds with the reports of
Adisokan et al. [12] and Dafur et al. [19] and differs entirely from the reports of Abdulrah-
man et al. [1], Omola et al. [2], and those of Nebedum and Obiakor [9]. Adesokan [12] also
reported a moisture content range of 80.7- 87.11 for nono made from their starter culture
experiment, which corresponds partly with that of this study. When compared to the fresh
whole milk used for the control experiment, these indigenous isolates impacted the product
and significantly (p < 0.05) increased viscosity and total titratable acidity in the fermented
milk. According to Bachmann [23], viscosity is a key physical property that affects the
textural property of fermented milk products, stemming from the microbial binding of wa-
ter through exopolysaccharide formation during the fermentation process. Obioha [15,24]
reported that these microbial exopolysaccharides produced during fermentation increase
water retention in the fermented milk product/nono; this may explain the results of the
present study, which showed no significant (p > 0.05) difference in the moisture content
values of the test nono products and the unfermented milk sample. Of the extraneous
organisms used in the starter culture, Lactobacillus casei and L. plantarum showed decreased
pH values (4.95 and 5.46, respectively), but they were not statistically significant (p < 0.05)
compared to the pH values of other starter culture candidates. Li [25] reported that lactic
acid bacteria are known for medium acidification and the coagulation of milk during
fermentation. These extraneous cultures (L. lactis, L. plantarum, and L. casei) produced a
significantly (p < 0.05) viscous product compared to that of the indigenous cultures when
used singly as starter cultures. Therefore, they were used in the starter culture consortium
to achieve the desired texture for nono, in combination with the best indigenous isolate
which exhibited the desired sensory characteristics of nono (L. rhamnosus). Lactobacillus
rhamnosus has not been previously reported by authors as a part of the nono microflora,
which makes it one of the key findings in this study.

The final starter culture consortium used for the fermentation of nono was a 1% combi-
nation of L. rhamnosus, L. plantarum, L. casei, and L. lactis; this consortium yielded a product
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very similar to the popularly consumed commercial product, both in terms of physical
and sensory properties. Comparing the nono fermented with this starter culture to the
commercially purchased nono used as a control, there was a significant (p < 0.05) difference
in the pH, total titratable acidity, viscosity, and a* and b* dairy colors. The starter culture
consortium had a significantly lower pH (4.471), which varies from the results of [12], who
reported a pH range of 5.5–7.9. The low pH seen in this study is expected because Lactococ-
cus lactis and Lactobacillus casei are known acidifiers in milk fermentation [20]. The starter
culture consortium exhibited a mean total titratable acidity of 5.50 g/L, which differs from
the findings of both Abdulrahman [1] and Omola [3]. This could be further explained as a
possible result of differences in the combined organic acid production from each member
of the lactic acid starter culture consortium. On the other hand, the commercial nono
had a significantly higher viscosity (168 mpa.s) than that of the starter culture consortium
(107.5 mpa.s). The possible reason behind this finding is related to the long hours of milk
boiling before fermentation in commercial nono production, which possibly result in the
loss of volume, coupled with the action of indigenous starter cultures that bind water
through exopolysaccharide formation. Comparatively, the milk used for fermentation in
this study was not boiled, but it was ultra-high-temperature (UHT)-pasteurized milk; thus,
the difference in the heat treatment of both fermentation substrates possibly constituted
the basic difference in their texture and viscosity. Lactalbumin denaturation and casein
precipitation usually occur when milk is exposed to heating for a prolonged time, which
impacts the gel structure of the milk [24] and could also be an additional reason for the
difference in viscosity seen in both nono samples. However, the notable similarity in the
viscosity of both the commercial nono and the test nono can be attributed to Bingham
plastic behavior. It was observed that the viscosity value obtained from the starter culture
consortium partly corresponds with the findings of Omola et al. [3], while the value of the
commercial nono varied from it considerably.

Both products also had a notable difference in color, with the commercial product
having a darker brown color than the starter culture consortium. This characteristic dark
brown color of commercial nono could be a result of lactose caramelization and/or the
production of humin and melanin commonly associated with protein breakdown in the
presence of sugars at high temperatures [26]. This study used the CIE L*a*b* color system
to calculate the lightness, redness, and yellowness, respectively, of both commercial nono
and that made from the starter culture consortium. There was no significant difference in
the lightness (L*) and redness (a*) of both products, but there was a significant difference in
their yellowness (b*) (p = 0.0017), with the commercial nono having much higher b* value.
This could possibly be a result of the long hours of boiling/caramelization it may have
gone through before fermentation, coupled with the possible actions of some vitamins like
riboflavin [27]. The change in color (ΔE) between both samples was 6.71, which implies
that most people could easily tell the difference in color between the products. To our
knowledge, no previous study has examined the chromatic components of nono, which is
also another key finding in this study, particularly given that Milovanovic [28] opined that
appearance attributes, like color, are very important in milk products because they often
influence consumers’ choices.

Sensory evaluation showed that nono made from the select starter culture consortium
had an overall acceptance of 7.65 ± 0.47 on a nine-point hedonic scale. However, the
untrained panelists chose the commercial nono over the product made from the constituted
starter culture on the basis of taste, aroma and texture. It is assumed that the major
difference between the experimentally fermented product and that available on the market
stems from the nature of the starting material used for fermentation. This study used
UHT-pasteurized milk, while the nono consumed in Nigeria is made from milk boiled for
10–12 h; this boiling is presumed to impact the color, aroma, and texture of the milk prior to
fermentation. The sensory evaluation result obtained in this study partly corresponds with
that of [12], who reported an overall acceptance of 7.01 ± 0.02. A key difference between
this starter culture study and [12] is that the latter used isolates individually but did not
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proceed to check their fermentation capacities as a co-culture consortium, which was done
in this study.

5. Conclusions

Synergistic interactions among lactic acid bacteria are required to produce nono with
the desired characteristics. Starter culture formulation for nono provides a standardized
product with known consistency and is beneficial for solving food safety problems caused
by improper food sanitation processes. It ushers in an era of wholesome product for-
mulation for the milkmaids who earn a living from this craft, as well as providing extra
opportunity for people outside of Nigeria and West Africa to be able to make nono in their
homes using the starter cultures. This study provides a conduit for introducing nono to the
rest of the world, just like yoghurt, cheese, dahi, and kefir.
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Abstract: The impact of flaxseed and Ascophyllum nodosum supplementation in ewes during the
summer season on the fatty acid and sensory profile and consumer preference for cheese was
evaluated. Comisana ewes (n = 32) were divided into four groups: a control (CON) group fed
(30 days) with pelleted concentrate, a flaxseed (FS) group fed with whole flaxseed supplementation
(250 g/ewe per day), an A. nodosum (AN) group fed with 5% of A. nodosum (into 1 kg/ewe of pelleted
concentrate), and an FS + AN group fed with a combination of algae and flaxseed. Pecorino cheeses
were analysed after 1 day (curd) and after 45 days (cheese) of ripening. Curd from the FS and FS + AN
groups registered higher contents of MUFA, n-3, and n-3/n-6, and lower levels of atherogenic and
thrombogenic indexes than curd from the CON and AN groups, as well as a higher content of
C18:3n-3, C18:2t9t12, and CLA9c11t, and n-3 and n-3/n-6 fatty acids. Consumers attributed the
lowest scores for appearance attributes to AN Pecorino cheese; while Pecorino cheese from FS and
FS + AN was judged to have a high-strength flavour attribute and a low rancid, mouldy, and piquant
flavour, in comparison with cheese from AN. Flaxseed supplementation could be an effective strategy
to improve the nutritional quality of the lipid fraction of cheese without having a detrimental impact
on its sensory attributes, especially during the summer season.

Keywords: dairy products; small ruminants; fatty acids; human nutrition

1. Introduction

Pecorino cheese is an Italian cheese made from ewe milk traditionally produced in
Central and Southern Italy, contributing to the employment and income in the dairy sheep
industry. Particularly, in Italy, several types of typical and traditional Pecorino cheeses are
produced which are characterised by a short ripening time and semi-hard consistency [1],
are made from raw, thermised or pasteurised milk [2], and are widely consumed as ta-
ble cheese. However, very few studies describe the impact of different nutritional plans
on Pecorino cheese quality and sensory attributes. In the last decades, there has been a
re-discovery of natural and historical cheeses by the postmodern consumer which eval-
uates positively the place of origin by influencing their purchasing decisions towards a
willingness to pay premium prices for traditional products [3]. Milk and dairy products are
important components of the diet, playing an essential role in meeting nutritional require-
ments; in particular, cheese is rich in essential nutrients including fat, fatty acids, proteins,
peptides, amino acids, vitamins, and minerals. However, cheese also contains relatively
high levels of saturated fatty acids (SFAs) which are commonly perceived as negatively
impacting the healthfulness of the diet and are associated with increased markers of cardio-
vascular risk and metabolic syndrome [4]. Dairy sheep farming systems in Mediterranean
countries are based mainly on pasture, which is one of the major factors contributing to the
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enrichment of milk in beneficial fatty acids, especially conjugated linoleic acid (CLA). How-
ever, quantitative, and qualitative availability of pasture is greatly influenced by seasonality,
and it is characterised by scarcity and poor quality during the summer season, in which
dairy ewes are usually in late lactation. At this time of the year, dietary interventions based
on different oils and oilseeds supplementation have been demonstrated to be beneficial for
improving the fatty acid profile of milk [5]. Moreover, the manipulation of sheep diet with
different plant oils has improved the fatty acid profile of cheese by raising the content of
n-3 polyunsaturated fatty acid (PUFA) and CLA [6] and reducing the proportion of SFAs,
thereby achieving a profile consistent with consumer perception and health recommen-
dation. A limited number of experiments have been conducted on the evaluation of fat
dietary supplementation during the summer season on the composition and quality of
sheep dairy products, particularly, no previous studies have assessed the role of A. nodosum
supplementation on dairy sheep products. Moreover, the novelty of the present study was
the dietary intervention of sheep with A. nodosum supplementation and its combination
with flaxseed, based on the hypothesis that PUFA supplementation during the summer
season would improve the fatty acid profile of Pecorino-type cheese towards one with
health-promoting features for human consumption. Therefore, the primary objective was
to assess the effect of supplementation of ewes’ diet with flaxseed, Ascophyllum nodosum,
and their combination on the fatty acid profile of Pecorino curd and Pecorino cheese after
45 days of ripening. A further objective was to study the sensory profile and the consumer’s
preference for ripened Pecorino cheese.

2. Materials and Methods

2.1. Animals and Experimental Design

The experiment involved 32 late-lactating Comisana ewes and lasted for 5 weeks
during the summer season on a dairy farm located in Foggia (Apulia region, Italy). The
first 7 days of the trial were considered an adaptation period to the experimental diets.
Ewes were balanced for days in milk (200 ± 2, DIM), milk yield (271 ± 8.42 g/d), body
weight (55.15 ± 1.08 kg, BW), and body condition score (2.53 ± 0.1, BCS), and were divided
into four experimental groups that were individually fed twice daily. The control group
(CON, n = 8) was fed with 1 kg/ewe/d of pellet concentrate (Mangimificio Molino Gallo,
Potenza, Italy); the FS group (n = 8) received a supplementation of 250 g/ewe/d of whole
flaxseed (Lin Tech. Tecnozoo srl, Torreselle di Piombino Dese, Italy) which was substituted
to the same amount of pellet concentrate; the AN group (n = 8) received supplementation
of 5% A. nodosum directly incorporated into pellet concentrate (Tasco); and the FS + AN
group (n = 8) received supplementation with 250 g/ewe/d of flaxseed and 750 g/ewe/d
of pelleted concentrate with 5% A. nodosum incorporated in it. The experimental groups
also individually received 1.8 kg/ewe/d of oat hay with water offered ad libitum. The
EU Directive 2010/63/EU guidelines [7] on the protection of animals used for experimen-
tal and other scientific purposes were followed. Animals were carefully examined by
veterinarians throughout the trial to monitor their health condition. Dry matter intake
(DMI) was determined by weighing the refusals four times per day (0800, 1200, 1600, and
2000 h). No differences were found for DMI among groups, being 2.62 ± 0.04 kg/ewe/d
(mean value ± SEM). Experimental diets were analysed for the fatty acid composition [8].
In brief, the flaxseed supplement was characterised by a total of 53.21% of C18:3n-3 (alpha-
linolenic acid, ALA), while the A. nodosum supplement by a total of 37.03% C18:1 cis-9
(oleic acid) and 5.03% C20:5n3 (Eicosapentaenoic acid, EPA) calculated on fatty acids.

2.2. Sampling and Chemical Analyses of Milk and Pecorino Cheese

At the end of the dietary treatments, ewes’ bulk milk from five consecutive milkings
(morning and afternoon milking from 2.5 days) was collected to manufacture Pecorino
cheese from each experimental group. Two cheese-making trials were performed. One
fresh milk aliquot from each experimental group was collected for chemical composition
determination, in terms of pH (GLP 21 Crison, Barcelona, Spain), fat, total protein, lac-

18



Foods 2024, 13, 2165

tose, and casein content, by using MilkoScanTM FT120 (Foss Electric. DK-3400 Hillerød,
Denmark) according to the International Dairy Federation standard [9]. Moreover, the
evaluation of somatic cell count (SCC) by a Foss Electric Fossomatic 90 cell counter, and
the renneting milk characteristics, (clotting time, rate of clot formation, and clot firmness
after 30 min) using a Foss Electric formagraph, were performed. The traditional protocol of
Pecorino cheese-making is shown in Figure 1.

 
Figure 1. Pecorino cheese manufacturing protocol, adapted from [10].

The chemical composition of Pecorino curd (1 day of ripening) and Pecorino cheese
(45 days of ripening) was determined in terms of pH, dry matter content, moisture, and
NaCl. The total nitrogen (TN), non-casein nitrogen (NCN), and non-protein nitrogen
(NPN) levels were determined using the standard Kjeldahl method procedures [11]. The
casein nitrogen (CN) content in the curd and cheese samples was calculated by the formula
CN = (TN − NCN) × 6.38 (conversion factor), the whey protein (WP) content by the
formula WP = (NCN − NPN) × 6.38 (conversion factor), and the fat content by using the
Soxhlet method.

2.3. Fatty Acids Profile of Pecorino Curd and Cheese

Extraction of fatty acids from Pecorino curd and cheese samples was performed
following the O’Fallon et al. [8] procedure. In brief, 1.0 g of cheese sample was placed into
a screw-capped Pyrex tube (16 × 125 mm) and treated with C13:0 internal standard (0.5 mg
of C13:0/mL of methanol), 0.7 mL of 10 N KOH, and 5.3 mL of methanol. The mixture was
incubated for 1.5 h at 55 ◦C in a water bath and shaken every 20 min. After cooling the tube
to below room temperature, 0.58 mL of H2SO4 (24 N) was added and the sample was mixed
by inversion and incubated for 1.5 h at 55 ◦C in a water bath and shaken every 20 min.
Subsequent to the cooling step, which was performed in a cold tap water bath, 3 mL of
hexane was added to the tube and it was vortexed for 5 min. The fatty acid methyl ester
(FAME) was collected in the hexane layer obtained after centrifugation at 500× g for 5 min
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and then placed into a GC vial and stored at −20 ◦C until capillary gas chromatography
(CG) analysis was performed. Specifically, a capillary column (Agilent Technologies Inc.
Santa Clara, CA, HP-88, 100 m × 0.25 mm × 0.20 μm) installed on an Agilent Technologies
6890N GC equipped with a flame-ionisation detector and a split injection was used. The
starting oven temperature was 70 ◦C (held for 4 min), it was increased to 175 ◦C (rate of
13 ◦C min−1, held for 27 min), and finally raised to 215 ◦C (rate of 4 ◦C min−1, held for
45 min). The carrier gas was represented by helium with a column head pressure of 175 kPa.
The temperature of both the injector and the detector was 250 ◦C, and the split ratio was
set at 20:1. Fatty acids were identified by comparing the retention times of the fatty acids of
the samples with those of the fatty acid methyl standards (FIM-FAME-7-Mix, Matreya LLC,
Pleasant Gap, PA, USA) and C18:1 trans-11, C18:2 cis-9,trans-11, C18:2 cis-9,cis-11, C18:2
trans-9,trans-11, and C18:2 trans-10,cis-12 (Matreya LLC, State College, PA, USA). The peak
areas were quantified using Agilent Chemstation software (B.04.03). Short-chain fatty acids
(SCFAs) represent the sum of C4:0, C6:0, C8:0, C10:0, and C12:0. Medium-chain fatty acids
(MCFAs) represent the sum of C14:0, C14:1c, C15:0, C16:0, C16:1c, C17:0, and C17:1c. Long-
chain fatty acids (LCFAs) represent the sum of C18:0, C18:1t11, C18:1c6, C18:1c9, C18:2t9t12,
C19:1t10, C19:1t7, C18:2c9c12, C20:0, C18:3n3, CLA9c11t + C20:1c11, CLA 10t,12c, C22:0,
C20:4n6, C20:5n3, and C22:5n3. Atherogenic and thrombogenic indexes were calculated
using the Ulbricht and Southgate [12] formulas as follows: atherogenic index (AI) = (C12:0
+ 4 × C14:0 + C16:0)/[Σ MUFA + Σ PUFA(n-6) and (n-3)]; thrombogenic index (TI) = (C14:0
+ C16:0 + C18:0)/[0.5 × Σ MUFA + 0.5 × Σ PUFA(n-6) + 3 × Σ PUFA(n-3) + (n-3)/(n-6)].

2.4. Descriptive Sensory Analysis and Consumer Test

Staff and students of the DAFNE Department of the University of Foggia were re-
cruited for Pecorino cheese (45 days of ripening) sensory analysis. Subject information and
consent forms are reported in the Supplementary Materials (Figure S1). Firstly, consumers
were asked to fill out a questionnaire (Figure S2) which included information about age,
sex, and the frequency of consumption of Pecorino cheese. The enrolled panel consisted
of a total of 58 consumers, characterised by men and women (46 and 54%, respectively),
aged 21–43, who consumed cheese regularly (frequency of consumption of at least once a
week). The panellists were trained for sensory evaluation procedures and shared a specific
vocabulary describing the definitions of cheese attributes. Table 1 outlines the vocabulary
used for cheese appearance, colour, odour, and flavour attribute characterisation.
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Table 1. Descriptive vocabulary and their definition, adapted from [13,14] used by panellists to
evaluate Pecorino cheese in the present study.

Attributes Definition

Appeareance
Chalky Resembling chalk in appearance
Uniformity Absence of cracks, pinholes, irregular-shaped holes
Grainy The extent to which granular structures are formed as the sample breaks down (perceived in the second half of chewing)

Colour

Mottling The evenness of color shading within the cheese sample, with the most uniformly coloured cheese being free of mottling,
marbling, or any other deficiencies in color

Colour Intensity The color of cheese, ranging from pale yellow to orange, with the palest of yellow representing the start of the scale
Odour

Strength The overall intensity of aroma and flavor; the degree of mildness and maturity
Acidic The smell associated with lactic and citric acids

Rancid The smell associated with sour milk and oxidised fats, having the rank of an unpleasant aroma characteristic of oils and fats
when no longer fresh

Flavour
Strength The overall intensity of aroma and flavor; the degree of mildness and maturity
Salty The fundamental taste sensation of which sodium chloride is typical
Acidic The fundamental taste sensation of which lactic and citric acids are typical
Piquant The taste associated with an irritating or aggressive sensation perceived in the mouth or in the throat
Bitter The fundamental taste sensation of which caffeine and quinine are typical
Sweet The fundamental taste sensation of which sucrose is typical
Mouldy The taste associated with moulds, usually earthy, dirty, stale, musty, and slightly sour

Rancid The taste associated with sour milk and oxidised fats, having the rank of an unpleasant aroma or taste characteristic of oils
and fats when no longer fresh

Pecorino cheeses that were ripened for 45 days were allowed to remain at room tem-
perature (22 ◦C) for 1 h prior to the panel consumer test to achieve an optimum condition
for sensory evaluation and obtain homogeneous cuts. The consumer test procedure was
previously described in [13]. Briefly, each cheese sample was assigned a random number,
and slices of 1.5 × 1.5 × 1.5 cm from all four experimental groups were randomly offered
to the panellists. After each cheese tasting, the consumers were invited to take a small piece
of unsalted crispy bread and drink a small quantity of water. Panellists used a 10-point
intensity scale to sign the cheeses’ perception. For the acceptance rating test, panellists
were requested to express their overall liking on a 10-point hedonic scale from 0 (dislike
extremely) to 10 (like extremely), with a neither like nor dislike neutral centre point. The or-
der of cheese presentation between each consumer test session was performed to minimise
any carryover effects [15]. At the end of the sessions, panellists were invited to express
their preferred cheese among the ones tested.

2.5. Statistical Analysis

Data on the chemical composition of milk and the fatty acids profile of both the
Pecorino curd and cheese were tested to determine a normal distribution. The differences
between experimental groups were determined by ordinary one-way analysis of variance
(ANOVA) with the Least Square Difference (LSD) post-hoc test for multiple pairwise com-
parisons. A value of p < 0.10 was considered as a tendency. The ability of the descriptive
vocabulary to discriminate among cheeses was tested using one-way ANOVA and LSD
for multiple pairwise comparison tests of the panel mean scores for each cheese. Principal
component analysis was applied to a matrix of 16 sensory attributes (Appearance: chalky,
uniformity, and grainy, Colour: colour uniformity, mottling, and intensity; Odour: strength,
acidic, rancid; Flavour: strength, salty, acidic, piquant, bitter, sweet, mouldy, and rancid)
using the PRINCOMP procedure of SAS, then the main significant two principal compo-
nents were analysed using factorial analysis. All analyses were carried out in the statistical
software SAS version 9.4, accessed through SAS University Edition [16].
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3. Results and Discussion

3.1. Milk Chemical Composition

Recently, there has been a heightened interest in dairy production towards the en-
hancement of its human health-promoting properties, especially regarding the quality of
the fat fraction which can be modified by proper fat dietary interventions. Notably, the
response of dairy animals to fat supplementation may be related to fat source, level of
supplementation, and stage of lactation [17]. In the present study, different sources of PUFA
were added to the diet of sheep in late lactation during the summer season with the aim of
studying their effect on milk and Pecorino cheese quality, with a focus on the fatty acids
composition, sensory profile, and consumers’ preference of Pecorino cheese. The effect of
FS, AN, and the combination of FS and AN on bulk-milk composition used for Pecorino
cheese-making is presented in Table 2.

No significant effect was registered in terms of milk yield (356.75 g/ewe/d ± 20.27)
among experimental groups. Bulk milk significantly differed in fat (p = 0.03), with the
AN and FS + AN groups showing higher fat content than the CON and FS groups. It was
reported that the effects of marine algae supplementation in ewes’ feeding are complex and
not univocal, mainly due to different basal diet compositions and dosages. Accordingly,
previous results on the milk fat content in ewes demonstrated its depression [18], no
change [19], or increase [20]. In the present paper, AN alone or in combination with FS
seemed to sustain the fat content, probably due to the low level of CLAt10c12 found which is
responsible for milk fat depression syndrome [6]. Additionally, the literature on the effect of
whole flaxseed on milk fat content is controversial; however, according to the results of the
present study, most of the experimental trials on the administration of whole flaxseed report
no effect on ewe milk fat content [21]. Protein content in milk tended to be higher (p < 0.10)
in the AN and FS + AN groups than in the CON one, while casein content increased in all
the supplemented groups (p < 0.018). The positive effect on milk protein secretion may be
ascribed to the phlorotannins yielded by A. nodosum supplementation; such compounds
are able to make complexes with proteins and carbohydrates thus reducing dietary protein
degradation in the rumen environment and allowing the escaped amino acids to support
milk protein synthesis in the mammary gland [22].

Table 2. Bulk-milk chemical composition for Pecorino cheese production as affected by the experi-
mental diets.

Experimental Diets 1

Items CON AN FS FS + AN SEM p-Value

pH 6.57 6.60 6.64 6.57 0.029 NS
Fat, % 5.75 b 6.78 a 5.74 b 6.72 a 0.204 *
Protein, % 5.37 b 5.85 a 5.64 ab 5.83 a 0.084 <0.10
Lactose, % 4.26 4.64 4.56 4.66 0.074 NS
Casein, % 3.95 b 4.57 a 4.30 a 4.55 a 0.100 *
SCC 2, log10 n. cell/mL 2.81 3.10 3.04 2.89 2.31 NS
r 3, min 6.45 6.73 7.45 5.80 0.458 NS
a30

4, mm 50.50 51.51 59.16 54.80 1.901 NS
k20

5, min 1.30 1.23 1.30 1.23 0.032 NS
a–b Mean values in the same row with different superscripts differ (p < 0.05). * p < 0.05, <0.10 tendence, NS = p >
0.10. 1 CON = sheep fed conventional diet; AN = sheep supplemented with 5% Ascophyllum nodosum directly
incorporated into pellet concentrate (Tasco); FS = sheep supplemented with 250 g/ewe/d of whole flaxseed;
FS + AN= sheep supplemented with 250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted concentrate with
incorporated 5% A. nodosum. 2 SCC= Somatic Cell Count. 3 r = rennet coagulation time (min). 4 a30= curd firmness
30 min after enzyme addition (mm). 5 k20 curd firmness traits (min) [time to curd firmness of 20 mm (k20)].

Moreover, in cows supplemented with A. nodosum, an improvement in macromineral
content in milk, in particular, P and Ca, was observed due to the high mineral content
supplied by seaweed [23]. Sheep milk contains higher Ca, P, and Mg levels than other
common milk sources; these minerals are largely associated with the colloidal casein
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micelles [24]. Based on the previous statements, AN supplementation may contribute to
improved Ca and P availability in the mammary gland, in turn enhancing the efficiency
of casein micelle synthesis. Concerning whole flaxseed supplementation, it is widely
reported that there is a suppressive effect of dietary fat on milk protein synthesis due to
the reduced availability of amino acids to the mammary gland [21]. It was previously
reported that flaxseed supplementation is able to sustain the immune response during
heat stress exposition, mediated by C18:3 n-3 content [25]. Therefore, the increased level
of casein observed in the FS group compared to the CON group could be an outcome of
the improved health status of the late lactating ewes sustaining the secretory pattern of
the mammary gland during the summer season. Finally, no significant differences were
registered among experimental groups in terms of the pH, somatic cell count, and renneting
properties of the bulk milk destined for Pecorino cheese-making.

3.2. Pecorino Curd Chemical and Fatty Acids Composition

The gross composition of Pecorino curds was not different across the experimental
groups, denoting that the cheese-making technology of traditional cheese was able to stan-
dardise curd gross composition. Mean composition was 60.87 ± 0.6% (mean value ± SEM),
41.55 ± 1.38%, and 20.88 ± 1.15% for moisture, fat, and protein, respectively. The fatty acid
composition of Pecorino curds obtained from the milk of ewes supplemented with different
sources of PUFA is reported in Table 3.

Table 3. Fatty acids composition of Pecorino curd as affected by the experimental diets.

Experimental Diets 1

Item CON AN FS FS + AN SEM p-Value

FA, g/100 g of FA
C4:0 3.38 4.28 3.58 3.99 0.233 NS
C6:0 1.69 b 2.56 a 1.42 b 1.79 b 0.144 *
C8:0 1.58 b 2.54 a 1.24 b 1.59 b 0.150 *
C10:0 4.54 b 7.14 a 3.47 b 4.38 b 0.401 **
C12:0 3.14 b 4.32 a 2.64 b 2.98 b 0.181 **
C14:0 10.52 a 11.15 a 8.37 b 8.64 b 0.327 *
C16:0 28.51 a 26.04 b 22.54 c 21.99 c 0.746 ***
C16:1c 1.32 a 1.25 a 1.07 b 0.98 b 0.037 ***
C18:0 8.59 b 7.26 b 9.71 ab 10.54 a 0.361 **
C18:1t11 2.11 c 3.28 b 6.21 a 3.79 b 0.411 ***
C18:1c9 23.81 b 20.10 c 25.78 ab 26.90 a 0.733 ***
C18:2t9t12 0.13 b 0.11 b 0.18 a 0.13 b 0.008 *
C18:2c9c12 2.85 a 2.73 ab 2.43 c 2.55 bc 0.050 **
C18:3n3 0.76 b 0.98 b 2.07 a 2.05 a 0.163 ***
CLA9c11t 0.64 c 0.93 bc 1.93 a 1.31 b 0.139 ***
CLAt10c12 0.04 c 0.05 b 0.11 a 0.04 c 0.007 ***
C22:0 0.10 a 0.04 b 0.05 ab 0.04 b 0.009 *
C20:4n6 0.20 ab 0.23 b 0.19 a 0.17 b 0.008 <0.10
C20:5n3 0.08 a 0.05 b 0.07 ab 0.06 ab 0.005 NS
C22:5n3 0.08 a 0.06 b 0.09 a 0.09 a 0.003 **

a–c Mean values in the same row with different superscripts differ (p < 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001, <0.10
tendence, NS = p > 0.10. 1 CON = sheep fed conventional diet; AN = sheep supplemented with 5% Ascophyllum
nodosum directly incorporated into pellet concentrate (Tasco); FS = sheep supplemented with 250 g/ewe/d of
whole flaxseed; FS + AN = sheep supplemented with 250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted
concentrate with incorporated 5% A. nodosum.

Different sources of dietary PUFAs affected the fatty acid profile of cheese curd dif-
ferently. The AN curd was characterised by the highest concentration of fatty acids, from
C6:0 to C14:0. The dietary intervention with FS and FS + AN supplementation significantly
decreased the level of C16:0, which was intermediate in the AN group and showed the
highest values in the CON group. Both the levels of C18:0 and C18:1c9 were highest in the
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FS and FS + AN groups. Moreover, plain flaxseed supplementation resulted in higher levels
of C18:1t11, CLA 9c11t, and CLA t10c12 fatty acids than the other experimental groups.

The fatty acid indexes of Pecorino curd are presented in Table 4.
The SCFA level was the highest in the AN group (p = 0.004), and the MCFA level was

higher in the AN and CON groups than the FS and FS + AN groups (p < 0.001). On the
contrary, these last experimental groups registered higher levels of LCFAs. Moreover, the
sole FS supplementation showed the lowest level of SFAs and the highest level of PUFA and
n-6. The content of MUFA, n-3, and the index n-3/n-6 was higher in the FS and FS + AN
groups than in the CON and AN groups. As expected, both the FS and FS + AN groups
showed lower levels of AI and TI indexes than the CON and AN groups (p < 0.001). Within
the medium chain FAs, flaxseed supplementation improved the fatty acid composition
of Pecorino curd by reducing the level of C14:0 by about 19%, and C16:0 by 21%, with
both fatty acids being mainly involved in human cardiovascular risk [26]. The decreased
proportions of the mentioned fatty acids in cheese curd depend directly on the conditions
of milk production; accordingly, in buffalo milk, a decreased proportion of medium-chain
fatty acids was reported [27] due to the whole flaxseed which can alter the ruminal ability
to produce fatty acids. Furthermore, the supplementation of flaxseed exerted a leading role
in the enhancement of beneficial molecules for human consumption, including vaccenic
acid (C18:1t11) and CLA. Interestingly, both flaxseed and the combination of flaxseed and
A. nodosum contributed to obtaining a favourable distribution of fatty acids in terms of the
degree of acidic carbon chain unsaturation, as demonstrated by the improvement of n-3,
n-3/n-6, AI, and TI of the curd, indexes which are considered crucial for the prevention and
management of chronic disease [28]. In accordance with our findings, sheep supplemented
with flaxseed and a combination of flaxseed and A. nodosum resulted in reduced levels of
AI and TI indexes in individual sheep milk during the summer season [5].

Table 4. Fatty acid indexes of Pecorino curd as affected by the experimental diets.

Experimental Diets 1

Item CON AN FS FS + AN SEM p-Value

SCFA 2 13.34 b 20.84 a 12.35 b 14.74 b 1.32 **
MCFA 3 42.45 a 40.14 a 33.80 b 33.25 b 0.75 ***
LCFA 4 39.92 b 36.70 b 50.85 a 49.44 a 1.06 ***
SFA 5 64.57 b 67.48 a 55.47 d 58.15 c 1.289 ***
MUFA 6 30.30 b 27.12 c 37.07 a 35.16 a 1.059 ***
PUFA 7 5.13 c 5.41 c 7.45 a 6.70 b 0.260 ***
P/S 8 0.08 c 0.08 c 0.13 a 0.12 b 0.006 ***
n-6 4.15 b 4.29 b 5.18 a 4.46 b 0.123 **
n-3 0.97 b 1.13 b 2.27 a 2.24 a 0.165 ***
n-3/n-6 0.24 b 0.26 b 0.44 a 0.50 a 0.031 ***
AI 9 2.08 b 2.32 a 1.32 c 1.43 c 0.113 ***
TI 10 2.34 a 2.30 a 1.43 b 1.53 b 0.111 ***

a–c Mean values in the same row with different superscripts differ (p < 0.05). ** p < 0.01, *** p < 0.001. 1 CON
= sheep fed conventional diet; AN = sheep supplemented with 5% Ascophyllum nodosum directly incorporated
into pellet concentrate (Tasco); FS = sheep supplemented with 250 g/ewe/d of whole flaxseed; FS + AN = sheep
supplemented with 250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted concentrate with incorporated 5%
A. nodosum. 2 SCFA= Short Chain Fatty Acids. 3 MCFA= Medium Chain Fatty Acids. 4 LCFA = Long Chain
Fatty Acids. 5 SFA = Saturated Fatty Acids. 6 MUFA = Monounsaturated Fatty Acids. 7 PUFA = Polyunsaturated
Fatty Acids. 8 P/S = Polyunsaturated Fatty Acids/Saturated Fatty Acids. 9 AI = Atherogenic Index. 10 TI =
Thrombogenic index.

3.3. Pecorino Cheese Chemical and Fatty Acids Composition

As for the Pecorino curds, the chemical composition of Pecorino cheeses ripened
for 45 d did not change across the experimental treatments; mean values for moisture
of 36.39 ± 0.81%, for fat of 34.66 ± 2.01%, for protein of 35.31 ± 3.41%, and for casein of
30.51 ± 3.01% were found.

The fatty acid composition of Pecorino cheeses after 45 days of ripening is presented
in Table 5.
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Table 5. Fatty acid composition of Pecorino cheese as affected by the experimental diets.

Experimental Diets 1

Item CON AN FS FS + AN SEM p-Value

FA, g/100 g of FA
C4:0 3.63 3.45 2.53 2.98 0.244 NS
C6:0 1.85 ab 2.13 a 1.19 b 1.41 ab 1.449 NS
C8:0 1.78 ab 2.2 a 1.18 b 1.4 b 0.137 *
C10:0 5.03 ab 6.26 a 3.47 c 3.9 bc 0.348 **
C12:0 3.62 ab 3.93 a 2.80 b 2.96 b 0.178 <0.10
C14:0 12.71 a 10.71 ab 9.49 b 9.46 b 0.549 <0.10
C16:0 28.11 26.75 27.96 26.64 2.458 NS
C16:1c 1.63 a 1.23 ab 1.26 ab 1.12 b 0.087 NS
C18:0 10.91 b 8.13 c 12.52 b 14.72 a 0.697 **
C18:1t11 3.36 b 3.79 b 9.21 a 5.73 b 1.05 **
C18:1c9 29.47 21.43 13.64 14.34 3.095 NS
C18:1c11 0.44 0.42 0.57 0.49 0.032 NS
C18:2t9t12 0.18 b 0.17 b 0.63 a 0.68 a 0.077 **
C18:2c9c12 3.67 2.92 3.07 3.23 0.176 NS
C18:3n3 0.79 b 0.80 b 1.93 a 2.16 a 0.182 **
CLA9c11t 0.93 b 0.89 b 1.97 a 1.77 a 0.165 *
CLAt10c12 0.05 b 0.06 b 0.11 a 0.06 b 0.007 **
C22:0 0.12 a 0.07 b 0.10 ab 0.08 ab 0.009 NS
C20:4n-6 0.21 a 0.18 ab 0.16 b 0.17 ab 0.008 NS
C20:5n-3 0.09 0.06 0.07 0.09 0.007 NS
C22:5n-3 0.09 ab 0.07 b 0.10a 0.11 a 0.006 *

a–c Mean values in the same row with different superscripts differ (p < 0.05). * p < 0.05, ** p < 0.01, <0.10 tendence,
NS = p > 0.10. 1 CON = sheep fed conventional diet; AN = sheep supplemented with 5% Ascophyllum nodosum
directly incorporated into pellet concentrate (Tasco); FS = sheep supplemented with 250 g/ewe/d of whole
flaxseed; FS + AN = sheep supplemented with 250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted concentrate
with incorporated 5% A. nodosum.

Pecorino cheese produced with milk from the FS and FS + AN groups showed lower
levels of C8:0 and C10:0 fatty acids than that of the AN group. The FS and FS + AN groups
showed a tendency in the level of C12:0 and 14:0, which were lower than the CON and
AN groups. The FS + AN group showed the highest level of C18:0, followed by the FS and
CON groups (p < 0.001). The C18:1t11 content was the highest in the FS group (p = 0.008),
while the contents of C18:3n3, C18:2t9t12, and CLA9c11t fatty acids were higher in the FS
and FS + AN groups than in the CON and AN groups. The fatty acid indexes of Pecorino
cheese are presented in Table 6.
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Table 6. Fatty acid indexes of Pecorino cheese after 45 days of ripening as affected by the experimental
diets.

Experimental Diets 1

Item CON AN FS FS + AN SEM p-Value

SCFA 2 15.91 ab 17.96 a 11.18 b 12.75 ab 1.67 *
MCFA 3 30.93 40.50 41.07 39.28 3.96 NS
LCFA 4 53.90 43.35 54.65 51.17 3.37 NS
SFA 5 56.48 65.56 63.76 65.97 2.066 NS
MUFA 6 37.05 28.95 28.17 25.27 2.376 NS
PUFA 7 6.48 ab 5.49 b 8.59 a 8.76 a 0.531 *
P/S 8 0.12 ab 0.08 b 0.14 a 0.13 a 0.008 *
n-6 5.43 4.52 6.43 6.34 0.380 NS
n-3 1.05 b 0.97 b 2.16 a 2.42 a 0.189 ***
n-3/n-6 0.21 b 0.21 b 0.34 a 0.39 a 0.023 ***
AI 9 1.62 2.14 2.1 2.15 0.162 NS
TI 10 1.62 2.3 2.21 2.22 0.160 NS

a–b Mean values in the same row with different superscripts differ (p < 0.05), * p < 0.05, *** p < 0.001, NS = p > 0.10.
1 CON = sheep fed conventional diet; AN = sheep supplemented with 5% Ascophyllum nodosum directly in-
corporated into pellet concentrate (Tasco); FS = sheep supplemented with 250 g/ewe/d of whole flaxseed;
FS + AN = sheep supplemented with 250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted concentrate with
incorporated 5% A. nodosum. 2 SCFA = Short Chain Fatty Acids. 3 MCFA = Medium Chain Fatty Acids. 4 LCFA
= Long Chain Fatty Acids. 5 SFA = Saturated Fatty Acids. 6 MUFA = Monounsaturated Fatty Acids. 7 PUFA =
Polyunsaturated Fatty Acids. 8 P/S = Polyunsaturated Fatty Acids/Saturated Fatty Acids. 9 AI = Atherogenic
Index. 10 TI = Thrombogenic index.

The SCFA levels were higher in the AN group than in the FS group; the PUFA levels
were higher in the FS and FS + AN groups than in the AN group. The n-3 and n-3/n-6 levels
were higher in the FS and FS + AN groups than in the CON and AN groups. No significant
differences emerged in the indexes AI and TI among the experimental groups. As for curd,
the occurrence of the highest levels of both C18:1t11 and CLA in the FS group is attributed
to the increase in biohydrogenation activity in the rumen supported by C18:3n-3 acid, which
represented about 53% of the fatty acids yielded by flaxseed supplementation. Furthermore,
vaccenic acid, which showed the highest content in the Pecorino curd and cheese, plays a
key role in the synthesis of CLA cis-9, trans-11 [29] via both biohydrogenation conducted
by ruminal bacteria and Δ9-desaturase activity in the udder. On the contrary, A. nodosum
is mainly rich in eicosapentaenoic acid (representing about 5.03% of fatty acid), which
was not found in different levels between the experimental groups. This result could be
explained by the low transfer efficiency of EPA from the diet into milk, due to its extensive
biohydrogenation at the rumen level. Moreover, the limited supply of EPA to the mammary
gland, and therefore to milk, was also ascribed to the competition of its use between the
mammary gland and adipose tissue [30].

The supplementation of flaxseed and the combination of flaxseed and A. nodosum
resulted in an improved content of PUFA, n-3, and n-3/n-6 ratio also in Pecorino cheese
ripened for up to 45 d, compared with plain A. nodosum supplementation. Therefore,
especially in rearing systems where pasture is not available or during the time of the
year characterised by scarcity and low-quality pasture, flaxseed supplementation can
represent a feasible strategy capable of enhancing the nutritional value of the fat fraction of
Pecorino cheese.

3.4. Descriptive Sensory Analysis and Consumer Test

The sensory attributes of Pecorino cheeses produced with milk from different dietary
supplementations were categorised for appearance, colour, odour, and flavour (Table 7).
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Table 7. Sensory attributes assessed by panellists after the consumer test of the Pecorino cheeses as
affected by the experimental diets.

Experimental Diets 1

Attributes CON AN FS FS + AN SEM p-Value

Appeareance
Chalky 5.05 5.21 4.95 4.53 0.15 0.405
Uniformity 5.97 a 5.215 b 6.19 a 6.19 a 0.14 *
Grainy 5.19 ab 5.55 a 4.83 b 4.24 b 0.15 *

Colour
Colour Uniformity 6.39 6.03 6.45 6.47 0.12 NS
Colour intensity 5.69 a 4.53 b 6.03 a 5.48 a 0.14 **

Odour
Strength 5.92 5.66 5.53 5.91 0.12 NS
Acidic 3.28 3.64 3.00 3.07 0.15 NS
Rancid 2.14 2.19 2.05 2.02 0.15 NS

Flavour
Strength 6.31 ab 6.60 a 5.72 b 6.36 a 0.12 <0.10
Salty 5.76 5.52 5.34 5.12 0.13 NS
Acidic 3.91 4.26 3.53 3.90 0.16 NS
Piquant 2.40 2.79 2.78 2.29 0.15 NS
Bitter 2.83 3.31 2.84 3.24 0.16 NS
Sweet 2.60 2.76 3.48 2.93 0.17 NS
Mould 1.41 1.55 1.17 1.21 0.13 NS
Rancid 2.19 2.24 1.62 1.86 0.16 NS

a–b Mean values in the same row with different superscripts differ (p < 0.05), * p < 0.05, ** p < 0.01, <0.10 tendency,
NS = p > 0.10. 1 CON = sheep fed conventional diet; AN = sheep supplemented with 5% Ascophyllum nodosum
directly incorporated into pellet concentrate (Tasco); FS = sheep supplemented with 250 g/ewe/d of whole
flaxseed; FS + AN = sheep supplemented with 250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted concentrate
with incorporated 5% A. nodosum.

Panellists scored the lowest appearance uniformity for AN Pecorino cheese (p = 0.035),
while the grainy attribute was judged lower in the FS + AN and FS Pecorino cheeses than
in the AN one (p = 0.018). Moreover, the perception of colour intensity showed the lowest
value in the AN Pecorino cheese (p = 0.001). Odour attributes, in terms of strength, acidity,
and rancidity were found comparable among Pecorino cheeses. As regards the flavour
attributes, no significant differences emerged among experimental Pecorino cheeses, only
the strength attribute tended to be lower (p = 0.06) in the FS cheese than in both the AN
and FS + AN Pecorino cheeses.

For the PCA results on sensory attributes, the first two principal components (PCs)
were chosen as the main representatives (Table S1). In particular, PC1 accounted for 24.93%
of the total variance, with the main attributes that were positively correlated being rancidity,
mould, and having a piquant flavour and a rancid and acidic odour. Furthermore, the
second principal component (PC2 = 15.4% of total variance) was positively characterised by
the following attributes: appearance uniformity, colour intensity, and uniformity. Figure 2
shows that the FS and FS + AN Pecorino cheeses were characterised by a negative PC1 score.
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Figure 2. Principal Components Analysis of sensory parameters of Pecorino cheese produced from
milk of sheep supplemented with flaxseed (FS, 250 g/ewe/d), Ascophyllum nodosum (AN, pelleted
concentrate with incorporated 5% A. nodosum), the combination of flaxseed and A. nodosum (FS + AN,
250 g/ewe/d of flaxseed and 750 g/ewe/d of pelleted concentrate with incorporated 5% A. nodosum),
or not supplemented (CON).

On the contrary, the AN cheese was in a well-defined zone of the plot with a negative
PC2 score, categorising cheese with a lower appearance attribute. The CON cheese was
located in the central part of the plot characterised by lower levels of both PC1 and PC2.
The definition of a descriptive vocabulary is a key point to support the promotion and
commercialisation of hard ovine cheese, especially to test the impact of managerial choices
on the quality of typical and traditional dairy products. Consumers’ attribute evaluations
of Pecorino cheese from A. nodosum supplementation were characterised by reduced ap-
pearance, uniformity, and colour intensity. These attributes were perceived negatively by
the panellists, influencing the position of the AN Pecorino cheese depicted in a defined
zone of PCA which described cheese with a lower appearance attribute. In Torri et al. [31],
the consumers’ preferences for cheese enriched with grape skin powder (Barbera and
Chardonnay) were positively influenced by the white colour, homogeneity, and elasticity
of the paste. In the present experiment, the Pecorino cheese from sheep supplemented with
flaxseed and the combination of flaxseed and A. nodosum was judged by the consumers
to have a high-strength flavour attribute and a low rancid, mouldy, and piquant flavour,
in comparison with the Pecorino cheese made from sheep milk supplemented with A.
nodosum. Data on the effects of a linseed supplementation-based diet on the sensory proper-
ties of milk products are not consistent [32–34]. Polyunsaturated fatty acids are more prone
to oxidation with the formation of unsaturated aldehydes resulting in the flavour defect
referred to as oxidative rancidity; however, in cheese, the lipid oxidation is considered
limited due to a low redox potential (−250 mV) [35]. Contrasting results were obtained
when extruded flaxseed was integrated into the diet: production of off-flavours due to
lipid oxidation was reported in cheese from cows [36] or goats [37] supplemented with
flaxseed. Conversely, in sheep cheese, Caccamo et al. [38] found the absence of a detectable
off-flavour in cheese matured for 40 days; this result agrees with the present research in
which no differences emerged in the rancid perception among Pecorino cheese ripened
for 45 days. In the present research, consumer preference was more oriented toward the
conventional cheese, with the CON Pecorino cheese being preferred by 33.33% of the panel,
followed by the FS group with a very close number of preferences of 28.07%, and then the FS
+ AN, which was preferred by 22.81%, and the AN Pecorino cheese, which was preferred by
17.54% of the panel. Consumers did not receive additional information about the different
types of cheese tested, so it might be interesting to assess the impact of attributes related to
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the health qualities of the fatty acid profile of cheeses which cannot be ascertained from the
direct tasting experience. Indeed, it was demonstrated that information about credence
attributes of animal-based products is able to move the expectations towards an increase in
quality perception and consumer liking [39]. A proper communication strategy would be
expected to drive consumers’ preferences towards products obtained from animals under
specific dietary plans that are able to sustain human health upon consumption.

4. Conclusions

In the present study, different sources of dietary PUFA, namely, flaxseed, Ascophyllum
nodosum, and a combination of the two, were administered to late-lactating sheep during the
summer season. A. nodosum supplementation to dairy ewes led to a higher fat and protein
content of bulk milk destined for cheese-making. The main focus of the experimental
supplementation was the study of its effect on the fatty acid profile of ovine cheese ripened
for up to 45 days, with the administration of flaxseed leading to the greatest impact in this
regard. Dietary flaxseed led to an increase in the level of PUFA and CLA by about 25%
and 50% compared to the control, respectively, enriching the cheese matrix with molecules
beneficial for human consumption. Descriptive sensory analysis was applied to characterise
the sensory attributes of the cheeses, and the flaxseed-supplemented cheeses showed a
sensory pattern comparable to the control cheese, whereas cheeses from the A. nodosum
supplementation were judged to be lower in appearance uniformity and colour intensity
than the control.

Overall, data from the present study demonstrated that supplementation based on
flaxseed, rather than on A. nodosum, could represent an effective strategy for improving
the nutritional quality of the lipid fraction of cheeses, especially during seasons in which
pasture is scarce and of poor quality, without exerting a negative impact on the sensory
attributes of cheese.
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Abstract: The fruit and beverage industry faces challenges related to waste management and environ-
mental pollution due to rapid industrial expansion. Fruit industry waste, such as blueberry pomace,
holds the promise of enhancing gut health and providing valuable antioxidants. Concurrently,
buttermilk, a prominent dairy product, offers nutritional and technological benefits but remains
underutilized. This study aimed to evaluate the incorporation of blueberry pomace (0%, 2%, 4%,
6%, 8%, and 10%) into buttermilk at varying levels and assess its impact on the physicochemical,
antioxidant, microbiological, and sensory characteristics of the buttermilk. Buttermilk samples were
supplemented with different concentrations of blueberry pomace and subjected to analysis over
a two-week storage period (4 ± 1 ◦C). The addition of blueberry pomace led to alterations in the
pH, dry matter, water holding capacity, color parameters, total phenolic content, and antioxidant
activity. Microbiological analysis revealed the absence of Enterobacteriaceae, yeast, or molds. Sensory
evaluation indicated significant differences among samples, with the highest scores observed for
the buttermilk supplemented with 2% and 4% blueberry pomace. Incorporating blueberry pomace
improved the overall acceptability and sensory properties. This research highlights the potential of
fruit industry by-products to enhance the functionality and health benefits of dairy products, which
is a promising way to effectively utilize waste.

Keywords: buttermilk; blueberry pomace; physicochemical properties; antioxidant activity;
microbiological analysis; sensory evaluation

1. Introduction

The surge in global demand for dairy products has propelled the dairy sector’s growth,
transitioning from traditional to mechanized production and scaling up to meet consumer
needs. However, this rapid industrial expansion not only leads to increased production
but also raises concerns about higher concentrations of pollutants in water and land,
contributing to environmental pollution and potential health risks [1]. By-products from the
dairy industry pose a significant environmental threat due to their high organic compound
content [2]. Buttermilk (BM) stands out as a major by-product in the dairy industry, formed
in the serum phase during butter production [3]. Despite its nutritional and technological
merits, BM remains underutilized [4]. Its composition typically includes lactose, proteins
(casein and serum proteins), lipids, ash, and polar lipids (phospholipids and sphingolipids)
originating from the milk fat globule membrane (MFGM). Notably, the concentration of
polar lipids in BM is about five times higher than in whole milk [5,6]. Various types
of BM are produced, including cultured buttermilk, sweet cream buttermilk, sour cream
buttermilk, and commercial buttermilk [7]. On the other hand, dairy products are frequently
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enriched with a variety of ingredients such as fruit [8] and press cake flour [9,10] to amplify
their positive health-promoting effects.

The agro-food industry has witnessed a notable increase in the production of by-
products in recent years, which offer the potential for added value due to their functional
and/or bioactive properties, promoting the concept of a circular economy [11]. Blueberry
pomace (BP), a by-product of the juice industry, comprises seeds, skins, and pulp residue,
constituting 20–30% of the fruit [12]. With its retained phenolic compounds and dietary fiber
content, BP holds promise for enhancing gut health, potentially influencing gut microbiota
composition [13]. Fermentation of BP by the probiotic Lactobacillus casei has been shown
to enhance antioxidant activity and regulate fecal microbiota, offering potential health
benefits [14]. Moreover, fruit by-products such as blueberry pomace are rich in bioactive
compounds such as polyphenols, anthocyanins, phenolic acids, flavanols, and tannins,
making them valuable sources of antioxidants [15,16]. These compounds exhibit significant
antimicrobial activity, offering potential as innovative natural food additives [17].

The objective of this research was to evaluate the impact of incorporating BP, a fruit
by-product, into BM at various levels (2%, 4%, 6%, 8%, and 10%) and to examine its effects
on the physicochemical, technological, and sensory characteristics of the product. This
study aimed at valorizing fruit by-products by incorporating them into BM to create a
functional dairy product.

2. Materials and Methods

2.1. Materials and Buttermilk Production

Approximately 20 L of BM underwent chemical composition analysis (MilkoScanTM
FT3, Foss, Hilleroed, Denmark). Before producing the various types of fortified BM-
based fermented drinks, the chemical composition of the BM utilized was analyzed. The
composition was as follows: 0.94% fat, 3.43% protein, 4.81% lactose, 9.18% dry matter, and
a pH of 6.53. Additionally, we conducted a microbiological screening of the BM prior to
fortification. The results showed that yeast and molds were not detected, Escherichia coli
was absent (0 CFU/mL), the Enterobacteriaceae count was less than 10 CFU/mL, and the
total bacterial/plate count was less than 100 CFU/mL. These analyses ensured the quality
and safety of the BM before using it to produce fortified fermented drinks.

Following this, BM underwent thermal treatment at 72 ± 1 ◦C (Weck Inc., Luray,
VA, USA) for 10 min, as described by Szkolnicka et al. [18]. After pasteurization, the BM
was cooled to 35 ± 1 ◦C at room temperature. Mesophilic starter cultures (Selection TM
Danica, CHR Hansen, Hørsholm, Denmark) were then added according to the manu-
facturer’s guidelines (500 U/5000 L). The bacterial strains were Lactococcus lactis subsp.
cremoris, Lactococcus lactis subsp. lactis, Lactococcus lactis subsp. lactis biovar, Diacetylactis,
and Leuconostoc. These lactic acid bacteria are known for their ability to produce aroma
and CO2.

BP, obtained as a by-product from juice processing, was dried in a convection oven at
45 ± 2 ◦C for 20 h, ground, and passed through a 1 mm sieve [16]. The BP composition was
as follows: 0.5 g/100 g fats, 87 g/100 g carbohydrates, 5 g/100 g fibers, and 0.2 g/100 g
proteins. Various quantities of BP (2 g, 4 g, 6 g, 8 g, and 10 g per 100 g of BM) were added to
sterile containers and the inoculated BM was divided among them, mixed, and incubated
(yogurt maker Y 140, Elecrem, UK) at a constant temperature of 35 ± 1 ◦C. Incubation
continued until the pH of the control BM samples without BP reached 4.6 ± 0.1 (9 h), at
which point incubation was halted for all samples. Throughout the fermentation, the pH of
the milk was monitored using a pH meter (Testo SE & Co., KGaA, Lenzkirch, Germany).
After incubation, the BM samples were refrigerated (4 ± 1 ◦C) for subsequent analysis.
Physicochemical and microbiological properties were evaluated over a 2-week period, with
measurements taken weekly (on days 1, 7, and 14) during refrigerated storage at 4 ± 1 ◦C.
Sensorial properties were evaluated only on the first day after production.
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All BM-based fermented drinks were prepared in triplicate batches. Control samples
without BP were referred to as plain samples, while those with BP were considered fortified
samples (Figure 1).

Figure 1. Experimental workflow for incorporating blueberry pomace into buttermilk and evaluating
physicochemical, microbiological, and sensory properties.

2.2. Methods
2.2.1. pH Determination

The pH of the samples was measured at 20 ◦C using a pH meter (Testo SE & Co.,
KGaA, Lenzkirch, Germany) that was prior calibrated with pH 4.0 and 7.0 buffers.

2.2.2. Dry Matter

Two grams (2 g) of BM-based fermented drinks were weighed in an aluminum dish
and dried at 102 ± 1 ◦C until a constant weight was achieved using a moisture analyzer
MJ33 (Mettler Toledo, Greifensee, Switzerland) [19].

2.2.3. Water Holding Capacity and Color Determination

The water holding capacity (WHC) of the BM-based fermented samples was assessed
using the centrifugation method, as per Grasso et al. [20]. The color of the BM-based
fermented drink was evaluated using a colorimeter (Konica Minolta, Chroma Meter, CR400,
Osaka, Japan), following the methodology outlined by Nakov et al. [9]. Parameters such
as L* value (lightness), a* value (red-green intensity), and b* value (yellow-blue intensity)
were measured for the BM samples. The total color change (ΔE) between the control sample
and the BM-based fermented drink with different BP content was also determined: L1, a1,
and b1 are color parameters for the control sample and L2, a2, and b2 are color parameters
for the BM-based fermented drink with different BP content, respectively, after a specified
period of time (weeks); (Equation (1)).

ΔE =

√(
L1 − L2)

2 +
(

a1 − a2)
2 +

(
b1 − b2)

2 (1)

If ΔE < 1, the difference between colors is not visible to the human eye. When 1 < ΔE < 3,
the color differences are not considered significant to the human eye. If ΔE > 3, the color
differences are considered visible to the human eye [21].
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2.2.4. UV-Vis Spectroscopy

UV-Vis experiments were conducted using a UV-1800 UV-VIS spectrophotometer (Shi-
madzu, Kyoto, Japan). To determine the total polyphenols (TPC) and antioxidant activity
of BM-based fermented samples with different BP content, extraction was performed by
mixing 10 g of the sample with 30 mL of an 80:20 methanol:water solution on a magnetic
stirrer for 30 min. The mixture was then transferred to a centrifuge tube and centrifuged at
8000 rpm at 4 ◦C for 30 min [9].

Determination of Total Polyphenols

A volume of 0.3 mL of supernatant was transferred into a tube and mixed with 5 mL
of Folin-Ciocalteu reagent (diluted 1:10). After 5 min, 1.5 mL of 6% Na2CO3 was added.
The solutions were mixed with a vortex and left in the dark for 90 min. After the reaction
time, the absorbance of the samples at 760 nm was measured using a UV-1800 UV-VIS
spectrophotometer (Shimadzu, Japan). Results were expressed as μg gallic acid equivalent
(GAE) per ml of fresh sample weight [9].

Determination of Antioxidant Activity

The free radical scavenging activity of BM-fortified samples was assessed following the
method outlined by Barkallah et al. [22], employing 1,1-diphenyl-2-picrylhydrazyl (DPPH)
as the indicator. Absorbance was measured at 517 nm using the same spectrophotometer.
The results of all antioxidant activity determinations were expressed in mmol Trolox
equivalents (TE), as Trolox is a stable antioxidant widely used as a standard for measuring
antioxidative activity. A calibration curve ranging from 0.01 to 5.00 mmol of Trolox was
used for the quantification of these activities.

2.2.5. Microbiological Analysis

To begin microbial count analysis, 10 g samples of each buttermilk-based fermented
drink were refrigerated and then homogenized in 90 mL of a diluent solution compris-
ing 0.85% sodium chloride and 0.1% tryptone. Following homogenization, serial 10-fold
dilutions were meticulously prepared for further examination. Enumeration of Enterobac-
teria was performed on Violet Red Bile Glucose (VRBG) Agar (Condalab, Madrid, Spain,
CAT 1092.00) according to ISO standard [23]. Yeast and mold analyses were conducted in
accordance with ISO protocols [24].

2.2.6. Sensory Evaluation

The sensory evaluation of the BM-based fermented samples involved 20 semi-trained
assessors who utilized a hedonic scale analysis. Approximately 10 g of homogenized
samples were placed into glass cups labeled with randomized three-digit numbers and
served chilled at 4 ◦C. Assessors rated the BM-based fermented drinks on a scale from 1
to 9, where 1 indicated “extremely dislike” and 9 indicated “extremely like”, considering
attributes such as flavor, mouth-feel, appearance, texture, and overall acceptance. The
sensory analysis was conducted solely on the first day following the BM-based fermented
drinks production.

2.2.7. Statistical Analysis

The results are presented as mean ± standard deviation. For physicochemical and
microbiological parameters, n = 3 replicates were used, while, for the sensory evaluation,
n = 20 assessors participated. Statistical analysis was conducted using factorial analysis of
variance (2-way ANOVA), followed by Fisher’s least significant difference (LSD) test, to
assess the main effects (BP addition and storage) as well as their interaction effects on all
the analyzed traits. XLSTAT software version 2019.2.2 (Addinsoft, New York, NY, USA)
was employed for statistical analysis. The significance level was set at p ≤ 0.05.
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3. Results and Discussion

3.1. Chemical Characteristics

During production, pH value is a critical step in determining the safety and shelf
life of a dairy product. On the first day, the pH of the plain BM (0%—without blueberry
pomace) was 4.60. The addition of BP significantly decreased the pH value of the BM-based
fermented samples (p < 0.05); namely, the BM with 10% BP had a pH of 4.47 on the first
day of storage. Nevertheless, the pH value of both the plain and the fortified BM with BP
decreased with the storage time (p < 0.05). Eventually, on Day 14 of the examination, for
the plain BM, the pH was 4.57 and for the blueberry pomace-fortified BM, it was 4.39 (10%
BP fortified BM) (Figure 2). This trend mirrors findings in other food applications, such as
a blueberry flower fermented drink [25] and a berry fruit pomace-fortified mustard [26],
where a similar inverse correlation with the inclusion of blueberry flowers or pomace was
observed. Similarly, the addition of Spirulina platensis to BM samples led to a notable
reduction in the time required to reach a pH of 4.5 [27].

 
Figure 2. pH variation during storage of buttermilk fortified with different percentages of blueberry
pomace. Note: Small letters refer to statistically significant differences (p < 0.05) between the samples
with different quantities of BP; Capital letters refer to statistically significant differences (p < 0.05)
between storage days.

Dry matter and WHC exhibited a significant increase with the incorporation of BP,
both during storage (p < 0.05) (Table 1). Initially, the dry matter content in our research
ranged from 11.6% ± 0.02 to 19.6% ± 0.01 on the first day of post-production, with a
subsequent increase attributed to the addition of BP. This elevation in dry matter content
is likely influenced by the composition of the raw materials [28]. Similarly, WHC initially
ranged from 24.6% ± 0.07 to 34.9% ± 0.02 and showed a continuous increase during storage
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across all samples. This augmentation can be associated with the rise in total solids content,
which enhances WHC and reduces syneresis [29].

Table 1. Mean values and standard deviation of dry matter—DM (%) and water holding
capacity—WCH (%) on different percentages of BP in BM during storage days.

Parameters BP (%)
Storage Period (Days)

1 7 14

Dry matter (DM %)

0 11.6 ± 0.02 f,C 12.4 ± 0.04 f,B 14.0 ± 0.02 f,A

2 13.0 ± 0.04 e,C 14.8 ± 0.01 e,B 16.2 ± 0.02 e,A

4 14.8 ± 0.04 d,C 15.3 ± 0.01 d,B 17.9 ± 0.04 d,A

6 16.2 ± 0.06 c,C 17.4 ± 0.05 c,B 20.1 ± 0.04 c,A

8 17.8 ± 0.06 b,C 19.6 ± 0.07 b,B 21.7 ± 0.07 b,A

10 19.6 ± 0.01 a,C 20.1 ± 0.03 a,B 23.7 ± 0.05 a,A

WHC (%)

0 24.6 ± 0.07 f,C 27.3 ± 0.02 f,B 35.2 ± 0.04 f,A

2 26.0 ± 0.11 e,C 28.9 ± 0.02 e,B 35.6 ± 0.07 e,A

4 29.0 ± 0.04 d,C 31.2 ± 0.05 d,B 38.7 ± 0.02 d,A

6 31.8 ± 0.01 c,C 34.2 ± 0.02 c,B 41.8 ± 0.18 c,A

8 33.3 ± 0.12 b,C 37.4 ± 0.02 b,B 43.9 ± 0.04 b,A

10 34.9 ± 0.02 a,C 36.7 ± 0.04 a,B 45.4 ± 0.04 a,A

Note: Small letters refer to statistically significant differences (p < 0.05) between the samples with different
quantities of BP; Capital letters refer to statistically significant differences (p < 0.05) between storage days.

3.2. Color

Food selection is significantly influenced by its color and appearance, which serve
as key indicators of food quality; often, color is the primary sensory attribute perceived
by consumers, directly impacting their purchasing decisions [30]. Incorporating BP into
the BM samples resulted in notable alterations in color parameters, including a decrease
in the L* parameter value (p < 0.05). Furthermore, extended storage at 4 ◦C did not result
in a significant decrease (p > 0.05) in the L* parameter values for the BP-fortified samples.
Similar trends were observed with the yellowness coordinate (b*), whereby, compared to
plain BM, the average b* value was 0.36 ± 7.27 on the first day after production, while, when
fortified with 10% BP, the b* value increased to 9.69 ± 0.18. Additionally, both the blueberry
concentration and storage duration significantly influenced the b* values, along with their
interactions. Conversely, no statistically significant changes were detected in the redness
coordinate (a*) for fortified BM samples, consistent with findings by Starkute et al. [31].

The color of fermented beverages often derives from pigments present in the raw
materials used, as noted by Olukomaiya et al. [32]. Additionally, the lightness index of
fermented milk products is affected by acidity, with a decrease in pH correlating with a
decrease in lightness [33,34]. These findings align with our own results, which demonstrate
that fortifying BM with BP leads to reduced acidity and a decrease in the L* parameter
(Table 2), with more significant changes observed at 10% fortification with blueberry
pomace. Furthermore, it is important to note that color parameters can vary over time, and
storage duration can also influence these parameters [35]. Moreover, the size of fat globules
and protein particles can significantly influence the brightness level [36].

The total color change (ΔE) between the control BM fermented drink sample and the
BM fermented drink samples with varying BP content was also determined. According to
the results presented in Table 2, it can be observed that these parameters changed during
the storage period of the samples and with the fortification with BP. In both cases, the color
differences are greater than 3, which are considered visible to the human eye [21].
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Table 2. Mean values and standard deviation of color coordinates (L*, a*, and b*) on different
percentages of blueberry pomace in buttermilk during storage days.

Parameters BP (%)
Storage Period (Days)

1 7 14

L*

0 73.9 ± 7.60 a,A 79.9 ± 1.68 a,A 78.7 ± 2.83 a,A

2 66.5 ± 0.60 b,A 66.9 ± 0.37 b,A 65.8 ± 0.35 b,A

4 61.0 ± 0.36 c,A 60.2 ± 0.83 c,A 58.9 ± 0.00 c,A

6 56.2 ± 0.08 d,A 55.1 ± 0.13 d,A 54.1 ± 0.30 d,A

8 51.1 ± 0.03 e,A 49.9 ± 0.31 e,A 50.4 ± 0.17 e,A

10 46.5 ± 0.34 f,A 47.0 ± 0.17 f,A 47.3 ± 0.55 f,A

a*

0 3.32 ± 7.87 b,A −0.68 ± 3.56 b,A −15.13 ± 15.29 b,A

2 2.01 ± 0.08 a,A 2.31 ± 0.05 a,A 2.43 ± 0.11 a,A

4 3.46 ± 0.11 a,A 3.45 ± 0.03 a,A 3.60 ± 0.05 a,A

6 4.25 ± 0.02 a,A 4.73 ± 0.07 a,A 4.29 ± 0.18 a,A

8 5.40 ± 0.06 a,A 5.83 ± 0.09 a,A 5.18 ± 0.13 a,A

10 6.08 ± 0.04 a,A 6.22 ± 0.17 a,A 5.82 ± 0.11 a,A

b*

0 0.36 ± 7.27 d,A −2.98 ± 2.68 d,A −0.44 ± 3.25 d,A

2 2.96 ± 0.05 c,A 2.44 ± 0.25 c,A 4.04 ± 0.21 c,A

4 5.54 ± 0.53 b,c,A 5.83 ± 0.09 b,c,A 5.65 ± 0.08 b,c,A

6 7.34 ± 0.03 a,b,A 7.95 ± 0.12 a,b,A 7.43 ± 0.44 a,b,A

8 8.62 ± 0.07 a„A 9.63 ± 0.20 a,A 8.36 ± 0.16 a,A

10 9.69 ± 0.18 a,A 10.09 ± 0.03 a,A 9.11 ± 0.25 a,A

ΔE

2 11.4 14.7 23.8

4 15.6 22.2 29.5

6 25.2 27.9 33.8

8 25.2 33.1 37.3

10 29.3 36.12 40.3
Note: Small letters refer to statistically significant differences (p < 0.05) between the samples with different
quantities of BP; Capital letters refer to statistically significant differences (p < 0.05) between storage days.
ΔE—difference between control samples and samples with different quantities of BP.

3.3. Total Polyphenols and Antioxidant Activity of Buttermilk with Different Amounts of
Blueberry Pomace

TPC without BP ranged from 4.9 ± 0.9 to 6.2 ± 0.04 mg GAE/g during the storage pe-
riod (Figure 3), attributed to naturally occurring phenolic compounds in cultured BM-based
fermented drinks. Similarly, Saberi et al. [37] observed significantly higher total phenolic
content values in fortified yogurts with grape pomace and flaxseed oil compared to a
control yogurt during storage. Similar tendencies were observed in the study of Starkute
et al. [31], where the total phenolic content and antioxidant activity significantly increased
in enriched samples, demonstrating the potential of raspberry, blueberry, and elderberry
industry by-products for enhancing the nutritional and functional properties of unripened
cow milk curd cheese. Various factors such as berry variety, cultivation region, and ex-
traction and drying methods can influence phenolic compound levels [38]. The literature
highlights blueberries as not only rich in fiber, minerals, and vitamins, but also a significant
source of antioxidants, known for their documented health-promoting effects [13,14]. The
addition of blueberry pomace (10%) significantly (p < 0.05) enhanced the total phenolic
content to 16.6 ± 0.9 mg GAE/g, as compared to the plain BM-based fermented drink
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(4.9 ± 0.9 mg GAE/g). Although TPC levels can increase with storage time within each
sample, it is important to note that the Folin-Ciocalteau assay, commonly used to measure
TPC, assesses the total reducing capacity of the sample, not just TPC [39]. Additionally,
the temporary decrease in TPC observed in yogurt could be due to the decomposition of
polymeric phenolics in the presence of lactic acid bacteria during refrigerated storage [40].

 
Figure 3. Total phenolic content (expressed as mg GAE/g) during storage days of buttermilk with
different amounts of blueberry pomace. Small letters refer to statistically significant differences
(p < 0.05) between the samples with different quantities of BP; Capital letters refer to statistically
significant differences (p < 0.05) between storage days.

During the storage of both plain and fortified BM-based fermented samples, the
antioxidant activity, expressed as the Trolox equivalent antioxidant capacity (TEAC), was
estimated. With an increase in the amount of BP in the samples, the antioxidant activity
also rose (from 0.04 ± 0.0% in plain BM-based fermented drinks to 0.25 ± 0.0% for 10% BP
in BM-based fermented drinks) on the first day after production (Figure 4). Among six BM-
based fermented samples, the radical scavenging activity (mmol of TA/l) was the highest
in BM fortified with 10% BP. Plant polyphenols have been reported to effectively enhance
the antioxidant activity of fermented dairy products [8,9]. It is worth mentioning that BP is
rich in polyphenols with well-known antioxidant activity [41]. The greater the addition of
BP, the higher the observed radical scavenging activity. This suggests that BP, containing
numerous polyphenols, significantly boosts the antioxidant activity of BM. Consequently,
BM containing BP exhibits substantial antioxidant activity, positioning it as a novel dairy
product with notable health benefits. Our research agrees with those of previous reports,
which described that the addition of berry industry by-products contained higher radical
scavenging activity due to the higher amount of phenolic compounds [31,37]. Also, similar
findings were presented by Najgebauer-Lejko and Sady [42] where BM flavored with
strawberry and rhubarb exhibited higher radical scavenging activity (0.88 mmol of TE/kg)
compared with the control sample. Additionally, antioxidant properties in fermented milk
come from compounds such as casein, whey proteins, peptides, amino acids, coenzyme Q10,
enzymatic systems, and lactic acid bacteria. In BM, lipophilic antioxidants are effective due
to their variety, thermal stability, and synergistic interactions with hydrophilic antioxidants,
protecting against undesirable compounds during processing [42]. On the other hand, Liu
et al. [26] noticed that adding blueberry flower pulp to yogurt significantly increased the
antioxidant properties of the yogurt. Throughout storage, these benefits remained relatively
stable, with only minor fluctuations. However, according to their research, the addition
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of blueberry flower pulp led to a decrease in antioxidant activity. This could be attributed
to the gradual decline of polyphenols, likely influenced by bacterial metabolic processes.
Polyphenol oxidase might also play a role in this observed phenomenon [43].

 

Figure 4. Antioxidant activity-AOA (expressed in Trolox mM/L) during storage days of buttermilk
with different amounts of blueberry pomace. Small letters refer to statistically significant differences
(p < 0.05) between the samples with different quantities of BP; Capital letters refer to statistically
significant differences (p < 0.05) between storage days.

3.4. Microbiological Analysis

The perishability of dairy products is primarily governed by the microbiological
quality of the product [44]. Throughout the 14-day storage period at 4 ◦C, none of the
samples exhibited any signs of mold, yeast, or Enterobacteriaceae, which are considered
indicative of hygiene standards. This absence of bacteria suggests that the BM-based
fermented samples remained secure and uncontaminated, reflecting the adherence to clean
and hygienic processing conditions. Similar findings were reported by Rose et al. [27], who
studied cultured buttermilk fortified with Spirulina platensis, and by Parekh et al. [44],
who investigated cultured buttermilk prepared by incorporating paneer whey.

3.5. Sensory Analysis of Buttermilk with Different Amounts of Blueberry Pomace

Various factors, such as the composition and quality of the product, influenced the
sensory analysis [45]. The ANOVA (not presented) highlighted significant differences
(p < 0.05) for all sensory parameters between the control sample (BM without BP) and other
BMs with BP. (Figure 5a,b). The BM samples formulated with 2% and 4% BP received
the highest sensory scores. Additionally, the highest overall acceptance score, averaging
8.3, was observed for the plain BM-based fermented drink and the 4% fortified BM-based
fermented drink (Figure 5b). Significant differences were noted in the visual appearance,
texture, and overall acceptance of BM-based fermented samples formulated with BP (6%,
8%, and 10%). A similar trend was observed in a previous study comparing Petit Suisse
cheese made with and without blueberry bagasse powder [46]. While previous reports
have highlighted the addition of BP to foods [47], there is limited research on its addition
to dairy products. Liu and Lv [26] conducted a sensory analysis of yogurt containing
blueberry flower pulp, finding that panelists preferred samples with 2–5 g of blueberry
flower pulp over the control. These results align with our findings. Thus, incorporating
blueberry-based ingredients improved the overall acceptability and sensory properties
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of the BM-based fermented drinks. Other findings suggest a decrease in sensory scores
during storage, possibly due to the relationship between bacterial fermentation and the
resulting acidity from oxidative decomposition of product ingredients [48].

 
(a) 

 
(b) 

Figure 5. (a). Sensory evaluation of BM fortified with different concentrations of BP, assessing
flavor, mouth-feel, appearance, and texture. (b). Overall acceptance of BM fortified with different
concentrations of BP.

4. Conclusions

This study demonstrates the potential of incorporating blueberry pomace into BM to
valorize fruit by-products and create functional dairy products with enhanced nutritional
and sensory properties. Significant improvements were observed in the physicochemical
parameters, including pH, dry matter content, water holding capacity, and color. The addi-
tion of blueberry pomace significantly increased the total phenolic content and antioxidant
activity, highlighting its health-promoting benefits. Microbiological analysis confirmed
the safety of all samples, with no presence of Enterobacteriaceae, yeast, or molds. Sensory
evaluation revealed that BM fortified with 2% and 4% blueberry pomace received the
highest scores, indicating favorable consumer acceptance. However, samples with 6%, 8%,
and 10% pomace had lower sensory quality. These findings suggest that incorporating
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blueberry pomace can enhance the nutritional profile, functional properties, and overall
appeal of BM, contributing to sustainable practices in the dairy industry. Further research is
needed to optimize pomace incorporation, assess long-term stability, and evaluate broader
consumer preferences.
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Abstract: The use of liquid whey concentrates in the composition of ice cream, especially in combi-
nation with other powdered whey proteins, is limited due to their understudied properties. This
article shows the main rheological and thermophysical characteristics of ice cream mixes, as well as
color parameters, microstructure, analysis of ice crystals and quality indicators of ice cream during
storage. The most significant freezing of free water (p ≤ 0.05) was observed in the temperature range
from the cryoscopic temperature to −10 ◦C. The microscopy of experimental ice cream samples based
on hydrolyzed whey concentrates indicates the formation of a homogeneous crystalline structure
of ice crystals with an average diameter of 13.75–14.75 μm. Microstructural analysis confirms the
expediency of using whey protein isolate in ice cream, which ensures uniform distribution of air
bubbles in the product and sufficient overrun (71.98–76.55%). The combination of non-hydrolyzed
whey concentrate and 3% whey protein isolate provides the highest stability to preserve the purity
and color intensity of the ice cream during storage. The produced ice cream can be classified as
probiotic (number of Lactobacillus acidophilus not lower than 6.2 log CFU/g) and protein-enriched
(protein supply from 15.02–18.59%).

Keywords: liquid whey concentrates; protein; ice cream; microstructure; color; microscopy; cryoscopic
temperature; probiotic

1. Introduction

The use of whey protein concentrates and isolates in dairy products, in particular
ice cream, is becoming increasingly popular due to their functional and technological
properties [1–3]. On the contrary, the use of liquid whey concentrates in the composition
of food products is limited due to their understudied properties. The possibility of using
liquid concentrates from whey of various origins in yogurts, cream, sour-milk desserts,
sour cream and cheeses has been reported [3–8]. Whey ice cream based on liquid concen-
trates of demineralized whey with an increased solids content (39.61–41.61%, including
3.3% protein), in comparison with traditional ice cream recipes of this type [9], differs in
improved quality indicators (original taste, absence of defects in consistency and structure),
reduced sugar and lactose content in the case of using hydrolyzed concentrates [10–12]. An
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important aspect of whey ice cream production is the additional possibility of milk whey
usage as a by-product of cheese manufacturing. The volume of whey processing in the
world is still quite low [13], although in general, there is a trend of increasing interest in
whey products [14].

At the previous stage of the research, it was shown that the introduction of protein
ingredients into the composition of ice cream based on hydrolyzed whey concentrates
significantly increases the thixotropy of ice cream mixes. Whey protein isolate (90%) had
the most significant effect on the structural and mechanical properties of whey ice cream
mixes among the studied protein additives (soy protein isolate, micellar casein, whey
protein concentrate and isolate) [15]. The introduction of whey protein ingredients into the
composition of ice cream is appropriate not only for the purpose of expanding the range
of protein-enriched products [16,17] but also to prevent excessive freezing of free water in
mixes and ice cream during low-temperature processing [18]; to ensure the formation of
finely dispersed air bubbles in the thickness of the product during freezing [19,20]; and to
provide the product with attractive consumer characteristics by improving resistance to
melting, overrun and taste [21,22].

Studies on the effect of whey protein isolate on the quality parameters of ice cream
have already reported its ability to increase the viscosity of ice cream mixes and resistance
to melting and mask the absence or low content of milk fat in the product [23–25]. However,
whey proteins could lead to the deterioration of the color of ice cream, especially during
storage, and also form a bitter aftertaste, which is related to the specific sensory properties
of whey [26–28]. Roy et al. [25] reported a reduction in ice cream overrun from 94.9% to
33.9% for increasing ice cream protein content from 4% to 10% due to the use of whey
protein isolate. The use of hydrolyzed demineralized whey concentrates could be attractive
both from the point of view of reducing the lactose content of the product and preventing
the formation of sandy and snowy ice cream consistency [29]. However, monosaccharides
in the composition of hydrolyzed whey can indirectly affect the formation of the ice cream
structure by lowering the cryoscopic temperature [30]. A decrease in the sugar content in ice
cream and the presence of lactose hydrolysis products, monosugars (glucose and galactose),
which have a lower molecular weight and, accordingly, a higher concentration [31], are
able to decrease the cryoscopic temperature and the amount of frozen free water during
freezing and hardening [32]. Such changes can reduce the resistance to melting and overrun
of ice cream [33,34]. The use of whey protein isolate in ice cream based on hydrolyzed
whey concentrates could slow down the freezing process of free water due to its additional
binding by whey proteins [35]. It was reported that due to the specificity of the amino
acid composition, whey protein isolate belongs to the group of protein additives capable
of inhibiting ice recrystallization [36–38]. Whey protein isolate could also be used as a
functional and technological ingredient (emulsifier, thickener, gelling agent, foaming agent
and water-binding agent) in the production of products with characteristics similar to those
of classical formulations [39]. In addition, scientists have reported that whey protein isolate
is able to support the activity of probiotic bacteria srtains Lactobacillus or Bifidobacterium in
dairy products [40,41], which is an important aspect of this study.

Available scientific information on the influence of whey protein isolate on ice cream
quality is characterized by certain contradictions, which are explained by the different de-
grees of its purification, the quality of the input raw materials and the chemical composition
and technology of the selected type of ice cream [19–21,23–25,27,39].

To our knowledge, there are no publications on the use of whey protein isolate in the
formulation of whey ice cream based on liquid concentrates of demineralized whey. The
use of liquid hydrolyzed concentrates of demineralized whey in ice cream allows reducing
the amount of sugar to 9% and lactose to 1% [9], which could be attractive to individual
groups of consumers.

Thus, the purpose of this research was to study the influence of whey protein isolate
on the physicochemical and sensory parameters of whey ice cream.

The following tasks of the research work were formulated:
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- To study the influence of whey protein isolate on the physicochemical and rheological
properties of mixes and ice cream;

- To compare the dynamics of changes in the freezing process in ice cream with whey
protein isolate of free water during freezing and subsequent storage of the product at
sub-zero temperatures;

- To study the microstructure of soft ice cream and determine the main physical and
chemical parameters;

- To measure the microbiological indicators of ice cream during storage.

2. Materials and Methods

2.1. Raw Materials

Liquid concentrates of demineralized whey with a solids content of 40% were used
to make experimental ice cream samples. Non-hydrolyzed concentrates of demineralized
whey were produced by the reconstitution of whey powder with a degree of demineral-
ization of 90% (Herkules, MLEKOVITA, High Mazovia, Poland) in water. Hydrolyzed
concentrates of demineralized whey were obtained by lactose fermenting using the enzyme
lactase (β-galactosidase) with an activity of 5200 NLU/g (SEROWAR s.c., Szczecin, Poland)
and the starter preparation nu-trish® LA-5® containing L. acidophilus (Chr. Hansen A/S,
Hoersholm, Denmark). Whey protein isolate 90% (SPOMLEK, Radzyń Podlaski, Poland)
was used as a protein supplement. Water, white (regular) sugar, vanillin, activated starter
and the stabilization system Cremodan SI 320 (Danisco A/S, Brabrand, Denmark) were
used to prepare ice cream mixes. The content of whey protein isolate was explained by
its influence on the thixotropic properties of ice cream mixes, which was explained at the
previous stage of the experiment [15]. In ice cream based on non-hydrolyzed whey protein
concentrate, its maximum effective amount is 3%, while in ice cream based on hydrolyzed
whey concentrate, it is up to 5%. The difference in sugar content (11% and 9%) for ice
cream samples with non-hydrolyzed and hydrolyzed concentrates of demineralized whey,
respectively, is explained by the different degrees of sweetness, which increases during the
hydrolysis of lactose into monosaccharides and, accordingly, allows reducing the amount of
sugar to 9% in the case of using hydrolyzed concentrates [9]. The content of the stabilization
system (0.6%) was chosen in accordance with the manufacturer’s recommendations for the
production of low-fat types of ice cream. Liquid concentrates of demineralized whey were
made on the basis of water and demineralized whey powder 90% (Herkules, MLEKOVITA,
High Mazovia, Poland). Enzymolysis of lactose in concentrates was carried out using the
enzyme lactase (β-galactosidase) with an activity of 5200 NLU/g (SEROWAR s.c., Szczecin,
Poland) and the starter nu-trish® LA-5® (Chr. Hansen A/S, Hoersholm, Denmark).

2.2. Ice Cream Production
2.2.1. Activated Starter

To obtain an activated starter, ultra-pasteurized skimmed milk was heated to an
inoculation temperature of 38–42 ◦C, after which a pre-calculated amount of starter was
added. Fermentation was carried out until pH 5.4–5.2.

2.2.2. Hydrolyzed Concentrates

Demineralized whey powder was reconstituted in water at a temperature of (40–45) ◦C to
obtain concentrates with a solids content of 40%. The concentrates were filtered, pasteurized
at (85–88) ◦C for 3–5 min and cooled to the storage temperature for non-hydrolyzed
concentrates.

Hydrolyzed concentrates of demineralized whey were obtained according to the
technology of Osmak et al. [42]. For the production of hydrolyzed whey concentrates,
after pasteurization, they were cooled to (40–43) ◦C and simultaneously fermented with β-
galactosidase preparation and starter nu-trish® LA-5®. With the simultaneous introduction
of the β-galactosidase enzyme and the starter during the lag phase of L. acidophilus
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development (2–4 h), the enzyme has time to reveal hydrolytic activity at pH ≥ 5.7, which
makes it possible to achieve maximum hydrolysis of lactose within 8 h of enzymolysis.

2.2.3. Ice Cream

Dry components (white sugar, stabilization system, vanilla and whey protein iso-
late) were mixed and added to preheated water (40–45 ◦C). Then, liquid concentrates
of demineralized whey were added. The obtained mixes were filtered, pasteurized at
83–87 ◦C for 5 min and homogenized under a pressure of 12.0 ± 2.5 MPa using a laboratory
homogenizer-disperser 15M-8TA “Lab Homogenizer & Sub-Micron Disperser” (GAULIN.
CORPORATION, Boston, MA, USA). The homogenized mixes were cooled to 38–42 ◦C, and
3% activated starter was added. The fermentation process was carried out until pH 5.25–5.1,
followed by cooling to 2–6 ◦C and maturation for 24 h. The matured mixes were frozen on a
periodic freezer FPM-3.5/380-50 “Elbrus-400” (JSC “ROSS”, Kharkiv, Ukraine). At the first
stage of freezing, the mixes were cooled in a cooling cylinder (volume—7 L) to −1 ◦C at a
rotation frequency of the scraper stirrer of 4.5 s−1 for 120 s. At the second stage, the mixes
were frozen at a rotation frequency of 9 s−1 for 180 s to −5.0 ± 0.5 ◦C. The formulations of
experimental samples of ice cream are given in Table 1.

Table 1. Formulations of experimental samples of whey ice cream.

Ingredients, %
Ice Cream Samples

NHC NH3% HC H3% H5%

Non-hydrolyzed concentrate of
demineralized whey 75.0 75.0 – – –

Hydrolyzed concentrate of
demineralized whey – – 75.0 75.0 75.0

White sugar 11.0 11.0 9.0 9.0 9.0

Whey protein isolate 90% – 3.0 – 3.0 5.0

Stabilization system 0.6 0.6 0.6 0.6 0.6

Activated starter 3.0 3.0 3.0 3.0 3.0

Vanilla 0.1 0.1 0.1 0.1 0.1

Water 10.3 7.3 12.3 9.3 7.3

Total 100.0 100.0 100.0 100.0 100.0

Note. NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed
whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice
cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on hydrolyzed
whey concentrate + 5% whey protein isolate.

2.3. Methods
2.3.1. Chemical Composition

The total solids content in ice cream samples was determined by the arbitration
method, the principle of which consists in drying the sample diluted with distilled water
and mixed with sand at 102 ◦C to a constant mass, followed by weighing to determine the
mass of the residue.

The protein content was determined using the Kjeldahl method, the fat content us-
ing the modified Gerber method [43], and the carbohydrate content using the Bertrand
method [44]. The lactose content in whey concentrates and test samples of ice cream mixes
was determined using iodometric and refractometric methods [45]. The degree of lactose
hydrolysis was calculated based on the found lactose content [46]:

Degree of lactose hydrolysis (%) = 100% − residual lactose content (%) (1)
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The level of protein supply (%) in the finished product was calculated as the ratio of
the protein content to the sum of the protein, fat and carbohydrate content, multiplied by
100.

2.3.2. Rheological and Thermophysical Characteristics of Ice Cream Mixes

After cooling to 2–6 ◦C, the ice cream mixes were whipped for 5, 10 and 15 min with
5 min breaks according to the modified method of Lim et al. [47]. Foam overrun was
determined as the ratio of the volume of the whipped mix to its initial volume, expressed
as a percentage. The foam resistance of ice cream mixes was determined according to
the modified method of Philips L., according to which a container with a hole in the
bottom was used for the foam to drain after whipping [47]. The time during which
50% of the initial volume of the mix used for whipping is formed as a result of foam
destruction was taken as an indicator of foam stability. The viscosity of ice cream mixes
was determined from warmed samples using a viscometer IKA ROTAVISC lo-vi Complete
(IKA, Staufen, Germany). A spindle SP-4 was used to measure viscosity, which was
immersed in a prepared sample at 20 ◦C and a shear rate of 200 rpm. Viscosity values
were read after 2 min [48]. Water activity was determined on a water activity analyzer
“HygroLab 2” (Rotronic, Bassersdorf, Switzerland) at 20 ◦C in a measurement range of
0–1 Aw (0–100% rh) [49]. The cryoscopic temperature was set using a cryostat and Beckman
thermometer (TL-1). Based on Raoult’s law for non-dissociated molecular solutions, the
amount of frozen water at different temperature stages was calculated using the following
formula [50]:

ω = (1 − tcr/t) × 100 (2)

where ω is content of frozen water, %; tcr is cryoscopic temperature, ◦C; and t is the
temperature at each stage of technological processing, ◦C.

2.3.3. Color

Color parameters were determined using a colorimeter (Precision Colorimeter, Model
NR 145, Shenzhen, China) and the CIE LAB system. The following parameters were
defined: L* as whiteness (from 0—black to 100—white), a* as a color from red (+) to green
(−), b* as a color from yellow (+) to blue (−), C* as the purity and intensity of color from
gray (C* = 0) to the direction of pure colors (C* = 100) and h◦ as a color shade (within
0–360◦). Before measurement, the device was calibrated against a white standard.

2.3.4. Microstructure

The ice cream sample was taken from the center of the sample in at least three different
places and at a distance of 3 cm from the surface of the product, placed at 19 ± 1 ◦C
in a Goryaev chamber covered with glass and immediately subjected to microscopy at
a magnification of 160 times. At the same time, the ice crystals melted, but the foam
remained, because under these conditions, the air bubble envelopes did not dehydrate.
Photomicrographs were obtained using an Olympus CX41 light microscope (Olympus
Corporation, Tokyo, Japan) and camera [19].

2.3.5. Analysis of Ice Crystals

Ice cream samples were taken from the center of the sample, from at least 3 different
locations, at least 3 cm from the surface of the ice cream, and placed on a glass slide using a
spatula and then covered with a glass. The samples were transferred to a microscope with a
cooling system (Linkam LTS420, Tokyo, Japan). The recrystallization process was analyzed
based on images of ice crystals taken after preparation, using an Olympus BX53 microscope
(Olympus Corporation, Tokyo, Japan) with a Linkam LTS420 (Tokyo, Japan) cooling system
(temperature range from −196 ◦C to −420 ◦C) and an Olympus SC50 camera (Olympus
Corporation, Tokyo, Japan). The resulting images were then analyzed using software NIS
Elements D (version 5.30.00, Nikon, Tokyo, Japan). Between 300 and 500 crystals were
labeled for each sample, and area, equivalent diameter and standard deviation were then
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calculated using software NIS Elements D Imaging (version 5.30.00, Nikon). Crystal size
frequency distributions were calculated using Microsoft Excel 2011 macro data analysis.
The relative frequency of any class interval was calculated as the number of crystals in
that class (class frequency) divided by the total number of crystals and expressed as a
percentage. The X50 parameter was analyzed as the average diameter (DA) for 50% of the
crystals in the sample. The mean diameter (DA) and standard deviation (SD) of each class
were also calculated. The method of determination is given in scientific works [51–53].

2.3.6. Quality Indicators of Ice Cream

The overrun of the ice cream was determined using the weighing method, according to
which the ice cream mix was weighed before freezing and the same volume of soft ice cream
after freezing. Overrun (O, %) was calculated according to the following formula [54]:

O = (M1 − M2/M2) × 100 (3)

where M1 is the mass of the glass with the mix, g, and M2 is the mass of a glass with ice
cream, g.

Resistance to melting (the time of the first drop flowing out and the time of accu-
mulation of 10 cm3) was determined at an ambient temperature of 22 ◦C. The ice cream
samples were placed on a grid (d = 95 mm, holes 5 × 5 mm, wire thickness 0.5 mm). Then,
the time until complete melting was recorded for ice cream melting [51]. Hardness of ice
cream samples was determined using a Brookfield CT-3 model texture analyzer. Hardness
measurements were made between −6 ◦C and −2 ◦C, using texture software Pro CT V1.6
(Brookfield Engineering Laboratories Onc., ABD, Middleboro, MA, USA). A conical probe
TA 15/1000 was used for analysis. Test speed was 2 mm/s, distance 15 mm, trigger load
6.8 g, length 40 mm and diameter 60 mm.

2.3.7. Microbiological Analysis

For the study, 5 g of each sample was diluted in 45 cm3 of physiological saline.
Microbiological analysis was performed under the following conditions: the total number
of microorganisms on PCA (Plate Count Agar, Oxoid, Basingstoke, UK) at 30 ◦C for 48–72 h
and the number of intestinal bacteria on VRBL agar (Violet Red Bile agar with lactose,
Oxoid, Basingstoke, UK) at 37 ◦C for 24–48 h. Acidophilic bacilli counts on MRS (De Man
Rogosa Sharpe, Oxoid, Basingstoke, UK) and MSE (Mayeux, Sandine & Elliker, Oxoid,
Basingstoke, UK) were analyzed at 37 ◦C for 48–72 h and microscopic fungi and yeast on
MEA (malt extract agar, Oxoid, Basingstoke, UK) at 25 ◦C for 5 days. For Lactobacillus
acidophilus, the study was carried out using the plate method with MRS (Biocorp, Warsaw,
Poland). Lactobacillus acidophilus was cultivated in microaerophilic conditions with 5%
CO2 at 37 ◦C.

2.3.8. Statistical Processing

Analysis of variance (ANOVA) was performed using STATISTICA 13 software. The
significance of the test was set at α = 0.05. Data are expressed as mean with standard
deviations (±SD), and differences between groups were assessed using Tukey’s HSD test.
The study of physicochemical indicators of ice cream samples was conducted three times
to ensure the reliability of the data obtained.

3. Results and Discussion

3.1. Chemical Composition

The chemical composition of liquid concentrates of demineralized whey (Table 2)
differs slightly from the examples of liquid whey concentrates given in the literature,
which usually have a higher protein content (5.09–11.93%) but a lower solids content
(14.09–26.45%), while the content of fat varies from 0.43–0.78% for low-fat concentrates
to 6.43–7.82% for full-fat concentrates [3,5,55]. The use of highly demineralized whey to
obtain concentrates in this study significantly increases the lactose content to 30.5%, which

50



Foods 2024, 13, 170

could significantly affect the quality of ice cream during storage. The hydrolysis of lactose
in whey concentrates allows reducing its content to 0.98%, which is lower than the value
(4.95%) reported in another study [3]. At the same time, the high proportion of solids
(39.92–40.01%) in these liquid concentrates could help to ensure the recommended level of
solids in ice cream in the range of 25–35% [42], which is especially important for low-fat
types of ice cream. The difference in the obtained values could be explained by the use of
whey of different origins, as well as the use of special technologies for the production of
concentrates.

Table 2. Chemical composition of whey concentrates and whey ice cream.

Sample Total Solids, % Protein, % Fat, % Carbohydrates, % Lactose, %
The Degree of

Lactose
Hydrolysis, %

Level of
Protein

Supply, %

Ice Cream
Category/

Nutritional
Status

Whey concentrates

NHCDW 39.92 a ± 0.30 4.45 a ± 0.12 0.43 b ± 0.01 30.71 a ± 0.68 30.50 b ± 1.19 – – –

HCDW 40.01 a ± 0.84 4.41 a ± 0.55 0.40 a ± 0.01 30.61 a ± 0.51 1.29 a ± 0.04 98.71 a ± 0.04 – –

Whey ice cream

NHC 41.61 ab ± 1.24 3.31 a ± 0.11 0.74 abc ± 0.02 33.05 a ± 1.52 22.90 b ± 0.53 – 8.92 a ± 0.52 premium

NH3% 44.55 b ± 0.87 6.10 b ± 0.25 0.72 a ± 0.01 33.46 a ± 0.79 22.87 b ± 0.12 – 15.11 b ± 0.35
super premium,
enriched with

protein

HC 39.58 a ± 1.53 3.30 a ± 0.14 0.72 a ± 0.03 33.10 a ± 0.65 0.97 a ± 0.01 99.03 a ± 0.01 8.89 a ± 0.27 super premium

H3% 42.54 ab ± 1.14 6.02 b ± 0.11 0.78 bc ± 0.01 33.28 a ± 0.47 0.98 a ± 0.03 99.02 a ± 0.03 15.02 b ± 0.19
super premium,
enriched with

protein

H5% 44.63 b ± 1.01 7.84 c ± 0.05 0.79 b ± 0.01 33.53 a ± 0.34 0.98 a ± 0.01 99.02 a ± 0.01 18.59 c ± 0.13
super premium,
enriched with

protein

Note. NHCDW—non-hydrolyzed concentrate of demineralized whey; HCDW—hydrolyzed concentrate of
demineralized whey; NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based
on non-hydrolyzed whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey
concentrate; H3%—ice cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream
based on hydrolyzed whey concentrate + 5% whey protein isolate. a–c—different superscript letters in the columns
represent significant differences in the mean values of the same parameter (p ≤ 0.05).

Ice cream based on liquid whey concentrates in terms of solids content could be
attributed to the full-fat analog (12–18% fat), namely the category of super-premium type of
ice cream (40–42% solids) for all samples, except for NHC, which belongs to the premium
category (38–40% solids) [56]. The content of high-value whey proteins in ice cream based
on whey concentrates exceeds the average protein content (2.6–4.6%) in traditional types of
ice cream (10–16% fat) [57]. However, it is insufficient for NHC and HC samples for their
classification as ice cream enriched with protein (more than 12% protein supply according
to EU regulation No. 1924/2006). Samples of ice cream with whey protein isolate are
protein-enriched products, but their protein content does not allow them to be classified
as a product source of protein (more than 20% protein supply in accordance with EU
Regulation No. 1924/2006), which is a perspective for further research. In general, the
data from Table 1 indicate a significant increase in the nutritional value of the developed
ice cream compositions based on whey concentrates. However, in terms of the lactose
content, the sample NH3% significantly exceeds the others, which could cause defects in
consistency and taste during low-temperature storage of the product.

3.2. Physical Characteristics of Ice Cream Mixes

Table 3 shows the thermophysical characteristics of ice cream mixes based on liquid
concentrates of demineralized whey. The addition of whey protein isolate (3–5%) increases
foam overrun and foam resistance, and the maximum effect is observed in ice cream mixes
based on hydrolyzed whey concentrates. The foam overrun of the mixes increases after
5 min of whipping and decreases after 10 min, except for samples with hydrolyzed whey
concentrate and whey protein isolate, which could be explained by the lower viscosity of
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the mixes due to the presence of lactose hydrolysis products [58,59], as well as a slightly
lower sugar content, which usually appears in ice cream mixes as a component that
increases viscosity [56]. Lee and Duggan [60] found that the foam overrun of native mixes
with whey protein isolate is significantly higher than microgels with WPI, but their foam
stability is slightly lower. In this study, we observed a significant increase in both the foam
overrun and foam resistance of whey ice cream mixes due to the fact that the ice cream
mix is a multicomponent system in which the synergistic interactions of the ingredients
could significantly influence its rheological properties. The combination of whey proteins
with monosaccharides provides a significant increase in the foaming properties of mixes.
Puangmanee et al. [61] compared the influence of ordinary whey protein isolate and its
glycated species with various monosaccharides on the rheological properties of mixes. It
was shown that the presence of d-glucose, d-fructose, d-allose and d-psicose additionally
increases the foam resistance and foam overrun of the mixes, and this value only increases
during the whipping interval from 15 to 30 min. This suggests that the presence of high
amounts of monosaccharides in hydrolyzed whey concentrate ice cream mixes exhibits a
synergistic effect with WPI. The obtained viscosity values are correlated with the indicators
of foam overrun and foam resistance, confirming the regularity of the decrease in this
indicator in mixes with a high content of monosaccharides (glucose, galactose). Akalin
et al. [62] reported that the addition of 4% WPI resulted in the excessive thickening and
gelation of ice cream with an increase in the viscosity of the ice cream mix. Another study
reported that the combination of WPI with polysaccharides significantly increased the
viscosity of ice cream mixes, which overall had a positive effect on its quality [23].

Table 3. Thermophysical characteristics of whey ice cream mixes.

Indicator
Sample

NHC NH3% HC H3% H5%

Foam overrun, %

5 144.58 a ± 1.67 158.74 c ± 2.10 150.08 b ± 1.5 203.33 d ± 1.7 192.14 e ± 2.0

10 177.51 a ± 1.59 184.96 a ± 1.47 201.42 b ± 4.2 236.78 d ± 2.5 220.43 c ± 3.2

15 164.23 a ± 2.54 179.7 b ± 1.89 187.54 c ± 1.6 246.75 e ± 4.7 221.59 d ± 1.2

Foam resistance, хв

5 31.57 a ± 0.87 33.89 b ± 0.27 44.82 c ± 0.67 48.41 d ± 0.74 45.90 c ± 0.81

10 32.46 a ± 0.54 39.94 b ± 0.71 49.55 c ± 0.56 58.45 d ± 0.25 57.63 d ± 0.90

15 32.11 a ± 0.68 38.43 b ± 0.44 48.13 c ± 1.36 61.94 e ± 0.49 59.33 d ± 1.01

Viscosity, Mpa × s 254.42 b ± 1.86 384.55 d ± 1.12 228.61 a ± 2.54 339.47 c ± 1.07 511.05 e ± 1.24

Cryoscopic temperature, ◦C −2.88 a ± 0.01 −2.95 a ± 0.08 −2.39 d ± 0.01 −2.55 c ± 0.02 −2.71 b ± 0.05

Water activity, units 0.955 e ± 0.02 0.941 d ± 0.03 0.912 c ± 0.01 0.905 b ± 0.01 0.896 a ± 0.02

Note. NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed
whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice
cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on hydrolyzed
whey concentrate + 5% whey protein isolate. 5, 10, 15—time of ice cream mix whipping, min. a–e—different
superscript letters in the lines represent significant differences in the mean values of the same parameter (p ≤ 0.05).

The cryoscopic temperature of ice cream mixes based on non-hydrolyzed concentrate
is slightly higher than samples based on hydrolyzed concentrate, which is explained by
the high content of monosaccharides in the latter, as a result of which a depression of the
freezing point of ice cream is observed [63]. The high content of solids in all ice cream
samples reduces the range of cryoscopic temperature depressions of ice cream mixes within
the range of values from −2.39 to −2.95 ◦C, which is similar to the results of other scientists
who studied low-fat or high-protein ice cream [19,64–66]. The study of osmotic pressure in
the aqueous phase of whey ice cream mixes shows (Table 3) a decrease in water activity
in mixes based on hydrolyzed whey concentrate. The addition of WPI reduces water
activity, but the most significant effect on this indicator, in our opinion, is the presence of
monosaccharides, which have a higher ability to bind free water than sucrose [67]. Thus,
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samples NHC, NH3%, HC and H3% could be attributed to systems with high water activity
(aw = 1.0–0.9), while H5% could be attributed to a food system with intermediate moisture
(aw = 0.9–0.6) [68]. A decrease in water activity will affect the quality of ice cream due to a
decrease in the freezing point caused by the hydrolysis of lactose in the samples HC, H3%
and H5%. This and other influences will be considered in the following sections of this
article.

Water in ice cream is in a bound and free state [69]. The latter could freeze in the
form of ice crystals at temperatures below the cryoscopic temperature [70]. During product
storage, even with slight temperature fluctuations, migratory recrystallization of ice crystals
and their fusion occur, which is accompanied by the disappearance of small crystals and
the growth of large ones [71]. The recommended storage temperature of ice cream is
not lower than −16 to −25 ◦C [19]; therefore, even with slight fluctuations in it, in ice
cream with a high content of free water, the appearance of a coarse crystalline structure
is possible. The change in the physical state of the aqueous phase of ice cream has been
studied by many scientists [72–74], but the use of protein ingredients in its composition
requires additional research. Proteins, as well as mono- and disaccharides, could, to some
extent, affect the cryoscopic temperature of mixes and, accordingly, the proportion of frozen
water and the structure of ice cream. Based on the values of the cryoscopic temperature of
the studied mixes (Table 3), the content of frozen water in ice cream was calculated in the
temperature range of technological processing from −5 to −40 ◦C, and it was shown that
the proportion of frozen water reached values at the beginning and at the end of freezing
from 42.40–52.20% to 92.80–94.03%, respectively (Figure 1).

 

Figure 1. Free water freezing dynamics under different modes of low-temperature processing. Note.

NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-
hydrolyzed whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey
concentrate; H3%—ice cream based on hydrolyzed whey concentrate + 3% whey protein isolate;
H5%—ice cream based on hydrolyzed whey concentrate + 5% whey protein isolate.

The maximum difference in the amount of frozen water in the studied samples (up
to 9.8%) was found at −5 ◦C, but with a further decrease in temperature, the difference in
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the amount of frozen water in ice cream decreased to 1.4%. In general, the most significant
freezing of free water was observed in the temperature range from the cryoscopic temper-
ature to −10 ◦C. Under these conditions, 70.5–71.2% of water froze in the samples NHC
and NH3% and 72.9–76.1% in the samples HC, H3% and H5%, which indicates the most
significant cryoprotective activity of monosaccharides in the hydrolyzed whey concentrate,
including combination with whey protein concentrate. A significant part of the water (up
to 17.1–19.7%) continued to freeze when the mixes reached a temperature of −30 ◦C. The
further change in this indicator in the temperature range from −30 to −40 ◦C was quite
insignificant. The obtained data confirm the dynamics of freezing of water in ice cream
based on whey concentrates, typical for classic types of ice cream, at low temperatures
during the freezing of mixes and hardening and storage of the studied samples.

3.3. Color

The lowest value of whiteness L* (p ≤ 0.05) was recorded for H5% (Table 4) which
contained the largest amount of added whey protein isolate (5%), which gives the product
a yellow color [24]. Barros et al. [75] also reported a decrease in whiteness in ice cream
samples from 87.65 to 82.45 units depending on the content of concentrated whey (70–280 g
per ice cream sample). The obtained L* values for all ice cream samples are lower than the
reported results [76], which is explained by the higher content of whey ingredients than
in the recipes of known analogs, as well as the absence in these samples of pasteurized or
dry milk as raw components that give whiteness to dairy products due to the presence of
colloidal particles, such as milk fat globules and casein micelles, capable of scattering light
in the visible spectrum [77]. During 14 days of storage, the value of whiteness (L*) in ice
cream decreases; however, for samples with hydrolyzed whey concentrate, this process
occurs less intensively, which is associated with the effect of lactose hydrolysis, which
increases the whiteness of the food system [78]. The values of parameters a* and b* indicate
the predominance of green and yellow colors in the product, respectively, which is due to
the color characteristics of whey and its processing products [79,80], which were the main
ingredients in ice cream production for this study.

Table 4. Color parameters of ice cream mixes.

Sample
Color Parameters

L* a* b* C* h◦

NHC

mix 72.80 a ± 1.08 −4.38 b ± 0.12 20.50 a ± 0.88 20.96 a ± 0.66 102.07 a ± 2.28

ice cream
1st day 81.66 a ± 2.54 −4.09 b ± 0.04 20.16 a ± 0.50 14.73 a ± 0.05 101.50 a ± 2.05

14th day 76.81 a ± 1.27 −4.11 b ± 0.17 21.84 ab ± 0.17 13.52 a ± 0.64 103.17 b ± 1.84

NH3%

mix 69.56 a ± 1.59 −3.61 a ± 0.09 20.18 a ± 0.01 20.37 a ± 0.95 100.24 a ± 1.10

ice cream
1st day 82.78 a ± 2.22 −2.98 a ± 0.13 21.03 a ± 0.67 21.26 b ± 0.54 98.08 a ± 2.89

14th day 76.07 a ± 2.18 −3.05 a ± 0.01 21.56 ab ± 0.94 20.90 b ± 0.96 98.99 a ± 2.17

HC

mix 79.03 a ± 2.01 −3.94 a ± 0.11 24.07 a ± 0.58 24.41 a ± 1.14 99.19 a ± 2.74

ice cream
1st day 82.31 a ± 0.87 −2.42 a ± 0.10 14.55 b ± 0.69 20.57 a ± 0.71 99.11 a ± 2.54

14th day 80.98 a ± 1.85 −2.55 a ± 0.02 14.69 a ± 0.54 18.09 b ± 0.05 99.54 a ± 1.71

H3%

mix 81.36 a ± 1.54 −3.17 a ± 0.13 24.43 a ± 0.47 24.66 a ± 1.19 97.46 a ± 0.86

ice cream
1st day 83.25 a ± 1.73 −2.84 a ± 0.08 18.84 a ± 0.54 18.57 a ± 0.55 98.23 a ± 3.57

14th day 78.56 a ± 1.25 −2.91 a ± 0.11 19.63 ab ± 0.07 18.08 b ± 0.76 99.07 a ± 2.60

H5%

mix 77.20 a ± 1.89 −2.71 a ± 0.01 23.39 a ± 1.05 23.08 a ± 1.00 96.54 a ± 0.97

ice cream
1st day 80.01 a ± 2.12 −3.30 a ± 0.13 21.58 a ± 0.68 21.84 a ± 0.58 98.33 a ± 1.18

14th day 77.88 a ± 2.57 −3.35 a ± 0.05 22.42 b ± 0.84 20.05 b ± 1.13 98.74 a ± 1.36

Note. NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed
whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice
cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on hydrolyzed
whey concentrate + 5% whey protein isolate. a,b—different superscript letters in the columns represent significant
differences in the mean values of the same parameter (p ≤ 0.05).
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A decrease in the parameter b* was observed for HC which means a decrease in the
intensity of the yellow color and correlates with the L* indicator, which, on the contrary,
increases for this ice cream sample. The addition of whey protein isolate to samples
based on hydrolyzed concentrate leads to an increase in b* (increased yellowness). Barros
et al. [75] also reported an increase in the b* indicator from 16.27 to 18.02% with an increase
in the content of concentrated whey in the composition of ice cream. However, Meneses
et al. [80] showed that the b* indicator increased from 57.64 to 60.92 units when adding
whey at different mass fractions. A significant difference in the results obtained in this
study may be related to the hydrolysis of lactose, as well as the type of whey used. During
storage, the degree of green and yellow coloring increases (p ≤ 0.05) for all samples. Color
intensity and purity (C*) increase for HC, but further addition of whey protein isolate
(H3% and H5%) shifts this parameter toward gray colors (less pure and intense color).
During storage, the largest decrease in the C* index occurs for NHC, which emphasizes
the instability of its color at low temperatures. The NH3% sample shows greater stability
to maintain purity and color intensity. The value of the hue (h◦) by the position in the
spectrum makes it possible to conclude that the ice cream samples are between yellow and
green with a predominance toward the first, which is correlated with indicators a* and b*.

3.4. Microstructure

Analysis of the microstructure indicates that whey protein isolate (3–5%) contributes
to the increase in the size of air bubbles in ice cream, as well as non-hydrolyzed whey
concentrate as an ice cream base (Figure 2). The sample HC is characterized by a finer
dispersion (average diameter of air bubbles—6.4 μm) and uniform distribution of the air
phase in the thickness of the product, compared to NHC (average diameter of air bubbles—
8.8 μm), which is due to the higher content of solids in the latter, as well as slightly higher
viscosity as a result of significant lactose content. At the same time, the addition of 3%
whey protein isolate in combination with non-hydrolyzed concentrate (NH3%) leads to
the formation of large air bubbles (up to 12.5–24.1 μm in diameter) due to the increased
viscosity of the ice cream mix, which makes it difficult to saturate mixes with air during
the freezing process. Whey protein isolate in the samples NH3% and NH5% also leads
to the formation of larger air bubbles than in the control samples (NHC, HC); however,
their number is significantly lower than for NH3%. In addition, for the above-mentioned
samples, a significantly larger number of finely dispersed air bubbles are observed, which
show the ability to aggregate among themselves and concentrate around larger air bubbles.

The effect of sticking air bubbles and their uniform distribution in ice cream was observed
by scientists when using polysaccharides, protein concentrates and isolates [64,72,81]. In whey
ice cream, the size of air bubbles depends not only on the type of raw materials and
components but also on the solid content. The small number of solids in MSNF (milk solids
non-fat) leads to a structure with inclusions of large air cells [82] and, accordingly, a decrease
in the melting rate [25]. The presence of monosaccharides in samples HC, H3% and H5%
indirectly affects the distribution of the air phase in the product thickness [83], primarily
due to a decrease in the viscosity of ice cream mixes, which increases their saturation by air
during freezing. El-Hadad et al. [84] reported that emulsifiers and stabilizers can also affect
the even distribution of air bubbles in ice cream. At the same time, the homogenization
under pressure of ice cream mixes could have an indirect effect [65], since finely dispersed
fat takes an active part in the stabilization of air bubbles [85]. In low-fat ice cream, as in
our case, the stabilizing role is performed by whey proteins [86], the high content of which
forms a coagulation-type structure, which subsequently leads to a high overrun of ice
cream after freezing.
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NHC NH3% 

  
HC H3% 

 
H5% 

Figure 2. Microstructure of soft ice cream at a magnification of 160 times. NHC—ice cream based on
non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed whey concentrate +
3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice cream
based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on
hydrolyzed whey concentrate + 5% whey protein isolate.
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3.5. Microscopy Analysis

The recommended size of ice crystals in ice cream should not exceed 50 μm [87];
however, the formation of ice crystals with a size of 10 to 20 μm, according to some
scientists, gives ice cream the proper smoothness and creaminess [53,88], while ice crystals
larger than 50 μm give the product an undesirable texture [89,90]. Crystal diameters smaller
than 20 μm were found in ice cream after 24 h in the freezer storage and may contribute to
the stabilization of the crystal structure during longer storage of the product, which needs
to be verified experimentally in further studies. Table 5 clearly demonstrates changes in
the equivalent diameter of ice crystals for the studied samples. Samples H3% and H5%
are characterized by crystals with the smallest sizes at the level of 12.23–13.18 μm (Table 5,
Figure 3), which corresponds to the average diameter of ice crystals in milk ice cream
stabilized with special cryoprotectants [53].

Table 5. Comparison of ice crystal sizes after 24 h of storage at −18◦C.

Sample
Minimum Diameter
of Ice Crystals (μm)

Maximum Diameter
of Ice Crystals (μm)

The Average Value
of the Diameter of
Ice Crystals (μm)

NHC 7.55 d ± 0.12 44.36 d ± 2.03 25.96 c ± 1.04

NH3% 6.85 c ± 0.09 26.00 c ± 0.52 16.43 b ± 1.17

HC 4.68 a ± 0.10 22.68 b ± 0.16 13.68 a ± 0.02

H3% 5.41 b ± 0.24 19.04 a ± 0.12 12.23 a ± 0.18

H5% 5.18 a ± 0.02 21.17 ab ± 0.95 13.18 a ± 0.56
Note. NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed
whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice
cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on hydrolyzed
whey concentrate + 5% whey protein isolate. a–d—different superscript letters in the columns represent significant
differences in the mean values of the same parameter (p ≤ 0.05).
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Figure 3. Distribution of ice crystals in whey ice cream samples. Note. NHC—ice cream based on non-
hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed whey concentrate + 3%
whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice cream based
on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on hydrolyzed
whey concentrate + 5% whey protein isolate.
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In ice cream samples (HC, H3% and H5%), 50% of the tested crystal diameters (param-
eter X50) did not exceed 12.23–13.68 μm (Figure 3). This crystal size after 24 h of ice cream
production will ensure stable storage of this product at the specified temperature (−18 ◦C).
Even if temperature fluctuations occur and crystals grow as a result of the recrystallization
process, they will not exceed the recommended size (25–50 μm). It has been reported that
the growth of ice crystals to diameters greater than 50 μm after one month of storage in
dairy ice cream is possible if stabilizers are not used [51,91,92]. Analyzing the diameter of
ice crystals according to the studied parameter X50, it is clearly seen that for the samples
NHC and NH3%, the largest ice crystals were formed at the level of 16.43–25.96 μm (Table 5,
Figure 3). Whey protein isolate contributes to the formation of a structure with increased
water-holding capacity, which leads to the formation of a strong three-dimensional network
in the NH3%, HC, H3% and H5%. The resulting structure can even mechanically counteract
the growth of ice crystals.

Scientists have proven that adding proteins to ice cream can lead to the growth of
non-hexagonal crystals, the structure of which is more favorable for binding numerous
water molecules [93]. It was also shown that the shape of ice crystals strictly depends
on the type of added stabilizers, while their diameter is also affected by the ice cream
composition [53,89,90]. This result was also obtained for proteins binding free water in ice
cream [94].

Based on the observations (Figure 4), it could be assumed that the mechanisms of
retention of water molecules by the whey protein isolate added to the studied samples
(NH3%, H3% and H5%) may be similar. Changes in the shape of the ice crystals, especially
visible in NHC and NH3%, may indicate that recrystallization processes have occurred.
In contrast, HC, H3% and H5% showed smaller crystal diameters, which moreover have
regular shapes, compared to samples based on non-hydrolyzed concentrate (NHC and
NH3%). A noticeable feature of NHC and NH3% is also a different appearance of the
crystal structure, in which the crystals are arranged quite densely, and clearly defined
edges create a three-dimensional effect. The shape of the crystals in NH3% indicates that
coalescence and migration processes have taken place.

  
NHC NH3% 

Figure 4. Cont.
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HC H3% 

H5% 

Figure 4. Photographs of ice crystals after 24 h of storage at −18 ◦C. Note. NHC—ice cream
based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed whey
concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate;
H3%—ice cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream
based on hydrolyzed whey concentrate + 5% whey protein isolate.

3.6. Quality Indicators

The overrun of ice cream for HC, H3% and H5% is the highest (71.98–79.18%) (Table 6),
which is associated with the presence of monosaccharides (glucose, galactose) and their
influence on the viscosity of ice cream mixes.

At the same time, even with the addition of whey protein isolate, the H3% and H5%
have higher overrun than NHC and NH3%, although it is still slightly lower than HC. Lee
and Duggan [60] reported on the foaming properties of whey protein isolate microgels.
Due to the formation of elastic bonds, whey protein isolate contributes to the formation
of more intense intermolecular interactions [95], as well as the uniform distribution of air
bubbles, which ensure the production of ice cream with a high overrun. On the other hand,
the addition of whey protein isolate, even in a smaller amount (3%), leads to a decrease
in overrun, compared to the control sample (HC), because it increases the viscosity of
the mixes, which limits the saturation of the mix with air during freezing [96]. Ice cream
with non-hydrolyzed whey concentrates has a higher resistance to melting than samples
based on hydrolyzed concentrates. The high content of monosaccharides, which are more
effective cryoprotectants, leads to a decrease in the resistance to melting of HC, H3% and
H5%. Whey protein isolate increases resistance to melting, but in samples with hydrolyzed
concentrates, this indicator is still lower than in samples NHC and NH3%. A correlation
was observed between the values of overrun and resistance to melting: the higher the air
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saturation of the ice cream, the higher the speed of its melting, respectively. This trend
is comparable to the data of other scientists who determined overrun and resistance to
melting in ice cream and frozen desserts [96–98]. However, Warren and Hartel [99] found
that ice cream with a low overrun melts quickly, while ice cream with a high overrun slows
down the melting rate.

Table 6. Physicochemical indicators of ice cream samples.

Indicator
Ice Cream Samples

NHC NH3% HC H3% H5%

Overrun, % 71.84 b ± 1.45 59.3 a ± 0.86 79.18 c ± 2.55 76.55 bc ± 3.08 71.98 b ± 2.72

pH
1st day 5.25 a ± 0.01 5.22 a ± 0.05 5.23 a ± 0.08 5.19 a ± 0.03 5.17 a ± 0.01

14th day 5.20 b ± 0.10 5.13 ab ± 0.04 5.12 ab ± 0.01 5.09 ab ± 0.01 5.05 a ± 0.04

Resistance to
melting

1 drop
1st day 29.81 b ± 0.53 34.58 c ± 1.04 24.85 a ± 0.95 26.07 a ± 1.17 29.11 b ± 1.50

14th day 30.11 bc ± 1.08 35.87 d ± 1.55 25.04 a ± 0.37 28.54 b ± 1.20 32.42 c ± 1.16

10 cm3
1st day 44.08 b ± 1.62 49.76 c ± 1.89 33.69 a ± 1.36 36.25 a ± 1.24 40.67 b ± 1.33

14 th day 46.11 c ± 1.91 52.32 d ± 1.01 34.78 a ± 0.88 39.82 b ± 1.45 43.83 c ± 1.57

Hardness,
g/cm3

1st day 1734.88 b ± 44.37 2512.46 d ±
50.27 1580.27 a ± 41.86 1941.43 c ± 51.87 2409.74 d ±

47.08

14th day 1808.51 b ± 30.27 2567.09 d ±
14.90 1602.82 a ± 55.68 2154.37 c ± 44.20 2618.74 d ±

36.17

Note. NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based on non-hydrolyzed
whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey concentrate; H3%—ice
cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream based on hydrolyzed
whey concentrate + 5% whey protein isolate. a–d—different superscript letters in the lines represent significant
differences in the mean values of the same parameter (p ≤ 0.05).

Other scientists reported that there is no interdependence between the overrun and
resistance to melting [54,100]. The speed of ice cream melting could also be affected by the
size of ice crystals [54], and the larger they are, the lower the resistance to melting, which
is consistent with our data on the size of ice crystals in experimental samples based on
non-hydrolyzed whey concentrates (NHC, NH3%). The presence of hydrolysis products in
the samples HC, H3% and H5% increases the melting rate, despite the formed small-size
ice crystals in these samples. Lindamo et al. [101] reported a similar trend of decreasing
melting resistance as the degree of lactose hydrolysis increased in ice cream samples. Due
to its high moisture-binding capacity, whey protein isolate increases the viscosity of ice
cream mixes [51], which limits the excessive growth of ice crystals, ensures the formation of
a creamy consistency of ice cream and increases the resistance to melting of ice cream due
to the structural and mechanical factor of foam stabilization as a dispersed system. For the
purpose of a deeper study of the regularities of the formation of physicochemical parame-
ters of ice cream, their hardness was determined. The hardness of HC with hydrolyzed
concentrate (p < 0.05) is less than that of NHC, but the further addition of whey protein
isolate to the composition of ice cream increases the hardness in samples H3% and H5%,
although it is slightly less, compared to NH3%. During 14 days of storage, the hardness of
all ice cream samples increased, and this was most noticeable for H3% and H5%. Patel, Baer
and Acharya [102] reported that increasing the protein content of vanilla ice cream resulted
in excessive firmness with lower overrun. The authors explained this by a hard three-
dimensional gel formed by proteins, which led to an increase in viscosity. The obtained
data coincide with the studied dynamics of crystal formation in ice cream, confirming that
the larger the ice crystals, the higher the hardness of the ice cream, but this correlation is
also not always confirmed by scientists [12,54]. Alfaifi and Stathopoulos [103] reported that
the addition of whey protein isolate increased ice cream hardness, and Danesh et al. [104],
on the contrary, found that hardness decreases when using whey protein isolate. From the
data in Table 6, there is no direct dependence of the hardness on the resistance to melting
or overrun, which is related to the peculiarities of the chemical composition of whey ice
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cream samples as a food system, in particular, the presence of lactose or monosaccharides,
a reduced MSNF content and an increased protein content. The existing contradictions in
the scientific literature regarding the interdependence of whipping, resistance to melting
and hardness, as well as their correlation with the processes of ice crystal formation and
saturation of ice cream with air bubbles are due to the difficulty of obtaining data on ice
cream samples with an individual recipe composition. These dynamics may also depend
on many factors and require a complex approach to analysis.

3.7. Microbiological Analysis

The number of Lactobacillus acidophilus probiotic cells for all samples was not lower
than 6.2 log CFU/g during two weeks of storage (Table 7), which allows the developed
ice cream compositions to be classified as probiotic, which means it contains at least 6 log
CFU/g of probiotic cultures [105].

Table 7. Microbiological indicators of ice cream samples.

Sample
Storage

Time (Days)

Counting (log CFU/g)

Coliform LA-5® Yeasts Fungi

NHC
1 ND 6.6 5.1 6.0
14 ND 6.6 5.5 6.2

NH3%
1 ND 6.3 5.4 ND
14 ND 6.2 5.7 5.1

HC
1 ND >7.7 5.3 5.3
14 ND >7.7 5.5 5.5

H3%
1 ND 7.6 5.0 ND
14 ND 7.6 5.3 ND

H5%
1 ND 7.4 5.0 ND
14 ND 7.3 5.2 ND

Note. ND—not detected. NHC—ice cream based on non-hydrolyzed whey concentrate; NH3%—ice cream based
on non-hydrolyzed whey concentrate + 3% whey protein isolate; HC—ice cream based on hydrolyzed whey
concentrate; H3%—ice cream based on hydrolyzed whey concentrate + 3% whey protein isolate; H5%—ice cream
based on hydrolyzed whey concentrate + 5% whey protein isolate.

The decrease in Lactobacillus acidophilus from 6.6 log CFU/g (sample 1) to 6.2–6.3 log
CFU/g (sample 2) is likely due to a high solid content, resulting in a decrease in water
activity and an increase in osmotic pressure, which negatively affects the vital activity of
starter microorganisms. The increase in the number of Lactobacillus acidophilus bacterial
cells in samples with hydrolyzed whey concentrate, despite an even greater increase in the
solid content, is due to the presence of glucose and galactose, which are a nutrient medium
and stimulate the development process of probiotic cultures [42]. The presence of whey
protein isolate could also contribute to the development of Lactobacillus acidophilus to some
extent. Afzaal et al. [106] showed that whey protein isolates were more effective due to
their amino acid composition as a protective medium for probiotic cell strains. Burgain
et al. [107] reported that some of the molecules present in the cells of probiotic bacteria
are involved in adhesion with polysaccharides, acids, proteins and lipids. Milk protein
ingredients, as representatives of biopolymers, are common components of bioactive agents
(encapsulants, protectors) used to protect probiotic bacteria [108,109]. The combination of
probiotics with whey protein isolate can add more value to processed foods, but the main
disadvantage associated with this combination is the instability of bacteria, since WPI is
an ideal food source for the growth and reproduction of microorganisms at high moisture
content [40]. The results of counting yeasts and fungi in the ice cream samples indicate that
H3% and H5% have a lower content of them compared to other samples. Due to the active
binding of free water and increased osmotic pressure in the product, whey protein isolate
creates unfavorable conditions for the development of fungi and yeast, which correlates
with the obtained data on the activity of water in ice cream mixes.
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4. Conclusions

Whey protein isolate has a significant effect on the rheological properties of ice cream
mixes based on hydrolyzed whey concentrates, namely, an increase in viscosity indicators.
Substantial freezing of free water in ice cream occurs in the temperature range from the
cryoscopic temperature to −10 ◦C, which ensures the freezing of 70.5–71.2% of water and,
in samples HC, H3% and H5% up to 72.9–76.1%. Whey protein isolate contributes to
the formation of a structure with increased water-holding capacity, which leads to the
formation of a more uniform crystal structure (average diameter of ice crystals from 13.75
to 14.75 μm) in HC, H3% and H5% samples. Analysis of the microstructure confirms the
feasibility of using whey protein isolate (3–5%), which ensures an even distribution of air
bubbles in the ice cream and contributes to obtaining a product with a high whipping
index. The combination of non-hydrolyzed whey concentrate and 3% whey protein isolate
(NH3%) provides the greatest stability to preserve the purity and color intensity of the ice
cream during storage. According to the microbiological analysis, the developed types of ice
cream can be classified as probiotic based on the amount of Lactobacillus acidophilus in all
samples not being lower than 6.2 log CFU/g. According to the results of the research, H3%
and H5% were selected as the best ice cream recipes, which ensure the proper formation
of quality indicators of whey ice cream. The prospect of further research is the study
of a complex of quality indicators for acidophilic ice cream based on hydrolyzed whey
concentrates during storage.
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Abstract: The objective of this study was to develop fresh and matured cheeses with different
bovine colostrum levels, aiming to promote the consumption of dairy products with the addition
of colostrum. Four different cheese formulations were produced with a mixture of 0:100, 15:85,
20:80, and 25:75, bovine colostrum:milk (v:v), and aged for 0, 10, 20, and 40 days. Milk, colostrum,
and fresh and matured cheeses were submitted to physicochemical characterization. Moreover,
microbiological quality, yield, texture profile, color, and sensory acceptance of cheese samples were
evaluated. Colostrum supplementation favored low acidity, high moisture, a pH range of 5.0–6.2,
and water activity of 0.94–99. Sensory attributes and overall evaluation of all cheese formulations
achieved an Acceptability Index above 70, indicating good acceptability. Since cheese with colostrum
presented the potential to be used as human food, assessing the presence of colostrum bioactive
components in those dairy products is a promising goal for further research.

Keywords: sensory evaluation; dairy product; cheese maturation; food composition

1. Introduction

The colostrum is the secretion produced by the mammary gland immediately after
birth [1]. It represents a rich source of vitamin A with relatively high concentrations of
caseins and albumin, containing many essential nutrients in higher concentrations than
those usually found in mature milk [1,2]. For instance, Jersey cows’ colostrum 24 h after
birth presents 4% fat, 15% proteins (12% caseins), 1,5% lactose and 489 IU/dL vitamin A [3].
Compared to milk, colostrum generally contains less lactose and has a higher content of
other components such as fat, protein, ash, vitamins, hormones, and immunoglobulins.
After three days, the lactose content increases, while the percentage of other components
gradually decreases [1,4]. In addition, bovine colostrum (BC) contains bioactive compo-
nents in relevant amounts, including growth factors, immunoglobulins, lactoperoxidase,
lysozyme, lactoferrin, nucleosides, vitamins, peptides, and oligosaccharides, which are
extremely relevant to health [5]. Immunoglobulins can account for more than 80% of
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total proteins in BC; therefore, its commercial value is currently quoted by the protein
concentration and immunoglobulin levels, especially IgG [6,7]. Recent research has shown
that immune defense proteins in bovine colostrum may be related to protective effects
against respiratory diseases such as those caused by SARS-CoV-2 infection (COVID-19) [8].
Bioactive molecules are allegedly responsible for the effect of passive immunity when BC
is consumed by humans [9]. Despite considerable differences between BC and human
colostrum compositions, BC has good tolerability in the human organism [6] and it is well
accepted by most consumers [7].

The demand for innovative foods grows every day as consumers consider nutrition
to address a wide range of health conditions. In this way, industries and research centers
promote initiatives to support the production of nutraceuticals and functional foods. Food
companies are developing their product lines with a primary focus on promoting people’s
health [10]. In this sense, some products based on bovine colostrum have been developed
and are already commercialized as food supplements in countries such as New Zealand,
United States, Europe, and China [11]. Nevertheless, a wide variation in the bioactivity was
detected in commercially available colostrum products such as powders and capsules [7].
A crescent number of patents has been registered across the globe claiming health benefits
to colostrum products, with emerging processing technologies being developed to preserve
the therapeutic properties of BC bioactive compounds [12].

Regarding food products, yogurts [13,14], mixtures for beverages [15], cheeses [16–18],
ice cream [19], nutritional bars, jellies, and ready-to-drink beverages have used or might
use BC as a functional ingredient [20]. Dairy products, such as cheeses, are a valuable
source of proteins, lipids, vitamins, and minerals, and their global consumption is expected
to increase by around 13.8% between 2019 and 2029 [21]. Thus, the production of mixed
cheese with milk and colostrum has emerged as an alternative way of utilizing surplus
colostrum and an innovation in the dairy industry for providing possible benefits because
of the presence of immunoglobulins, which adhere to the intestinal mucosa, functioning as
a protective layer and preventing pathogenic microorganisms from colonizing [22].

Considering the worldwide consumption of cheese, developing this type of product
with the inclusion of colostrum could be an innovative alternative to utilizing the surplus
production of this raw material. Furthermore, once the health benefits of colostrum and its
potential for new products are understood, there is an opportunity for industries to cater to
different consumer profiles [18].

In this sense, this study aimed at (i) developing fresh and mature cheeses added with
different bovine colostrum levels and (ii) characterizing the physical-chemical and sensory
properties of these cheeses.

2. Materials and Methods

2.1. Milk and Colostrum Sampling and Thermal Processing

The milk and colostrum were collected on a commercial farm located in the munic-
ipality of São Gonçalo do Amarante, Rio Grande do Norte, Brazil, between January and
November 2019. The herd consisted of 62 Jersey cows (30 primiparous and 32 multiparous),
managed under a Compost Barn system. Colostrum samples were collected at second and
third milking after calving (up to 24 h) in plastic bottles with a capacity of one liter, labeled
and packed in isothermal boxes at a temperature of 4 to 5 ◦C, transported to the Milk
Quality Laboratory (LABOLEITE) of the Federal University of Rio Grande do Norte at the
Macaíba Campus, and then stored at −18 ◦C. The colostrum was subsequently thawed in a
cold chamber at a refrigeration temperature of 5 ◦C to perform thermal processing, physical-
chemical analysis, and cheese-making. Subsequently, milk and colostrum mixtures in the
proportions 100:0, 85:15, 80:20, and 75:25 (v:v; milk:colostrum, respectively) were subjected
to heat treatment (60 ◦C for 45 min) according to Das and Seth [23], aiming at ensuring the
microbial quality of the raw material to be used in cheese-making, while preserving the
IgG and IgA immunoglobulins, with no visual protein coagulation.
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The preliminary pasteurization tests showed high thermal instability of the second
milking colostrum, which led us to follow the cheese production stage with only the third
milking colostrum.

2.2. Physical-Chemical Analysis of Milk and Colostrum

Milk and colostrum were analyzed for fat, total protein, lactose, casein, total solids,
and milk solids non-fat using an infrared spectrophotometer (Dairy Spect®, Bentley Instru-
ments Inc., Chaska, MI, USA). The pH of milk and colostrum samples was measured using
a digital pH meter (Lucadema, São José do Rio Preto-SP, Brazil). Acidity was determined
according to the standards of the Instituto Adolfo Lutz [24] using a Dornic Acidimeter
(CAP-LAB, Ipiranga-SP, Brazil), and the result was expressed in g of lactic acid/100 mL.
All these measurements were performed in triplicate.

2.3. Experimental Treatments and Cheese-Making

This study tested four treatments characterized by a different colostrum addition (0,
15, 20, 25 mL 100 mL−1, respectively named 0, 1, 2, 3). Cheese produced using 100 mL
of milk was defined as the control treatment. The colostrum proportions were chosen
according to preliminary tests on the thermal stability of the mixture of colostrum and
milk. Increasing proportions of colostrum promoted the coagulation of the mixture during
the pasteurization. Furthermore, higher amounts of colostrum could potentially lead to
remarkable sensory changes, negatively influencing the final acceptance of the products.

Different ripening periods were assessed for each treatment, from 0 days (fresh; F) to
10, 20, and 40 days, respectively named A, B, and C. For each treatment, cheese-making
was performed following several procedures: after pasteurization, milk with or without
colostrum was cooled to 37 ◦C, inoculated with a mixed starter culture (Lactoccocus lactis
subsp. Lactococcus lactis subsp. cremoris, Streptococcus salivarius subsp. thermophilus) (Vilac
Foods®, Macaíba, Brazil), in the proportion of 0.6 mL/10 L of milk, then allowed to rest
for 30 min. Following the manufacturer’s instructions, commercial 0.04 g 100 g−1 calcium
chloride and 0.01 g 100 g−1 calf rennet (LacRen 1000 IMCU/mL; Vilac Foods®, Brazil)
were homogenized and added to the vat, and milk was left for coagulation (40 to 60 min).
The final curd pH was monitored to be no lower than 6.4. The curd was cut into about 1.5
to 2.0 cm3 cubes and scalded to 45 ◦C (rising by 1 ◦C every 3 min). Then, draining, salting
(0.9 g 100 g−1 sodium chloride), molding, and pressing in a manual press were performed.
During pressing, each cheese was turned three times (each turn lasted 1 h), and the total
pressing time was 4 h. The resulting cheese yield was measured by the ratio of liters of
milk used to produce one kilogram of cheese (L/kg) [25].

The F cheeses were vacuum-packed the next day after manufacture. During the
ripening stage, the cheeses were unmolded and placed in plastic trays, then stored in a
cold chamber at 5 ◦C with a relative humidity of 75%. The cheeses were vacuum-packed
after completing the ripening phase. The cheese production steps followed the norms of
Regulation No. 146 [26].

2.4. Chemical Composition of Cheese Samples

The chemical composition of cheese samples was determined in triplicate according
to the official methods of AOAC International [27], analyzing pH, total titratable acidity,
moisture, and total solids and ash. Water activity was measured on an aw meter (LabSwift-
Novasina, Piracicaba-SP, Brazil). A conversion factor of 6.38 was used to determine proteins
after total nitrogen analysis following the Kjeldahl method (AOAC, 1970). The fat content
was determined by the Gerber methodology, described in Regulation No. 68 [26].

2.5. Colorimetric Analysis

The color of cheese samples was analyzed by an instrumental method using an ACR-
1023® colorimeter (Instrutherm, São Paulo, Brazil) in the RGB system and converted into
CIELAB by the OpenRGB® program (Logicol, Italy). The L* coordinate readings were
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taken to assess the luminosity (L* = 0, black; L* = 100, white), while a* and b* refer to
the chromaticity coordinates: a* represents the variation degree between green and red
(a* negative = green; a* positive = red), and b* expresses a hue between blue and yellow
(b* negative = blue; b* positive = yellow) [28]. The device was previously calibrated, and
the colorimetry readings were performed in the geometric center of each cheese in triplicate.
The Yellowness Index (YI) was calculated from the average of the values of L * a * b *,
according to the following equation [29]:

YI = 142.86 (b*/L*)

2.6. Texture Profile Analysis

The Texture Profile Analysis (TPA) was performed in a universal texturometer (TA-XT
plus, Stable MicroSystems, Godalming, UK) equipped with integrated Exponent Stable
MicroSystems 32 software, 36 mm AACC cylindrical probe (model P-36R), and a 30 kg
load cell. The double compression method was used, simulating chewing, with two cycles
(20% compression; 5 s between cycles; constant speed of 2 mm/s). The cheese samples
were 20 mm in diameter and were kept at room temperature (30 ◦C) for around 4 h before
testing [30]. The firmness, cohesiveness, chewability, and resilience parameters were
analyzed. A total of four repetitions were performed for each cheese sample.

2.7. Microbiological Analyses

The different formulations (milk: colostrum) used to produce the cheeses were sub-
jected to the analysis of total and thermotolerant coliforms (MPN/g) after the pasteurization
process to verify their hygienic quality [31].

All the different formulations of fresh cheeses were subjected to the analysis of thermo-
tolerant coliforms (MPN/g), molds and yeasts, coagulase-positive staphylococci (Staphylo-
coccus aureus), Listeria monocytogenes, and Salmonella spp. [32]. The results were evaluated
based on the specific quality parameters for cheeses established by the Brazilian health
agency Agência Nacional de Vigilância Sanitária [26,32–34].

2.8. Sensory Analysis

Hedonic sensory tests were carried out by a panel of 93 untrained volunteer tasters
(ranging from 18 to 51 years), recruited in November 2019, among students and workers
from the Federal University of Rio Grande do Norte (Escola Agrícola de Jundiaí, Macaíba,
RN, Brazil).

For conducting sensory tests, this work was approved by the Research Ethics Com-
mittee of the Health Sciences College of Trairi, Universidade Federal of Rio Grande do
Norte (UFRN), under approval number 3.696.904. The written informed consent was
properly collected. The authors had no access to information that could identify individual
participants during or after data collection.

The tests occurred in individual sensory analysis booths, with temperature controlled
to 22 ◦C and artificial white light. Water and salty crackers were offered to the volunteers
between the samples. The evaluated parameters were appearance, color, aroma, texture,
flavor, and overall acceptance using a hedonic scale of 9 points, ranging from disliked very
much (1) to liked very much (9). Cheeses were also evaluated for purchase intent by a
numerical and nominal five-point scale (1 = certainly would not buy, to 5 = would certainly
buy).

The Acceptability Index (AI) was calculated according to Dutcosky [35], which classi-
fies a product with good acceptability when the AI is greater than 70, using the equation:

AI (%) = M/h × 100

in which:
M = arithmetic mean of the scores assigned to the parameter, and
h = highest score given by the tasters to the parameter under analysis.
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2.9. Statistical Analyses

The results were expressed as means and standard deviations. Differences between
treatments were determined through an analysis of variance (ANOVA) with the R version
3.5.0 software program using the “Agricolae” package, complemented by the Tukey test
with a 0.05-significance level. The results of the acceptability tests for sensory attributes
and purchase intention were subjected to the Dunnet test by comparing cheeses with the
colostrum addition to the control sample.

3. Results and Discussion

The characteristics of the milk and colostrum used to manufacture the cheeses can be
seen in Table 1. The milk composition is within the legal standards of Regulation No. 76
(IN 76) of the Ministry of Agriculture, Livestock and Supply [28].

Table 1. Composition, pH, and acidity of milk and colostrum used in cheese production (mean ±
standard deviation).

Composition Milk ± SD Colostrum ± SD

Fat (g 100 g−1) 5.40 ± 0.01 a 4.05 ± 0.01 b

Total protein (g 100 g−1) 3.87 ± 0.01 b 15.20 ± 0.01 a

Lactose (g 100 g−1) 5.34 ± 0.01 a 1.48 ± 0.01 b

Casein (g 100 g−1) 3.02 ± 0.01 b 12.07 ± 0.01 a

SNF (g 100 g−1) 10.02 ± 0.01 b 17.46 ± 0.14 a

TS (g 100 g−1) 15.42 ± 0.01 a 21.52 ± 0.01 b

Acidity (g lactic acid 100 mL−1) 0.18 ± 0.01 b 0.25 ± 0.01 a

pH 6.80 ± 0.01 a 6.40 ± 0.01 b

SNF: Solids-not-fat; TS: Total solids. SD: Standard Deviation. Means with different letters on the same line differ
from each other by the Tukey test (p < 0.05).

The average colostrum composition values are higher when compared with milk,
except for lactose and fat, which had a lower concentration. Conte and Scarantino [36]
report that a gradual increase in lactose values during lactation is expected, particularly
in the first days after calving. Sobczuk-Szul et al. [37] show 23.34 g 100 g−1 for solids-
not-fat in colostrum from Jersey cows, which is higher than the value found in this study
(17.46 g 100 g−1). The 23 g 100 g−1 total solids value colostrum from Jersey dairy cows is
reported by Morrill et al. [38], being slightly higher than that found in the present study
(21.52 g 100 g−1).

Oliveira et al. [39] report that the high protein concentration in colostrum is related
to the greater amount of casein and immunoglobulins. These immunoglobulins have the
function of protecting the calf from various diseases until its body is able to develop its
own defense cells. Clinical trials have proven that bovine colostrum immunoglobulins
may also benefit human health. Among them, Potiroglu and Kondolot [40] conducted a
study on using bovine colostrum in treating children with upper respiratory tract infections
due to IgA deficiency. They observed a reduction in the severity of the infections. Those
researchers emphasize that no adverse effects are followed by the patients’ mothers. The use
of colostrum for producing immunoglobulins on an industrial scale is interesting because
it has high bioavailability and safety compared to blood products [23]. This makes bovine
colostrum a source of bioactive compounds of interest for developing functional foods.

Colostrum shows a pH of 6.4 and acidity of 0.25 g lactic acid/100 mL (Table 1).
The colostrum pH is higher than that reported by Saalfeld et al. [41] with a pH of 6.29,
while the acidity value is similar to colostrum within 24 h from calving (0.25 g of lactic
acid/100 mL; [41]). The acidity value is probably related to the presence of solids-not-fat,
such as albumin, caseins, and phosphates; thus, when colostrum is characterized by high
protein content, high acidity is expected [41]. Nardone et al. [42] also observe higher
titratable acidity for colostrum when compared to milk and report a positive correlation
with its protein content.
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Regarding the composition of cheeses made by processing milk with colostrum
(Table 2), moisture results ranged from 44.77 to 63.22 g 100 g−1. Differences in moisture
between the samples according to the colostrum level and the maturation time (p < 0.05)
are observed. All the fresh cheese formulations with added colostrum (1F, 2F, and 3F)
can be classified as very high moisture cheeses, as their moisture content is greater than
55.0 g 100 g−1. The 0B and 1C cheeses are within the standards for medium-moisture
cheeses, with percentages within 44.77 to 45.9 g 100 g−1 [23]. The remaining aged cheeses
presented moisture ranging from 46.59 to 63.22 g 100 g−1; therefore, they were classified
as high-moisture (46–54.9 g 100 g−1) to very high-moisture cheeses (above 55 g 100 g−1)
according to the Brazilian regulation [26]. As expected, the moisture content of the cheese
samples is directly linked to the maturation time applied. Cheeses with a short maturation
time tend to be moister than cheeses with a lengthier maturation time [43]. Evaluating
the characteristics of rennet-type cheese produced using cow’s milk, Roig et al. [44] and
Santos et al. [45] observed that the high moisture of the cheeses was due to the greater pres-
ence of denatured whey proteins because of the use of pasteurized milk. When analyzing
the variability of cheese moisture content in this study, the pasteurization effect seems to
affect cheese obtained from milk added with colostrum. According to Souza and Saad [46]
and Santos et al. [45], another explanation for the difference in cheese moisture would be
related to milk and colostrum pH, as the concentration of hydrogen ions leads to a reduction
in repulsive forces and a consequent increase in the aggregation of casein micelles, which
may explain the lower moisture retention in cheese obtained from only milk.

Table 2. Composition of cheeses enriched with different levels of bovine colostrum and matured for
10, 20, and 40 days (mean ± standard deviation).

Treatment Moisture Ash FDM Protein Acidity pH aw

0—100:0 (milk:colostrum, v:v)
F 47.52 ± 0.16 g 2.95 ± 0.00 f 41.09 ± 5.52 ab 22.24 ± 0.21 c 0.04 ± 0.00 b 5.39 ± 0.02 ef 0.95 ± 0.01 b

A 46.59 ± 0.29 h 3.53 ± 0.05 cde 31.00 ± 1.91 def 25.48 ± 0.57 abc 0.04 ± 0.01 b 5.65 ± 0.08 bc 0.95 ± 0.01 ab

B 44.77± 0.11 i 3.34 ± 0.06 ef 47.36 ± 0.98 a 23.06 ± 1.32 bc 0.05 ± 0.00 ab 5.50 ± 0.02 de 0.99 ± 0.01 a

C 49.11± 0.17 f 3.96 ± 0.04 bc 32.60 ± 0.19 cde 25.85 ± 0.49 ab 0.08 ± 0.01 a 5.22 ± 0.02 gh 0.97 ± 0.00 ab

1—85:15 (milk:colostrum, v:v)
F 56.98 ± 0.22 b 3.44 ± 0.01 de 26.24 ± 1.33 efg 25.30 ± 0.16 abc 0.03 ± 0.01 b 5.61 ± 0.09 bc 0.96 ± 0.01 b

A 51.00 ± 0.13 e 3.32 ± 0.08 ef 32.58 ± 0.08 cde 23.45 ± 017 abc 0.02 ± 0.00 b 5.24 ± 0.03 gh 0.95 ± 0.02 ab

B 52.41 ± 0.41 d 3.63 ± 0.01 bcde 38.40 ± 0.96 bc 26.07 ± 2.40 ab 0.03 ± 0.01 b 5.68 ± 0.00 bc 0.96 ± 0.01 ab

C 45.99 ± 0.19 h 4.92 ± 0.02 a 26.87 ± 1.32 efg 24.00 ± 0.49 abc 0.08 ± 0.01 a 5.30 ± 0.02 fg 0.94 ± 0.01 b

2—80:20 (milk:colostrum, v:v)
F 63.22 ± 0.16 a 3.21 ± 0.02 ef 31.56 ± 1.52 def 24.66 ± 0.25 abc 0.04 ± 0.00 b 5.73 ± 0.01 b 0.97 ± 0.01 ab

A 54.58 ± 0.11 c 4.01 ± 0.09 b 21.21 ± 0.65 g 26.65 ± 0.33 a 0.04 ± 0.02 ab 5.57 ± 0.03 cd 0.96 ± 0.00 ab

B 47.48 ± 0.37 g 3.85 ± 0.03 bcd 35.65 ± 0.34 bcd 25.58 ± 0.05 abc 0.02 ± 0.00 b 5.48 ± 0.02 de 0.97 ± 0.02 ab

C 49.42 ± 0.11 f 3.84 ± 0.09 bcd 35.13 ± 0.29 bcd 25.42 ± 0.03 abc 0.03 ± 0.01 b 5.03 ± 0.01 ij 0.95 ± 0.01 ab

3—75:25 (milk:colostrum, v:v)
F 57.13 ± 0.69 b 3.23± 0.12 ef 40.29 ± 3.89 b 24.73 ± 1.51 abc 0.02 ± 0.00 b 6.23 ± 0.01 a 0.95 ± 0.03 b

A 53.06± 0.12 d 3.45 ± 0.02 de 32.68 ± 3.18 cde 23.83 ± 0.63 abc 0.04 ± 0.01 b 5.14 ± 0.01 hi 0.95 ± 0.01 ab

B 51.49 ± 0.14 e 4.90 ± 0.55 a 25.42 ± 3.16 fg 23.22 ± 0.25 bc 0.02 ± 0.00 b 5.46 ± 0.00 de 0.96 ± 0.00 ab

C 51.31 ± 0.27 e 3.53 ± 0.01 cde 29.65 ± 1.18 def 25.00 ± 0.44 abc 0.03 ± 0.01 b 5.02 ± 0.01 j 0.95 ± 0.01 b

FDM: Fat in Dry Matter; Moisture, ash, crude protein, and acidity are expressed in g 100 g−1; 0: control samples
(0 colostrum addition); 1: Cheese produced from milk with the addition of 15 mL 100 mL−1 colostrum; 2: Cheese
produced from milk with the addition of 20 mL 100 mL−1 colostrum; 3: Cheese produced from milk with the
addition of 25 mL 100 mL−1 colostrum; F: fresh cheese; A: Cheese matured for 10 days; B: Cheese matured for
20 days; C: Cheese matured for 40 days. Means with different letters in the same column differ from each other by
the Tukey test (p < 0.05).

The treatments with the addition of 15 and 25 mL of colostrum per 100 mL of milk
in cheeses matured for 20 and 40 days (3B and 1C, respectively) yielded the highest
ash values. The simultaneous effect of colostrum addition and maturation promotes a
higher concentration of this component in cheese. Indeed, significant differences (p < 0.05)
are found between different concentrations of colostrum additions, as well as between
maturation times (p < 0.05). Our cheeses added with colostrum reached a higher ash content
than those reported by Assunção et al. (3.02 to 3.24 g 100 g−1) for similar types of artisanal
spicy cheeses without colostrum [47].
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Among the treatments, type 0B cheese is classified as fatty cheese, as it has fat in the
dry matter within the limits of 45.0 to 59.9 g 100 g−1 [26]. Cheeses 0B and 0F showed the
highest percentages of FDM with significant differences (p < 0.05) compared to the other
formulations. The 2A cheese sample has the lowest lipid content which is consequently
reflected in the FDM (21.21 g 100 g−1), constituting the lowest value among all treatments.
Thus, according to Brazilian standards, cheese 2A is classified as reduced fat (fat content
between 10.0 and 24.9 g 100 g−1) [26]. All the other cheeses are classified as within the
semi-fat criteria, including those with fat content in the dry matter between 25.0 and 44.9 g
100 g−1 [26]. The reduction in the lipid index observed in the cheeses with added colostrum
can be explained by the differences between the high lipid content found in the fresh
milk used for making the cheeses (5.4 g 100 g−1) and the percentage of this component in
the 24-h colostrum (4.05 g 100 g−1). It may also be due to the formation of more fragile
curds, which, according to Sousa et al. [48], affect the ability to retain fat, influencing the
centesimal composition.

Cheeses produced from a different proportion of milk and colostrum are also signif-
icantly different regarding SNF (p < 0.05). This trait is important because it allows the
assessment of fat expressed in relation to total dry matter (TDM), correcting for the variation
that may occur because of moisture losses [49]. The control cheese (0B) shows the highest
FDM, with this being justified by the higher fat content (5.40 g 100 g−1) of milk compared to
that in the colostrum (4.05 g 100 g−1). According to Foley and Otterby [2], bovine colostrum
fat decreases with the time interval from calving (fat equal to 6.7 g 100 g−1 postpartum,
5.4 g 100 g−1 at 24 h, and 3.9 g 100 g−1 at 72 h). Raimondo et al. [50] reported a high
quantity of fat colostrum in Jersey cows, from 1.35 ± 1.17 g/dL on the first day from calving
to 3.09 ± 2.19 g/dL on the third day of lactation.

The protein content of cheese is similar among treatments, although the percentage
was slightly lower in samples without colostrum addition. This can be justified by the
higher whey protein content in colostrum and the low proportion of milk’s total protein
content [51].

The titratable acidity of cheese (Table 2) is expressed as a percentage of lactic acid and
varied between 0.02 to 0.08 among treatments, presenting a lower variability compared
to that reported by Sousa et al. [48] for traditional rennet cheese (0.12 to 1.01). Those
authors stated that the acidity resulting from lactic acid production has a direct influence
on the expulsion of whey, especially during syneresis. In addition, acidity can influence the
texture [52], microbial activity, and maturation index of cheese [48]. Thus, the low titratable
acidity observed in this study reflects the pH values found in the cheese formulations.

Cheese pH mean values (Table 2) range from 5.02 (3C) to 6.23 (3F). The pH of the
fresh cheeses among treatments gradually increased as the colostrum proportion in the
formulation increased. A similar pH was found by Simon and coworkers for a cheese made
with 100% colostrum (6, 15) [18]. The presence of immunoglobulins, considered the main
antimicrobial factor of colostrum [50], possibly affected the fermentation process by the
lactic acid bacteria added to the cheeses, even if the proteins that remain soluble (including
immunoglobulins) are drained in the whey during curd formation. Further studies are
needed to analyze the lactic acid bacteria action in cheese fermentation using milk added
with colostrum.

Water activity values of cheese samples vary between 0.94 and 0.99 (p < 0.05; Table 2). It
is known that cheeses with high water activity levels are more susceptible to high microbial
development [53]. Thus, the activity is inversely proportional to the shelf life of cheeses.
In general, the longer the ripening period, the lower the water activity; however, in our
experiments, no significant differences were observed between ripe and fresh cheeses,
meaning the maturation time was not long enough to produce changes in aw.

Regarding the measurement of color, we report that the variation in the colostrum
added to milk produces differences among cheese samples (Table 3). The cheeses of the
present study generally show medium luminosity (L*), with a predominance of yellow (b*)
and green (a*). Thus, the cheeses analyzed herein were characterized as yellowish-white,
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resembling the characteristics of rennet cheese. The L* brightness values ranged from 55.43
to 83.44. The negative a* value represents the intensity of the green color, while the positive
value refers to the red one. The b* values ranged from 14.07 to 34.04, representing the
intensity of the yellow color.

Table 3. Color characteristics of cheeses enriched with different levels of bovine colostrum and
matured for 10, 20, and 40 days (mean ± standard deviation).

Treatments L* a* b* YI

0—100:0 (milk:colostrum, v:v)
F 65.80 ± 7.87 def −6.83 ± 8.78 abc 17.04 ± 5.68 d 37.24 ± 12.81 bc

A 62.38 ± 1.89 efg −5.57 ± 5.13 abc 19.01 ± 4.50 bcd 43.62 ± 10.71 abc

B 64.65 ± 3.13 def 7.21 ± 8.62 a 17.83 ± 12.65 cd 39.35 ± 27.94 bc

C 75.66 ± 0.66 b −7.76 ± 1.91 abc 30.73 ± 0.65 abc 58.01 ± 0.72 abc

1—85:15 (milk:colostrum, v:v)
F 62.76 ± 0.86 defg 1.49 ± 5.22 ab 20.09 ± 1.88 bcd 45.69 ± 3.63 abc

A 59.77 ± 0.86 fg −7.53 ± 1.36 abc 23.69 ± 0.27 abcd 56.62 ± 0.34 abc

B 63.26 ± 3.30 def −10.28 ± 3.60 bc 15.30 ± 1.54 d 34.51 ± 1.88 c

C 64.48 ± 0.40 def 2.16 ± 1.49 ab 31.49 ± 1.80 ab 69.78 ± 4.40 a

2—80:20 (milk:colostrum, v:v)
F 63.53 ± 1.84 def −15.06 ± 6.09 c 16.70 ± 3.26 d 37.54 ± 7.03 bc

A 83.44 ± 1.03 a −5.39 ± 4.22 abc 26.99 ± 3.92 abcd 46.16 ± 6.18 abc

B 66.51 ± 2.52 cdef −8.60 ± 0.92 abc 25.25 ± 4.38 abcd 54.06 ± 7.47 abc

C 68.79 ± 1.07 bcde 7.04 ± 0.79 a 34.04 ± 2.71 a 70.64 ± 4.64 a

3—75:25 (milk:colostrum, v:v)
F 55.43 ± 0.87 g −4.10 ± 6.24 abc 14.07 ± 3.81 d 36.19 ± 9.30 c

A 74.16 ± 0.51 bc 0.02 ± 4.00 abc 33.66 ± 0.01 a 64.84 ± 0.44 ab

B 64.68 ± 1.88 def 3.69 ± 6.07 ab 24.82 ± 1.04 abcd 54.79 ± 0.92 abc

C 70.41 ± 0.51 bcd 1.89 ± 9.43 ab 26.06 ± 1.29 abcd 52.88 ± 2.65 abc

0: control samples (0 colostrum addition); 1: Cheese produced from milk with the addition of 15 mL 100 mL−1

colostrum; 2: Cheese produced from milk with the addition of 20 mL 100 mL−1 colostrum; 3: Cheese produced
from milk with the addition of 25 mL 100 mL−1 colostrum; F: fresh cheese; A: Cheese matured for 10 days;
B: Cheese matured for 20 days; C: Cheese matured for 40 days. Means with different letters in the same column
differ from each other by the Tukey test (p < 0.05).

Generally, increased yellowing is directly related to the amount of fat due to the satu-
ration of adipocytes with beta-carotene from animal metabolism [54,55]. During ripening,
the concentration of non-aqueous components usually leads to color changes. Although
slight differences in the yellowing index (YI) between fresh and matured cheeses can be
observed in this study (40-day ripe cheeses achieved YI higher than the fresh formulations),
there was no statistical relevance of maturation time on this parameter, except for the cheese
produced from milk with the addition of 20 mL 100 mL−1 colostrum.

Table 4 presents the characteristics of the cheese texture profile among treatments.
According to Fontan [56], cheese texture is affected by composition and maturation. The F0
and A0 samples showed greater firmness (p < 0.05). There is a tendency to lower firmness
in cheeses with increasing colostrum levels in the formulation. These data are consis-
tent with cheese moisture since they present a greater solids dispersion and, therefore,
a lower firmness.
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Table 4. Texture characteristics of cheeses enriched with different levels of bovine colostrum and
matured for 10, 20, and 40 days (mean ± standard deviation).

Treatments Firmness Cohesivity Chewability Resilience

0—100:0 (milk:colostrum, v:v)
F 58.99 ± 6.51 ab 0.60 ± 0.05 a 35.89 ± 6.96 ab 0.28 ± 0.03 b

A 65.20 ± 8.64 a 0.61 ± 0.05 a 40.09 ± 6.56 a 0.29 ± 0.04 b

B 50.03 ± 8.08 bc 0.55 ± 0.03 ab 27.41 ± 5.00 bcd 0.22 ± 0.03 b

C 46.31 ± 4.53 bcd 0.61 ± 0.05 a 28.14 ± 3.69 bc 0.20 ± 0.02 b

1—85:15 (milk:colostrum, v:v)
F 33.44 ± 3.25 def 0.56 ± 0.03 ab 18.62 ± 1.15 def 0.31 ± 0.06 b

A 42.87 ± 4.82 cd 0.53 ± 0.05 ab 22.76 ± 3.82 cde 0.32 ± 0.08 b

B 26.37 ± 1.20 efg 0.50 ± 0.02 abc 13.22 ± 0.81 fg 0.44 ± 0.27 b

C 39.21 ± 6.91 cde 0.34 ± 0.06 d 13.39 ± 4.37 fg 0.39 ± 0.13 b

2—80:20 (milk:colostrum, v:v)
F 11.75 ± 1.26 h 0.40 ± 0.08 cd 4.68 ± 0.80 g 0.39 ± 0.18 b

A 51.07 ± 4.5 bc 0.51 ± 0.04 abc 25.68 ± 3.72 cd 0.45 ± 0.18 b

B 45.34 ± 7.08 cd 0.57 ± 0.04 ab 25.64 ± 2.79 cd 0.22 ± 0.02 b

C 27.58 ± 2.26 efg 0.45 ± 0.03 bcd 12.56 ± 1.57 fg 0.40 ± 0.53 b

3—75:25 (milk:colostrum, v:v)
F 16.46 ± 1.86 gh 0.55 ± 0.03 ab 8.99 ± 1.03 g 0.23 ± 0.04 b

A 23.51 ± 1.69 fgh 0.55± 0.06 ab 12.93 ± 2.22 fg 0.25 ± 0.11 b

B 24.24 ± 4.96 fgh 0.57 ± 0.04 ab 13.84 ± 3.53 efg 0.22 ± 0.03 b

C 23.34 ± 3.24 fgh 0.41 ± 0.05 cd 9.46 ± 0.69 fg 1.14 ± 0.23 a

0: control samples (0 colostrum addition); 1: Cheese produced from milk with the addition of 15 mL 100 mL−1

colostrum; 2: Cheese produced from milk with the addition of 20 mL 100 mL−1 colostrum; 3: Cheese produced
from milk with the addition of 25 mL 100 mL−1 colostrum; F: fresh cheese; A: Cheese matured for 10 days;
B: Cheese matured for 20 days; C: Cheese matured for 40 days. Means with different letters in the same column
differ from each other by the Tukey test (p < 0.05).

Pereira et al. [57] studied the correlation between the instrumental and sensory texture
of several similar commercial types of cheeses. They found that cheeses with low moisture
content were generally the firmest. Such findings confirm the results of this work since
the control cheese with the lowest moisture percentage (47.52 g 100 g−1) was the firmest,
while the cheeses with the colostrum addition had the highest moisture content and the
lowest firmness.

Cohesiveness is instrumentally assessed as the amount of energy necessary to break
the internal structure of the cheese, and in sensory analysis, it is defined as the degree to
which cheese is compressed between the teeth before breaking [58]. In the present study,
this parameter ranged from 0.34 to 0.57, with fresh control cheese having the lowest value
(p < 0.05). Some of the values found in this study are close to the work of Andrade et al. [59]
in evaluating industrial and artisanal cheeses, finding results ranging from 0.59 to 0.67 and
0.49 to 0.65, respectively.

Among all the treatments, 0F and 0A showed greater chewability (p < 0.05). Ac-
cording to the results obtained for this parameter, it is possible to observe that cheeses
produced from formulations with higher amounts of colostrum were characterized by
lower firmness. This phenomenon may possibly be associated with higher moisture
content, as water in cheese acts together with fat as a lubricant between casein aggre-
gates [58]. Thus, the reduction in moisture content results in an increase in cheese hardness
and chewability.

Cheese yield is primarily due to the milk quantity and the recovery in the curd of
the protein and fat from the milk to the cheese [53]. Figure 1 shows the cheese yield
calculated in liters of milk per kilogram of cheese (L/kg), with the best performance for the
formulation with the higher percentage of colostrum (6.08 L needed to produce one kg of
cheese). There is also a significant difference (p < 0.05) between the formulations without
colostrum and with the lowest percentage of colostrum (15 mL).
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Figure 1. Average of fresh (F) cheese yield (L/kg) from cheese formulations added with different
levels of bovine colostrum 0:100, 15:85, 20:80, and 25:75 mL 100 mL−1, bovine colostrum:milk
(v:v)—F0, F1, F2, and F3, respectively. Means identified with different letters differ from each other
by the Tukey test (p < 0.05).

All the cheeses in this experiment were produced with similar production technology
to rennet cheese processing and showed a ratio of the amount of milk and colostrum below
10 L of the total volume for each kilogram of cheese produced, which indicates a good yield
when compared to cheeses with the same moisture content [60,61]. According to Dutra [62],
the average yield for rennet cheese manufacturing by the traditional process is between
10.5 and 12.5 L of milk per kilogram of cheese.

The microbiological profile of milk, colostrum, and cheese samples met the Brazilian
criteria determined by the national regulatory agency [26,33,34], which establishes the
absence of Salmonella spp. and Listeria monocytogenes in a 25 g sample, and a tolerance limit
of 1 × 103 MPN/g for coagulase-positive staphylococci, 1 × 104 MPN/g for total coliforms,
5 × 103 MPN/g for thermotolerant coliforms, and 5.0 × 103 UFC/g for molds and yeasts.

Table 5 presents the descriptive statistics of sensory attributes obtained for the fresh
cheese among different treatments. The appearance and color parameters scores ranged
from 7.67 to 8.10 and 7.54 to 7.81, respectively, with no statistical differences (p < 0.05) in
these attributes between the samples.

Table 5. Scores attributed to appearance, color, aroma, texture, taste, overall evaluation (9-point
hedonic scale), and purchase intention (5-point scale) for fresh cheeses with added bovine colostrum
at the levels of 0:100, 15:85, 20:80, and 25:75, bovine colostrum:milk (v:v) (mean ± standard deviation).

Attributes 0F 1F 2F 3F

Appearance 8.10 ± 0.99 a 7.67 ± 1.34 a 7.86 ± 1.09 a 7.75 ± 1.22 a

Color 7.81 ± 1.31 a 7.54 ± 1.26 a 7.73 ± 1.17 a 7.64 ± 1.38 a

Aroma 7.52 ± 1.40 a 6.76 ± 1.63 b 7.07 ± 1.46 b 7.12 ± 1.62 b

Texture 7.83 ± 1.16 a 6.98 ± 1.97 b 6.98 ± 1.74 b 7.36 ± 1.61 b

Flavor 7.90 ± 1.32 a 6.63 ± 1.96 b 6.47 ± 1.93 b 7.07 ± 1.80 b

Overall evaluation 7.72 ± 1.02 a 7.08 ± 1.52 b 6.94 ± 1.56 b 7.41 ± 1.40 b

Purchase intent 4.38 ± 0.94 a 3.49 ± 1.16 b 3.50 ± 1.17 b 3.79 ± 1.28 b

0: control sample (0 colostrum addition); 1: Cheese produced from milk with the addition of 15 mL 100 mL−1

colostrum; 2: Cheese produced from milk with the addition of 20 mL 100 mL−1 colostrum; 3: Cheese produced
from milk with the addition of 25 mL 100 mL−1 colostrum; F: fresh cheese. Means with different letters on the
same line differ from each other by the Dunnet test (p < 0.05).

The control cheese had the highest average for aroma (7.52), texture (7.83), and fla-
vor (7.90) compared to the other treatments (p < 0.05). The control cheese also obtained
a significantly higher overall evaluation (7.72). It is worth noting that despite the sta-
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tistical differences, cheese from milk added with 25 mL 100 mL−1 of colostrum is the
treatment showing the closest scores to the control one in terms of overall evaluation and
purchase intent.

Moreover, the control cheese obtained the highest AI for all evaluated attributes
(Table 6). However, the 3F treatment scored the highest AI among cheeses produced from
milk added with colostrum, except for the appearance and color attributes for which the 2F
obtained the highest value.

Table 6. Acceptability Index (IA) of fresh cheeses obtained from milk with different colostrum additions.

Attributes
AI (%)

0F 1F 2F 3F

Appearance 90.08 85.30 87.33 86.14
Color 86.85 83.87 85.90 84.94

Aroma 83.63 75.14 78.49 79.21
Texture 87.09 75.12 77.65 81.83
Flavor 87.81 73.71 71.92 78.61

Overall evaluation 86.97 78.73 77.18 82.43
AI: Acceptability Index; 0F: fresh cheese with 0 colostrum; 1F, 2F and 3F: Fresh cheeses with the additions of 15,
20, and 25 mL 100 mL−1 colostrum, respectively.

It was further observed that all the evaluated cheese formulations obtained a satis-
factory AI. Dutcosky [35] suggested that a food product with good acceptability presents
average AI values above 70. Good acceptance of colostrum-added dairy products has
previously been reported; Saalfeld et al. [41] observed sensory approval of dairy bever-
ages enriched with colostrum silage. Mouton and Aryana [19] analyzed the influence
of colostrum on the characteristics of ice cream and recommended such an industrial
application based on a sensory analysis by trained panelists.

4. Conclusions

Part of the colostrum cows produce is a surplus dairy farm product. However, there are
challenges to appropriately designate the daily surplus of colostrum production and a need
for processing and product preservation technologies. Based on the overall assessment
and the purchase intention of the fresh cheeses analyzed in this study, it is possible to
speculate that all cheeses made using formulations with colostrum have the potential to
be used for human consumption. Among the cheeses with colostrum, the fresh cheese
with 75:25 milk:colostrum (v:v) received the highest scores for the aroma, texture, flavor,
overall evaluation, and purchase intention parameters. Furthermore, this formulation (25%
colostrum) achieved a better yield than those without or with 15% colostrum. Regarding
texture measurements, after 40 days of maturation, the proportion of 25% colostrum reached
cohesivity, resilience, and bright color significantly higher than its fresh correspondent.

This study contributes to knowledge on the use of colostrum in elaborating and
enriching dairy derivatives intended for human consumption, as the use of colostrum is
little known culturally in Brazil and many other countries. In addition, the results herein
point to a product with innovative appeal, strengthening research in seeking technologies
and innovations to use this raw material, which is still underutilized and wasted due to
excess production.
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Abstract: MicroRNAs (miRNAs) regulate gene expression and might resist adverse physicochemical
conditions, which makes them potential biomarkers. They are being investigated as biomarkers of
dairy production systems, based on the variations in their levels in raw milk depending on animal
diet and management. Whether miRNA levels can serve as biomarkers for dairy products remains
unclear, since technological or culinary treatments, such as fermentation, may alter their levels. Here,
10 cow dairy farms were sampled in Asturias (north-west Spain) and milk samples were subjected to
microwave heating or used to produce yogurt or cheese. Total RNA was isolated from raw milk and
three derived products, and levels of seven miRNAs, selected based on previous studies as possible
milk production system biomarkers, were assessed by RT-qPCR. The treatments decreased levels of
all miRNAs to some extent. These results also imply that cheesemaking increases the concentration
of miRNAs in this product; raw milk and cheese supposedly may provide similar concentrations of
miRNAs, higher than those of yogurt and microwaved milk. They also indicate that the content of
certain miRNAs in raw milk cannot necessarily be extrapolated to other dairy products.

Keywords: cow’s milk; dairy products; microRNA; biomarkers

1. Introduction

MicroRNAs (miRNAs) are non-coding RNAs, only 21–25 nucleotides long, endoge-
nously synthesized, and specific to eukaryotic cells. They are involved in a vast coor-
dination of gene expression regulatory networks. So far, it is known that they mediate
post-transcriptional regulation by degrading mRNA or repressing its transcription which
results in an attenuation of protein translation [1,2]. miRNAs regulate genes not only in
the cells that produce them, but they may regulate genes in other cells too [3]. They have
been detected in body fluids such as blood, saliva, and milk [4], which is particularly rich
in miRNAs [5]. A comparison between serum and milk miRNAs in humans has concluded
that most milk miRNAs are not provided by the blood circulation [6] but originate from
their biogenesis in mammary alveolar epithelial cells [7].

In milk, miRNAs are found packaged in vesicles such as milk exosomes and fat
globules [8,9]. After milk consumption by human adults, bovine milk exosomes can
enhance the miRNA resistance under gastrointestinal digestion and transport to the human
colon, and at least some of them transferred to the bloodstream [10–12], where they may
affect gene expression in humans [13,14]. In other words, milk miRNAs might have
bioactive effects in humans, although there are many obstacles and challenges to reach the
target tissues [15].
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The production of miRNAs depends on numerous factors, both within the organ-
ism [16] and external in the environment [17–19]. For example, miRNA expression differs
with milk fraction (fat, whey, and epithelial cells), reflecting differences in several metabolic
pathways [20,21]. Characteristics of dairy production systems also influence miRNA pro-
files and therefore the functional properties of bovine milk [22,23]. The sensitivity of
miRNA levels to numerous aspects of animal physiology and farm conditions, coupled
with their strong resistance to adverse conditions, including temperature variation, RNase,
low pH [24], and even pasteurization [25], and the fact that they can be sampled in a non
or minimally invasive manner, make them ideal biomarkers [26].

Milk miRNAs vary their levels based on diet and production system. Many studies
on miRNAs used as biomarkers have focused on raw milk. However, milk is usually
submitted to technological processes before human consumption such as pasteurization,
fermentation, or many others. Whether miRNA levels can serve as biomarkers for dairy
products remains unclear. Therefore, in the present study, we compared the levels of seven
miRNAs in raw milk with the levels in milk subjected to microwave heating, fermentation,
or ripening. The concentration of the studied miRNAs in these products was also estimated,
for further assay to assess their potential bio-functionality.

2. Materials and Methods

2.1. Milk Sample Collection and Treatments

Raw tank milk was sampled on 10 dairy farms in Asturias during June and July 2021.
The selected farms are included in different production systems (Table S1).

The 10 samples were transported to the laboratory at 4 ◦C and then processed the
following day. To generate control samples (n = 10), 2 mL of QIAzol lysis reagent was
added to 1 g of raw milk, and then samples were mixed and stored at −80 ◦C. To obtain
microwaved samples (n = 10), 50 mL of raw milk was heated in a 700-W microwave oven
for 1 min, and then allowed to cool to room temperature. An aliquot of this milk (1 g) was
transferred to a new RNase-free tube, 2 mL of QIAzol lysis reagent was added, and samples
were mixed and stored at −80 ◦C.

To obtain yogurt samples (n = 10), 200 mL of raw milk was pasteurized in a ther-
mostatic bath at 85 ◦C for 30 min, allowed to cool to 42 ◦C, and then inoculated with
a commercial yogurt starter, which contains Streptococcus thermophilus and Lactobacillus
delbrueckii subsp. bulgaricus, at the dose recommended by the manufacturer (50 units/250 L
of milk). Once inoculated, aliquots (100 mL) were transferred into two containers, which
were incubated in a water bath at 42 ◦C until the pH reached 4.5, which occurred after
approximately 4 h. Then, an aliquot of yogurt (1 g) was transferred to a RNase-free tube,
2 mL of QIAzol lysis reagent was added, and samples were mixed and stored at −80 ◦C.
The pH and product weight were monitored at all stages.

Cheese samples (n = 10) were prepared as described by Hynes et al. [27]. A total of
500 mL of raw milk was inoculated with 10 mL of the starter, prepared according to the dose
recommended by the manufacturer (10 units/100 L of milk). The starter culture consisted
of mesophilic strains of Lactococcus lactis subsp. lactis and cremoris. Calcium chloride (1 mL,
20% w/v, final concentration = 0.02%) was added, the mixture was homogenized by stirring,
and then aliquots (200 mL) were transferred into two centrifuge flasks (250 mL volume)
and incubated at 26–30 ◦C for 45 min in a water bath. Then, 65 μL of rennet (Nievi, Bizkaia,
Spain; 1 × 10,000) was added, and the milk mixture was allowed to coagulate in a water
bath at 30 ◦C until reaching the appropriate consistency after approximately 90 min. The
curd was cut into 5 mm cubes using a sterile stainless steel knife, stirred for 20 min, and
centrifuged at 220× g at room temperature for 10 min. The entire aqueous phase (whey)
was removed, and then 35 mL of saturated brine (NaCl 330 g/L, pH 5.4) was added to curd
and kept for 5 min. The mini cheeses were ripened at 10–12 ◦C in a ripening chamber for
one week. After this time, 1 g of cheese was transferred to a Falcon tube, 2 mL of QIAzol
lysis reagent was added, and samples were mixed and stored at −80 ◦C. As during yogurt
manufacturing, pH and product weight were monitored at all stages.
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2.2. Total RNA Extraction and Spike in

Prior to RNA extraction, raw milk and dairy product samples were spiked with
defined concentrations of synthetic standard miRNAs. To measure the losses of miRNAs
due to different milk processing, 6 fmol of cel-miR-238 (Norgen, Thorold, Canada) was
added to the mixture of sample + QIAzol in the case of raw milk, microwaved milk, and
yogurt. In the case of cheese, 54 fmol of cel-miR-238 was added to 1 g of cheese in 2 mL
of QIAzol, based on our observation (from 10 one-week-old cheeses) that 9 g of milk was
necessary to obtain 1 g of cheese. In addition, to compare the amounts of miRNAs between
the different products, (1 g raw milk vs. 1 g microwaved milk vs. 1 g yogurt vs. 1 g cheese),
6 fmol of cel-miR-39 (Norgen, Thorold, Canada) was added to the mix (sample + QIAzol)
of raw milk and cheese. The use of external synthetic reference miRNAs has been reported
since the early work on circulating miRNAs [28].

Total RNA was extracted from aliquots (2 mL) of each mix (sample + QIAzol), which
amounted to 40 samples, using the mirVana miRNA isolation kit according to the manufac-
turer’s instructions. RNA was eluted with 100 μL of RNase-free water. RNA concentration
and purity (ratio of absorbance at 260 to 280 nm) were assessed using a Nano-Drop spec-
trophotometer.

2.3. Real Time–Quantitative PCR (RT-qPCR)

Total RNA was used for complementary DNA (cDNA) synthesis using the TaqMan
Advanced miRNA cDNA Synthesis Kit, and the resulting cDNA was stored at −20 ◦C
until use. Seven miRNAs were chosen due to their expression level in milk estimated
from previous sequencing results [23]. Three miRNAs with high expression levels (more
than 190,000 rpm) were chosen: bta-mir-148a, bta-mir-30a5p, and bta-mir-21a5p. Three
miRNA with low expression levels (between 150 and 500 rpm) were chosen: bta-mir-451,
bta-mir-29b and bta-mir-215. Finally, one miRNA with a limited expression level was
chosen: bta-mir-7863. The mature sequence of the miRNA used is shown in Table 1. The
levels of these seven miRNAs were determined by RT-qPCR in a StepOne thermocycler The
final reaction solution contained 10 μL of 2× TaqMan Fast Advanced Master Mix, 1 μL of
20× TaqMan Advanced miRNA Assay, 4 μL of RNase free water, and 5 μL of 1:10 diluted
cDNA. The thermocycler program was set at 95 ◦C for 20 s, followed by 40 cycles at 95 ◦C
for 1 s, and 60 ◦C for 20 s. All RT-qPCR reactions were performed in duplicate, and the
results were averaged only when the duplicates differed within the 0.5 threshold cycle. To
assess miRNA losses due to different milk manipulations, miRNA levels were normalized
to those of cel-miR-238, while cel-miR-39 was used to compare the concentration of raw
milk and cheese. Then, miRNA levels were estimated using qbase+ 3.1 software and
expressed using the ��Ct method in base log2 [29].

Table 1. Mature sequence of miRNA used.

MiRNA Mature Sequence

bta-mir-148a UCAGUGCACUACAGAACUUUGU
bta-mir-21-5p UAGCUUAUCAGACUGAUGUUGA
bta-mir-215 AUGACCUAUGAAUUGACAGACA
bta-mir-29b UAGCACCAUUUGAAAUCAGUGUU

bta-mir-30a-5p UGUAAACAUCCUCGACUGGAAGCU
bta-mir-451 AAACCGUUACCAUUACUGAGUU

bta-mir-7863 AUGGACUGUCACCUGAGGAGC
cel-mir-238 UUUGUACUCCGAUGCCAUUCAGA
cel-mir-39 UCACCGGGUGUAAAUCAGCUUG

2.4. Prediction of miRNA Structure

Predictions on the secondary structure of selected bovine miRNAs were obtained by
using an online application (http://rna.urmc.rochester.edu/RNAstructure.html, accessed
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on 28 September 2022), using default input conditions. The structures with the lowest free
energy of formation (ΔG) were selected for each specific miRNA.

2.5. Statistical Analyses

Data were expressed using mean ± standard deviation (SD). Because sample sizes
were small and some data showed a skewed distribution based on the Shapiro test, non-
parametric statistical analysis was carried out. Pairwise comparisons of miRNA levels
among raw milk, heated milk, yogurt, and cheese were performed using the Wilcoxon test
for paired data. Significance was defined as p ≤ 0.05. All analyses were performed using
IBM SPSS Statistics for Windows version 22.0.

3. Results

3.1. Validation of Milk Treatments

As expected, in yogurt fermentation, a reduction in pH, from 6.63 ± 0.19 to 4.53 ± 0.14,
was observed after 4 h of the starter culture addition (Figure S1).

During cheese manufacturing, pH was measured at five timepoints: raw milk, im-
mediately after starter addition, after coagulation, as well as before and after ripening.
The pH decreased significantly from the moment the ferment was inoculated. The pH de-
creased strongly after seven days of ripening. Overall, pH fell from 6.23 to 4.61 (Figure S2),
confirming lactic fermentation.

When 206 g of raw milk was used to prepare cheese, the average weight of the fresh
cheese, after the removal of whey, was 60.13 ± 7.63 g, and the ripened cheese (after 7 days
ripening) weighed 22.26 ± 4.07 g. This means that coagulation and whey removal reduced
the weight by approximately 69%, and moisture decrease during ripening reduced weight
by an additional 18%. Altogether, cheese yield averaged 11%.

3.2. miRNA Losses Due to Milk Processing

Relative levels of bta-miR-148a, bta-miR-21-5p, bta-miR-215, bta-miR-29b, bta-miR-
30a-5p, bta-miR-451, and bta-miR-7863, normalized to the levels of spiked cel-miR-238,
were compared across raw milk, microwaved milk, yogurt, and ripened cheese (Table 2)
to assess the losses of miRNAs after the different treatments. All treatments decreased
the levels of all seven miRNAs: approximately a 31% decrease by microwave treatment
and yogurt fermentation and approximately a 43% decrease during cheese production.
However, not all miRNAs were affected in the same way (Table 3, Figure 1). The reductions
after microwave heating varied from 17.20% for bta-miR-30a-5p to 39.42% for bta-miR-451;
after yogurt fermentation, from 21.45% for bta-miR-21-5p to 41.62% for bta-miR-451; and
after cheese production, from 32.73% for bta-miR-30a-5p to 56.32% for bta-miR-215. The
reductions were significant for all seven miRNAs in the case of yogurt and cheese, and
only for four of seven miRNAs in the case of microwaving (bta-miR-148a, bta-miR-21-5p,
bta-miR-215, and bta-miR-451).

Table 2. Relative levels of the seven miRNAs of interest in raw milk, microwave-treated milk, yogurt,
and ripen cheese *.

MiRNA
Raw Milk Microwave Yogurt Cheese

Mean SD Mean SD Mean SD Mean SD

bta-miR-148a 4.62 0.72 3.44 0.87 3.04 0.16 2.17 0.63
bta-miR-21-5p 4.04 0.62 2.86 1.08 3.18 0.23 2.97 0.33
bta-miR-215 3.90 0.85 2.60 1.24 2.86 0.28 1.70 0.38
bta-miR-29b 4.20 0.34 2.98 1.64 2.63 0.73 2.68 0.83

bta-miR-30a-5p 3.61 0.91 2.99 0.94 2.49 0.15 2.43 0.35
bta-miR-451 5.24 0.42 3.17 1.99 3.06 0.28 2.46 0.40

bta-miR-7863 4.28 0.39 2.33 1.75 3.21 0.18 2.39 0.36

SD, standard deviation, * Levels were normalized to those of spiked cel-miR-238 (see Section 2.3).
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Table 3. Decrease in miRNA levels after treatment of raw milk *.

miRNA
Microwaved Milk Yogurt Cheese

Decrease (%) p-Value Decrease (%) p-Value Decrease (%) p-Value

bta-miR-148a 25.53 0.043 34.22 0.005 53.15 0.005
bta-miR-21-5p 29.18 0.012 21.45 0.013 26.51 0.005
bta-miR-215 33.20 0.012 26.58 0.013 56.32 0.005
bta-miR-29b 29.07 0.080 37.46 0.028 36.15 0.028

bta-miR-30a-5p 17.20 0.063 31.04 0.013 32.73 0.013
bta-miR-451 39.42 0.018 41.62 0.005 53.09 0.005
bta-miR-7863 45.45 0.123 24.84 0.005 44.01 0.005

Mean 31.29 31.03 43.14

Decreases are expressed as the percentage in raw milk. Levels of miRNA were normalized to those of spiked
cel-miR-238, * p-value vs. raw milk (Wilcoxon test).

Figure 1. Loss of miRNA content in raw milk after microwave heating, yogurt fermentation, and
cheese manufacture. Average relative levels of bta-miR-148a, bta-miR-21-5p, bta-miR-215, bta-miR-
29b, bta-miR-30a-5p, bta-miR-451, and bta-miR-7863 in raw milk (n = 10), microwave-heated milk
(n = 10), yogurt (n = 10), and cheese (n = 10). Levels were normalized to those of spiked cel-miR-238.
The bar chart shows the average miRNA level for each product and the standard error bars.

3.3. miRNA Concentrations in Milk and Cheese

Relative levels of bta-miR-148a, bta-miR-21-5p, bta-miR-215, bta-miR-29b, bta-miR-
30a-5p, bta-miR-451, and bta-miR-7863, normalized to the levels of spiked cel-miR-39, were
compared across raw milk and ripened cheese to assess the concentration of miRNAs in
raw milk and ripened cheese. The differences in levels between the same amount of raw
milk and cheese were not significant for the studied miRNAs, which might indicate that
their concentrations were similar between raw milk and cheese (Table 4).

Table 4. Relative abundance levels of seven miRNAs in raw milk and cheese *.

MiRNA
Raw Milk Cheese

p-Value (Wilcoxon Test)
Mean SD Mean SD

bta-miR-148a 2.32 1.35 2.10 0.30 0.76
bta-miR-21-5p 2.30 2.01 2.97 1.64 0.33
bta-miR-215 1.68 2.06 1.60 0.17 >0.99
bta-miR-29b 1.72 2.26 3.16 1.63 0.11

bta-miR-30a-5p 1.77 1.95 2.89 0.33 0.13
bta-miR-451 2.24 2.58 1.50 0.11 0.31

bta-miR-7863 1.99 1.46 2.43 1.21 0.40
* Levels were normalized to those of spiked cel-miR-39.
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3.4. Determination of Secondary Structure of miRNA

The secondary structure of each miRNA was predicted using a bioinformatic tool.
We have selected the structures with the lowest free energy of formation (Figure 2). The
negative values of ΔG were predicted for bta-miR-29b and bta-miR-30a-5p, indicating that
the formation of the secondary structure is most suitable. By contrast, the largest section of
the stem-loop structure was in bta-miR-21-5p followed by bta-miR-451.

Figure 2. Predicted secondary structures of bovine miRNAs. The motifs with the lowest predicted
free energy of formation (ΔG) were selected as the most likely structures.

4. Discussion

Here, we evaluated the effects of different cow’s milk treatments on miRNA content
in order to guide efforts to define biomarkers for assessing the quality or provenance of
dairy products destined for human consumption and also to evaluate the contribution of
different dairy products in miRNAs, considering them bioactive compounds [30]. Our
results confirmed the presence of miRNAs in the studied dairy products and suggest that
thermal treatment of raw milk by the microwave as well as yogurt or cheese production
can substantially reduce miRNA levels, indicating that the levels of potential biomarker
miRNAs in raw milk cannot be necessarily extrapolated to dairy products derived from
that milk.

Microwave heating has been shown to affect certain physical and chemical character-
istics of milk [31] and to damage DNA [32], which led us to hypothesize that this treatment
could affect miRNAs. Indeed, we found that microwave treatment of raw milk significantly
decreased the amounts of bta-miR-148a, bta-miR-215, bta-miR-21-5p, and bta-miR-451. A
previous study also described a significant decrease in bta-miR-21-5p but not bta-miR-
29b [33]. We did not observe a significant decrease in bta-miR-29b, yet other work reported
a 40% loss in miR-29b [34]. This discrepancy may be due to the storage of raw milk prior
to treatment. Howard et al. [34] studied the stability of miRNAs in milk after 15 days of
cold storage, being after that heated by microwave (n = 3). No significant difference was
seen in miR-29b after 15 days of cold storage, but the significant difference appeared after
microwave heating [34]. This family of milk miRNA has also been reported as sensitive to
high pressure processing (HPP) [35].

Uneven stability of individual miRNAs to milk processing methods has been previ-
ously pointed out [35]. The fact that milk treatment significantly affects some miRNAs and
not others may depend on the different fractions of milk where the miRNAs are found [21].
Intracellular miRNAs are less stable than extracellular miRNAs within exosomes, mi-
crovesicles, apoptotic bodies, high-density lipoproteins, or protein complexes [36]. In the
case of milk fat, the fat globule membrane appears to be more resistant to gastrointestinal
enzymes [37] and microwave heating [38] than other milk components.

In contrast to microwave heating, milk pasteurization has been reported not to signifi-
cantly affect the miRNA content of fat or milk cells [25] or extracellular vesicles in milk [39].
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Although the homogenization process can cause a significant loss of miRNAs [34], the
secondary structure might influence each miRNA stability.

As cheese and yogurt can be presented in different forms on the market, a simple
model of these treatments was elaborated, representing the general characteristics of each
product. In contrast to the effect of microwaving, fermentation of previously pasteurized
milk to make yogurt significantly reduced levels of many miRNAs [34,40]. The reduction
in miRNAs during milk processing is not surprising given the range of changes that occur
during milk fermentation to make yogurt and cheese.

In yogurt production, the starter culture can lower the pH below 4.6, leading to
aggregation of caseins [41]. Lactose is converted into lactic acid and several amino acids
and fatty acids (especially stearic and oleic) are released into yogurt. During bacterial
fermentation, vitamin B content increases and minerals are converted into an ionic form [42].
This study revealed that fermentation of previously pasteurized milk to make yogurt
significantly reduced the levels of many miRNAs, with a loss of up to 41.62% in some cases.

We suspect that much of the miRNA loss in our study can be attributed to degradation
of exosomes, as others have proposed [34]. In one study, fermentation was found to reduce
by 90% the protein content of milk exosomes; assuming that, under the effect of bacterial
proteases, exosomes can be altered, consequently the miRNAs contained in these exosomes
can be easily degraded [40]. Assuming that pasteurization does not significantly reduce
the miRNA content [25], most of the reduction in the miRNA content could be attributed to
exosome degradation, as described before.

In our study, we prepared cheese following the modified protocol of Hynes et al. [27],
obtaining similar yields to those reported in the original work. We observed a more acidic
pH on day 7 (4.61) than in that work (5.21), perhaps because we used raw milk for cheese
making, so the natural bacteria in the milk could also metabolize lactose. Pasteurization,
in contrast, destroys most bacteria, limiting the acidification [43]. The pH can also vary
depending on the starter culture used [44].

As it was expected, the greatest losses of miRNAs occurred during cheese manufactur-
ing, given the losses due to fermentation (as in yogurt) but also because of the removal of
whey, which is known to contain a wide variety of miRNAs [20,21].

However, we found that concentrations in the final product of the seven miRNAs (1 g
of milk vs. 1 g of cheese, spiked by cel-miR-39) did not differ significantly between raw milk
and cheese (Table 4). Similarly, two studies reported even higher miRNA concentrations
in two types of cheese (camembert and Fresco queso dip) than in raw milk [34,45]. We
suspect that fermentation and whey drainage may reduce absolute miRNA levels, but that
the subsequent water loss during ripening increases their concentrations.

Apart from the milk fraction where the miRNAs are found, the differences in miRNA
losses in the studied processes could also be attributed to the secondary structure of the
individual miRNAs. However, although the stem-loop structure predicted for both bta-miR-
21-5p and bta-miR-451 could indicate higher stability than the loop structure presented
in other miRNA as, for example, bta-miR-148a, bta-miR-215, bta-miR-30a-5p, and 7863
(Figure 2), no association was found between the predicted secondary structure and the
decrease in miRNA levels. Although the secondary RNA structure could be relevant
in miRNA resistance to degradation, there are other structure aspects that need to be
considered, including the content in GC and the specific sequence [46,47]. However, it
has been proposed that beyond GC content, changes in sequence, structure, and putative
RNase A substrate motifs can impact the stability of dietary small RNAs [47], suggesting,
overall, that the stability of dietary miRNAs should be experimentally validated one by
one. No differences were also found due to the putative level of expression in raw milk
(Tables 2 and 3).

Most of the dairy products with quality labels are processed agro-food products. Pre-
vious works have pointed to miRNAs as possible traceability biomarkers in raw cow’s milk
because of their sensitivity to farm conditions [22,23] or cow breed [48,49]. Unfortunately,
technological processes reduce the amount of miRNAs unevenly, complicating the process
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of identifying traceability biomarkers for the different dairy products, since not all techno-
logical processes reduce miRNAs equally. Further analysis, with larger sampling, should
be designed to compare dairy products made from milk produced under different farm
managements or breed, for example.

Two milk miRNA we used in this study, bta-mir-21-5p and bta-mir-30a-5p, have been
demonstrated to increase their plasma concentration in humans after bovine milk con-
sumption [50], although it remains unknown whether this miRNA concentration might be
sufficient to produce gene modulation in the consumer [12]. Since technological processes
reduce the amount of miRNAs (Table 3), we can assert that more research is needed on the
functionality and bioavailability of miRNAs in each of the different dairy products.

5. Conclusions

We confirmed that bovine milk contains several miRNAs even after microwaving,
pasteurization followed by fermentation to make yogurt, and cheese manufacturing. We
showed that these treatments decreased all miRNA levels.

Our results clearly argue for caution in efforts to identify miRNAs that may be useful
biomarkers; they may need to be assessed in the final products for human consumption,
and not merely extrapolated from assays of the raw milk from which they are produced.

Finally, considering miRNAs as bioactive components in milk and dairy products, raw
milk and cheese supposedly may provide similar concentrations of miRNAs, higher than
those of yogurt and microwaved milk, although the miRNA profile may differ between
these two products. Additional studies are needed to explore the complete profiles and
availability of miRNAs in dairy products and, subsequently, their putative functionality in
human cells.
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Abstract: The objective of the present study was to investigate the effect of ripening and preservation
containers on the physico-chemical, microbiological, and textural characteristics, and volatile profile of
white cheese. White cheeses were manufactured on an industrial scale using large-capacity stainless steel
tanks (SST) of 500 kg, and the respective control samples in tin containers (TC) of 17 kg. No significant
differences (p > 0.05) in fat in dry matter and total protein content were observed at 60 days of ripening
between the TC and SST cheeses. After 60 days, of ripening, the moisture of the cheeses in SST and
TC did not show significant statistical differences (p > 0.05). No significant differences (p > 0.05) were
observed between the TC and SST cheeses in the mineral concentration (Ca, Mg, K, and Na) and textural
characteristics. Similar results of pH and bacterial counts, as well as absence of yeasts and molds, were
observed during ripening and preservation time in both groups of cheeses. Furthermore, proteolysis
was not affected statistically significantly (p > 0.05). A moderately increased rate of ripening for the
cheeses in TC was observed up to 90 days but, at 180 days, proteolysis was similar in both groups
of cheeses. Regarding the SFA, MUFA, and PUFA content, no significant differences (p > 0.05) were
observed between the TC and SST cheeses. A total of 94 volatile compounds were identified in the
volatile fraction of both the SST and TC cheeses. Organic acids and alcohols were the most abundant
classes of volatile compounds that were identified. The flavor and texture scores in the TC and SST
cheeses were similar (p > 0.05). Overall, the TC and SST cheeses did not show any significant statistical
difference in any of the analyzed parameters.

Keywords: white cheese in brine; large-capacity stainless steel tanks; tin containers; physico-chemical characteristics

1. Introduction

Different types of cheese have been produced in wide-ranging textures, flavors, and
forms, in different regions with unique cultures and environments. Different cheesemaking
techniques have been developed over time in response to new technologies and consumer
demands. Cheeses can be grouped or classified according to criteria such as the production
method, animal milk used, ripening process, country of origin, texture, fat and moisture
content, etc. However, key differences in cheese characteristics can generally be attributed
to the origin of the milk, moisture content, variation in the container for ripening and
preservation, as well as lengths of aging [1].

White brine cheeses (WBC) undergo a ripening process during which they develop
microbiological and technological characteristics [1]. WBC are particularly popular in
Balkan, Middle Eastern, and Mediterranean regions, and in North Africa and Eastern
Europe. They include a large number of varieties, such as Feta (Greece), Telemea or
Telemes (Romania, Greece), Akawi (Lebanon, Syria), Halloumi (Cyprus) etc., and are
produced by different processing methods, so they have differences in their physico-
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chemical, textural, and sensory properties [2]. Their manufacture dates back thousands of
years (approximately 8000 years ago) [3].

WBC, in general, have a texture that varies from soft to semi-hard. These cheeses have no
rind, a slightly acidic taste, due to the action of lactic acid bacteria during ripening, and a salty
taste, which arises from storage in brine. Therefore, salt and acid are the critical parameters
for the conservation of these types of cheese [4,5]. The main differences among the cheeses
are observed in the manufacturing process (for example, milk type, coagulation time and
temperature, pressure during draining, shape and size of the curd, and salting of the curd
before brining). Sheep or goat milk, or their mixture, is commonly used in their production,
however, due to the high purchasing demand, other types of milk, such as cow’s or buffalo’s,
can be used [4]. Raw (according to legislation) or pasteurized (72 ◦C for 15 s or 63 ◦C for
30 min) milk cheese is used in WBC manufacture [6]. Thermophilic or mesophilic lactic acid
bacteria, or combination of them, are commonly used as starter cultures. Non-starter lactic
acid bacteria (NSLAB) are predominant when using unpasteurized milk in production.

WBC are white in color, except for those made from cow’s milk that gives a yellowish
color due to the presence of carotenoids. These cheeses have no gas holes but they sometimes
develop small mechanical openings [3]. The texture of WBC is smooth, soft, and crumbly but
still sliceable, and some of them may become brittle when old [6]. Their flavor is slightly sour
to very salty and, for some varieties, mildly acidic and piquant. The shape varies but is usually
produced in rectangular or cubic blocks that weigh 250–1000 g. The cheeses are packed in
containers of various capacities. The most common are rectangular tin cans, lacquered metal
or plastic containers with up to 15–16 kg capacity or, traditionally, wooden barrels of 40–50 kg
capacity [3,6]. Most WBC are consumed fresh after ripening for 2 months or more in brine
(8–10% NaCl concentration) [3,6]. Post-ripening, WBC are repacked in plastic bags under
vacuum (without brine) or in plastic containers with brine [6].

Tin cans are usually used for the ripening and preservation of WBC, before their
sub-packaging in smaller containers. However, in recent years, stainless steel tanks of
large capacity have been used more and more, mainly in large cheese factories. More
specifically, the use of tin containers (TC) was one of the most suitable for the ripening,
packaging, and handling of brine cheeses due to their low cost, light weight per unit area,
easy handling, and O2 product protection. Over the years, TC have been partially replaced
by other materials, such as plastic and stainless steel. The latter is resistant to corrosion
and low temperatures, accepts electro-polishing, and offers the product protection from O2,
light, odors, and microorganisms. An advantage of the stainless steel tanks (SST) is their
reusability and ease of cleaning, even with a CPI system. Thus, the use of SST containers is
constantly increasing and mainly by cheese factories, where a large part of their production
is intended for repackaging.

Although there are many research studies that refer to the characteristics of WBC
matured and preserved in tin or wooden containers, no research to date provide data on
the characteristics of cheeses that are ripened and preserved in large capacity stainless steel
tanks (SST) (approximately 500 kg).

Considering the growing interest in the use of large capacity containers for ripening
and preservation, this study aims to investigate the use of stainless steel tanks (SST), and
their effect on the quality of WBC, comparing this to those ripened in tin containers (TC).
The physico-chemical, microbiological, textural, and sensory characteristics of WBC, made
from sheep’s milk, were studied during their preservation over 180 days in SST and TC.

2. Materials and Methods

2.1. Cheese Manufacture

The production of the WBC was carried out on an industrial scale, using 5000 L of
sheep’s milk, according to the procedure described in Figure 1. Sheep’s milk, with an
average composition of 5.78 ± 1.06% fat, 4.87 ± 0.62% proteins, and 4.02 ± 0.55% lactose,
was pasteurized in a plate heat exchanger at 72 ◦C for 10 sec and cooled down to 35 ◦C.
Commercially available freeze-dried direct vat set (DVS) cultures, containing Lactococcus lac-
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tis (25%), Lactococcus lactis subsp. cremoris (15%), and Streptococcus thermophilus/Lactobacillus
delbrueckii subsp. bulgaricus (60%) (Chr. Hansen, Copenhagen, Denmark), were used as
starter cultures. CaCl2 solution (10% w/v), at a rate of 100 mL/100 kg milk, and powdered
calf rennet (HA-LA, Hansen’s Laboratorium, Copenhagen, Denmark) were then added to
achieve coagulation in approximately 40 min. The cheese curd was cut into small cubes
(2.0 cm3), allowed to rest for 10 min and was transferred into rectangular plastic multi-
molds (capacity of 2–2.5 kg drained curd). After draining (a day after) the curd was placed
into two different ripening–preservation containers; TC (17 kg capacity) and SST (500 kg
capacity), respectively, for 180 days. Preservation in TC was used as a control. Three
individual replicates were carried out. It is important to mention that the brine that was
used had a salt concentration of 7%, with a pH of 7, and a CaCl2 concentration of 0.02%.

 
Figure 1. Flow chart for white brine cheeses (WBC) ripened and preserved in tin containers (TC) and
stainless-steel tanks (SST).
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2.2. Cheese and Brine Samples

WBC samples were taken from TC and SST containers and analyzed at 1, 10, 60, 90,
and 180 days for physico-chemical composition, microbiological, textural, and sensory
characteristics. To establish the interaction between the cheeses and the respective brines,
the determination of major minerals composition (calcium, magnesium, potassium, and
sodium), as well as the total protein and nitrogen fraction content, of the brines was carried
out. All samples were analyzed in triplicate.

2.3. Analytical Methods
2.3.1. Physico-Chemical Analysis

The pH was measured using an electronic pH meter (Orion 720 A, Orion Pacific Pty
Ltd., Frankston, Vic, Australia). Total solids content was determined by oven drying in a
laboratory oven at 105 ◦C for 24 h, according to the method of I.D.F. [7]. Fat content was
measured according to the volumetric method of Gerber [8]. Chloride content determina-
tion was performed by the potentiometric titration method according to the I.S.O. [9], and
the ash content was determined by dry ashing the samples in a muffle furnace at 550 ◦C for
24 h, according to the method of I.D.F. [10]. The major minerals (Ca, Mg, K, and Na) con-
centrations of the samples (both cheeses and respective brines) was determined by Atomic
Absorption Spectrometry on a Shimadzu AA-6800 atomic absorption spectrophotometer
(Shimadzu AA-6800, Kyoto, Japan) equipped with the autosampler Shimadzu ASC-6100
and the software Wizard v.2.30., according to the method of I.D.F [11].

The extent of proteolysis of the cheeses during ripening was monitored by measuring
the levels of total nitrogen (TN), soluble nitrogen (SN) fractions (i.e., water-soluble nitrogen)
(WSN), and nitrogen soluble in 12% trichloroacetic acid (TCA-N) or in 5% phosphotungstic
acid (PTA-N)), using the Kjeldahl nitrogen determination method [12]. Total protein was
calculated by % total N × factor of 6.38. The RP-HPLC peptide profiles of SN, TCA–N, and
PTA-N were conducted based on the methodology of Nega and Moatsou [13].

2.3.2. Fatty Acids Composition

For fatty acids (FAs) composition analysis, lipid extraction was performed with sol-
vents after suitable preparation of the samples (WBC) according to I.D.F. [14]. The fat
residue extracted was stored in amber vials, exposed to a stream of N2 and frozen at
−20 ◦C until analysis. Fatty acids were methylated according to Massouras et al. [15] with
some modifications. Briefly, cheese lipid extract of 100 mg was methylated in a screw-cap
Pyrex culture tube with the addition of 2 mL of 0.5 M sodium methylate at 50 ◦C for
30 min, followed by 2 mL of 140 g L−1 boron trifluoride in methanol (BF3) at 50 ◦C for
30 min. Fatty acid methyl esters (FAMEs) were recovered in hexane (2 mL). Each sample
(1 μL) was injected by Shimadzu GC-2014 GC AOC-20i autosampler into a Shimadzu gas
chromatograph (model GC-17A, Columbia, MD, USA), equipped with a flame ionization
detector (FID), and analyzed in duplicate. Separation of fatty acid methyl esters was
achieved on a SP-2560 fused silica capillary column (75 m × 0.18 mm I.D., 0.14 μm; Supelco
Inc., Bellefonte, PA, USA). Helium (purity N5) was used as a carrier gas with a flow rate of
1 mL·min−1 at a split ratio of 1:50 with constant flow control. The injection and detector
temperatures used were 250 ◦C and 270 ◦C, respectively. The oven temperature program
was as follows: the initial temperature was held at 75 ◦C for 5 min after injection, then
programmed to increase at 5 ◦C/min to 150 ◦C, to hold for 5 min, and then to increase to
220 ◦C at 7 ◦C/min and hold for 20 min. Fatty acid peaks were recorded and integrated
using a Shimadzu GC solution software (Shimadzu Corporation, Kyoto, Japan). Individual
fatty acids were identified by their retention times and their comparison with known
fatty acid methyl ester standards (Supelco 37 Component FAME Mix, purchased from
Sigma–Aldrich, Taufkirchen, Germany). Amounts of fatty acids were expressed as a weight
percentage of total methyl esters of fatty acid (g·100 g−1 of total FAMES).
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2.3.3. Analysis of Volatile Compounds by Solid-Phase Microextraction (SPME) and Gas
Chromatography–Mass Spectrometry (GC–MS)

Volatile compounds of WBC at the 60th, 90th, and 180th day of ripening were deter-
mined using solid-phase microextraction (SPME) combined with GC/MS. Cheese samples
(4 g) were homogenized with 2 mL of saturated Na2SO4 aqueous solution and 100 μL of
an internal standard (IS) aqueous solution containing 0.77 g L−1 cyclohexanone (Sigma–
Aldrich Quνmica, Alcobendas, Spain). Aliquots (3 g) of the homogenates were placed
into 22 mL vials sealed with PTFE/silicone septa (Supelco, Bellefonte, PA, USA) through
which the SPME syringe needle (bearing a 50/30 μm DVB/CAR/PDMS fiber Supelco,
Bellefonte, PA, USA) was introduced. The samples were stirred continuously on a stir
plate revolving at 750 rpm. Fiber was exposed to the headspace above the sample for
30 min at 65 ◦C. The absorbed volatiles were immediately desorbed at 250 ◦C for 3 min, in
splitless mode, into the injection port of a GC–MS system (Shimadzu GC-17 A, MS QP5050).
Volatile compounds were separated by a capillary column HP-INNOWax 60 m, 0.25 mm
i.d., 0.25 μm film thickness (J&W Scientific, Agilent Technologies Palo Alto, CA, USA).
The temperatures for the ion source, quadrupole, and interface were set at 230, 150, and
280 ◦C, respectively. The oven temperature was held at 45 ◦C for 5 min, increased to 150 ◦C
at a rate of 5 ◦C min−1, then raised at 7 ◦C min−1 to 220 ◦C, and held at 250 ◦C for 20 min.
Helium was used as carrier gas at a flow rate of 1.0 mL min−1. Electron impact ionization
of MS was used at a voltage of 70 eV with a scan range from 40 to 500 m/z. The volatile
compounds were identified by comparing their spectra with those from the NIST (National
Institute of Standards and Technology, Gaithersburg, MD, USA) MS library. The volatile
compounds were quantified by dividing the peak areas of the compounds of interest by the
peak area of the IS, multiplying this ratio by the initial concentration of the IS (expressed
as ppm). The peak areas were measured from the full scan chromatograph using total ion
current (TIC).

2.3.4. Texture Profile Analysis

Textural profile analysis of the cheeses was assessed with a Shimadzu testing instru-
ment, model AGS-500 NG (Shimadzu Corporation, Kyoto, Japan) equipped with a 5 kg
load cell. A plunger with a diameter of 6 mm was attached to the moving crosshead. The
speed of the crosshead was set at 2.5 cm mid in both upward and downward directions.
The cheese sample was placed on a flat holding plate at 20 ◦C and the plunger was inserted
20 mm below the cheese surface. Two consecutive bites were taken. The analysis was
conducted as described by Kaminarides and Stachtiaris [16]. The following six textural
parameters were calculated: Hardness (N), defined as the peak force (H) during the first
compression cycle (first bite), is the force necessary to attain a given deformation. Co-
hesiveness (N mm), defined as the ratio of the positive area under the curve during the
second compression to that during the first compression. Adhesiveness (N mm), defined as
the negative force area for the first bite, is the work necessary to overcome the attractive
forces between the surfaces of the cheese and the plunger with which the cheese comes
into contact. Elasticity (mm), defined as the ratio of the base line of the positive curve
during the second compression to that during the first compression, is the height that the
cheese recovers during the time that elapses between the end of the first and the start of
the second bite. Gumminess (N), which is the product of hardness X cohesiveness, is the
energy required to disintegrate the cheese to a state ready for swallowing. Chewiness (N),
which is the product of gumminess X elasticity is the energy required to masticate a cheese
to a state ready for swallowing [16].

2.3.5. Microbiological Analysis

Samples of curd (1 day after the draining), cheeses, and brines at different ripening
and storage times (10, 60, 90, and 180 days) were examined for total viable count (TVC),
yeasts, and molds, following the I.D.F. [17] and I.D.F. [18] methods, respectively. All the
counts were expressed as colony-forming units per gram of cheese (CFU g−1).
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2.4. Sensory Evaluation

Sensory evaluation of the WBC samples was carried out at 60, 90, and 180 days of
storage by a trained taste panel of the Dairy Laboratory of the Agricultural University of
Athens. Panel members evaluated the cheeses for appearance, flavor, and body-texture
using a 10-point scale. More importance was given to flavor and to body/texture than to
appearance of the cheese, as advised by I.D.F. (1997) [19], by multiplying their scores by
five and four, respectively. Total score was obtained by the addition of scores of the three
attributes. Excellent cheese received a total score of 100.

2.5. Statistical Analysis

Physico-chemical, microbiological, and sensory parameters of two groups of cheese
were subjected to analysis of variance (ANOVA) using Statgraphics Centurion XVII software
(Statpoint Technologies, Inc., Warrenton, VA, USA). The difference of the means of the results of
the analyses for each component was checked separately by the method of the least significant
difference at a significance level of 95% (LSD, p < 0.05). The model used was:

Yi = μ + Treatment (Ti) + ei

where:

μ = the mean
Ti = the fixed effect of treatment with i = 1: SST, 2:TC
ei = the random error, assumed to be normally and independently distributed with
zero expectation and common variance.

3. Results and Discussion

3.1. Physico-Chemical Composition

The results of the physico-chemical analysis of the experimental cheeses and brines
during the ripening–preservation period are shown in Tables 1 and 2. The type of containers
(TC and SST) did not have a statistically significant (p > 0.05) effect on the content of total
solids, moisture, fat, protein, ash, salt, and pH between both the WBC and the brines of the
two groups (TC and SST).

Table 1. Physico-chemical composition (%) and pH of cheeses during ripening–preservation in tin
containers (TC) and stainless steel tanks (SST) (Means ± S.D.).

Composition

Ripening Time (Days)

1 * 10 60 90 180

TC SST TC SST TC SST TC SST

Moisture 56.29 ± 1.30 55.13 ± 1.53 a 52.96 ± 1.00 a 53.04 ± 1.39 a 54.32 ± 0.57 a 56.34 ± 2.00 a 54.13 ± 1.68 a 54.89 ± 1.84 a 54.63 ± 1.24 a

Fat 22.79 ± 1.86 23.23 ± 0.62 a 23.47 ± 0.92 a 24.25 ± 1.21 a 23.84 ± 0.87 a 23.36 ± 1.83 a 24.58 ± 0.40 a 23.31 ± 1.67 a 24.38 ± 1.90 a

Fat
(in dry matter) 52.15 ± 4.25 51.77 ± 1.37 a 49.90 ± 1.96 a 51.64 ± 2.59 a 52.18 ± 1.91 a 53.50 ± 4.20 a 53.59 ± 0.87 a 51.67 ± 3.70 a 53.44 ± 4.20 a

Protein 16.23 ± 1.46 15.76 ± 0.63 a 16.15 ± 0.20 a 16.09 ± 0.35 a 15.90 ± 0.19 a 15.65 ± 1.09 a 16.62 ± 0.59 a 15.93 ± 1.17 a 15.86 ± 0.58 a

Protein
(in dry matter) 37.14 ± 3.34 35.12 ± 1.40 a 34.34 ± 0.42 a 34.26 ± 0.75 a 34.80 ± 0.41 a 35.84 ± 2.49 a 36.24 ± 1.29 a 35.32 ± 2.59 a 34.95 ± 1.28 a

Ash 1.45 ± 0.06 3.30 ± 0.34 a 3.38 ± 0.36 a 3.29 ± 0.23 a 3.44 ± 0.32 a 3.37 ± 0.15 a 3.56 ± 0.31 a 3.74 ± 0.17 a 3.81 ± 0.19 a

Salt 0.23 ± 0.03 2.56 ± 0.43 a 2.74 ± 0.62 a 2.77 ± 0.29 a 2.94 ± 0.30 a 2.79 ± 0.02 a 2.90 ± 0.24 a 3.19 ± 0.21 a 3.24 ± 0.39 a

pH 4.72 ± 0.04 4.43 ± 0.12 a 4.45 ± 0.08 a 4.40 ± 0.10 a 4.46 ± 0.15 a 4.35 ± 0.12 a 4.43 ± 0.16 a 4.44 ± 0.06 a 4.42 ± 0.05 a

a Means in each parameter, with the same superscripts for TC and SST values, do not differ statistically significantly
(p > 0.05) in each time interval. * Before packaging.
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Table 2. pH, proteins, and salt concentration of brine (%) during ripening–preservation in tin
containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

Composition

Ripening Time (Days)

10 60 90 180

TC SST TC SST TC SST TC SST

pH 4.53 ± 0.14 a 4.49 ± 0.15 a 4.57 ± 0.07 a 4.59 ± 0.09 a 4.40 ± 0.16 a 4.48 ± 0.12 a 4.31 ± 0.08 a 4.35 ± 0.05 a

Protein 1.36 ± 0.17 a 0.95 ± 0.30 a 2.21 ± 0.58 a 1.91 ± 0.30 a 2.72 ± 0.53 a 2.43 ± 0.52 a 2.40 ± 0.71 a 2.23 ± 0.65 a

Salt 4.85 ± 1.08 a 5.67 ± 0.55 a 4.97 ± 0.98 a 4.63 ± 0.52 a 4.36 ± 0.19 a 4.56 ± 0.59 a 5.10 ± 0.52 a 5.09 ± 0.65 a

a Means in each parameter, with the same superscripts for TC and SST values, do not differ significantly (p > 0.05)
in each time interval.

After 10 days of ripening, the pH of the cheeses kept in TC and SST decreased, at
4.43 and 4.45, respectively, which is desirable. At 60 days onwards, both white brine cheeses
(kept in TC and SST) had the desired pH (up to 4.5). The same pH (<4.6) was observed
in the respective brines too. This pH value is particularly important in order to prevent
microbial spoilage.

At 60 days onwards, when the cheese is considered ready for consumption, the average
moisture content of the cheeses being ripened in TC and SST ranged from 53.04 to 56.34%
and 54.13 to 54.63%, respectively. Both cheeses (TC and SST ripened), are classified as
quality A, as set out in Greek legislation [20].

During the ripening–preservation process, the fat content (expressed on dry matter)
of both cheeses was similar. At 60 days, the fat content of TC- and SST-ripened cheeses
ranged from 51.64 to 53.50% and 52.18 to 53.74%, and that remained constant up to 90 days.
Based on their fat content, the cheeses from both groups are classified as quality A based
on Greek legislation [20].

The protein content (expressed on dry matter) of both TC- and SST-ripened cheeses
was similar (p > 0.05); during ripening–preservation, and after the 60th day, this ranged from
34.26 to 35.84% and 34.80 to 36.24%, respectively. Both groups presented their maximum
value at day 90. In addition, the protein content of the respective brine, was seen to increase
continuously up to day 90, when a maximum value for both brines was recorded. This
probably indicates the transfer of proteins from the cheese to the brine.

The salt concentration in both cheese groups increased over time and, on the 60th
day onwards, ranged from 2.77 to 3.19% and 2.90 to 3.24% in TC and SST, respectively.
No significant statistical differences (p > 0.05) were observed in the salt concentration of
SST-ripened cheeses compared to the TC cheeses. This can be confirmed by the salt content
of the brine which, in both cases, decreased up to the 90th day.

The ash content of the cheeses (in TC and SST) was similar (p > 0.05) and increased
over time and varied from 3.29 to 3.74% and 3.44 to 3.81% for TC and SST, respectively. The
physico-chemical characteristics and the pH of TC- and SST-ripened cheeses, throughout their
ripening–preservation process, agree with those described in recent research works [21–24].

3.2. Major Mineral Composition

Tables 3 and 4 show the composition of the major minerals (Ca, Mg, K, and Na) in
TC-/SST-ripened cheeses, and the respective brines, during their ripening–preservation.
The different ripening–preservation containers did not statistically significantly (p > 0.05)
affect the concentration of mineral in both cheese groups and the respective cheese brines
throughout the ripening–preservation process.

97



Foods 2023, 12, 2332

Table 3. Major mineral concentration (mg/100 g) of cheeses during ripening and preservation in tin
containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

Mineral

Ripening Time (Days)

1 * 10 60 90 180

TC SST TC SST TC SST TC SST

Calcium 358.04 ±
78.03

270.51 ±
37.39 a

242.27 ±
80.76 a

267.70 ±
42.22 a

243.94 ±
25.43 a

313.65 ±
44.41 a

280.59 ±
63.60 a

223.96 ±
56.13 a

235.05 ±
62.78 a

Magnesium 23.26 ±
4.11

19.43 ±
1.93 a

17.60 ±
3.60 a

17.40 ±
1.53 a

16.58 ±
1.01 a

19.39 ±
1.75 a

17.23 ±
3.16 a

14.62 ±
2.79 a

14.30 ±
1.73 a

Potassium 77.36 ±
12.73

63.11 ±
1.49 a

53.11 ±
10.19 a

62.29 ±
4.66 a

59.42 ±
5.23 a

86.95 ±
8.57 a

75.72 ±
8.65 a

48.65 ±
18.44 a

59.79 ±
16.92 a

Sodium 148.13 ±
88.97

1241.20 ±
424.97 a

1188.02 ±
283.23 a

1053.40 ±
129.96 a

1201.44 ±
167.23 a

1084.63 ±
54.49 a

1167.88 ±
137.49 a

1215.50 ±
77.37 a

1266.06 ±
125.15 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval. * Before packaging.

Table 4. Major mineral concentration (mg/100g) of brines during ripening and preservation in tin
containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

Mineral

Ripening Time (Days)

10 60 90 180

TC SST TC SST TC SST TC SST

Calcium 432.58 ± 19.34 a 290.67 ± 81.27 b 415.74 ± 93.71 a 363.99 ± 94.00 a 450.60 ± 29.00 a 413.09 ± 74.07 a 372.33 ± 52.00 a 359.97 ± 28.60 a

Magnesium 26.24 ± 1.42 a 21.47 ± 4.01 a 28.18 ± 3.91 a 24.60 ± 3.28 a 29.91 ± 1.47 a 28.42 ± 4.04 a 27.85 ± 3.57 a 25.92 ± 1.99 a

Potassium 98.09 ± 4.65 a 82.68 ± 10.67 a 104.80 ± 22.94 a 92.73 ± 10.86 a 108.54 ± 0.19 a 108.46 ± 11.64 a 120.09 ± 22.39 a 130.12 ± 4.05 a

Sodium 2421.42 ±
539.25 a

2797.89 ±
164.04 a

2471.68 ±
407.09 a

2371.95 ±
169.13 a

2046.38 ±
57.98 a

2224.34 ±
218.37 a

2255.00 ±
171.84 a

2234.93 ±
369.30 a

a,b Means in each parameter with different superscripts for TC and SST values differ statistically significantly
(p > 0.05) in each time interval.

From the 60th day onwards, the concentration of Ca and K was similar, for TC (223.96–
313.67 mg 100 g−1 and 48.65–86.95 mg 100 g−1) and SST (235.05–280.59 mg 100 g−1 and
59.42–75.73 mg 100 g−1). The concentration of Mg did not have significant differences between
the TC and SST cheeses. This was observed throughout the ripening and preservation of
the cheeses, as shown in the Table 3. The concentration of Na was similar for both groups
of cheeses (1053.40–1215.50 mg 100 g−1 for TC cheeses and 1167.88–1266.06 mg 100 g−1 for
SST cheeses) with the highest being noted at day 180, as was also observed with the salt
concentration (Table 1).

The composition of the inorganic elements in both TS- and SST-ripened cheeses,
throughout the ripening–preservation process, agrees with previous findings. The amount
of Ca and Mg found in TC and SST cheeses were slightly lower than those reported by
Abou Jaoude et al. and Barać et al. [25,26], while the concentration of K and Na agreed with
those reported by Barać et al. [25].

Regarding the brines, the concentrations of Ca and Mg were similar in both groups
(with the exception of the 10th day, when Ca was statistically significantly higher in SST,
p-value = 0.042). In the TC brine, Ca and Mg ranged between 372.33 and 450.60 mg 100
g−1 and 27.85 and 29.91 mg 100 g−1, respectively, while, in SST brine, Ca and Mg ranged
between 354.97 and 413.09 mg 100 g−1 and 24.60 and 28.42 mg 100 g−1. The concentration
of K ranged from 104.80 to 120.09 and 92.73 mg 100 g−1 to 130.12 for TC and SST brines,
respectively, with the highest values being noted on the 180th day. Finally, the concentration
of Na was similar in the two groups of brines throughout the ripening–preservation process,
with values ranging from 2046.38 to 2255.00 mg 100 g−1 and 2234.93 to 2371.95 mg 100 g−1

for TC and SST brines, respectively.
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3.3. Proteolysis

Proteolysis is the most important biochemical event during the ripening of most rennet-
coagulated cheese varieties, with a major impact on flavor and texture. During the ripening
of the cheeses, caseins are hydrolyzed, resulting in water-soluble nitrogenous fractions
(WSN). These fractions are indicators of the proteolysis that the cheeses undergo, which
describes the speed and manner of ripening of the cheeses. Proteolysis, in terms of both
SN and low-molecular-weight nitrogen fractions (i.e., TCA–SN and PTA–SN) expressed on
cheese weight, is lower in brined cheeses compared to semi-hard and hard cheeses [10].
The main reason is the higher moisture content (53–56%) compared to the other cheeses
groups and the very high salt-in-moisture content. Furthermore, the migration of whey
proteins and soluble proteolysis products into the brine limits the concentration of these
products in the cheese mass [10]. Table 5 shows in detail the course of the WSN/TN,
TCA-N/TN, and TCA-N/WSN indices of the cheeses ripened and preserved in TC and
SST containers. The water-soluble nitrogen ratio (WSN/TN) increased from 8.19% on day 1
to 10.29% and 10.41% for (TC) and (SST), respectively, on day 10, and remained at these
levels until, on the 180th day of preservation of the cheeses, they showed small, but not
statistically significant, differences (p > 0.05). No significant difference (p > 0.05) was found
for ripening index between the two groups of cheeses during ripening–preservation. The
values of the WSN/TN index found for both the TS and SST groups of cheese during the
ripening–preservation process agreed with those reported by Zoidou, et al. and by Abd
El Salam and Alichanidis [22,27]. The TCA-N/TN index showed a similar trend and no
significant differences (p > 0.05) between the two groups of cheeses. The TCA-N/TN values
in the TS and SST cheeses are in accordance with those of other research studies [22,27].
Finally, the TCA-N/WSN index showed no statistically significant differences (p > 0.05)
between the two groups during ripening–preservation. Therefore, considering the above,
we can draw the conclusion that there was a slightly increased ripening speed in the TC
cheeses, up to 90 days; however, at 180 days, the level of proteolysis of both groups of
cheeses was similar.

Table 5. Nitrogenous fractions of WSN/TN, TCA-N/TN, and TCA-N/WSN of cheeses during
ripening and preservation in tin containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

Nitrogenous
Fractions

Ripening Time (Days)

1 * 10 60 90 180

TC SST TC SST TC SST TC SST

%WSN/TN 8.19 ± 088 b 10.29 ± 2.51 a 10.41 ± 2.46 a 9.99 ±2.45 a 9.48 ± 1.80 a 11.69 ± 2.30 a 10.67 ± 2.84 a 10.21 ± 4.89 a 9.99 ± 3.81 a

%TCA-N/TN 3.84 ± 0.15 b 7.31 ± 1.53 a 6.33 ± 1.23 a 6.82 ± 1.69 a 6.00 ± 0.78 a 10.03 ± 1.07 a 8.05 ± 2.40 a 9.30 ± 3.31 a 8.97 ± 2.72 a

%TCA-N/WSN 47.31 ± 6.34 b 71.50 ± 6.19 a 61.35 ± 5.28 a 68.20 ± 2.71 a 64.16 ± 8.34 a 87.07 ± 9.92 a 75.61 ± 9.05 a 94.40 ± 11.43 a 91.76 ± 11.56 a

a.b Means in each parameter with different superscripts for TC and SST values differ statistically significantly
(p > 0.05) in each time interval. * Before packaging.

Figure 2 and Tables 6–8 show the evolution of the characteristic regions of the RP-
HPLC profiles. Chromatograms show some free amino acids and non-nitrogenous soluble
components (eluted in the 0–10 min interval), followed by small peptides and the majority
of free amino acids (proteolysis products) (in the 10–40 min interval), the water-soluble
components (in the 40–70 min interval), and, finally, the hydrophobic components, large
peptides, and whey proteins (in the 70–100 min interval). Comparing the chromatographic
analysis of the nitrogen fractions of the cheeses and brines in the two ripening-preservation
media (TC and SST), no differences were found between them. Specifically, the percentages
of the chromatographic surfaces in the time intervals 0–10, 10–40, 40–70, and 70–100 min, of
the chromatograms and the ratios (55–100 min)/(10–55 min), and (70–100 min)/(0–70 min)
of the nitrogen fractions of cheeses (WSN/TN and TCA-N/TN Tables 7 and 8, respectively)
and brines (Table 6), were similar during ripening–preservation in TC and SST, and did not
present any statistically significant difference (p > 0.05).
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Figure 2. Evolution of characteristic regions of RP-HPLC profiles of brine and WSN/TN and
TCA-N/TN of cheeses.

Table 6. Peptide areas in RP-HPLC profiles of cheese brine during ripening and preservation in tin
containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

RP-HPLC
Profiles

Ripening Time (Days)

10 60 180

TC SST TC SST TC SST

0–10 min 9.71 ± 1.73 a 10.65 ± 1.02 a 9.63 ± 1.68 a 10.63 ± 2.31 a 7.06 ± 0.77 a 6.88 ± 0.94 a

10–40 min 9.89 ± 2.26 a 10.85 ± 1.90 a 11.96 ± 2.81 a 12.75 ± 2.18 a 13.31 ± 1.29 a 13.45 ± 1.57 a

40–70 min 46.60 ± 1.87 a 43.68 ± 3.74 a 56.25 ± 2.46 a 55.41 ± 2.70 a 49.14 ± 3.92 a 48.65 ± 3.59 a

70–100 min 30.62 ± 2.25 a 31.17 ± 2.90 a 21.81 ± 1.97 a 20.69 ± 1.41 a 27.27 ± 1.33 a 27.25 ± 0.39 a

HB/HL 1 1.45 ± 0.21 a 1.51 ± 0.24 a 0.96 ± 0.21 a 0.90 ± 0.14 a 1.07 ± 0.06 a 1.08 ± 0.04 a

HB/HL 2 0.46 ± 0.06 a 0.48 ± 0.07 a 0.28 ± 0.03 a 0.26 ± 0.02 a 0.39 ± 0.03 a 0.40 ± 0.01 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval. 1: Ratio of the area of peaks eluted from 55 to 100 min (hydrophobic peptides
(HB)), to those eluted from 10 to 55 min (hydrophilic peptides (HL)). 2: Ratio of the area of peaks eluted from
70 to 100 min (hydrophobic peptides (HB)), to those eluted from 0 to 70 min (hydrophilic peptides (HL)).

Table 7. Peptide areas in RP-HPLC profiles of the WSN/TN fraction of the cheeses during ripening
and preservation in tin containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

RP-HPLC
Profiles

Ripening Time (Days)

10 60 180

TC SST TC SST TC SST

0–10 min 5.18 ± 1.55 a 4.91 ± 1.63 a 8.05 ± 1.14 a 8.43 ± 0.67 a 3.85 ± 0.48 a 3.97 ± 0.11 a

10–40 min 7.79 ± 1.76 a 7.88 ± 1.77 a 10.60 ± 5.08 a 10.50 ± 4.27 a 10.85 ± 0.43 a 10.84 ± 0.91 a

40–70 min 40.31 ± 5.11 a 39.84 ± 4.59 a 48.33 ± 0.80 a 48.56 ± 1.45 a 37.81 ± 3.59 a 38.49 ± 2.05 a

70–100 min 40.20 ± 3.70 a 40.73 ± 2.71 a 32.01 ± 4.10 a 31.56 ± 2.79 a 39.05 ± 1.91 a 39.63 ± 1.00 a

HB/HL 1 2.06 ± 0.28 a 2.23 ± 0.15 a 1.24 ± 0.35 a 1.23 ± 0.17 a 1.75 ± 0.18 a 1.79 ± 0.08 a

HB/HL 2 0.76 ± 0.13 a 0.78 ± 0.11 a 0.48 ± 0.09 a 0.47 ± 0.06 a 0.75 ± 0.09 a 0.74 ± 0.03 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval. 1: Ratio of the area of peaks eluted from 55 to 100 min (hydrophobic peptides
(HB)), to those eluted from 10 to 55 min (hydrophilic peptides (HL)). 2: Ratio of the area of peaks eluted from
70 to 100 min (hydrophobic peptides (HB)), to those eluted from 0 to 70 min (hydrophilic peptides (HL)).
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Table 8. Peptide areas in RP-HPLC profiles of the TCA-N/TN fraction of the cheeses during ripening
and preservation in tin containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

RP-HPLC
Profiles

Ripening Time (Days)

10 60 180

TC SST TC SST TC SST

0–10 min 52.16 ± 1.00 a 51.27 ± 0.73 a 72.31 ± 7.14 a 74.51 ± 8.40 a 40.40 ± 1.41 a 39.96 ± 0.60 a

10–40 min 7.40 ± 0.55 a 7.18 ± 0.18 a 9.21 ± 2.83 a 9.07 ± 3.39 a 6.95 ± 0.26 a 6.85 ± 0.16 a

40–70 min 20.00 ± 1.05 a 19.16 ± 1.02 a 16.07 ± 4.01 a 14.12 ± 3.73 a 23.61 ± 1.94 a 23.59 ± 2.32 a

70–100 min 13.79 ± 1.07 a 15.55 ± 1.24 a 1.87 ± 1.36 a 1.86 ± 1.63 a 21.07 ± 1.09 a 21.60 ± 1.84 a

HB/HL 1 1.46 ± 0.08 a 1.66 ± 0.17 a 0.45 ± 0.06 a 0.45 ± 0.05 a 1.71 ± 0.17 a 1.83 ± 0.23 a

HB/HL 2 0.17 ± 0.01 a 0.20 ± 0.02 a 0.02 ± 0.01 a 0.02 ± 0.02 a 0.30 ± 0.02 a 0.31 ± 0.04 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval. 1: Ratio of the area of peaks eluted from 55 to 100 min (hydrophobic peptides
(HB)), to those eluted from 10 to 55 min (hydrophilic peptides (HL)). 2: Ratio of the area of peaks eluted from 70
to 100 min (hydrophobic peptides (HB)), to those eluted from 0 to 70 min (hydrophilic peptides (HL)).

At the 70–100 min range, hydrophobic peptides and whey proteins were eluted. Much of
the nitrogenous components of the brine consist of such components (20–30%) throughout the
ripening of both cheese types. This shows how whey proteins diffuse into the brine. However,
more than 50% of the brine peptides appear to be composed of the soluble components of
the 40–70 range, following the course of their increase in the cheese. Therefore, the level of
proteolysis and the rate of ripening were similar in TC and SST cheeses.

3.4. Fatty Acids Profile

Individual fatty acids and the proportion of fatty acid groups (saturated, SFA; mono-
unsaturated, MUFA; and polyunsaturated, PUFA) found in both the TC and SST WBC, at
the 60th, 90th, and 180th day of ripening–preservation, are shown in Table 9. The most
abundant FAs throughout the ripening–preservation period were palmitic acid (C16:0),
oleic (C18:1n-9), and myristic (C14:0) acids. The values for palmitic acid and oleic acid for
TC cheeses ranged from 30.74 to 31.14% and 19.14 to 20.72%, respectively, while, for SST,
they ranged from 30.24 to 31.08% and 19.14 to 20.72%, respectively. Myristic acid, the third
most abundant FA, showed a statistically significant difference between the TC and SST
cheeses on day 60 (p-value = 0.027) and day 90 (p-value = 0.017). For the other identified FAs,
similar values with no statistically significant differences (p > 0.05) were found between the
two groups of cheeses, with the exception of the caprylic acid which presented a statistically
significant difference (p-value = 0.038) on day 90, with SST having a higher value than
TC. Overall, the values of the cheeses, regarding their SFA, MUFA, and PUFA content,
were similar between the TC and SST cheeses, and no statistical difference was observed
between them (p > 0.05). Therefore, we can claim that the different ripening–preservation
containers did not affect their fatty acid content. The fatty acid composition reported here
was similar to that reported by other studies concerning white brine cheeses [21,23,28].

Table 9. Means ± S.D of fatty acid composition (g/100g) of cheeses during ripening and preservation
in tin containers (TC) and stainless steel tanks (SST).

Fatty Acids

Ripening Time (Days)

60 90 180

TC SST TC SST TC SST

C4 3.36 ± 0.90 a 2.59 ± 0.30 a 2.56 ± 0.30 a 4.26 ± 2.52 a 2.78 ± 0.32 a 2.93 ± 0.30 a

C6 1.98 ± 0.56 a 1.83 ± 0.16 a 1.87 ± 0.43 a 2.12 ± 0.50 a 2.01 ± 0.32 a 2.10 ± 0.33 a
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Table 9. Cont.

Fatty Acids

Ripening Time (Days)

60 90 180

TC SST TC SST TC SST

C8 2.97 ± 0.99 a 2.27 ± 0.13 a 2.41 ± 0.19 a 2.76 ± 0.06 b 2.77 ± 0.15 a 2.96 ± 0.08 a

C10 10.28 ± 3.56 a 8.35 ± 0.20 a 8.59 ± 0.45 a 9.05 ± 0.52 a 9.34 ± 0.49 a 9.77 ± 0.12 a

C12 5.05 ± 0.91 a 4.78 ± 0.31 a 4.72 ± 0.24 a 5.03 ± 0.35 a 5.24 ± 0.25 a 5.42 ± 0.22 a

C14 13.84 ± 0.14 a 13.34 ± 0.22 b 13.42 ± 0.15 a 13.78 ± 0.05 b 14.21 ± 0.38 a 14.01 ± 0.26 a

C15 0.82 ± 0.14 a 1.77 ± 1.35 a 0.83 ± 0.13 a 0.93 ± 0.12 a 1.05 ± 0.03 a 1.01 ± 0.06 a

C16 30.87 ± 2.08 a 30.72 ± 0.65 a 31.14 ± 0.83 a 31.08 ± 1.87 a 30.67 ± 0.64 a 30.24 ± 0.37 a

C17 0.40 ± 0.02 a 0.39 ± 0.12 a 0.41 ± 0.06 a 0.50 ± 0.25 a 0.48 ± 0.03 a 0.46 ± 0.03 a

C18 7.69 ± 1.04 a 8.24 ± 0.33 a 8.55 ± 0.62 a 8.20 ± 0.67 a 7.67 ± 0.37 a 7.51 ± 0.24 a

C14:1 0.39 ± 0.09 a 0.33 ± 0.13 a 0.35 ± 0.06 a 0.38 ± 0.05 a 0.44 ± 0.07 a 0.46 ± 0.03 a

C16:1 1.71 ± 0.26 a 1.54 ± 0.41 a 1.36 ± 0.23 a 1.79 ± 0.43 a 1.52 ± 0.06 a 1.49 ± 0.05 a

C18:1 n9 19.14 ± 2.48 a 23.84 ± 5.08 a 20.72 ± 1.10 a 19.66 ± 1.07 a 19.42 ± 0.63 a 19.13 ± 0.54 a

C18:2 n6 t 1.62 ± 0.39 a 1.88 ± 0.21 a 1.81 ± 0.13 a 1.77 ± 0.15 a 1.91 ± 0.10 a 1.87 ± 0.12 a

C18:2 n6 c 0.27 ± 0.10 a 0.31 ± 0.08 a 0.34 ± 0.04 a 0.31 ± 0.04 a 0.36 ± 0.02 a 0.35 ± 0.02 a

C18:3 n3 0.04 ± 0.08 a 0.10 ± 0.03 a 0.09 ± 0.08 a 0.13 ± 0.17 a 0.15 ± 0.02 a 0.08 ± 0.07 a

CLA 0.45 ± 0.32 a 1.76 ± 1.21 a 1.29 ± 1.11 a 2.02 ± 1.36 a 0.50 ± 0.03 a 0.63 ± 0.44 a

SFA 77.26 ± 3.94 a 74.28 ± 0.77 a 74.49 ± 0.44 a 77.71 ± 5.20 a 76.21 ± 0.64 a 76.41 ± 0.54 a

MUFA 21.25 ± 2.26 a 25.70 ± 5.27 a 22.43 ± 0.82 a 21.82 ± 1.06 a 21.39 ± 0.61 a 21.08 ± 0.51 a

PUFA 2.38 ± 0.82 a 4.05 ± 0.94 a 3.52 ± 0.99 a 4.24 ± 1.26 a 2.91 ± 0.15 a 2.92 ± 0.43 a

a,b Means in each parameter with different superscripts for TC and SST values differ statistically significantly
(p > 0.05) in each time interval.

3.5. Volatile Compounds

The results of the volatile compounds analysis of WBCs are shown in Table 10. A total
of 94 volatile compounds were identified and grouped into the following chemical classes:
organic acids (15), alcohols (16), aldehydes (10), esters (13), ketones (11), lactones (5), terpens (6),
alcanes (8), and amines (3). Organic acids, alcohols, and esters, both in number and amount,
are the dominant chemical groups. Regarding the individual identified volatile compounds,
no significant differences were observed between the TC and SST cheeses. Organic acids
were the most abundant chemical class in both cheeses (TC and SST) with acetic acid,
decanoic acid, hexanoic acid, and octanoic acid representing about 78% of the total amount
of organic acids. Each of them gives a characteristic flavor note [21]. In general, fatty acids,
having between 4 and 20 carbon atoms, are formed through lipolysis by microbial lipases.
The shorter fatty acids may come (originate) from the degradation of lactose and amino
acids, as well as from the oxidation of ketones, esters, and aldehydes [21,29]. As expected,
the samples (TC and SST) had the highest content of total organic acids on the 180th day
(3828.29 mg/kg for TC and 3846.02 mg/kg for SST). From the chemical class of alcohols,
the major alcohol was ethanol (both in TC and SST) throughout their ripening–preservation
period, with the maximum value in both cases being noted on the 180th day (530.41 and
549.44 for TC and SST, respectively), which was expected, considering that its formation is
due to lactose fermentation, proteolysis, and reduction in acetaldehyde [21,29]. Esters can
be produced enzymatically or chemically through the reaction of short to medium chain
fatty acids with primary and secondary alcohols that both derive from lactose fermentation
and amino acid catabolism [21,30].
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Table 10. Means ± S.D of volatile compounds (mg/kg) identified in cheeses during ripening and
preservation in tin containers (TC) and stainless steel tanks (SST).

Volatiles Compounds

Ripening Time (Days)

60 90 180 60 90 180

TC SST

Organic Acids (15)

9-Decenoic acid 0.36 ± 0.62 18.65 ± 11.17 38.16 ± 10.33 31.85 ± 7.89 26.62 ± 8.62 48.49 ± 6.41

Acetic acid 281.13 ± 35.88 354.16 ± 70.56 653.86 ± 100.41 250.82 ± 180.86 251.14 ± 89.48 726.87 ± 141.69

Benzoic acid 16.58 ± 13.47 58.28 ± 23.05 62.76 ± 23.37 57.54 ± 28.03 55.34 ± 12.06 112.70 ± 42.80

Butanoic acid 132.32 ± 64.25 424.67 ± 47.91 337.25 ± 93.49 217.51 ± 121.15 521.14 ± 129.51 352.88 ± 142.39

Decanoic acid 224.62 ± 69.49 621.97 ± 32.47 782.20 ± 124.09 199.63 ± 171.66 676.52 ± 154.63 708.49 ± 165.78

Dodecanoic acid 23.02 ± 16.72 83.74 ± 19.74 130.33 ± 89.16 214.73 ± 45.25 144.07 ± 77.19 250.67 ± 56.09

Heptanoic acid 2.68 ± 2.92 52.98 ± 22.32 12.29 ± 4.11 8.89 ± 9.22 17.74 ± 6.84 25.74 ± 11.79

Hexanoic acid 276.36 ± 28.18 660.92 ± 136.16 706.56 ± 63.05 269.36 ± 120.58 737.93 ± 148.76 808.06 ± 142.36

Isovaleric acid 0.00 ± 0.00 12.12 ± 10.25 1.54 ± 1.07 1.03 ± 1.47 3.05 ± 1.60 1.13 ± 0.88

Nonanoic acid 4.12 ± 2.68 14.96 ± 6.94 17.38 ± 9.23 27.38 ± 13.04 22.95 ± 5.67 37.33 ± 10.19

Octanoic acid 251.58 ± 41.99 925.58 ± 69.82 1013.75 ± 181.24 365.49 ± 119.99 744.87 ± 137.96 655.13 ± 160.15

Pentanoic acid 1.22 ± 1.04 7.71 ± 11.36 6.46 ± 3.37 10.01 ± 4.38 8.91 ± 4.81 12.32 ± 4.90

Propanoic acid 1.20 ± 2.08 4.79 ± 6.96 12.16 ± 5.16 35.49 ± 3.74 2.67 ± 8.21 26.75 ± 11.62

Tetradecanoic acid 1.38 ± 0.39 20.63 ± 13.19 42.10 ± 9.73 63.51 ± 7.38 2.98 ± 36.20 71.59 ± 7.56

Undecanoic acid 0.00 ± 0.00 4.35 ± 3.52 11.49 ± 9.43 11.56 ± 9.00 6.77 ± 108.10 7.87 ± 2.21

Total acids 1216.57 3265.51 3828.29 1764.80 3222.70 3846.02

Alcohols (16)

Ethanol 257.21 ± 28.63 371.16 ± 37.90 420.53 ± 77.87 260.03 ± 48.85 377.96 ± 54.26 406.17 ± 133.74

1-Propanol 6.06 ± 2.85 18.00 ± 10.08 47.12 ± 22.04 15.18 ± 34.20 22.99 ± 1.92 43.63 ± 29.57

2-Methyl-1-propanol 10.29 ± 3.59 10.05 ± 3.32 8.77 ± 2.47 8.96 ± 2.48 8.95 ± 2.65 8.40 ± 2.40

2-Propen-1-ol 0.51 ± 0.17 4.27 ± 2.34 5.02 ± 3.46 5.72 ± 2.79 2.87 ± 2.34 6.81 ± 3.60

1-Pentanol 10.43 ± 2.14 13.19 ± 4.87 3.29 ± 11.04 6.70 ± 13.79 4.56 ± 11.60 4.49 ± 11.13

1-Hexanol 4.22 ± 4.04 10.71 ± 14.36 9.46 ± 6.37 13.01 ± 7.38 11.91 ± 7.81 15.32 ± 7.90

1-Heptanol 0.43 ± 0.14 3.19 ± 2.87 1.29 ± 1.04 4.70 ± 3.79 2.56 ± 1.60 2.49 ± 1.13

1-Octen-3-ol 0.28 ± 0.17 0.74 ± 0.63 0.89 ± 0.25 1.67 ± 0.79 1.48 ± 0.74 2.90 ± 1.54

2-Nonanol 0.00 ± 0.00 1.80 ± 1.15 0.75 ± 0.46 3.50 ± 2.81 2.11 ± 1.22 1.91 ± 1.67

Decanol 2.29 ± 1.59 2.05 ± 1.32 0.77 ± 0.47 0.96 ± 0.48 0.95 ± 0.65 0.40 ± 0.40

Dodecanol 0.59 ± 0.41 0.67 ± 0.65 2.49 ± 1.51 5.52 ± 5.80 1.49 ± 1.28 9.85 ± 5.65

Tridecanol 0.18 ± 0.11 0.81 ± 0.53 2.59 ± 1.06 3.95 ± 4.18 2.14 ± 2.69 3.94 ± 2.42

Tetradecanol 0.00 ± 0.00 1.58 ± 1.30 1.61 ± 1.31 2.10 ± 1.72 0.87 ± 0.66 4.37 ± 3.70

Hexadecanol 0.31 ± 0.18 1.38 ± 1.62 1.77 ± 1.25 0.64 ± 0.26 0.94 ± 0.24 2.68 ± 1.97

Benzene ethanol 12.76 ± 4.40 95.47 ± 46.65 21.58 ± 4.31 19.99 ± 11.25 12.73 ± 5.88 32.29 ± 17.39

2-Phenyl ethanol 0.43 ± 0.17 1.75 ± 1.01 2.48 ± 1.76 1.73 ± 1.41 2.35 ± 3.42 3.79 ± 3.94

Total Alcohol 305.99 536.82 530.41 354.36 456.86 549.44

Aldehydes (10)

Acetaldehyde 1.82 ± 0.52 1.28 ± 0.33 1.13 ± 0.65 1.92 ± 1.02 0.44 ± 0.66 0.96 ± 0.54

Furfural 0.02 ± 0.10 0.25 ± 0.10 0.82 ± 0.22 0.52 ± 0.14 0.22 ± 0.25 0.61 ± 0.25

Hexanal 3.83 ± 2.20 3.59 ± 2.50 2.31 ± 1.45 2.50 ± 1.02 2.49 ± 1.35 1.94 ± 2.02

Heptanal 0.00 ± 0.00 0.60 ± 0.54 1.44 ± 1.08 0.65 ± 0.81 0.70 ± 0.26 1.49 ± 1.99

Nonanal 1.69 ± 0.59 2.68 ± 1.30 3.87 ± 3.82 1.80 ± 1.66 3.36 ± 3.58 3.91 ± 3.54

Decanal 1.20 ± 1.05 1.82 ± 1.43 1.57 ± 1.13 2.39 ± 1.02 2.52 ± 2.07 3.55 ± 2.44

2,4-Dimethylpentanal 0.89 ± 0.25 1.96 ± 1.35 2.35 ± 1.20 1.22 ± 1.20 1.52 ± 1.32 3.26 ± 1.88

3-Hydroxybutanal 1.97 ± 1.25 1.70 ± 1.84 0.85 ± 0.55 0.86 ± 0.22 1.03 ± 1.20 0.78 ± 0.33

2-methylpentanal 0.79 ± 0.55 1.03 ± 0.88 1.89 ± 1.33 1.36 ± 1.25 1.66 ± 1.35 6.03 ± 3.25

Benzaldehyde 0.62 ± 0.23 1.63 ± 1.46 3.55 ± 2.28 2.71 ± 2.35 1.54 ± 3.37 5.27 ± 2.54

Total Aldehydes 12.83 16.54 19.78 15.93 15.48 27.80
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Table 10. Cont.

Volatiles Compounds

Ripening Time (Days)

60 90 180 60 90 180

TC SST

Esters (13)

2-Hydroxy-propanoic acid. ethyl
ester 1.52 ± 0.64 2.56 ± 1.56 1.32 ± 0.99 0.03 ± 0.03 3.80 ± 2.29 8.64 ± 4.40

Aceticacid. 2-phenylethyl ester 1.86 ± 1.03 86.44 ± 24.37 60.60 ± 10.04 26.77 ± 15.73 15.91 ± 6.88 35.22 ± 15.46

Citronellylformate 0.92 ± 0.37 2.94 ± 1.01 0.76 ± 0.66 4.15 ± 2.77 1.81 ± 0.97 2.49 ± 2.13

Decanoic acid. Ethylester 9.29 ± 1.95 37.54 ± 14.44 37.84 ± 11.69 28.22 ± 19.96 39.01 ± 24.71 115.30 ± 60.57

Dihydrocitronellol acetate 0.42 ± 0.16 0.35 ± 0.16 1.62 ± 0.54 0.94 ± 0.26 1.19 ± 0.77 0.51 ± 0.13

Ethyl acetate 1.00 ± 0.73 11.22 ± 11.41 19.59 ± 16.54 7.76 ± 10.04 1.52 ± 1.21 18.48 ± 15.57

Hexadecanoic acid. ethylester 0.55 ± 0.48 1.09 ± 0.96 2.45 ± 1.30 1.71 ± 3.57 1.70 ± 1.88 2.86 ± 3.87

Hexanoic acid. ethylester 1.77 ± 2.81 3.09 ± 1.69 3.99 ± 2.80 3.94 ± 2.56 3.77 ± 2.81 8.73 ± 3.81

Isopentyl formate 3.66 ± 1.34 0.50 ± 0.20 0.86 ± 0.25 0.55 ± 1.05 1.98 ± 2.52 0.95 ± 0.53

Isopentyl-isovalerate 0.30 ± 0.13 0.79 ± 0.23 2.07 ± 1.83 2.81 ± 1.31 2.17 ± 2.13 5.48 ± 4.04

Octanoic acid. ethylester 4.85 ± 2.93 6.45 ± 3.64 7.54 ± 4.11 9.27 ± 5.31 8.36 ± 6.71 34.37 ± 18.52

Tetradecanoi acid. ethylester 2.15 ± 0.97 3.54 ± 2.49 3.77 ± 3.09 6.28 ± 8.87 1.16 ± 1.34 9.36 ± 5.65

2-Ethenyloxy ethanol 0.75 ± 0.29 4.27 ± 2.09 77.59 ± 35.09 6.98 ± 4.52 20.30 ± 8.44 33.09 ± 67.68

Total Esters 29.04 160.78 220.00 99.41 102.68 275.48

Ketones (11)

2-Butanone 4.90 ± 2.85 5.79 ± 2.50 7.04 ± 3.59 7.72 ± 4.25 7.51 ± 2.55 9.09 ± 3.55

2-Heptanone 2.68 ± 1.23 3.02 ± 1.85 3.76 ± 2.05 4.49 ± 3.20 3.26 ± 1.25 3.61 ± 1.64

2-Octanone 3.43 ± 2.22 4.24 ± 2.89 5.05 ± 3.66 6.34 ± 3.65 5.59 ± 2.38 6.63 ± 2.22

2-Nonanone 5.72 ± 3.25 7.77 ± 2.01 1.60 ± 0.22 1.34 ± 1.02 1.74 ± 0.80 1.04 ± 0.55

2-Decanone 2.30 ± 1.55 3.19 ± 2.99 4.44 ± 1.85 5.12 ± 3.81 4.91 ± 2.46 6.49 ± 5.02

2-Undecanone 0.08 ± 0.04 0.42 ± 0.37 1.16 ± 1.13 1.89 ± 1.79 0.66 ± 1.06 1.01 ± 1.67

2-Dodecanone 0.83 ± 0.31 1.64 ± 1.10 2.45 ± 2.83 3.74 ± 2.79 2.99 ± 1.19 4.03 ± 2.60

5-Methyl-2-Hexanone 5.12 ± 3.54 5.17 ± 2.95 2.75 ± 0.84 5.93 ± 2.23 2.19 ± 1.14 7.45 ± 4.25

5-Methyl-3-Heptanone 2.28 ± 1.95 6.78 ± 2.44 8.38 ± 5.12 12.76 ± 6.89 8.71 ± 4.88 19.46 ± 10.17

2-Methyl-4-heptanone 3.41 ± 1.99 7.71 ± 2.81 8.77 ± 10.99 14.84 ± 10.08 8.31 ± 6.71 19.46 ± 13.17

2-Piperidinone 0.14 ± 0.14 1.57 ± 1.27 1.35 ± 1.41 0.96 ± 0.22 1.06 ± 1.63 2.32 ± 2.00

Total ketones 35.41 54.22 50.25 67.75 47.73 95.96

Lactones (5)

Gamma Nonalactone 1.02 ± 0.55 0.25 ± 0.22 1.28 ± 0.69 2.55 ± 0.65 2.05 ± 1.55 0.88 ± 0.33

Gamma-decalactone 0.37 ± 0.33 0.95 ± 0.28 1.83 ± 1.27 1.58 ± 1.00 0.91 ± 0.65 1.02 ± 1.07

Gamma-dodecalactone 4.52 ± 3.82 4.67 ± 2.04 7.36 ± 4.52 10.16 ± 6.28 4.77 ± 4.82 20.77 ± 13.87

Delta-nonalactone 2.95 ± 1.52 3.03 ± 1.48 4.00 ± 2.46 12.93 ± 9.83 5.51 ± 4.56 19.46 ± 13.17

Delta-decalactone 1.22 ± 0.80 2.05 ± 1.02 2.02 ± 1.08 0.58 ± 0.33 0.95 ± 0.88 1.64 ± 0.45

Total Lactones 10.08 10.95 16.49 27.80 14.19 43.77

Terpens (6)

Dehydro-apofarnesol 0.30 ± 0.22 1.48 ± 0.83 0.75 ± 0.63 2.44 ± 1.13 2.72 ± 2.58 3.82 ± 3.17

Dihydrocitronellol 0.51 ± 0.47 4.27 ± 2.34 5.02 ± 3.46 2.55 ± 1.25 2.87 ± 2.34 3.88 ± 1.05

Farnesol 0.43 ± 0.24 3.19 ± 2.87 1.29 ± 1.04 4.70 ± 3.79 2.56 ± 1.60 2.49 ± 2.13

Sesquilavandulol 0.00 ± 0.00 1.80 ± 0.95 0.75 ± 0.16 3.50 ± 2.81 2.11 ± 1.22 1.91 ± 1.67

Tetrahydro-lavandulol 0.43 ± 0.17 1.75 ± 0.81 2.48 ± 0.76 1.73 ± 1.41 2.35 ± 1.42 3.79 ± 2.94

Tetrahydro-citronellene 0.46 ± 0.19 1.06 ± 0.27 1.47 ± 1.46 0.97 ± 0.81 0.77 ± 0.17 3.56 ± 2.84

Total Terpens 2.13 13.55 11.76 15.89 13.38 19.45

Alcanes (8)

2.2-Dimethylbutane 0.30 ± 0.26 0.85 ± 0.59 1.01 ± 0.45 0.76 ± 1.18 0.41 ± 0.19 0.62 ± 0.10

3-Methyl-hexane 0.56 ± 0.49 2.11 ± 1.43 0.83 ± 0.88 1.89 ± 0.96 0.41 ± 0.14 2.94 ± 3.39

Decane 1.46 ± 1.17 1.56 ± 0.69 11.75 ± 3.61 1.39 ± 4.79 2.95 ± 1.83 3.20 ± 1.20

104



Foods 2023, 12, 2332

Table 10. Cont.

Volatiles Compounds

Ripening Time (Days)

60 90 180 60 90 180

TC SST

Dodecane 0.92 ± 0.43 1.04 ± 1.29 3.02 ± 0.46 2.72 ± 4.15 1.61 ± 1.09 2.54 ± 1.41

Nonane 0.91 ± 0.88 1.33 ± 1.76 1.77 ± 1.01 2.92 ± 1.46 2.20 ± 1.08 2.90 ± 2.70

Tetradecane 0.54 ± 0.73 0.61 ± 0.15 0.81 ± 0.22 1.22 ± 0.59 0.80 ± 0.44 3.40 ± 2.10

Tridecane 1.00 ± 0.52 0.84 ± 1.53 1.42 ± 1.12 1.79 ± 1.89 0.85 ± 0.30 1.40 ± 2.47

Undecane 1.89 ± 1.14 4.11 ± 2.43 1.80 ± 0.76 2.60 ± 0.62 1.63 ± 1.10 1.39 ± 1.98

Total Alcanes 7.58 12.45 22.41 15.29 10.86 18.39

Amines (3)

Amide 0.12 ± 0.15 0.05 ± 0.06 1.01 ± 1.02 1.06 ± 0.02 1.11 ± 1.02 0.32 ± 0.16

Piperidini 0.00 ± 0.00 0.16 ± 0.14 1.32 ± 1.24 0.02 ± 0.03 0.01 ± 0.02 1.24 ± 1.13

Dimethyl-amine 0.06 ± 0.03 0.11 ± 0.16 0.23 ± 0.12 0.03 ± 0.12 0.41 ± 0.55 0.24 ± 0.11

Total Amines 0.182 0.326 2.564 1.093 1.536 1.806

Other aroma compounds (6)

2 H-Pyran-2-one tetrahydro-6-pentyl 2.28 ± 1.95 1.78 ± 0.44 0.38 ± 0.12 1.76 ± 1.89 1.71 ± 1.88 1.46 ± 1.17

2 H-Pyran-2-one tetrahydro-6-propyl 0.41 ± 1.99 0.71 ± 0.81 0.77 ± 1.99 1.84 ± 1.08 2.31 ± 0.71 1.46 ± 1.17

Phenol 0.28 ± 0.17 0.74 ± 0.63 0.89 ± 0.25 1.67 ± 0.79 1.48 ± 0.74 2.90 ± 1.54

Camphor 0.83 ± 0.58 1.83 ± 0.67 0.68 ± 4.34 1.97 ± 5.98 1.01 ± 4.13 1.63 ± 0.19

2 H-Pyran-2-one tetrahydro-6-pentyl 2.28 ± 1.95 0.78 ± 0.44 0.38 ± 5.12 1.76 ± 6.89 2.71 ± 2.88 1.46 ± 10.17

Styrene 2.62 ± 1.42 0.95 ± 0.54 1.79 ± 1.90 0.90 ± 0.63 0.82 ± 0.24 1.75 ± 8.51

Total other aroma compounds 8.70 6.79 4.89 9.90 10.04 10.66

Regarding the chemical class of esters, it was observed that their total amount in-
creased with time, with the maximum value being noted on the 180th day in both TC-
(220 mg/kg) and SST- (275.48 mg/kg) ripened cheeses. The esters detected in large quanti-
ties in all cheese samples were acetic acid 2-phenylethylester, decanoic acid ethylester, and
2-ethenyloxyethanol. Among the less abundant groups, alkanes and terpenes, lactones,
and ketones were more represented in both cheeses at 180 days. The volatile profile of
white brine cheese in this study is close to those reported by other studies concerning this
type of cheese [21,31].

3.6. Texture Profile Analysis

Table 11 shows the textural characteristics of the TC- and SST-ripened cheeses during
the ripening–preservation period. The ripening–preservation containers did not signifi-
cantly (p > 0.05) affect the textural characteristics of the cheeses, as their values had been
similar over time.

Table 11. Means ± S.D. of textural characteristics (hardness (N), adhesiveness (J), elasticity (mm),
cohesiveness, gumminess (N), and chewiness (J)) of cheeses during ripening and preservation in tin
containers (TC) and stainless steel tanks (SST).

Textural
Parameters

Ripening Time (Days)

10 60 90 180

TC SST TC SST TC SST TC SST

Hardness 8.28 ±2.05 a 7.58 ± 0.91 a 6.04 ± 1.90 a 7.14 ± 2.47 a 7.48 ± 2.58 a 8.41 ± 1.40 a 9.66 ± 1.10 a 8.45 ± 2.29 a

Adhesiveness −31.38 ±
15.29 a

−23.72 ±
6.41 a

−22.50 ±
9.59 a

−18.84 ±
12.90 a

−24.95 ±
9.72 a

−28.32 ±
8.12 a

−33.39 ±
7.17 a

−40.66 ±
13.86 a

Elasticity 1.02 ± 0.02 a 1.22 ± 0.36 a 1.09 ± 0.09 a 1.21 ± 0.20 a 1.24 ± 0.34 a 1.18 ± 0.30 a 1.07 ± 0.06 a 2.11 ± 1.14 a

Cohesiveness 0.37 ± 0.03 a 0.37 ± 0.07 a 0.35 ± 0.03 a 0.32 ± 0.06 a 0.32 ± 0.04 a 0.34 ± 0.04 a 0.36 ± 0.02 a 0.35 ± 0.01 a
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Table 11. Cont.

Textural
Parameters

Ripening Time (Days)

10 60 90 180

TC SST TC SST TC SST TC SST

Gumminess 3.09 ± 0.92 a 2.85 ± 0.88 a 2.14 ± 0.83 a 2.36 ± 1.16 a 2.45 ± 1.07 a 2.85 ± 0.70 a 3.44 ± 0.37 a 2.99 ± 0.86 a

Chewiness 3.15 ± 0.93 a 3.31 ± 0.47 a 2.37 ± 1.07 a 2.70 ± 0.86 a 2.81 ± 0.67 a 3.21 ± 0.13 a 3.67 ± 0.26 a 5.89 ± 2.48 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval.

The hardness of both groups of cheeses increased with time and specifically in the period of
60–180 days. This increase was enhanced by the progressive increase in the salt and ash content
of the respective cheeses during the 60th–180th days [16], and the decrease in the fat content
during the 90th–180th days [32]. Both cheese groups showed the lowest (6.04 ± 1.90 N for TC and
7.14 ± 2.47 N for SST) and the highest (9.66 ± 1.10 N for TC and 8.45 ± 2.29 N for SST) val-
ues on the 60th and 180th days, respectively. Due to the increase in hardness, the gumminess
and chewiness of both cheeses also increased during their ripening–preservation. The cheeses
(TC and SST) showed the highest value in gumminess and chewiness on day 180 (3.44 ± 0.37 N
and 3.67 ± 0.26 J for TC, and 2.99 ± 0.86 N and 5.89 ± 2.48 J for SST, respectively). The value of
the adhesiveness (in both groups of cheeses) increased (in absolute value). Finally, the cohesive-
ness of the cheeses increased in both groups, showing their maximum value on the 180th day
(0.36 ± 0.02 for TC and 0.35 ± 0.01 for SST). As an exception, at day 90, the cohesiveness of the TC
cheese decreased. Overall, the values of the textural characteristics of both TC- and SST-ripened
cheeses reported here are similar to those reported by Kaminarides et al. [33], with the exception
of the adhesiveness and gumminess parameters.

3.7. Microbiological Evolution during Cheese Ripening–Preservation

The microbiological results, total viable count (TVC), and molds/yeasts concerning
the cheeses of the two groups and the respective brines during their ripening–preservation
are presented in Tables 12 and 13.

Table 12. Microbial counts (log CFU/g) of cheeses for total viable count and molds/yeasts during
ripening and preservation in tin containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

Microbial
Groups

Ripening Time (Days)

1 ** 10 60 90 180

TC SST TC SST TC SST TC SST

Total viable
count 9.40 ± 0.25 8.75 ± 0.21 a 8.45 ± 0.33 a 7.56 ± 0.29 a 6.62 ± 1.40 a 7.39 ± 1.11 a 5.92 ± 0.74 a 6.50 ± 1.08 a 5.47 ± 0.79 a

Molds/Yeasts 1.63 ± 1.41 a 3.44 ± 1.22 a 3.16 ± 1.00 a 3.24 ± 0.78 a 3.45 ± 0.51 a 2.34 ± 0.96 a 3.18 ± 0.83 a 1.87 ± 1.68 a 2.67 ± 0.37 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval. ** Before packaging.

Table 13. Microbial counts (log cfu/g) of brines for total viable count and molds/yeasts during
ripening and preservation in tin containers (TC) and stainless steel tanks (SST). (Means ± S.D.).

Microbial
Groups

Ripening Time (Days)

10 60 90 180

TC SST TC SST TC SST TC SST

Total viable
count 7.13 ± 0.57 a 7.13 ± 1.37 a 7.37 ± 0.15 a 6.90 ± 1.33 a 7.51 ± 0.28 a 6.19 ± 0.72 b 6.81 ± 0.58 a 5.29 ± 0.75 a

Molds/Yeasts 4.35 ± 0.32 a 3.51 ± 1.00 a 4.18 ± 0.10 a 4.77 ± 0.44 a 3.44 ± 1.06 a 4.15 ± 1.01 a 3.17 ± 1.02 a 3.83 ± 0.13 a

a,b Means in each parameter with different superscripts for TC and SST values differ statistically significantly
(p > 0.05) in each time interval.
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The TVCs in both cheeses and brines decreased over the ripening–preservation period.
The mesophilic flora had quite similar values in both the cheeses and brines of the two
groups. No statistically significant differences (p > 0.05) were found between the cheeses
of the two groups and the respective brines, except for the 90th day, when the brine at TC
showed a significantly (p = 0.041) higher TVC than that of the SST brine.

Molds/yeasts counts were low in both TC- and SST-ripened cheeses and brines.
Different ripening–preservation containers did not statistically significantly (p > 0.05) affect
the population of molds/yeasts, neither in the cheeses nor in the brines. The results
regarding the TVC and the molds/yeasts, observed in both TC and SST cheeses during
their ripening–preservation, agree with those reported in other studies [22,34].

3.8. Sensory Evaluation

The results of the sensory evaluation of the cheeses are presented in the Table 14.
Specifically, the TC- and SST-ripened cheeses did not show significant differences (p > 0.05)
between them regarding their appearance/color, structure/texture, and flavor/odor, with
their scores being similar throughout their ripening–preservation. On days 60 and 90, the
cheeses (of both groups) had the characteristics of mature cheeses, with a semi-hard texture
and a pleasant acidic taste. Both cheese groups obtained the highest total score on day 90
(91.45% ± 1.97 for TC and 90.95% ± 4.60 for SST, with coefficients of 4 and 5, respectively).
The high score of the structure parameter, on day 90, was expected due to the fact that
the gradual accumulation of total solids and large water-soluble peptides showed their
maximum value for both groups of cheeses on day 90 as well. However, the cheeses of
both groups received lower scores on day 180, which was expected since proteolysis and
lipolysis are more intense during that time. The cheeses were characterized by a pleasant,
acidic taste.

Table 14. Sensory evaluation of cheeses during their ripening and preservation in tin containers (TC)
and stainless steel tanks (SST). (Means ± S.D.).

Sensory Parameters

Ripening Time (Days)

60 90 180

TC SST TC SST TC SST

Appearance/Colour (0–10) 9.14 ± 0.14 a 9.33 ± 0.08 a 9.21 ± 0.37 a 9.17 ± 0.22 a 9.42 ± 0.30 a 9.28 ± 0.25 a

Body/Texture (0–40) 35.14 ± 0.29 a 35.14 ± 0.29 a 36.76 ± 0.66 a 36.67 ± 1.84 a 34.89 ± 1.54 a 33.56 ± 2.04 a

Flavor/Odor (0–50) 42.98 ± 2.03 a 44.52 ± 0.55 a 45.48 ± 1.15 a 45.12 ± 2.58 a 40.00 ± 2.89 a 39.86 ± 3.34 a

Total (0–100) 87.26 ± 1.76 a 89.00 ± 0.75 a 91.45 ± 1.97 a 90.95 ± 4.60 a 84.31 ± 4.65 a 82.69 ± 5.51 a

a Means in each parameter with the same superscripts for TC and SST values do not differ statistically significantly
(p > 0.05) in each time interval.

4. Conclusions

The results presented in this study showed that the material, and the capacity, of
the ripening–preservation containers did not statistically significantly affect the physico-
chemical, textural, microbiological, and sensory characteristics of the white brine cheeses.
It should be noted that those white brine cheeses that are ripened and preserved in tin
containers, and those that are ripened and preserved in stainless steel tanks, did not differ
from each other in the two main parameters—their fat and moisture content—that deter-
mine the quality of cheese, according to the Greek legislation. Although no significant
differences were observed between the white cheeses in brine that ripened and preserved
in tin containers and stainless steel tanks, we consider that the latter can be used by cheese
factories where a considerable part of their production is planned for repackaging as a
SST container has many advantages, such as its reusability, resistance to corrosion and low
temperatures, contribution to the product’s hygiene and protection, and minimizing of
losses during repackaging.
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content of Serbian traditional white brined cheeses. Mljekarstvo 2018, 68, 37–45. [CrossRef]

27. Abd El-Salam, M.H.; Alichanidis, E. Cheese Varieties Ripened in Brine; Elsevier: Amsterdam, The Netherlands, 2004; Volume 2,
pp. 227–249.

28. Temiz, H.; Tarakci, Z.; Aykut, U.; Turhan, S. The fatty acid levels and physicochemical properties of herby brined cheese, a
traditional Turkish cheese. Int. J. Dairy Technol. 2009, 62, 56–62. [CrossRef]

29. Molimard, P.; Spinnler, H.E. Review: Compounds involved in the flavor of surface mold-ripened cheeses: Origins and properties.
J. Dairy Sci. 1996, 79, 169–184. [CrossRef]

30. Engels, W.J.M.; Dekker, R.; de Jong, C.; Neeter, R.; Visser, S. A comparative study of volatile compounds in the water soluble
fraction of various types of ripened cheese. Int. Dairy J. 1997, 7, 255–263. [CrossRef]

31. Kondyli, E.; Pappa, E.C.; Vlachou, A.M. Effect of package type on the composition and volatile compounds of Feta cheese. Small
Rumin. Res. 2012, 108, 95–101. [CrossRef]

32. Kaminarides, S.; Zagari, H.; Zoidou, E. Effect of whey fat content on the properties and yields of whey cheese and serum. J. Hell.
Vet. Med. Soc. 2020, 71, 2149–2156. [CrossRef]

33. Kaminarides, S.; Moschopoulou, E.; Karali, F. Influence of salting method on the chemical and texture characteristics of ovine
Halloumi cheese. Foods 2019, 8, 232. [CrossRef] [PubMed]

34. Ammar, E.-T.; Khalel, A.E.; Mostafa, M.S. Effect of type of milk on the properties of traditional feta cheese. J. Food Dairy Sci. 2014,
5, 315–327. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

109



Citation: Natrella, G.; Gambacorta,

G.; Faccia, M. Application of

Commercial Biopreservation Starter

in Combination with MAP for

Shelf-Life Extension of Burrata

Cheese. Foods 2023, 12, 1867.

https://doi.org/10.3390/

foods12091867

Academic Editors: Barbaros Özer

and Bianca Castiglioni

Received: 16 March 2023

Revised: 13 April 2023

Accepted: 27 April 2023

Published: 30 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Application of Commercial Biopreservation Starter
in Combination with MAP for Shelf-Life Extension
of Burrata Cheese

Giuseppe Natrella *, Giuseppe Gambacorta and Michele Faccia

Department of Soil, Plant and Food Sciences, University of Bari, Via Amendola 165/A, 70126 Bari, Italy
* Correspondence: giuseppe.natrella@uniba.it

Abstract: Burrata is a fresh pasta filata cheese manufactured in Italy. Its demand on the worldwide
market is constantly growing, and prolonging its shelf-life is an important challenge for the Italian
dairy industry. In the present study, combining a commercial bio-protective starter and modified
atmosphere packaging (MAP) was evaluated as a strategy to delay the spoilage of product quality.
Three experimental samples of burrata were produced by experimental trials at the industrial level
and stored for 28 days under refrigerated conditions. Two samples contained the protective starter
but were packaged differently (under MAP and immersed in water), and one did not contain the
starter and was packaged under MAP. A sample of burrata without a starter and immersed in water
was also prepared and used as a control. The combination of MAP and bio-protective starter delayed
the degradation of lactose and citric acid, used as indices of microbial activity. In fact, lower counts of
Enterobacteriaceae and Pseudomonas were observed in this sample. In contrast, control burrata had the
highest level of total Volatile Organic Compounds (VOC) at the end of the storage period, because of
higher microbial activity. Even though all samples were judged to be unacceptable after 28 days from
the sensory point of view, the sample with bio-protective starter under MAP had the best score after
21 days, obtaining a shelf-life extension of about 7 days with respect to control. In conclusion, the
combination of MAP and protective starter culture could be an easy way to extend the shelf-life of
burrata stored under correct refrigerated conditions.

Keywords: burrata cheese; shelf life; protective culture starter; MAP; sensory analysis; chemical analysis

1. Introduction

Shelf-life extension of fresh food products is increasingly requested by manufactur-
ers, retailers and consumers. For this challenging task, both conventional (i.e., thermal
treatments, cooling, freezing, water activity reduction and use of antimicrobial molecules)
and new technologies (i.e., high-pressure processing, pulsed electric fields, ultrasound,
membrane filtration) and a combination of them, can be applied [1]. In general, products
that suffer the most from short shelf life are those with high pH, water activity and fat
content, as are fresh cheeses. For these dairy products, several innovative strategies have
been proposed to improve preservability: use of natural bio-active preservatives such as
endolysins, lysozyme, lactoferrin or essential oils [2–7]; strategies involving preserving
brines [8–11]; non-thermal treatments such as high-pressure processing, pulsed light, ultra-
sonication and cold plasma [12–16]. Moreover, novel packaging systems (edible films and
coatings), modified atmosphere packaging or protective cultures have been tested [17–23].

A fresh cheese that is becoming very popular worldwide is Burrata, an Italian pasta
filata cheese with a “double-structured texture”. In fact, it is composed of an external pasta
filata pouch filled with a cream called “stracciatella,” made of double cream mixed with thin
strings of mozzarella. The chemical composition is characterized by high fat and moisture
content and high pH; consequently, it is highly perishable due to the easy growth of
microorganisms and oxidation [24]. For a long time, its consumption has been limited to the
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Apulia Region (Southern Italy), where it was developed at the beginning of the last century.
The recent improvement in the hygiene conditions of the dairies and the microbiological
quality of milk and cream led to better preservability. Still, efforts are continuously made
to get further shelf life extension. To this aim, several technological solutions have been
proposed, including the application of low temperatures during the whole processing
phase [25], the use of protective cultures against spoilage bacteria [26], the use of modified
atmosphere packaging (MAP) alone or in combination with lysozyme/EDTA disodium
salt [27].

Moreover, a combination of antimicrobial molecules, active coating and MAP was
tested by Costa et al. [28]. Other researchers aimed to reduce the fat content to lower the
susceptibility to oxidation and, at the same time to improve the nutritional characteristics.
Trani et al. [24] partially replaced fat with carob seeds flour and fortified the obtained
cheese with polyunsaturated-fatty acids (PUFAs), Costantino et al. [29] used semi-skimmed
milk and reduced fat-cream combined with carrageenan xanthan or exopolysaccharides
produced by starters. In most of these studies, the results were not applicable in practice
due to legal concerns, high costs or excessive variation of the organoleptic characteristics.

The present work aimed to evaluate an innovative and cheap solution applicable at
an industrial scale to extend burrata shelf-life without using chemical preservatives. To
this purpose, an approach not yet tested on this cheese, which combines a mixed protective
starter culture with MAP, was tested. In particular, the investigation focused on the changes
in the chemical and sensory characteristics of the cheese during refrigerated storage.

2. Materials and Methods

2.1. Sample Preparation

The cheese samples were prepared in a dairy in Andria (Apulia region, Southern
Italy) by dedicated cheesemaking trials (three replicates). As burrata cheese can be sold
while wrapped in flexible plastic bags (High-Density Polyethylene with 2 μm of thickness)
or not wrapped and immersed in water packaged in trays sealed with plastic film, the
experimentation considered both types. As MAP cannot be applied to the packages
containing water, the experimental samples were prepared as follows:

- Wrapped burrata with protective starter packaged in MAP 70 N2% and 30% CO2
(coded as Ferm-MAP);

- Wrapped burrata packaged in MAP 70 N2% and 30% CO2 (coded as MAP);
- Water-immersed burrata with protective starter (coded as Ferm).

A burrata sample without the addition of a starter and immersed in water was used
as a control (coded as Ctr).

Details about the experimental design are shown in Figure 1. Briefly, pasteurized
milk was pre-acidified with lactic acid to pH 5.8 and then coagulated with 0.2 mL L−1

of microbial rennet (153 IMCU, pure chymosin, Sacco srl, Cadorago, Italy); an automatic
cutter included in the industrial vat cut the curd (about 1–2 cm cubes) and whey drainage
was subsequently done, the acidified curd was mechanically stretched and shaped in hot
water (83 ◦C) to obtain a mozzarella ball. The warm ball was immediately transferred
to a “blowing machine” that inflated it to form a pouch and then filled with stracciatella
cream (previously prepared to mix UHT cream with freshly prepared mozzarella strands,
1:1 w/w). After the filling phase, the burrata was tied with a plastic strip and cooled down
in chilled water. The protective starter culture was added to the experimental samples
by inserting it into the UHT cream used to prepare stracciatella. It was a mixture of
Lactobacillus rhamnosus (with probiotic function) and Lactobacillus plantarum (bacteriocin
producer) supplied by Sacco srl (Cadorago, Italy). The samples (125 g weight) were stored
in refrigerated conditions as indicated by the sector legislation for this type of dairy product
(4 ± 2 ◦C) and were analyzed in duplicate at 0, 7, 14, 21 and 28 days after the manufacturing
process. The sampling time went beyond the expiry date fixed by the manufacturer
(14 days from production) to evaluate the effectiveness of the technological solution tested
in extending shelf life.
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Figure 1. Experimental design of the burrata production.

2.2. Chemical Analyses

The lactose content was determined by following the method reported by Natrella
et al. [25]. In brief, ten grams of blended samples were inserted in a 50 mL plastic falcon and
added 20 mL of water, shacked for 1 h and then centrifuged at 4 ◦C × 6000 RCF × 10 min.
The supernatant was filtered through a 0.2 μm syringe filter, and 10 μL aliquot was injected
into the High-Performance Liquid Chromatography-Refractive Index Detectors system
(HPLC-RID) (Agilent Technologies, Palo Alto, CA, USA) equipped with a Rezex RCM-
monosaccharide Ca2+ column (300 × 7.8 mm, Phenomenex, Torrance, CA, USA) heated at
80 ◦C. The chromatographic runs were performed in isocratic conditions using deionized
water as a mobile phase at 1 mL min−1 flow rate; the RID temperature was set at 40 ◦C. The
identification and quantification of the lactose were made by using a reference standard of
lactose (SIGMA-ALDRICH, Steinheim, Germany) and an external calibration curve.
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Organic acids were separated, as reported by Natrella et al. [3]. The extraction was
done as follows: 5 g of blended sample were added with 20 mL of 0.1% orthophosphoric
acid in water, shacked for 30 min and then centrifuged at 4 ◦C × 5000 RCF × 15 min. The
supernatant was filtered through a 0.2 μm syringe filter, and 20 μm aliquot was injected into
the High-Performance Liquid Chromatography-Diode Array Detector system (HPLC-DAD)
(Waters 996, Milford, MA, USA). A Synergi Hydro-RP80 (250 × 4.6 mm, Phenomenex
Ltd., Aschaffenburg, Germany) column set to 30 ◦C was used for the separation. The
mobile phase was composed of 0.1% orthophosphoric acid in water (A) and Acetonitrile
(B); all solvents were HPLC-GRADE. The gradient was 0–18 min 100% A at 1 mL min−1

flow rate, then 18–18.3 min from 100% to 20% A; 18.3–19.5 min increasing flow rate to
1.4 mL min−1, then 19.5–22.5 isocratic and 22.5–23 min from 20% to 100% A held for 20 min
in an isocratic condition. Detection was done at λ = 214 nm, and the results were expressed
as mg g−1 of the sample by using external calibration curves of the analytes considered
(SIGMA-ALDRICH, Steinheim, Germany).

Free fatty acids were extracted as reported by McCarthy et al. [30] and separated by a
Gas Chromatography-Flame Ionization Detector (GC-FID) system (7890AGC-System, Agi-
lent Technologies, Palo Alto, CA, USA). In brief, 2 μl of the extract was injected into the injec-
tor port, and the separation was performed using a HP5 column
(30 m × 0.32 mm × 0.25 μm; Agilent Technologies). The oven parameters were: start-
ing temperature 35 ◦C held for 1 min, then 15 ◦C min−1 until 75 ◦C; once reached, the
temperature was held for 1 min, 3 ◦C min−1 until 90 ◦C, 20 ◦C min−1 until 180 ◦C; and
finally, held at the isothermal temperature for 5 min. FID temperature was set at 220 ◦C.
Free fatty acids were identified and quantified using standard calibration curves of the
analytes considered (SIGMA-ALDRICH, Steinheim, Germany), and results were expressed
as mg 100 g−1 of the sample.

VOC analysis was done, as reported by Natrella et al. [31]. The extraction tech-
nique used was Solid Phase Micro Extraction (SPME) with a divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) 50/30 mm SPME fiber assembly (Supelco, Belle-
fonte, PA, USA). The extraction was done by using a Triplus RSH autosampler installed
on a GC-MS system (Thermo Fisher Scientific, Milan, Italy). One gram of the sample and
10 μL of the internal standard (3-pentanone, 81.2 ng) were inserted in a 20 mL glass vial and
closed by a silicone/PTFE septum and aluminum cap, and then all vials were loaded into
the autosampler. The equilibration time was 10 min at 37 ◦C, then the extraction was carried
out at 37 ◦C for 15 min, during which the fiber was exposed to the vial headspace. The
desorption phase was done into the injector port at 220 ◦C for 2 min by using the helium as
carrier gas (99.9995% of purity, Nippon Gasses Industrial srl, Milan, Italy). The molecules
were separated by using a VF-WAX MS thermo capillary column (60 m, 0.25 μm i.d.,
0.25 mm, Agilent J&W) under the following conditions: oven temperatures 50 ◦C for
0.1 min, then 13 ◦C min−1 to 180 ◦C, 18 ◦C min−1 to 220 ◦C final isothermal for 1.5 min.
The detector parameters were detector voltage 1700 V; source temperature 250 ◦C, ioniza-
tion energy 70 eV and scan range 33–200 amu. Peak identification was made by means
of Xcalibur V2.0 software, in particular Qual Browse (Thermo Scientific, Waltham, MA,
USA), by matching with the reference mass spectra of the National Institute of Standards &
Technology (NIST) library, while the semi-quantification was done by using the standard
internal method.

2.3. Microbiological Analyses

The counts of the most important spoilage and hygiene indicators bacteria were
carried out. Ten grams of burrata and 90 mL of Butterfield’s phosphate-buffered water
(Difco, Sparks, MD, USA) were inserted into a Stomacher bag and homogenized using a
BagMixer stomacher (Interscience, St Nom, France). Then, serial dilutions were made of the
homogenate and plated on the appropriate media in Petri dishes following the standard
methods: Enterobacteriaceae [32]; Pseudomonas spp. [33]; Escherichia coli [34]; coagulase-
positive Staphylococci [35] and Coliforms [36].
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2.4. Sensory Analysis

The analyses were performed by a trained panel composed of 5 experts belonging
to the Italian Association of Cheese Tasters (ONAF) with at least five years of experience
in the field and selected following ISO 8586:2012 [37]. The TCATA (Temporal Check All
That Apply, a qualitative analysis) test is an expansion of the CATA (Check All That Apply)
method; it was successfully used in a previous paper with a different approach compared to
the typical use of this test, aiming to understand the differences among samples during their
shelf-life [25]. The CATA approach (and its expansion) belongs to the flash profile methods
used to quickly obtain a sensory profile and is commonly used in consumer science tests
involving a high number of consumers. This method was originally used with trained
panelists, then its popularity grew with consumers as judges for marketing purposes [38].
However, it has been demonstrated that results provided by the CATA test with a high
number of consumers generate similar responses of a classical product characterization (i.e.,
Quantitative Descriptive Analysis) made by a trained panel [39,40]. For each analysis time
(T0, T7, T14, T21 and T28), panelists were provided with a list of descriptors (previously
selected in two preliminary sessions by expert panelists) from which they had to select all
the words that apply and better describe the product. Sensory evaluations were conducted
in a sensory laboratory equipped with individual cabins

2.5. Statistical Analysis

The dataset was used to perform several analyses using XLSTAT (Addinsoft, Paris,
France). Analysis of variance (ANOVA) was performed for chemical and microbiological
data; Agglomerative Hierarchical Clustering (AHC) was used for VOC profile grouping,
while Temporal Check All That Apply (TCATA) was performed for sensory analysis results.

3. Results and Discussion

The variations in the content of lactose, organic acids, FFA and VOC were used as
chemical indices to monitor the decay process during cheese storage [3,41]. The lactose
and organic acids contents are reported in Figure 2. As expected, lactose decreased during
storage, but at different rates: the water-immersed samples underwent a dramatic decrease
reaching the final concentrations of 2.59 (Ctr) and 2.72 mg g−1 (Ferm), whereas the MAP-
packaged samples evidenced a slower drop with the final concentration of 10.63 mg g−1

(MAP) and 9.82 mg g−1 (Ferm-MAP). The better preservation of lactose in the MAP
samples cannot be simply ascribed to an antimicrobial effect of the modified atmosphere
since lactose tends to dissolve in the packaging water [41]. The samples packaged in water
evidenced already at day 0 lower concentration with respect to the MAP samples (14.0 and
14.4 mg g−1 for Ctr and Ferm vs. 15.26 and 15.45 mg g−1 for MAP and Ferm-MAP).

Further information is derived from the analysis of the organic acids (Figure 2B),
whose formation is strictly related to the metabolism of microorganisms and consequently
to the storage time; several authors have tried to classify cheese age by determining the
organic acid profile [42–44]. Lactic acid is the main end-product of bacterial activity in
all cheeses. It tends to decrease in long-stored/ripened types; other acids (acetic, formic,
propionic and others) are secondary fermentation products. Instead, citric acid derives
from milk and tends to disappear over time, being used as a fermentation substrate [45–47].
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Figure 2. Lactose (A) and organic acid (B) content in burrata samples, each sampling time was
considered separately. Ctr—control burrata; MAP—burrata packaged in the modified atmosphere;
Ferm—burrata added microbial protection culture; Ferm-MAP—burrata added microbial protection
culture and packaged in modified atmosphere. Results expressed as mg g−1 and statistically different
at p < 0.05. Different letters indicate significant differences among samples considering each time
separately (A). Different letters indicate significant differences among samples considering both time
and acids separately (B).

In detail, no differences among samples were observed in the lactic acid content until
2 weeks of storage, as refrigerated storage limited formation. Then, the concentration
increased, and differences among samples became significant, with the samples packaged
in MAP showing the highest level after 28 days. Concerning acetic acid, the results were
similar to that reported by Faccia et al. [48] and Tirloni et al. [49]. Commonly, fresh
products like burrata contain a small amount of this acid, and at low concentrations, its role
in the sensory characteristics is negligible. The increase of this compound during storage
was very slow, reaching the highest amount of 0.32 mg g−1 after 28 days in the MAP
sample. Finally, citric acid decreased over time; the initial concentration ranged from 1.01 to
1.2 mg g−1, while at the end of the storage, it decreased to a different extent, resembling
the behavior of lactose. In fact, the decrease was much more evident in water-immersed
than in the MAP samples (0.06 and 0.1 mg g−1 in Ctr and Ferm vs. 0.50 and 0.74 mg g−1 in
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MAP and Ferm-MAP, respectively). Overall, organic acid solubilization in water played a
role as they are also water-soluble.

Figure 3 shows the content of free fatty acids (FFA), which is an index of lipolysis
that, in cheese, is performed by lipases from milk, rennet paste (when used), and starter
and non-starter microorganisms [50,51]. Differently from many other cheeses, lipolysis in
Burrata is undesirable since FFA negatively affects the desired mild aroma. For this reason,
rennet paste is not used in the manufacturing process, and curd acidification for stretching
is not obtained by lactic starter fermentation but by direct milk acidification. Normally,
these technological conditions, together with refrigerated storage and the short time from
production to consumption, do not allow the significant breakdown of triglycerides into
free fatty acids [25]. In the present experimentation, the addition of a protective starter
represented a new variable that required monitoring of lipolysis. The obtained results
indicated a delay of lipolysis in the three experimental samples compared to the control,
with the combination MAP + protective culture showing the best result, probably as a
consequence of a synergic effect. The effect was much more evident after 14 days, whereas
a fluctuating trend of FFA concentration was observed in the first stages of storage. It was
probably due to the concomitant formation and conversion of FFA to other compounds,
as reported by several authors [52,53]. The Ferm sample had the highest amount of FFA
at day 0, mostly ascribable to the increased presence of free palmitic acid. Then, the MAP
sample showed the highest total FFA concentration between 7 and 14 days of storage, also
in this case, due to the palmitic acid level. From 21 to 28 days of storage, Ctr evidenced
the highest formation of volatile and semivolatile FFA (butyric, caproic, caprylic, capric
and myristic) that are known to negatively affect the sensory characteristics of burrata, and
almost twice the higher content of total FFA compared to the three experimental samples.
Considering the sum of short, medium and long-chain fatty acids (SCFA, MCFA and LCFA),
all samples shared the absence of SCFA and the presence of LCFA at day 0; it is worth
highlighting that LCFA does not impact any flavor, since they have high odor perception
threshold [54]. After 7 days, SCFA became detectable in all samples, even though the
concentrations of butyric, caproic and caprylic acids were very low and far from levels
able to alter the sensory characteristics. After 14 days of storage, the MAP and Ctr samples
had higher amounts of SCFA and LCFA than the samples added with protective cultures,
but successively, the situation was reversed, and a significant effect of MAP in delaying
lipolysis was observed until the end of the storage.

The observed chemical changes must be interpreted in the light of the storage condi-
tions applied, since refrigeration is known to favor psychrotrophic bacteria that are highly
lipolytic [55,56]. Table 1 shows the evolution of the counts of the five bacteria groups
considered over time.

In general, the microbial quality of the samples was very good in comparison to the
count values reported in the literature [27,28,57]. On fresh burrata samples, the highest
counts were found in Ctr and MAP for Enterobacteriaceae, Coliforms and Pseudomonas, with
values ranging from 2.0 to 2.3 log CFU g−1. Probably an immediate control of the starter on
these bacteria was observed, limiting their growth in the early storage phase. In addition,
the combination of starter and MAP showed the lowest counts (1.5 to 1.9 log CFU g−1

for these three microbial species). After 7 days of storage, only the Pseudomonas counts
showed the highest value in Ctr sample. The differences became more evident after
14 days of storage, then increased over time and regarded all the bacteria groups. Consider-
ing the Enterobacteriaceae 2.7 log CFU g−1 count were found in Ctr at the end of storage, vs.
0.9–1.2 log CFU g−1 in the other samples; a similar trend was observed for Pseudomonas,
ranging from 1 to 1.4 log CFU g−1 in the experimental samples vs. 2 log CFU g−1 found in
the Ctr. The comparison among experimental samples evidenced that the best outcomes
were obtained in the case of a combination of the protective starter with MAP; the use of
Lactobacillus plantarum, as a producer of bacteriocins, may have played a major role, as
widely demonstrated in the literature [58–60]; however, a synergic effect with MAP seems
to be evident.
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Figure 3. Free fatty acids content grouped by short, medium and long chain fatty acid (SCFA, MCFA
and LCFA, respectively) and total amount found in burrata samples from T0 to T28. Ctr—control
burrata; MAP—burrata packaged in the modified atmosphere; Ferm—burrata added of microbial
protection culture; Ferm-MAP—burrata added of microbial protection culture and packaged in
modified atmosphere. Results are expressed as mg 100 g−1 (p < 0.05). Different letters indicate
significant differences among samples considering the total, SCFA, MCFA and LCFA separately at
each time.
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Table 1. Cell counts (Log CFU g−1 ± SD), the average value of three replicates. Different letters
indicate the differences among samples (storage times were considered separately). p < 0.05.

LOG CFU g−1 Storage (Days) Enterobacteriaceae Coliforms E. Coli Staphylococcus
Coagulase +

Pseudomonas

Ctr T0 2.2 ± 0.1 A 2.1 ± 0.1 A <1 A <1 A 2.3 ± 0.1 A

Ferm T0 1.9 ± 0.1 B 1.9 ± 0.1 B <1 A <1 A 2.0 ± 0.1 BC

MAP T0 2.0 ± 0.1 AB 2.0 ± 0.1 AB <1 A <1 A 2.1 ± 0.1 AB

Ferm MAP T0 1.7 ± 0.2 C 1.5 ± 0.1 C <1 A <1 A 1.9 ± 0.1 C

Ctr T7 1.0 ± 0.1 B 1.3 ± 0.2 C <1 A <1 A 3.3 ± 0.1 A

Ferm T7 2.7 ± 0.3 A 2.6 ± 0.2 AB <1 A <1 A 3.0 ± 0.1 B

MAP T7 2.8 ± 0.2 A 2.7 ± 0.1 A <1 A <1 A 2.7 ± 0.1 C

Ferm MAP T7 2.6 ± 0.2 A 2.5 ± 0.1 B <1 A <1 A 2.5 ± 0.1 D

Ctr T14 1.0 ± 0.1 A 1.0 ± 0.1 B <2 A <2 A 3.5 ± 0.4 A

Ferm T14 0.7 ± 0.1 B 2.9 ± 0.3 A <2 A <2 A 3.0 ± 0.2 A

MAP T14 0.7 ± 0.1 B 2.9 ± 0.3 A <2 A <2 A 3.0 ± 0.3 A

Ferm MAP T14 0.3 ± 0.1 C 2.9 ± 0.4 A <2 A <2 A 2.9 ± 0.2 A

Ctr T21 1.7 ± 0.3 A 1.7 ± 0.2 A <2 A <2 A 3.6 ± 0.2 A

Ferm T21 0.9 ± 0.1 B 0.8 ± 0.1 B <2 A <2 A 3.3 ± 0.1 B

MAP T21 0.8 ± 0.2 BC 0.7 ± 0.1 BC <2 A <2 A 3.0 ± 0.2 B

Ferm MAP T21 0.6 ± 0.1 C 0.6 ± 0.1 C <2 A <2 A 2.9 ± 0.3 B

Ctr T28 2.7 ± 0.3 A 2.6 ± 0.2 A <3 A <2 A 2.0 ± 0.2 A

Ferm T28 1.2 ± 0.1 B 1.1 ± 0.1 B <2 B <2 A 1.4 ± 0.2 B

MAP T28 1.1 ± 0.1 BC 1.0 ± 0.1 BC <2 B <2 A 1.2 ± 0.1 B

Ferm MAP T28 0.9 ± 0.1 C 0.9 ± 0.1 C <2 B <2 A 1.0 ± 0.1 C

The volatile organic compounds data was used to perform Agglomerative Hierarchical
Clustering (AHC) based on dissimilarities. It is a clustering (or classification) method that
allows to group of samples into clusters by the dendrogram, aiming to better observe
the differences in the VOC profile evolution (Figure 4). The dotted line represents the
truncation that generates four different clusters, in which burrata samples were separated
by the evolution of the VOC profile during storage. The differences among samples’ VOC
profiles were evident, showing Ctr as having the fastest VOC production process that,
overall, penalizes the product.

 

Figure 4. Agglomerative Hierarchical Clustering (AHC) based on dissimilarities of burrata samples
volatile organic compounds profile.
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The red cluster is more homogeneous than the others being dendrogram flatter; it
represents the VOC profile of samples ranging from 0 to 14 days of storage (with some
exceptions). This cluster grouped the products until 14 days of storage, but among them
are also present the samples having 21 and 28 days of storage, which are Ferm-MAP. The
second cluster, the purple one, grouped Ferm and MAP after 21 days of storage and Ctr
after 14 days. This meant that the VOC profile of the latter was ascribable to the older
experimental samples. Then, the same results were found within the green cluster showing
Ctr after 21 days which clustered with MAP and Ferm after 28 days of storage. Finally,
the fourth cluster (black one) is represented only by Ctr T28, the sample with the highest
amount of VOC. Therefore, it is clear that among samples, Ctr was the richest in volatile
compounds and the one that perishes more rapidly, being grouped with older experimental
samples. The high VOC production is usually related to microbial growth [61].

On the contrary, the most amazing results were ascribable to the Ferm-MAP sample,
which showed reduced VOC production compared to Ctr. Moreover, such a sample at
days 21 and 28 clustered with samples within the Ctr producers’ shelf-life, theoretically
highlighting a more delicate aroma than the Ctr sample. This result suggests a strong
inhibition of volatile production by combining protective culture starter and MAP, leading
to a less pronounced off-flavor. To sum up, the VOC profile of the Ctr sample after 14
and 21 days of storage was grouped with older experimental samples, while Ctr after
28 days was the worst sample, the richest in VOC compounds. The total VOC amount
of Ctr at the end of the storage had a 3-fold higher concentration than the other samples
(6641 μg kg−1 vs. 1467, 1925 and 653 μg kg−1 of Ferm, MAP and Ferm-MAP at T28,
respectively). These results were better than those reported by Natrella et al. [25], in which
samples after 21 days had a higher total VOC than that found in this work after 28 days
of storage, which could reflect a higher off-flavor perception. After 28 days, the highest
chemical classes found were alcohols and acids for all samples except for Ferm-MAP, in
which the ketones class was the most representative.

The sensory results were subjected to multivariate analysis to summarize the evolution
during the storage of the samples (Figure 5). The two components (PCs) of the plot
explained 71.82% of the total variance. In general, the first PC explained most of the
variance with 59.82%, in which it is possible to observe the separation among samples
based on the storage time as a discrimination variable. In fact, sample worsening is
visible from the left (fresh products) to the right (stored products). On the other hand,
dissimilarity among the type of sample is shown along the second principal component.
Better results were obtained by combining protective culture starter with MAP, which
followed the negative side of the second PC in the bottom right quadrant, where better
sensory descriptors were placed compared to the ones on the upper-right side. During the
first week of storage, no differences were found among the samples—all remained fresh
and similar to each other. Then, starting from days 14 to 28, the samples separate into
space, with Ctr and Ferm upward on the positive side of PC2 and MAP and Ferm-MAP
downward through the negative side. The differences among samples were based on the
main sensory characteristic perceived by panelists, mostly after the two weeks of storage.
Firstly Ctr, then Ferm at day 28 were described as having sulfuric and sour milk odor notes,
while MAP and Ferm-MAP samples were characterized by notes of yogurt and cooked
milk. Thus, milder descriptors were used to refer to the latter samples, even if, after 28
days, all samples were considered inedible. On the contrary, after 21 days, the MAP and
Ferm-MAP samples were considered by the panelists to be very similar to the same sample
after 14 days of storage.
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Figure 5. Multivariate analysis, Temporal Check All That Apply (TCATA) based on sensory results.
Ctr—Control burrata; MAP—burrata packaged in the modified atmosphere; Ferm—burrata added
of microbial protection culture; Ferm-MAP—burrata added of microbial protection culture and
packaged in modified atmosphere.

In sum, the overall characteristics decrease over time for almost all products (from
the left to the right side of the plot); the panelists highlighted the worst quality of samples
after 28 days of storage, while after 21 days, some samples still were acceptable, i.e.,
MAP packaged samples were similar to the same samples at T14, which still had good
characteristics, and were very different from Ctr. These outcomes revealed that MAP alone
or in combination with protective starter, whose bacteriocins have been demonstrated to
have antimicrobial activity against a wide range of bacteria [58–60], better preserved the
sensory characteristics of burrata in agreement with VOC and the other chemicals results.

4. Conclusions

The use of MAP in conjunction with bioprotective starter allowed for better preserve
the chemical and sensory characteristics of burrata, which gained a few days of shelf life
compared to the control (from 14 to 21 days). The combination of a modified atmosphere
and protective starter allowed, during storage, a significant delay in lactose and citric acid
degradation, which are directly linked to microbial growth. Accordingly, the microbial
counts of undesired bacteria (Enterobacteriaceae, Coliforms, Staphylococcus, Pseudomonas
spp.) were lower than control burrata as well as microbial metabolites such as organic
acids, free fatty acids and volatile organic compounds, among which are more probable
to find molecules responsible of off-flavors in this cheese. These results were confirmed
by the sensory evaluation. In conclusion, the synergy between the modified atmosphere
and bioprotective starter, in conjunction with the good quality of raw matter and good
manufacturing practices, can significantly improve the microbiological stability of burrata
without using chemical additives. Further investigation is needed to assess the effect of
the application of modified atmosphere packaging in the presence of the governing liquid
when it is technically possible.
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Abstract: The use of raw milk is compulsory in the manufacturing process of most of the European
protected designation of origin (PDO) cheeses but, for ovine products, it is often responsible for faulty
productions. Since pasteurization is hardly compatible with the PDO concept, a milder treatment
(thermization) is allowed in some cases. An investigation was undertaken to assess the effect of
thermization on the overall quality of Canestrato Pugliese, a PDO ovine hard cheese of Southern Italy
that can be manufactured exclusively from raw milk. Three types of cheese were produced using
raw, mild-thermized and high-thermized milk inoculated with a thermophilic commercial starter.
The results demonstrated that the heat treatment did not cause remarkable differences in the gross
composition, but the microbiological profiles had some differences despite the use of the selected
starter. The raw milk cheese contained higher levels (0.5–1 log units) of mesophilic lactobacilli,
total viables, total coliforms and enterococci with respect to the thermized counterparts, with the
high-thermized cheese showing the lowest levels; these microbiological differences fitted well with
the higher content and the different High Performance Liquid Chromatography (HPLC) pattern of
soluble nitrogen. The sensory analysis revealed that the thermized cheeses lost some typical sensory
characteristics, probably as a consequence of the reduced indigenous microbiota populations. It
was concluded that milk thermization could be applied to Canestrato Pugliese manufacturing only
together with the development and use of an autochthonous starter.

Keywords: ovine cheese; PDO Canestrato Pugliese; milk thermization; proteolysis; sensory analysis

1. Introduction

Protected designation of origin (PDO) and protected geographical indication (PGI)
are two instruments created by the European Union to protect typical food products of
specific geographical areas within the European framework [1]. These products are man-
ufactured in a given area using recognized manufacturing practices that are described
in the official production protocol forming an integral part of the law establishing the
acknowledgement [2]. For both PDO and PGI products, protocol updating is a laborious
process, requiring time and attention. That is problematic because, overtime, some specific
technical aspects of the manufacturing process can become incompatible with the changes
of the food legislation and the consumers’ expectations. This is the case for the use of
unpasteurized milk in cheesemaking, whose safety is highly debated worldwide, as well
as its unsuitability for obtaining a constant quality [3]. Even though most PDO cheeses
continue to be manufactured from raw milk, the possibility of applying thermal treatments
is increasingly being required from the producers [4,5] in order to reduce the risk of defects.
Milk pasteurization causes the elimination, along with pathogenic microorganisms, of
indigenous microbiota, which make the use of a starter in cheesemaking necessary. In addi-
tion to this, other modifications can play a role in cheese quality, such as the denaturation of
whey proteins, inactivation/activation of native milk enzymes and changes in the mineral
equilibrium. All these modifications, whose intensity depends on the parameters of the
heat treatment, often impact proteolysis and lipolysis, leading to a different flavor with
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respect to the cheese obtained from raw milk [6–10]. For all these reasons, pasteurization is
considered a problem for PDO/PGI cheeses, as the modifications of the milk characteristics
tend to weaken the linkage with the geographical area. In order to minimize the adverse
effects, milk thermization could be an alternative to pasteurization. According to the EU reg-
ulations, thermization is a sub-pasteurization treatment, performed under mild conditions
(i.e., 57–68 ◦C for no less than 15 s in a heat exchanger), so as to guarantee the preservation
of phosphatase activity (CE Dir 46/92) and, consequently, part of the indigenous microbiota.
The treatment always causes the elimination of psychrotrophic bacteria and the reduction
of total bacterial count, whereas a marked reduction of Enterobacteriaceae and coliforms is
obtained only adopting suitable time/temperature combinations [11–13]. Of course, for
thermization it is also necessary to add a starter before cheesemaking, in order to fortify
the indigenous microflora surviving the heat treatment that is not sufficient for carrying
out the suitable fermentations. This thermal treatment can also be performed directly in
the vat if, as often happens at a small farm level, a heat-exchanger is not available. Besides
preserving part of the indigenous microbiota, thermization presents other advantages with
respect to pasteurization, such as less damage to the milk thermolabile compounds, the
better preservation of coagulability and lower energy consumption for heating and cooling.

The possibility of applying milk thermization before cheesemaking is much more
requested by the manufacturers of PDO ovine cheeses than the bovine counterpart, since
sheep milk quality is often affected by high microbial load. Italy is the European Union (EU)
country with the highest number of PDO ovine cheeses (seventeen), all belonging to the
class of semi-hard or hard cheeses. Out of seventeen, eight have received the authorization
to apply a thermal treatment to milk, while the remaining nine must be manufactured from
raw milk [14], as reported in Table 1.

Table 1. PDO and PGI Italian cheeses made from sheep milk (alone or in combination) and heat
treatments allowed.

Cheese Type of Milk Acknowledgement Treatment Allowed

1. Canestrato di Moliterno sheep + goat PGI thermization
2. Canestrato Pugliese sheep PDO none
3. Casciotta d’Urbino sheep + cow PDO pasteurization
4. Fiore Sardo sheep PDO none
5. Formaggio di Fossa di Sogliano cow + sheep PDO pasteurization
6. Murazzano sheep + cow PDO any heat treatment
7. Pecorino Crotonese sheep PDO any heat treatment
8. Pecorino delle Balze Volterrane sheep PDO none
9. Pecorino del Monte Poro sheep PDO none
10. Pecorino di Filiano sheep PDO none
11. Pecorino di Picinisco sheep PDO none
12. Pecorino Romano sheep PDO thermization
13. Pecorino Sardo sheep PDO any heat treatment
14. Pecorino Siciliano sheep PDO none
15. Pecorino Toscano sheep PDO any heat treatment
16. Piacentinu Ennese sheep PDO none
17. Vastedda del Belice sheep PDO none

For PDO/PGI cheeses, the ban on the heat treatment could only be removed by
demonstrating that the overall quality does not significantly change and the linkage with
the territory is not lost. Unfortunately, information on the effect of thermization on cheese
quality is scarce. Xanthopoulos et al. [15] investigated Anevato, a Greek PDO spreadable
cheese made from goat milk, and concluded that thermization allowed for the better
preservation of part of the milk indigenous microbiota with respect to pasteurization (about
one-half log unit of difference for the most important microorganisms groups in terms of
colony forming units). However, both heat-treated milk cheeses lacked the characteristic
cheesy flavor of raw milk cheese. In cheddar cheese, both pasteurization and thermization
(65 ◦C × 15 s) had no effect on primary proteolysis but reduced the levels of free amino
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acids and the intensity of lipolysis during ripening [8]. Pirisi et al. [16] investigated the
effect of milk thermization on the quality of Fiore Sardo and found that the heat treatment
did not significantly influence the composition and the secondary proteolysis, whereas
significant differences were observed in the rheological properties and in the lypolitic
pattern. Caboni et al. [17] investigated the same cheese and concluded that while the effects
of milk thermization on macro-compositional parameters and free fatty acid levels were not
evident, strong differences between cheese produced from raw and thermized milk were
detectable by using a Gas Chromatography- Mass Spectrometry (GC-MS) metabolomics
approach. Unfortunately, the study did not include a sensory evaluation. Finally, a recent
work of Dedola et al. [18] proposed the dosage of enzyme α-l-fucosidase as a tool for
discriminating Fiore Sardo PDO cheeses obtained from raw or thermized milk, but in this
case the sensory characteristics were also not investigated.

Canestrato Pugliese is one of the nine ovine Italian PDO cheeses for which the heat
treatment of milk is not allowed. It is a semi-hard to hard cheese made in the Apulia
Region (Southern Italy) from milk of sheep of local flocks, whose designation of origin is
connected to ancient sheep transhumance. Transhumance is a very old form of pastoralism
consisting of the seasonal movement of livestock and herders between higher pastures in
the summer, and lower pastures during the winter. The north-west part of Apulia has not
too cold winters and presents vast lowland areas with natural pastures; for this reason, it
has been the summer destination for sheepherders from the surrounding mountain areas
since Roman times [19]. As sheep lactation mostly took place from February to May, the
Apulian lowlands were crawling with shepherds making cheeses, the most important of
which was a hard type that could be easily stored. It was called Canestrato from the name
of the rush basket (“Canestro”) in which it was molded and kept for the first period of
ripening that lasted from a few months to about one year. When transhumance ceased to
be practiced (1950–1960s) and sheep breeding became sedentary, the cheese continued to
be manufactured in dairy industries and farmers cooperatives. The uniqueness linked to
history, the particular environment in which the flocks graze, the manufacturing procedure
and typical organoleptic characteristics led to the acknowledgement of the designation
of origin, which was first obtained in 1985 at the national level and then confirmed in
1996 at the EU level. Unfortunately, the recent changes in both livestock management
and consumer habits has caused the total production volume of Canestrato Pugliese to
dramatically decline in the last two decades. The main problem caused by the changes in
consumer habits was the increased demand of “perfect” food products, which led to the
depreciation of non-standardized cheeses which often are those obtained from raw milk. In
addition to this, the use of raw sheep milk brings with it a high risk of faulty production
that cannot be tolerated by the manufacturers. The consequence of this framework is
that the dairy industry has abandoned the production of Canestrato Pugliese, which is
currently manufactured only in two small artisanal dairies. The absence of interest from
the dairy industry, together with difficulties in finding animal care workers, is continuing
to discourage the sheep farmers and, if the situation does not change, the Apulian breeding
sheep sector will disappear. The application of milk thermization could increase the interest
of dairy enterprises to restart the production of this cheese, but no research has been
conducted about its effect on cheese quality. Albenzio et al. [20] investigated the effect of
milk pasteurization and of heating the curd in hot whey (80 ◦C for 30 s) on proteolysis
and lipolysis. Both treatments led to lower counts of lactic acid bacteria in cheese and
slower proteolysis and lipolysis than the control cheese made from raw milk without
any thermal treatment. Unfortunately, the cheeses were not subjected to sensory analysis,
even though the authors speculated that it should be expected that cheeses obtained from
raw milk reach their optimum sensory quality earlier than those from pasteurized milk.
Piombino et al. [21] investigated the sensory characteristics of Canestrato Pugliese made
from raw or pasteurized milk, and found important differences, which were confirmed by
the gas chromatography-mass-spectrometry-olfactometry analysis of volatile compounds.
The aim of the present research was to assess the effect of milk thermization on the chemical,
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microbiological and sensory characteristics of Canestrato Pugliese cheese, in order to
establish the extent by which the heat treatment influences the overall quality.

2. Materials and Methods

2.1. Cheese Manufacturing

The milk used in the experimentation derived from a batch of ovine bulk milk (about
4000 L) collected in two days from 17 sheep farms located in the province of Bari and Foggia
(Apulia region, Italy). From this batch, three 1000 L aliquots were taken, one of which
was used raw for preparing the control cheese (CR) while the other two were subjected
to thermization in a heat exchanger for preparing thermized milk cheeses. Two different
heating conditions were tested: 62 ◦C × 20 s for preparing mild-thermized cheese (CMT)
and 68 ◦C × 20 s for preparing high-thermized cheese (CHT). Two cheesemaking replicates
were performed for each type of milk by applying the official production protocol [22],
except for the addition of a selected lactic acid bacteria (LAB) starter (a mixed culture of
Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus, Sacco Srl, Cadorago,
Italy) for reintegrating the microbiota damaged by the heat treatment. The culture was
also added to the raw milk for manufacturing the control cheese, in order to normalize the
technological conditions. The experimental design is summarized in Figure 1, whereas the
cheesemaking protocol adopted is shown in Figure 2.

Figure 1. Experimental design applied in the investigation.

2.2. Chemical Analyses

The milk used in the experimentation was subjected to the analysis of the gross
composition by infrared analyzer (Milko-Scan, Foss Electric, Hillerød, Denmark). The
cheeses were sampled at 0, 7, 14, 21, 28, 42, 56, 70, 82, 150, 180, 240 and 300 days of ripening.
Representative samples were prepared by eliminating the rind (about 0.5 cm) and cutting
a triangular wedge weighting 0.5 kg. The wedge was then grated, and, after thorough
mixing, portions were taken to perform the analyses. The following determinations were
carried out: moisture (oven drying), pH (pH meter equipped with a penetration probe,
Hanna Instruments, Woonsocket, RI, USA), NaCl (chloride analyzer, Sherwood Scientific
Ltd., Cambridge, UK), fat (Soxhlet method), total nitrogen (Kjeldahl method), water-soluble
nitrogen (WSN) according to Kuchroo and Fox [23]. All analyses were carried out in
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triplicate. Proteolysis was investigated by urea-poly acrylamide gel electrophoresis (PAGE)
according to the method of Andrews [24]. The main casein fractions were identified by
comparison with a milk sample taken from the vat and with the data from the scientific
literature; the protein bands in the gel were quantified by densitometry. Proteolysis was
also investigated by Reverse-Phase High Performance Liquid Chromatography (RP-HPLC)
analysis of water soluble nitrogen on an Agilent Technologies apparatus with Ultraviolet
(UV) detection (Palo Alto, CA, USA), under the operating conditions reported in a previous
paper [25].

Figure 2. Cheesemaking process applied in the experimentation.

2.3. Microbiological Analyses

Analyses were carried out on raw milk, vat milk (i.e., after starter addition), curd
and cheese at 0, 7, 14, 28, 56, 150 and 300 days of ripening. On raw milk, the count
of somatic cell and total bacteria was performed by flow cytometry (Fossomatic and
Bactoscan, Foss Electric, Denmark). For vat milk, curd and cheese, a 20 mL or 20 g
sample was diluted in 180 mL of 2% (w/v) sodium citrate solution and homogenized
in a Stomacher Lab-Blender. Serial dilutions were made in quarter strength Ringer’s
solution and plated on specific media for viable counts. The following groups were enu-
merated: total viable (TV, 32 ◦C, plate count agar, Oxoid, Basingstoke, UK), total coliforms
(TC, 37 ◦C, VRB agar, Biolife, Milan, Italy); presumptive mesophilic lactococci (MLc, 30 ◦C,
M17 agar supplemented with 0.1% cycloheximide, Merck, Darmstad, Germany); presump-
tive mesophilic lactobacilli (MLb, 30 ◦C, MRS agar supplemented with 0.1%, cycloheximide
Merck, Darmstad, Germany); presumptive thermophilic lactobacilli (TLb, 45 ◦C, MRS
agar supplemented with 0.1%, cycloheximide Merck, Darmstad, Germany); presump-
tive thermophilic streptococci (TLs, 45 ◦C, lactose M17 agar supplemented with 0.1%,
cy-cloheximide Merck, Darmstad, Germany); presumptive enterococci (Ec, 37 ◦C, Slanetz
and Bartley agar, Oxoid, Basingstoke, UK); yeasts and molds (Y&M, 25 ◦C yeast glucose
chloramphenicol media, Biolife, Milan, Italy).
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2.4. Sensory Analysis

The cheeses were evaluated by a panel composed of 7 trained assessors, selected by
following ISO standard 8586-1 and certified by the Italian Association of Cheese Tasters
(ONAF, Cuneo, Italy) after attending a 20-h course for cheese evaluation (description and
quantification of aroma, taste and texture). The sensory evaluation involved the use of two
different tests: a discrimination test (paired comparison) and a descriptive test (quantita-
tive descriptive analysis, QDA). The panel activity started with two attribute-generation
sessions performed on commercial samples of PDO Canestrato Pugliese resulting in the
definition of 13 attributes (5 regarding aroma, 4 taste and 4 texture). Then, the paired
comparison was performed by offering the cheese samples in white plastic dishes identified
by a 4-digit code in all possible pairwise options, with balanced presentation. The panelists
were asked to assess the presence of a difference between the sample pairs and, if present, to
indicate on a scorecard which sample had higher overall flavor intensity. Successively, the
assessors performed the QDA analysis by tasting the samples one by one and judging them
on a form in which the 13 established attributes were quantified on a 6-point scale. After
statistical elaboration, the results of the analyses were discussed in a final open session.

2.5. Statistical Analysis

The data were statistically processed by XLSTAT software (version 2020.1.3, Addinsoft
Inc., New York, NY, USA). Discrete variables were described by their mode values and
continuous variables by their means. For microbiological analyses performed on milk, stan-
dard deviation (SD) was calculated. For chemical and microbiological analyses performed
on cheese, the results were subjected to one-way ANOVA followed by Tukey’s honestly
significant difference test at a critical value for significance of p < 0.05; as regards the sensory
analysis, the nonparametric variables were compared by using the Kruskal–Wallis test.

3. Results and Discussion

3.1. Chemical and Microbiological Analyses

The milk used to produce the cheeses contained 7.11% fat, 5.61% protein, and 4.64%
lactose and had a pH of 6.55; somatic cell and total bacteria counts were 730,000 mL−1 and
540,000 mL−1, respectively. Thermization had a slight but significant effect on the cheese
gross composition (Figure 3a,b). At the end of ripening, CMT and CHT were less humid
and contained less protein and more fat than CR. On the other hand, the NaCl concentration
was almost the same, ranging from a minimum of 3.10% in CMT to a maximum of 3.22% in
CR. Overall, the compositional differences between raw and thermized cheeses were rather
small, and were almost absent in the two thermized cheeses. It is worth highlighting that
thermization had a scarce impact on moisture retention, differently from pasteurization
that causes more water retention because of the greater denaturation of whey proteins, part
of which tends to be entrapped into the curd [26,27].

In comparison with the compositional parameters, the differences in pH were much
more relevant (see Figure 3b). Except for the samples analyzed at 7 days, the values were
always lower in the thermized samples than in the raw one. The pH curves presented two
“acidification peaks”, the first one after 7 days and the second one after 56 days. The first
peak corresponded to the acidification phase of the starter, with the three samples behaving
very similarly. The second acidification peak should be ascribable to other fermenting
bacteria groups since the starters are known to undergo autolysis after the first stages of
ripening [28]. In this phase, CR showed a significantly higher pH than CMT and CHT, which
could be explained by the higher formation of low molecular weight alkaline compounds
deriving from secondary proteolysis. This aspect will be further discussed later.
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Figure 3. (a) Evolution of the moisture and fat contents in Canestrato Pugliese cheeses made from
raw (CR), mild-thermized (CMT) and high-thermized (CHT) milk during ripening (0–300 days).
Mean values of three analyses performed on two cheese wheels for each type of cheese. Different
letters for the same ripening time indicate different values at p > 0.05; no letters means no difference.
(b) Evolution of the protein content and pH in Canestrato Pugliese cheeses made from raw (CR),
mild-thermized (CMT) and high-thermized (CHT) milk during ripening (0–300 days). Mean values
of three analyses performed on two cheese wheels for each type of cheese. Different letters for the
same ripening time indicate different values at p > 0.05.
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Useful information about this point derived from the microbiological analysis of the
vat milks (i.e., after the addition of the starter) and of the curds, whose results are shown in
Table 2. As expected, the raw milk had higher counts than the two thermized milks, with
mesophilic lactobacilli (MLb) and mesophilic lactococci (MLc) being the most represented
groups, followed by enterococci (Ec). The same three groups were the most abundant in the
two thermized milks, with the difference that Ec exceeded the other two. Enterococci are
non-starter lactic acid bacteria that play an important role during ripening of artisanal hard
and semi-hard cheeses [29]. According to Mc Auley et al. [30], their heat resistances greatly
vary, depending on the species, and thermoduric enterococci can survive pasteurization.
For TLb and TSt, which included the LAB species added with the starter, the higher counts
in the raw milk indicated the presence of indigenous species that combined with the starter.
It is worth mentioning that these two groups were not present at the level expected: that
is not surprising, considering that the starter was added as a lyophilized culture, which
needs time to grow, and that the milk samples were taken from the vat a few minutes
after inoculation. The count value of total coliforms (TC) in the raw milk was rather high
(5.47 cfu/g) but after thermization decreased by about 1.5–2.0 log units. Coliforms are
commonly considered as an index of milk hygiene and their presence depends on the
technological level of the farms and the efficiency of refrigeration throughout the whole
production chain. In sheep milk, the populations are commonly higher than in cow milk:
the survey conducted by de Garnica et al. [31] reported count values ranging from a
minimum of 1.30 to a maximum of 6.64 cfu/g. The high TC count in the raw milk used
in the present experimentation probably depended on the fact that, at the moment of
the cheesemaking trials, the bulk milk used was the sum of 17 milk sub-batches having
different quality and different levels of freshness (from a minimum of 18 h to a maximum
of about 70 h). Indeed, that is the normal situation occurring in this geographical area,
where the farms are scattered along a long route and, considering the low milk yield of
sheep, milk collection takes a long time.

Table 2. Counts * of the major microorganism groups (cfu/g) in the vat milk (after starter addition)
and in the curd. RM = raw milk; MTM = mild-thermized milk; HTM = high-thermized milk.
TV = total viable; TC = total coliforms; Ec = enterococci; MLb = mesophilic lactobacilli;
TLb = thermophilic lactobacilli; MLc = mesophilic lactococci; TSt = thermophilic streptococci;
Y&M = yeasts and molds. Mean values ± standard deviation from two analyses on each type
of milk and curd.

Group RM MTM HTM Curd R Curd MT Curd HT

TV 6.69 ± 0.42 5.17 ± 0.34 5.85 ± 0.21 9.17 ± 0.34 8.87 ± 0.21 8.91 ± 0.27
TC 5.53 ± 0.34 3.93 ± 0.04 2.55 ± 0.15 5.47 ± 0.24 4.05 ± 0.03 3.40 ± 0.14
Ec 5.89 ± 0.29 4.82 ± 0.11 4.40 ± 0.64 6.28 ± 0.11 5.35 ± 0.10 4.57 ± 0.15

MLb 6.67 ± 0.34 4.68 ± 0.28 4.26 ± 0.21 7.05 ± 0.09 5.98 ± 0.25 5.36 ± 0.12
TLb 5.32 ± 0.09 3.41 ± 0.31 3.63 ± 0.22 7.28 ± 0.24 6.15 ± 0.19 6.28 ± 0.04
MLc 6.21 ± 0.30 4.30 ± 0.43 3.52 ± 0.22 6.91 ± 0.18 6.00 ± 0.08 5.82 ± 0.25
TSt 2.71 ± 0.20 1.57 ± 0.11 2.09 ± 0.15 5.49 ± 0.11 5.56 ± 0.15 5.51 ± 0.06

Y&M 5.40 ± 0.08 3.53 ± 0.05 2.07 ± 0.56 5.40 ± 0.08 3.77 ± 0.10 3.55 ± 0.20

As expected, the microbiological profile deeply changed at the end of the in-vat
cheesemaking process, with a marked increase in all microbial groups in the curd. In
particular, the differences in the LAB counts observed in the milks tended to disappear or
decrease, whereas those regarding the other microbial groups remained relevant.

Figure 4 shows the evolution of LAB counts in the cheeses throughout the entire
ripening process. The curves of MLc and MLb were rather similar, with differences among
the three cheeses corresponding at most to half a log unit. In the first weeks, these mi-
croorganisms reached a maximum count value of between 8.4 and 9.00 log cfu/g, and then
constantly decreased over time. Albenzio et al. [20] reported the same trend for MLb in
Canestrato Pugliese manufactured from raw and pasteurized milk, but the difference in
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the cell density between two cheeses was much higher with respect to our experimentation.
This finding confirms that milk thermization allows for the preservation of a part of the
indigenous LAB, maintaining a linkage with the territory. Differently from mesophilic, the
two thermophilic LAB groups evidenced a dramatic drop at 28 days, except for the raw
milk cheese that evidenced the drop of TLb at 56 days. These drops should correspond to
the autolysis phase of the starter cultures, which in the CR cheeses was probably delayed
(or made less evident) due to the presence of viable indigenous species. As for the non-LAB
groups (Figure 5), the most relevant differences regarded total coliforms. In particular, CR
had higher counts than the two thermized cheeses for the whole time in which this bacteria
group was present. It is known that coliforms in hard cheeses tend to disappear rapidly in
connection with the decrease in moisture content and increase in NaCl concentration.

Figure 4. Counts * of the major lactic acid bacteria groups (cfu/g) in Canestrato Pugliese cheeses made
from raw (CR), mild-thermized (CMT) and high-thermized (CHT) milk during ripening (0–300 days).
Mean values of two analyses on two cheese wheels for each type of cheese.

From the figure, it can be observed that the value of <1 log cfu/g was reached after
about 3 months in CMT and CHT and about 4 months in CR. Another interesting feature
was the evolution of enterococci. After an early drop, much more evident in thermized
cheeses, the populations sharply increased and reached a maximum around 2 months,
successively they started to decrease again but remained at high levels at the end of ripening.
Interestingly, the trend in CR and CMT was similar from 4 months onwards, with count
values at 300 days about 1 log unit higher than in CHT.

Finally, yeasts and molds evidenced a peak growth in correspondence with the second
month, with count values that exceeded 7 log units cfu/g in all cheeses, with a maximum
of 7.7 in CR. These values are very high, more than those reported in the same cheese by
Corbo et al. [32], in which the maximum level approached 6 log units cfu/g at 19 days
of ripening. However, the comparison is not reliable, as the authors did not perform the
investigation on real PDO Canestrato Pugliese, whose weight must be of 7 or 14 kg, but on
mini cheeses weighing only 1 kg. Another factor could be the ripening environments, which
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are known to play a major role in the contamination and growth of these microorganisms.
In our experimentation, the cheese ripened on wooden boards in a natural warehouse with
controlled temperature and relative humidity; in this room, after 1 month, the rind was
totally covered by a lay of mold that underwent the first washing at 56 days, in perfect
correspondence with the count peak.

Figure 5. Counts of the non- lactic acid bacteria groups (cfu/g) in Canestrato Pugliese cheeses made
from raw (CR), mild-thermized (CMT) and high-thermized (CHT) milk during ripening (0–300 days).
Mean values of two analyses on two cheese wheels for each type of cheese.

Figure 6 shows the urea-PAGE electropherograms of the samples. The patterns were
rather similar, indicating a relatively slow rate of proteolysis and faster degradation of
α-S1 casein than β casein in all cheeses, in good agreement with the findings reported
in a previous paper [33]. The main difference detectable between raw and thermized
cheeses regarded the bands corresponding to the α-S1-I fraction and to the proteolytic
products, which appeared to accumulate slightly faster in CR. This finding suggests a
possible different rate of primary proteolysis but, considering that the electrophoretic
techniques are semi-quantitative, this hypothesis needed confirmation. A further possible
difference was observed in the zone between β and αS1 casein, where a diffuse unknown
band is present. Even though the patterns in that zone suffer from smearing, it seems that
this band was absent in milk and formed more intensely in the mild-thermized cheese.
Pirisi et al. [34] reported a band positioned in the same area in Fiore Sardo cheese, and
considered it as an unidentified compound, even though it was recognized by polyclonal
antibodies against αS1-casein. In contrast, Sousa and Malcata reported a band in that area
that was identified as a primary proteolytic product of β casein released by the activity of
residual rennet [35].
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Figure 6. Urea-PAGE of Canestrato Pugliese cheese made from raw and thermized milk.
Std = standard (sheep milk); from 0 to 300 = days of ripening.
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Indeed, a confirmation was derived from the study of the soluble nitrogen fraction.
In fact, the rate of its formation was almost the same until the first month of ripening;
successively, it started to increase more rapidly in CR than in CMT and CHT and the final
value in CR was about 20% higher (Figure 7). Consequently, the faster proteolysis in the
raw milk cheese was confirmed. For a possible explanation, it must be considered that
this biochemical event depends on the type of rennet used and the amount resituated
in the curd, on the activity of the major milk protease (plasmin) and on the presence of
proteolytic microorganisms [36]. In our experimental conditions: (i) the type of rennet
was the same; (ii) the similar compositional characteristics of the curds should not have
determined a different extent of rennet retention; (iii) the heat treatments applied were
too weak to impact plasmin activity, since the whole plasmin system is affected only by
higher time-temperature conditions [37]. Consequently, it is likely that the differences
in proteolysis are attributable to the different activity of proteolytic microorganisms. As
reported above, the raw milk cheese had higher counts of several potentially proteolytic
microorganism groups (mesophilic lactic acid bacteria, enterococci, coliforms, and yeasts
and molds) than the thermized ones. Given the high counts level observed for enterococci
and their remarkable proteolytic activity [38,39], these microorganisms might have played
a primary role. Nevertheless, taken together, the contribution to the peptidasic activity
from the other groups should not be neglected, since the counts at some stages of ripening
were relevant, as reported above for yeasts and molds.

 

Figure 7. Evolution of the soluble nitrogen fraction in Canestrato Pugliese cheese made from raw
and thermized milk. Different letters for the same ripening time indicate different values at p > 0.05;
no letters means no difference.

The RP-HPLC study of WSN at 300 days of ripening revealed both quantitative and
qualitative differences, supplying further information about proteolysis (Figure 8). The
raw milk cheese had a higher total peak area and a less complex profile with respect to the
other two cheeses, which were rather similar to each other. For a better interpretation of
the qualitative differences, the chromatograms were divided into three parts: hydrophilic,
intermediate and hydrophobic. It is known that the hydrophilic peaks mostly correspond
to small nitrogen compounds with polar characteristics such as hydrophilic free amino
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acids and small peptides, resulting from the activity of bacterial peptidases [40,41]. In CR,
the hydrophilic part was characterized by three major peaks (the first one corresponding to
non-retained compounds), whose sum represented more than 60% of the total peak area; in
CMT and CHT, a high number of peaks was present, with different retention times and
a much lower area with respect to CR. The intermediate part of the chromatogram also
showed significant differences between raw and thermized cheeses, but in this zone, the
differences were mostly quantitative. The huge total area of hydrophilic peaks in the raw
milk cheese fitted well with the above hypothesis that proteolytic microorganisms were
mainly responsible for faster proteolysis.

Figure 8. RP-HPLC of the soluble nitrogen fraction of Canestrato Pugliese cheese made from raw
and thermized milk at 300 days of ripening. CR = raw milk cheese; CMT = mild-thermized cheese;
CHT = high-thermized cheese.

3.2. Sensory Analysis

During the paired comparison tests, all panelists were able to discriminate the raw milk
cheese from the thermized ones that, in turn, were not judged as different from each other.
QDA analysis allowed for deepening the reasons for the differences perceived, as shown in
Table 3. CR cheese received significantly higher scores for three aroma (cheesy-sweat, sheep
barn and dirty socks), one taste (spicy) and one texture (eyes) attributes. Overall, during
the final discussion, the panel defined it as “rough” and “typical”, whereas the terms used
to define the two thermized cheeses were “fragrant” and “correct”. Information is available
in the literature on the origin of the three aroma descriptors that discriminated the samples.
The cheesy-sweat odor is mostly connected to short chain free fatty acids, such as butanoic
and hexanoic [42,43]: the former can both derive from microbial fermentation and lipolysis,
the latter only from lipolysis. Unfortunately, we did not investigate the volatile compounds,
nor lipolysis. The sheep barn odor has been reported to have strong correlation with
p-cresol, a phenolic compound directly deriving from milk and closely dependent on
animal feeding, with milk from grass-fed animals presenting higher concentration with
respect to milk from total mixed ratio-fed animals [44]. As in the present investigation,
the milk used was the same in all cheesemaking trials, so this sensory attribute should
have a different origin. According to the literature, p-cresol in cheese can also derive
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from the microbial catabolism of tyrosine [45]. The volatile compound responsible for
the dirty socks odor in cheese (3-methylbutanoic acid) also derives from the microbial
catabolism of an amino acid (leucine) [46,47]. In the present experimentation, the higher
secondary proteolysis observed in the raw milk cheese in connection with the higher counts
of proteolytic microorganisms, could fit these pathways. Finally, the higher scores for the
spicy and eyes descriptors can also be attributed to the different microbiological profile.
In hard cheese, the spicy taste is a typical consequence of advanced lipolysis with the
formation of short-chain free fatty acids, mostly butanoic and hexanoic, the same that are
responsible of the cheesy-sweat odor. Even though we did not investigated lipolysis, it is
worth mentioning that many strains belonging to both coliforms and enterococci groups
can be strongly lipolytic [48]. The higher coliform counts can also be a good candidate to
explain the presence of small eyes in the cheese, which were already evident after a few
weeks of ripening.

Table 3. Sensory attributes (modal values) for Canestrato cheese made from raw and thermized milk
at 300 days of ripening. CR = raw milk cheese; CMT = mild-thermized cheese; CHT = high-thermized
cheese. Sig = statistical significance (* = different at p < 0.05).

Attributes CR CMT CHT Min–Max Sig

AROMA
Cheesy-sweat 4 3 3 3–5 *

Sheep barn 2 0 0 0–2 *
Butter 1 1 1 0–1

Toasted 1 1 1 0–1
Dirty socks 2 0 0 0–3 *

TASTE
Salty 2 2 2 2–3
Bitter 0 0 1 0–1

Umami 2 2 2 1–2
Spicy 2 1 1 1–2 *

TEXTURE
Eyes 2 1 0 0–2 *
Hard 4 4 4 3–4

Crumbly 3 3 3 2–3
Greasy 3 3 3 2–3
Soluble 3 2 2 2–3

4. Conclusions

The application of milk thermization in the manufacturing process of Canestrato
Pugliese PDO cheese affected the overall quality. Even though the gross composition
underwent only minor changes, the sensory characteristics of the raw milk cheese were
more intense with respect to the thermized ones, despite of the use of the same starter in
the manufacturing process. The result of the investigation clearly addresses a relevant role
of the indigenous microbiota, which is probably responsible of faster secondary proteolysis
with the related aroma-active molecules. The most important information that can be
drawn from the present work is that heat treatment alone cannot be proposed as a tool
to minimize defective productions, since the original characteristics of the cheese tend to
fade. The only possible solution might be the use of an autochthonous whey starter, able
to maintain the linkage with the territory and provide a complex microbiota, resembling
the main microbiological characteristics of raw milk as much as possible, including the
presence of enterococci. Although they are not yet considered GRAS (generally recognized
as safe) microorganisms, their presence in a long-ripened hard cheese such as Canestrato
Pugliese does not raise safety concerns.
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Abstract: Modified atmosphere packaging (MAP) has become a good potential strategy to retain
quality throughout the shelf life of perishable foods. The aim of this work was to evaluate different
packaging atmospheres on semi-hard protected designation of origin Idiazabal cheese wedges.
Six different packaging treatments (air, vacuum, and CO2/N2 gas mixtures in the ratio of 20/80,
50/50, 80/20, and 100/0% v/v, respectively) were studied. Changes in gas headspace composition,
cheese gross composition, weight loss, pH, acidity, colour, and textural and sensory properties were
investigated during 56 days of refrigerated storage at 5 ± 1 ◦C. MAP was the most effective preserving
technique compared to air- and vacuum-packaging treatments. The cheese characteristics with the
greatest discriminating weight in the preservation techniques were paste appearance, holes, flavour,
a* (redness) and b* (yellowness) colour parameters, and slope to hardness. Air-packaged cheeses, on
35 day, presented a mouldy flavour. Vacuum packaging affected paste appearance (greasy, plastic
marks, and non-homogeneous colour) and holes (occluded and unnatural appearance) starting after
14 packaging days. MAP mixtures with CO2 concentration between 50/50 and 80/20% CO2/N2 (v/v)
are recommended to ensure sensory quality and stability in the distribution of these raw sheep-milk
cheese wedges.

Keywords: ripened cheese preservation; modified atmosphere packaging; vacuum; cheese wedges;
sensory properties

1. Introduction

World cheese production in 2022 was approximately 22.08 million tonnes [1], where
the European Union (EU) is the world’s most important cheese manufacturer, with a
production of 10.4 million tonnes in 2021 [2]. The most widely produced cheeses are from
cow’s milk, with continuous processing throughout the year, while small-ruminant cheese
production is smaller and seasonal. The production of sheep’s milk cheeses has increased
substantially in the Mediterranean countries. Spain is one of the largest producers in the
EU, with 72.2 thousand tonnes in 2021 [3].

Given the seasonality of this cheese production, the herds spend a large part of the time
grazing, which influences the quality of the milk and the regularity of cheese manufacture.
Sheep-milk cheeses are highly appreciated by consumers, and this is partly because many
of them are sold under quality brands such as protected designation of origin (PDO) or
protected geographical indication (PGI) certifications [4]. Idiazabal PDO is a seasonal,
pressed hard, and semi-hard raw-milk sheep’s cheese produced in the Basque Country
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(northern Spain). The milk-producing sheep must be of Latxa breed. The weight of
Idiazabal PDO cheese is between 1–3 kg, with a minimum ripening time of two months [5].
These cheeses maintain acceptable sensory quality for a short period according to their brief
manufacture season [6]. Therefore, it is extremely necessary to improve the preservation
method in order to increase availability over a longer period without changing the sensory
features. This traditionally made cheese is usually sold as a whole piece. However,
there is an increasing consumer demand for portioned cheeses, and packaging is of great
importance to ensure their quality and safety [7].

Shelf-life extension by packaging optimization has become a powerful strategy to
improve marketing needs and reduce food waste or loss [8]. Different packaging systems
have proven their usefulness to prolong the shelf life of cheeses and specifically to prevent
several faults that may come with portioning. When combined with low-temperature
storage, vacuum and modified atmosphere packaging (MAP) have effectively proven to be
useful in cheese preservation [9], but the results depend on the cheese variety [10,11].

Vacuum packaging reduces oxidative damage and inhibits aerobic microorganisms’
growth. It might prevent dehydration and weight loss in cheeses as well as the incor-
poration of undesirable odours [12]. This preservation method has been successfully
tested for hard and semi-hard cheeses [12–14]. However, negative effects have also been
described, as this packaging provides anaerobic conditions and favours pathogens and
moulds growth [15,16] as well as changes in cheese appearance [17,18].

MAP has been reported to extend the shelf life of cheeses, based on microbiological
and sensory parameters, with certain gas mixtures (CO2 and N2) and for some types of
non-pasteurized cheeses such as Crottin de Chavignol, Pasta Filata, and some mould-
surface cheeses [19–21]. Carbon dioxide is the most important gas from a microbiological
perspective because it inhibits the growth of spoilage bacteria such as aerobic Gram (−) and
moulds and to a lesser extent Gram (+) bacteria and yeasts. On the other hand, N2 is used as
a filler preventing package collapse. The gaseous composition of the atmosphere can change
during storage time due to cheese breathing, biochemical reactions, and the diffusion of
gases through the packaging material. A CO2 concentration between 20 and 60% (v/v) in
the atmosphere is required for antimicrobial effect [9]. Usually, high concentrations of CO2
are used to suppress undesirable microbial growth, particularly in hard and semi-hard
cheeses [21,22]. However, atmosphere design is more complex for raw-milk cheeses or
those with starters added [23]. For these cheeses, CO2 concentration must be carefully
adjusted and controlled; otherwise, the bacterial metabolism, enzymatic activities, lipid
oxidation, and proteolysis involved in the development of cheese flavour may be modified,
and off-flavours may appear during storage [10,13,21,24]. Moreover, this approach is of
great interest for semi-hard cheeses presented in portion packs, as inner faces are exposed
to atmospheres, and the best packaging options must be chosen in order to offer products
with a longer durability to consumers. Preservation studies play a fundamental role in
increasing the conservation time of portioned hard and semi-hard cheeses and can be of
significant importance for the profitability and sustainability of the dairy sector [9].

Therefore, the aim of this work was to evaluate the influence of different types of
packaging conditions—air, vacuum, and four different modified atmospheres—to see how
they affect the quality of a sheep’s milk cheese. Physicochemical, colour, and textural
properties and sensory quality of Idiazabal semi-hard cheese wedges with a maturity
degree of three months were studied for a period of two months. The ultimate goal is to
select which of the packaging options best preserves quality during the distribution stage
of this type of cheese.

2. Materials and Methods

2.1. Cheese Collection, Packaging, and Sampling

A total of 60 raw sheep’s milk cheeses with three ripening months were purchased
at a local dairy farm registered at the Idiazabal PDO Council. Cheeses were produced
in different days, 24 h from each other, which constituted two batches. Idiazabal cheese,
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as it is produced with raw milk, needs a minimum of two ripening months to meet food
safety and sensory requirements. Three ripening months were chosen, as it is then when
the cheeses have already developed their typical sensory characteristics [5].

From the whole pieces of cheese, 360 wedges (175–200 g) were obtained. Cheese
wedges were cut and immediately packed in commercial polyamide/polyethylene (20/70)
pouches of 90 μ thickness (Merkapack, Vitoria, Spain). Pouches presented oxygen perme-
ability of ≤80 cm3/m2 × bar × 24 h (75% HR), carbon dioxide permeability of
≤174 cm3/m2 × bar × 24 h (0% HR), and ≤2 g/m2 × bar × 24 h (85% HR) for wa-
ter vapour. Cheese wedges were packaged under air, vacuum, and four different CO2/N2
gas mixtures: 20/80, 50/50, 80/20, and 100/0% v/v, (MAP1, MAP2, MAP3, and MAP4,
respectively). Pouches were evacuated, flushed, and sealed using MAP equipment (Model
EVT-450/20, Irimar, Lesaka, Spain) with gas injection. Carburos Metálicos-Grupo Air
Products (Cornellá de Llobregat, Spain) supplied food-grade gases, and a binary gas hand-
operated mixer model MM-2K N2/CO2 (Witt, Witten, Germany) was used. Two sets of
samples were prepared and stored in a refrigerator at 5 ± 1 ◦C for 56 days.

Headspace gas composition, physicochemical, colour, and instrumental textural and
sensory analyses were conducted on the cheese samples at 14, 21, 28, 35, 42, 49, and
56 storage days; the same analyses were carried out on the cheeses prior to packaging.

2.2. Headspace Gas Composition of Packed Cheese Wedges

Immediately after packaging in the laboratory, pouches were subjected to a visual
inspection of the sealing area to check for possible failures. Gas composition was verified
by means of a gas analyser, Oxybaby (Witten, Germany), at every starting point when
supplying a new ratio of gases. On each sampling day, O2 and CO2 concentrations were
checked again.

2.3. Physicochemical Analysis of Cheese

Cheese wedges were weighed before packaging and on each sampling day on an
Adam balance (Milton Keynes, UK). Before the analyses, the samples were equilibrated
at 17 ± 2 ◦C. Sample temperature was controlled with a penetration thermometer Testo
model 104-IR in triplicate (Barcelona, Spain).

pH was determined, in quadruplicate, at different points along each wedge by means
of a pH meter with a penetration electrode (Crison, Barcelona, Spain).

Titratable acidity was measured in duplicate according to ISO/TS 11869 [25] method
for fermented milks, adapted according to the AOAC 920 method for cheeses [26], in which
the volume of filtered aliquot was modified and expressed as g lactic acid/100 g cheese.

A Zeutec model 110-A100-1 infrared spectral analyser 2.0 (Rendsburg, Germany) was
used to determine dry matter concentrations, total protein, and fat, previously calibrated
using the application worxG2 software with a multiple linear regression (MLR) model.
Measurements were performed in duplicate for each batch from a homogeneous fraction
obtained from grating each cheese wedge after the removal of approximately 1 cm of rind.

2.4. Cheese Colour Measurement

A Minolta Chroma Meter CR-200 (Madrid, Spain) was used for colour measurement
on one side of the cheese wedges in triplicate. CIELab values (lightness, L*; redness, a*; and
yellowness, b*) were measured with the standard illuminant D65 and a visual angle of 10◦.

The yellow index (Yi) colour expression [27] used by Romani et al. [13] and Favati et al. [17]
was calculated. In addition, the yellowness index (Zi) parameter [28] reported by del
Caro et al. [29] was also calculated.

Yi =
142.86b*

L*
Zi = 100

(
L* + 16

116
− b*

200

)3

142



Foods 2023, 12, 849

2.5. Texture Profile Analysis of Cheese

Sample cubes were prepared as follows from each wedge: a 1 cm thick slice was
removed from the rind in one lateral side of each wedge, and then, using a guide, three
consecutive 1 cm thick slices were cut. Five cubes (1 cm × 1.25 cm × 1.25 cm) were obtained
from each slice (Figure 1). These cubes were used as repetitions for texture profile analysis
(TPA). Texture was assessed with a TA.XT2plus texture analyser (Stable Micro System,
Surrey, UK) by means of TPA [30], with a 5 kg load cell. Two consecutive compression
cycles at 15% were performed on cheese cubes, always with the narrower side upwards
and using an aluminium cylindrical probe (diameter = 2.5 cm) at 1 mm/s. Cheeses were at
17 ± 2 ◦C during the assay. Texture Expert Exceed software was used for data processing.

Figure 1. Scheme of the cube shaped samples used as repetitions for texture profile analysis within
each slice obtained from cheese wedges.

The texture parameters studied were the following [31,32]. Hardness: the highest
force peak of the first compression cycle (N). Slope: expressed as N/s, from the start of the
curve to the maximum peak at the first compression cycle. It can be referred to as slope to
hardness; as the slope becomes higher, the material might have less tendency to deform
before fracture. Springiness: ratio between the distances the sample was compressed in the
second downstroke divided by the first downstroke. Cohesiveness: ratio of the areas under
the curve of the second compression cycle to the first compression cycle. Chewiness is
calculated as cohesiveness × hardness × springiness (N). Resilience: ratio between the area
under the curve of the withdrawal divided by the area under the curve in the downstroke,
both in the first compression cycle.

2.6. Cheese Sensory Analysis

Sensory evaluation was carried out with seven trained assessors aged between 35 and
60 years (three men and four women). Informed consent was obtained from all subjects
involved in the study. A discontinuous seven-point scale was used for texture, flavour,
paste appearance, and paste holes, where 1 was the lower score, and 7 was the best score,
as required for quality control of Idiazabal PDO cheese. Scores lower than 4 indicated
that cheeses presented defects, and assessors were asked to identify which defects were
perceived. Scores from 4 to 6 were marked when there were not defects, but the sensory
characteristics were not totally appropriate [33].

Nine training sessions were conducted (around 90 min each). Four panellists belonged
to the PDO Idiazabal official sensory panel, and three assessors had previous experience in
sensory analysis in sheep-milk cheeses [34]. The first three training sessions were addressed
to the assessors who did not belong to the PDO Idiazabal official sensory panel. All the
assessors attended to the onward sessions. In the next four sessions, references were
presented together with cheese samples. In the last two training sessions, the assessors
evaluated cheese samples without references in order to harmonize results within the
panel [33].

Sensory assessments were conducted in individual booths at the sensory laboratory,
which complied with ISO 8589 standard [35]. Cheeses for each session were tempered at
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17 ± 2 ◦C and presented rind-free and cut into parallelograms of 1.5 cm × 1.5 cm × 5 cm,
and samples were randomly presented coded with a three-digit number obtained from
Fizz software 2.40H (Biosystemes, Couternon, France). Low-mineralization water and
Granny Smith apples were used to remove aftertaste between samples. Subsequently,
whole wedges were randomly presented and identified with different three-digit numbers
from Fizz software to score paste appearance and holes. In each session, assessors analysed
wedge samples packaged in the six different treatments. A replicate of each session was
conducted within the same day with a half-hour break and randomly presented with
different coded numbers.

2.7. Data Treatment and Statistical Analysis

SPSS IBM Statistics software version 26.0 (New York, NY, USA) was used for statistical
analysis (SPSS INC., Chicago, IL, USA). Two-way analysis of variance (ANOVA) was used
to determine the significant differences in headspace and physicochemical and colour
parameters from the different packaging treatments over the study period using packaging
treatment and storage time as fixed factors. Subsequently, the Tukey’s test was applied to
pairwise comparisons between cheeses packaged under the different treatments and on each
sampling day separately. Kruskal–Wallis H test was used to check for possible significant
differences between storage condition and storage time, regarding instrumental texture
and sensory parameters. A stepwise discriminant analysis was applied to physicochemical,
instrumental colour, texture profile, and sensory parameters to classify cheese samples
from the different packaging methods considering all MAP samples as a unique group.
Statistical significance was declared at p ≤ 0.05.

3. Results and Discussion

3.1. Headspace Gas Composition

The headspace of cheese wedges was analysed for O2 and CO2 concentration except
for the vacuum-packed samples. On day 56, MAP4 pouches were totally collapsed, and the
measurement was not carried out.

3.1.1. O2 Concentration

In the air-packaging treatment, O2 concentration decreased from day 0 (20.3%) to day
56 (0.7%), resulting in a total reduction of 96.4%. From day 42, it remained constant with
0.5–0.7% (Figure 2). Film permeability, aerobic microorganisms’ metabolism, oxidative and
enzymatic reactions involving oxygen, and cheese respiration could cause a progressive
decrease in O2 concentration in the air-packaged wedges [10,36,37]. A decrease in the
O2 concentration occurred in Domiati cheese packaged in air during cold storage, with
levels from 19.9% to 0.2%, although very high barrier film was used for the samples
packaging [38].

In the MAP cheese wedges, O2 concentration at the beginning of the storage time was
residual (±0.4%), and it did not change during storage. Steady-state conditions between
microbial respiration rate and O2 permeation through packaging material could explain
this result [36], indicating non-presence of failures in the packaging [39]. According to
Garabal et al. [12], there were no differences (p > 0.05) in O2 content among different MAP
atmospheres of packaged cheeses, with mean values close to 0.2%. These concentrations
were similar for Samso cheese [10] and Havarti cheese stored with 20 to 100% CO2 modified
atmospheres [40].

3.1.2. CO2 Concentration

In air-packaging treatment, there was a progressive and very pronounced increase
of CO2 (2.9 times more) in the first 14 days (Figure 2; Table 1). After 56 days, the CO2
concentration increased 5.6 times. This progressive increase could be due to the gas
permeability through the packaging material and the microbial growth in the cheese matrix.
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Figure 2. Evolution of O2 and CO2 concentrations of cheese wedges stored for eight weeks in
air-packaging treatment.

Table 1. Mean, standard deviation, and significance level of ANOVA for CO2 concentration (%) in
the headspace of packaged cheese wedges stored for eight weeks at different atmosphere treatments.

Day Air MAP1 MAP2 MAP3 MAP4

0 2.45 ± 0.78 d 23.98 ± 0.67 a 52.90 ± 0.78 a 83.80 ± 0.35 a 100.08 ± 0.04 a

14 7.20 ± 1.56 cd 19.20 ± 0.99 ab 44.75 ± 0.78 ab 76.80 ± 0.99 ab 100.00 ± 0.00 a

21 7.25 ± 0.78 cd 17.70 ± 0.57 b 40.60 ± 1.41 bc 73.65 ± 2.62 ab 99.95 ± 0.07 a

28 10.49 ± 0.69 bc 18.30 ± 1.56 ab 40.50 ± 1.98 bc 70.40 ± 6.36 ab 97.95 ± 2.90 a

35 13.35 ± 4.03 abc 17.05 ± 0.21 b 37.53 ± 2.02 bcd 64.20 ± 8.34 ab 94.65 ± 7.42 a

42 17.00 ± 0.57 a 17.95 ± 2.05 ab 38.35 ± 4.45 bcd 66.00 ± 9.90 ab 93.80 ± 8.77 a

49 14.25 ± 0.49 ab 17.15 ± 1.34 b 33.90 ± 2.40 cd 59.80 ± 14.85 ab 99.10 ± 0.00 a

56 13.80 ± 0.57 ab 16.70 ± 2.97 b 29.50 ± 4.38 d 47.65 ± 14.07 b -
MAP1, 20/80% CO2/N2 (v/v); MAP2, 50/50% CO2/N2 (v/v); MAP3, 80/20% CO2/N2 (v/v); MAP4, 100/0%
CO2/N2 (v/v). Different letters (a–d) in the same column indicate significant differences (p ≤ 0.05) during storage
for each packaging treatment.

Increases in CO2 concentration were reported for semi-hard and hard cheeses packed
under MAP [11,40]. Several authors related this effect to microbial growth and cheese
ripening, together with some oxidative and enzymatic reactions [11,37,41]. In the present
study, in the air-packaged wedges after 28 storage days, CO2 concentration was increased
4.3 times, whereas that of O2 decreased 1.5 times (Figure 2). These data agreed with those
reported for MAP-packaged Domiati cheeses. The increase of CO2 concentration in the gas
headspace might be mainly associated with O2 consumption by microorganisms [38].

In MAP1, MAP2, and MAP3 treatments (Table 1), a progressive decrease of the CO2
concentration reaching a mean value of 39% (MAP1: 30.36%, MAP2: 44.23%, and MAP3:
43.14%) was observed at the end of the storage period. These results could be explained
by the gas dissolution in the cheese matrix. Several authors pointed out that the low
CO2 concentrations detected in headspaces may be attributed to its dissolution in the
cheese matrix, its consumption by anaerobic microorganisms, or by CO2 loss through the
barrier film [10,11,37,41]. Solomakos et al. [42] observed no important changes on CO2
content in the headspace of cheese stored during 85 days under 50/50% CO2/N2 (v/v) MAP
conditions. For MAP4, CO2 concentration did not change until day 49 (Table 1). However,
from day 28, some pouches started to collapse and on day 56 were totally collapsed, so
the measurement could not be carried out. The absence of variation in the proportion of
CO2 in the latter treatment is due to the fact that it is the only gas present in the package.
The progressive decrease of the volume inside the pouches until the collapse at the end of

145



Foods 2023, 12, 849

storage may be related to the fact that it is a raw-milk cheese with a higher number of lactic
acid bacteria (LAB) and/or anaerobic microorganisms that can consume this gas. Both the
consumption of gas by LAB and/or the dissolution of CO2 in the cheese can increase the
acidity, which was reflected in the results of the sensory analysis with the appearance of
acid off-flavours on day 56.

3.2. Physicochemical Analysis of Cheeses

None of the physicochemical parameters measured in cheese wedges showed sig-
nificant differences (p ≤ 0.05) for both the packaging treatment and storage time or the
interaction between them. Thus, cheese wedges had mean values of 0.39 ± 0.43% for
weight loss, 5.00 ± 0.06 for pH, 1.22 ± 0.07 g lactic acid/100 g cheese for titratable acidity,
66.13 ± 0.54% for dry matter, 24.68 ± 0.34% for protein, and 35.50 ± 0.53% for fat.

The percentage of weight loss percentage of cheese wedges during storage was not
significant (p > 0.05) for all packaging treatments, with the mean value being 0.39 ± 0.43%.
The plastic material used for packaging prevented dehydration and weight loss of cheese
wedges [12,22]. This was consistent with the findings of different MAP gas mixtures that
did not significantly (p > 0.05) influence weight losses in ripened cheeses packaged under
MAP [11,37,43]. Favati et al. [17] reported weight losses of 0.15% in Provolone cheese.

The possible dissolution of CO2 in MAP-packaged cheeses matrix mentioned before
did not affect pH value, and it remained stable throughout the storage. Other studies
observed a similar behaviour for pH values in the case of other cheese types packaged under
MAP conditions during refrigerated storage (ranges 4.7–4.8 for aged white cheese) [41].
Solomakos et al. [42] observed a pH decrease of air (from 5.52 to 5.10) and MAP (from 5.52
to 4.95) cheeses during storage at 10 ◦C, probably due to further activity and growth of LAB
as compared to a lower microbial growth at 4 ◦C. The presence of CO2 in the headspaces
was expected to cause a decrease in pH and an increase in the acidity of the cheese samples
because of CO2 dissolution occurring at low temperature in cheese and the formation
of carbonic acid [22,24]. Provolone samples packaged with 100% CO2 at 4 ◦C presented
higher acidity, free fatty acids, and free amino acids contents than other gas mixtures [17].
However, other authors indicated that CO2 is mainly absorbed on food surface, which
may lead to acidification of some spots along the surface rather than in the matrix [44].
Pintado and Malcata [45] reported that storing cheese above refrigeration temperatures
(12 or 18 ◦C) resulted in a very strong pH decrease in the cheeses. These results confirm
that temperature control during storage is important. On the other hand, an increase in pH
(from 5.25 to 5.40 in 50% CO2 MAP) during storage can be due to proteolysis and associated
formation of amines and ammonium [12]. It has been reported that after 45 storage days,
the total amount of free amino acids in cheeses was approximately two times higher than
that observed at the beginning of the process, suggesting a high rate of proteolysis during
storing. At the same time, microbial degradation could be favoured by low concentrations
of O2 in MAP packaging. A lack of any effect of the CO2 on cheese proteolysis during
storage was reported by Alves et al. [46]. Gonzalez-Fandos et al. [22] associated increased
proteolysis in vacuum-packaged Cameros cheese to the higher counts of microorganisms.

3.3. Instrumental Colour Parameters

None of the colour parameters showed significant differences (p > 0.05) for either
storage time or the interaction between packaging treatment and storage time. The colour
parameters L* and Zi did not show significant differences (p > 0.05) over time in any of
the packaging treatments, while a*, b*, and Yi parameters showed differences (p ≤ 0.01)
for the packaging treatment (Table 2). In particular, a* parameter was able to significantly
distinguish air-packaged cheeses (mean value −3.52) from the rest of the treatments (mean
value −2.68).
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Table 2. Mean, standard deviation, and significance level of ANOVA for packaging treatment, storage
time, and interaction between them for the colour parameters L*, a*, b*, Yi, and Zi.

L* a* b* Yi Zi

Packaging
treatment ns ** ** ** ns

Storage time ns ns ns ns ns
Interaction ns ns ns ns ns

x ± SD 81.27 ± 2.22 −2.80 ± 0.47 12.27 ± 0.93 21.54 ± 1.56 47.04 ± 3.37
L*, lightness; a*, redness; b*, yellowness; yellow index Yi, 142.86 b*/L*; yellowness index Zi, 100(L* + 16/116)–
(b*/200)3; ** p ≤ 0.01; ns, not-significant differences.

The only significant difference (p ≤ 0.05) over the storage period was for a* in the
air-packaging treatment, going from −2.96 to −3.16, from 0 to day 56. This change was
sharper the first 14 days (−3.82), and then, this value was practically maintained until
the end of the storage period. The rest of the packaging treatments showed no significant
differences (p > 0.05) over time.

Colour parameters b* and Yi showed significant differences (p ≤ 0.05) over time
only in MAP1 treatment. The rest of the packaging treatments showed no differences
(p > 0.05) over time. Comparing the treatments with each other, the air- and vacuum-
packed cheeses (mean values for both treatments were 13.19 for b* and 22.98 for Yi) were
similar, while MAP treatments (mean values for all four treatments were 12.08 for b* and
21.11 for Yi) were grouped together. The parameters Yi and Zi did not seem to discriminate
more than L*, a*, and b*. A similar trend was found for the colour parameter, L*, during
the first two storing months in a blue cheese [47] and Crottin-de-Chavignol-type goat
cheese [19]. In portioned Canestrato pugliese cheese, vacuum and MAP might stabilize
cheese colour during storage [48]. Low O2 transmission rates and low residual O2 levels in
the headspace and dissolved in the cheese can help to avoid photo-oxidation of the food
matrix. Trobetas et al. [11] observed a gradual discoloration, L* and b* values decreased,
and a* value increased in Graviera hard cheeses packed under MAP and exposed to light
at 4 ◦C, which was related in part to riboflavin degradation induced by light. The values
for a* and b* of the samples stored in dark remained constant. Retinol and xanthophyll
have been detected in low concentrations in sheep and goat milk but not β-carotene [49].

Favati et al. [17] did not detect differences in the colour parameter Yi for cow’s milk
cheese packaged in portions at different CO2 concentrations, as reported Romani et al. [50].
Avila et al. [51] described that the increase in parameters a* and b* might be mainly due to
the cheese concentration components coming from dehydration throughout ripening.

3.4. Texture Profile Analysis

Storage brought a significant initial increase (p ≤ 0.05) in some instrumental texture
parameters within the first two weeks of storage (Figure 3). This was observed for hardness,
slope, and chewiness in packaging treatments of air, vacuum, and MAP1 (Table S1). For
hardness, this difference was also observed in MAP2-packaged cheese wedges. For further
CO2 concentrations, this change was not noticeable. Along the eight-week storage, values
tended to decrease, getting closer to those registered initially at day 0 when approaching
the last storage stages (Figure 3).

Statistical analysis showed significant (p ≤ 0.05) changes along time in all the packag-
ing treatments for hardness, slope, chewiness, and resilience. Atallah et al. [38] described
an initial increase in cohesiveness, springiness, and chewiness that decreased from day 30
onwards. They concluded that this depended on the type of milk, production methods,
and other processing conditions. Costa et al. [37] reported an increase in hardness dur-
ing the first 20 storage days for ripened cheeses and related it to the change in moisture
con-tent. From that day on, they observed a reduction in instrumental hardness as well,
which they attributed to detrimental phenomena and moulds growth, according to the
literature. Changes in moisture content were not detected, as happened in most of the
physicochemical parameters studied. However, initial changes were reported in gas bal-
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ances and colour a* parameters, especially for air-storage samples, which could be related to
initial increase in the values of some texture attributes already described. CO2 dissolution
in the cheese matrix might have prevented this effect happening from 20/80% CO2/N2
(v/v) on, as CO2 has proven to maintain physical, nutritional, and organoleptic features
and to improve cheese microstructure through component interactions [52]. Nevertheless,
microbial growth in two weeks’ time might have been enough to cause a decrease in texture
values after the initial increase in air, vacuum, and MP1 samples and during storage for the
other MAP treatments.

Figure 3. Three-dimensional surface chart for mean values of each parameters obtained in the
texture profile analysis (TPA). Each graph represents a texture parameter from the TPA: (a) hardness,
(b) springiness, (c) slope to hardness, (d) chewiness, (e) resilience, and (f) cohesiveness. Texture
parameters are represented with respect to time (0 to 56 days) for each storage condition (air, vacuum,
and increasing CO2 percentages from 20% to 100%).

Generalized significant (p ≤ 0.05) changes in cheese texture between packaging treat-
ments were only perceived for hardness and chewiness. Hardness showed a significant
decrease along time, with the lowest values from 42 days on. This decrease was higher
for those MAP treatments with highest CO2 concentration (>50%). Significant changes
among treatments were also registered for chewiness in all the storage time points except
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for 21 and 35 days. Chewiness values tended to decrease along time for air-packaged,
vacuum, MAP1, and MAP2 treatments, while the last storage stages showed similar values
for MAP3 compared to storage at 14 days (0.237 ± 0.049 N to 0.217 ± 0.060 N) and higher
for MAP4 (0.212 ± 0.053 N to 0.218 ± 0.032 N) compared to storage at 14 days. Some
previous studies had different results, probably due to differences in milk characteris-
tics, ripening time, and storage conditions. Kirkin et al. [41] showed that hardness was
higher in 75/25% CO2/N2 MAP (v/v) compared with the vacuum packaging considering
the overall mean during the entire storage period. Favati et al. [17] reported the lowest
shear force values for vacuum-packed Provolone cheeses compared to CO2-containing
atmospheres (10–100%).

3.5. Sensory Properties of Cheeses

On days 49 and 56, it was not possible to analyse texture and flavour of air-packaged
cheese wedges due to the growth of mould spots in the paste (Table 3). The texture of air-
packaged cheeses was dry and lumpy after 21 storage days, and flavour scores were below
acceptance from day 35 onwards with mouldy notes.

Table 3. Sensory texture and flavour: mean, standard deviation, and significance level of Kruskal–
Wallis H statistics treatment of packaged cheese wedges stored for eight weeks at different atmosp-
here treatments.

Texture

Day Air Vacuum MAP1 MAP2 MAP3 MAP4

0 5.36 ± 0.63 a1 5.36 ± 0.63 a1 5.36 ± 0.63 a1 5.36 ± 0.63 a1 5.36 ± 0.63 a1 5.36 ± 0.63 a1

14 5.07 ± 0.92 a12 5.29 ± 0.9 a12 5.14 ± 0.86 a12 5.18 ± 0.77 a1 5.07 ± 0.83 a1 4.75 ± 0.75 a12

21 4.84 ± 0.89 a12 5.00 ± 0.68 a12 5.07 ± 1.00 a12 4.79 ± 0.98 a1 4.43 ± 0.51 a1 4.71 ± 0.83 a12

28 4.50 ± 0.76 a12 4.79 ± 0.80 a12 4.71 ± 0.73 a12 4.86 ± 0.77 a1 5.00 ± 0.88 a1 4.64 ± 0.74 a12

35 4.21 ± 0.43 a2 4.64 ± 0.74 a12 4.50 ± 0.65 a12 4.77 ± 0.70 a1 4.86 ± 0.86 a1 4.14 ± 0.66 a2

42 4.50 ± 0.52 a12 4.92 ± 0.83 a12 4.79 ± 0.58 a12 4.93 ± 0.88 a1 5.14 ± 0.77 a1 4.50 ± 0.66 a12

49 - 4.79 ± 0.80 a12 4.50 ± 0.85 a12 5.21 ± 0.89 a1 4.79 ± 0.56 a1 4.21 ± 0.43 a12

56 - 4.36 ± 0.50 a2 4.43 ± 0.51 ab2 4.64 ± 0.74 ab1 4.86 ± 0.66 a1 3.86 ± 0.77 b2

Flavour

0 5.50 ± 0.52 a1 5.50 ± 0.5 a1 5.50 ± 0.52 a1 5.50 ± 0.52 a1 5.50 ± 0.52 a1 5.50 ± 0.52 a1

14 5.07 ± 0.83 a12 5.14 ± 0.66 a12 5.07 ± 0.83 a1 5.21 ± 0.58 a1 5.07 ± 0.73 a1 5.04 ± 0.80 a12

21 4.43 ± 0.65 a234 4.93 ± 0.9 a23 4.93 ± 0.73 a1 5.00 ± 0.78 a1 4.86 ± 0.86 a1 4.29 ± 0.73 a23

28 4.23 ± 0.73 a234 4.29 ± 0.61 a3 4.64 ± 0.84 a123 4.86 ± 0.77 a1 4.79 ± 0.89 a1 4.43 ± 0.76 a23

35 3.93 ± 0.47 bc34 4.50 ± 0.6 ab23 4.50 ±0.85 ab123 4.57 ± 0.7 ab1 4.71 ± 0.73 ab1 4.14 ± 0.6 bc23

42 3.36 ± 1.00 c4 5.21 ± 0.70 ab12 4.86 ± 0.86 ab12 4.93 ± 0.83 ab1 5.36 ± 0.63 a1 4.29 ± 0.92 bc23

49 - 4.79 ± 0.80 a12 4.50 ± 0.85 a12 5.21 ± 0.89 a1 4.79 ± 0.56 a1 4.21 ± 0.43 a12

56 - 4.50 ± 0.94 ab23 3.71 ± 0.71 b3 4.57 ± 0.76 a1 4.79 ± 0.43 a1 3.71 ± 0.91 ab3

MAP1, 20/80% CO2/N2 (v/v); MAP2, 50/50% CO2/N2 (v/v); MAP3, 80/20% CO2/N2 (v/v); MAP4, 100/0%
CO2/N2 (v/v). Different letters (a–c) in the same row indicate significant differences (p ≤ 0.05) between the
different packaging conditions on that day. Different numbers (1–4) in the same column indicate significant
differences (p ≤ 0.05) during storage for each packaging condition.

Short storage times have been described for cheeses kept in air on account of mould
growth [19,22,44,53]. Vacuum-packaged cheese wedges were acceptable at all storage times,
with slight differences in texture and flavour. Other vacuum-packaged cheeses were softer
and more elastic due to possible fat migration. Garabal et al. [12] and Romani et al. [13,50]
detected an increase in acidity with this preservation method.

Among the MAP treatments, only MAP1 samples showed differences (p ≤ 0.05)
between day 0 and 56 for texture, but on day 49, assessors signalled wet-mouldy flavours,
and cheeses had an assessment below the limit in flavour parameter on the last storage
day. Esmer et al. [19] reported that cheese packaged at low CO2 concentration quality
was randomly affected on 42 days, and Garabal et al. [12] described the cheeses as friable
and grainy. From a safety pointy of view, this low CO2 concentration was at the limit for
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microorganisms’ inhibition, which corresponds to the presence of mouldy flavours in this
study [9].

Sensory texture and flavour scores for MAP4 were below the minimum acceptance
mark at 56 days (Table 3). Assessors indicated texture defects as lumpy and fracturable,
and crystals were perceived on chewing. Juric et al. [10] found dry and crumbly texture
in cheeses packed with high CO2 concentration. Agarwal et al. [54] described calcium
lactate crystals in Cheddar cheese packages with 100/0% CO2/N2 (v/v) after four storage
weeks. A possible reason for crystal formation is the cheese’s superficial drying, which may
favour the onset of calcium lactate crystallization. Assessors highlighted acid, rancid, and
pungent notes as off-flavours. These off-flavours may be the result of CO2 solubilisation in
the cheese matrix since the pouches, as discussed above in Section 3.1.2, were collapsed.
Romani et al. [50] and Gonzalez-Fandos et al. [22] observed that high CO2 atmosphere
produced great flavour variations, and they attributed this to the solubilisation of CO2 in
the cheese matrix, which produced acidity, and the storage was shortened compared to
other MAP conditions [53]. MAP2 and MAP3 showed no significant changes for texture and
flavour (p > 0.05) during 56 storage days. Several authors pointed out that atmosphere close
to 50/50% CO2/N2 (v/v) is the best for preserving cheese flavour [11,13,22,41,44,50,53,55].

For paste appearance, the panel scored vacuum- and air-packaged cheeses as unac-
ceptable from day 14 and 28 onwards, respectively (Table 4). Vacuum packaging on day 14
showed a greasy, plastic-like paste appearance, with very small white spots (Figure S1). At
the end of the storage period, non-homogeneous colourings appeared with white areas and
pronounced marks caused by packaging shrinkage. This anomalous look was also observed
in Parmegiano Reggiano cheese, and it was described as the oil-dropping phenomena,
in which there is a migration of fat to the surface due to lipid hydrolysis [13,50]. From
day 28 onwards, air-packaged samples exhibited a non-homogeneous appearance and
obtained a score below 4. On day 42, batches presented spot moulds and small crystals
(well-defined, round, white marks with relief) on the paste. During the last two storage
days, moulds were more noticeable. Costa et al. [37] and Atallah et al. [38] indicated that
appearance was the limiting factor in air-packaged cheeses. MAP4 scored below the limit
on days 21 and 49. On day 21, they presented a whiter appearance and small crystals and,
on day 49, small black spots in the paste, non-homogeneous colour, and small crystals.
The presence of crystals corresponded to the perception described as a defect in texture at
the end of storage. At high CO2 concentration, free ionic calcium combines with lactate
through a mechanisms involving carbonic acid, resulting in calcium lactate crystals [56].
Costa et al. [37] found a variation in surface colour with crystals at these conditions, also
possibly due to calcium lactate formation that may result from growth of non-starter LAB.
MAP1 and MAP2 samples remained above the acceptance limit value at all times, and no
differences (p > 0.05) were found for paste appearance in MAP3 cheeses throughout storage
(Table 4).

According to Idiazabal PDO specifications, cheese must present few small irregular
holes homogeneously distributed throughout the cheese paste [5]. Vacuum-packed wedges
showed a significant (p ≤ 0.05) degradation from day 14 onwards (Table 4), and holes started
to occlude due to packaging pressure. This fact is aggravated over time, and after two
storage months, the cheese paste had sinkholes where holes were initially located. The holes
of air-packaged cheeses were scored lower than the MAP-preserved cheeses. This could be
due to the intrinsic variation in the cheese holes distribution. Cheeses stored under MAP
conditions showed small variations and were always above the limit of the disqualification
score. The best-rated cheeses were MAP2 and MAP3. In the scientific literature, there are
no remarks on the behaviour of the natural paste holes in MAP-packaged and vacuum-
packaged cheese.

3.6. Discriminant Analysis

Discriminant analysis was applied to cheese physicochemical variables, instrumental
colour, and texture and sensory parameters to classify cheese samples according to the pack-
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aging treatment applied considering MAP conditions as a unique group and irrespective of
the storage time. Figure 4 shows the cheese sample distribution in the graph displaying the
two canonical discriminant functions.

Table 4. Sensory paste appearance and holes: mean, standard deviation, and significance level of
Kruskal–Wallis H statistics treatment of packaged cheese wedges stored for eight weeks at different
atmosphere treatments.

Paste Appearance

Day Air Vacuum MAP1 MAP2 MAP3 MAP4

0 5.43 ± 0.65 a1 5.43 ± 0.65 a1 5.43 ± 0.65 a1 5.43 ± 0.65 a1 5.43 ± 0.65 a1 5.43 ± 0.65 a1

14 4.71 ± 1.07 ab12 3.86 ± 0.66 b12 5.14 ± 0.66 a12 5.21 ± 0.89 a12 4.64 ± 0.63 ab1 5.27 ± 0.83 a12

21 4.21 ± 0.70 ab12 3.36 ± 0.74 b2 4.36 ± 1.01 ab2 4.64 ± 0.84 a123 4.50 ± 1.02 a1 3.93 ± 0.73 ab23

28 3.71 ± 0.73 bc23 3.14 ± 0.36 c23 4.43 ± 0.85 ab12 4.36 ± 0.74 ab23 4.93 ± 0.83 a1 4.21 ± 0.98 ab12

35 3.36 ± 0.50 b234 3.21 ± 0.58 b23 4.36 ± 0.84 a2 4.21 ± 0.70 a23 4.79 ± 0.80 a1 4.00 ± 0.78 ab23

42 1.79 ± 1.05 b4 2.78 ± 0.43 b234 4.71 ± 0.91 a12 4.57 ± 0.75 a123 5.29 ± 0.73 a1 4.29 ± 0.73 a12

49 2.14 ± 0.66 b34 2.21 ± 0.43 b34 4.86 ± 0.53 a12 4.50 ± 0.52 a123 4.93 ± 0.73 a1 2.86 ± 0.53 b3

56 1.64 ± 0.74 b4 1.64 ± 0.63 b4 4.29 ± 0.61 a2 4.00 ± 0.78 a3 4.50 ± 0.65 a1 4.22 ± 0.80 a12

Holes

0 5.64 ± 0.50 a1 5.64 ± 0.50 a1 5.64 ± 0.50 a1 5.64 ± 0.50 a1 5.64 ± 0.50 a1 5.64 ± 0.50 a1

14 4.36 ± 1.08 ab2 4.00 ± 0.78 b12 5.21 ± 1.31 ab12 5.36 ± 0.74 ab1 5.36 ± 0.50 ab12 5.79 ± 0.70 a1

21 4.14 ± 0.36 ab2 3.35 ± 0.63 b23 4.14 ± 0.66 ab3 4.43 ± 0.51 a3 4.71 ± 0.47 a2 4.21 ± 0.43 a2

28 4.29 ± 0.72 bc2 3.50 ± 0.65 c23 4.64 ±0.84 ab123 5.50 ± 0.52 a1 5.5 ± 0.52 a1 4.86 ± 0.77 ab12

35 4.00 ± 0.55 bc2 3.28 ± 0.61 c23 4.64 ±0.84 ab123 5.21 ± 0.70 a123 5.21 ± 0.80 a12 4.50 ± 0.52 ab2

42 3.93 ± 1.54 bc23 2.71 ± 0.47 bc34 5.43 ± 0.76 a1 5.50 ± 0.52 a1 5.64 ± 0.63 a1 4.64 ± 0.75 ab2

49 2.29 ± 0.47 c3 2.70 ± 0.83 bc34 4.36 ± 0.50 ab23 4.50 ± 0.52 a23 5.14 ± 0.66 a12 4.07 ± 0.73 ab2

56 4.14 ± 1.02 b2 1.00 ± 0.00 c4 5.14 ± 0.66 ab12 5.36 ± 0.50 a12 5.00 ± 0.55 ab12 4.64 ± 0.63 ab2

MAP1, 20/80% CO2/N2 (v/v); MAP2, 50/50% CO2/N2 (v/v); MAP3, 80/20% CO2/N2 (v/v); MAP4, 100/0%
CO2/N2 (v/v). Different letters (a–c) in the same row indicate significant differences (p ≤ 0.05) between the
different packaging conditions on that day. Different numbers (1–4) in the same column indicate significant
differences (p ≤ 0.05) during storage for each packaging condition.

Figure 4. Graph for the two canonical discriminant functions corresponding to the stepwise dis-
criminant analysis on compositional, instrumental colour, and texture and sensory parameters of
packaged cheese wedges stored for eight weeks at different atmosphere treatments. Air, Δ; vacuum,
�; modified atmosphere packaging, �.
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In general, results showed that 97.6% of the samples were correctly classified into their
corresponding treatment group (air-packaged, vacuum-packaged, and MAP). The discrim-
inant variables with higher correlation with canonical functions in the structure matrix
were the sensory parameters paste appearance and holes, flavour, the colour parameters b*
and a*, and the instrumental texture parameter slope. The cross-validation method used
for sample classification reported that all air-packaged samples were correctly grouped
and that the 96.4% and 92.9% of the MAP and vacuum-cheese samples, respectively, were
correctly assigned.

4. Conclusions

In this study of semi-hard raw-milk cheeses, different gas-packaging treatments were
tested (air, vacuum, and MAP). Experimental results highlighted that none of the treatments
changed the physicochemical composition. There were no significant physicochemical
changes during the storage period studied. The characteristics with the greatest weight in
the packaging treatment differentiation were paste appearance and holes, flavour, a*and
b* colour parameters, and slope texture parameter. Sensory analysis based on Idiazabal
cheeses quality control requirements was decisive to select the best packaging conditions.

MAP-preserved cheese wedges’ quality was better than that of air or vacuum packag-
ing. The absence of oxygen in MAP and vacuum conditions contributed to colour stability
in view of the changes observed in the parameter a* in air-packaged cheese wedges. The
air-packed atmosphere was not the best option for storing cheese wedges since they had
a short shelf life caused by gas changes in the atmosphere. Together with the colour,
the limiting factor was the presence of moulds, giving mouldy flavours. The traditional
vacuum-packaging was not a valid option either; although many parameters were not
affected, sensory appearance was low-rated in very early stages of storage, rendering these
cheeses unacceptable.

Regarding MAP treatments, very low concentrations of CO2 were not sufficient to
inhibit the growth of microorganisms, as mouldy flavours were observed, and texture
was compromised. For ≥50/50% CO2/N2 (v/v) atmosphere, texture parameters (hardness,
chewiness, and slope) remained stable, while changes were significant for wedges pack-
aged under lower CO2 concentration. However, at 100% CO2 concentration, the pouches
collapsed, sensory texture declined, and off-flavours appeared. For a storage period of two
months, mixtures between 50/50 and 80/20% CO2/N2 (v/v) resulted as the most useful
techniques to ensure sensory quality for these cheeses.

These results can be of great interest for dairy farms, cheese industries, distribution
chains, retail points, and consumers, as these preservation techniques can improve the
cheese storage period. Given the inherent interest in the sector, the behaviour of sus-
tainable materials (recyclable or biodegradable) in selected packaging options could be
further explored.
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mdpi.com/article/10.3390/foods12040849/s1, Table S1: Mean, standard deviation and significance
level of Kruskal–Wallis H for texture analysis profile of packaged cheese wedges stored for eight
weeks at different atmosphere treatments. Figure S1: Photograph of cheese paste with examples of
white spot area in red and small crystals in blue.
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Abstract: Block freeze concentration (BFC) is considered an emerging technology which allows the
acquiring of high quality organoleptic products, due to the low temperatures employed. In this
study we have outlined how the vacuum-assisted BFC of whey was investigated. The effects of
vacuum time, vacuum pressure, and the initial solids concentration in whey were studied. The results
obtained show that the three variables significantly affect each of the following parameters analysed:
solute yield (Y) and concentration index (CI). The best Y results were obtained at a pressure of 10 kPa,
7.5 ◦Bx, and 60 min. For CI parameter, the highest values were given at 10 kPa, 7.5 ◦Bx, and 20 min,
respectively. In a second phase, by applying the conditions that provide higher solute yield to three
different types of dairy whey, Y values of 70% or higher are reached in a single step, while that the CI
of lactose are higher than those of soluble solids. Therefore, it is possible to recover, in a single step,
at least 70% of the lactose contained in the initial whey samples. This suggests that vacuum-assisted
BFC technology may be an interesting alternative for the recovery of lactose contained in whey.

Keywords: block freeze concentration; vacuum; whey; lactose

1. Introduction

In Mediterranean countries, where the dairy sector (cheese making-oriented) has a
marked traditional character, constraints in the utilization of fresh liquid whey are linked to
high transportation costs of the bulky liquid and the low productivity of drying facilities [1].
Thereby, an excellent alternative to reduce operating time, maintenance costs, and storage
spaces, among others, is the reduction of the volume (and the weight) of fresh liquid whey.
For this purpose, it is important to concentrate these solutions, and thus, this process allows
for the decreasing of the water activity, and in turn, to avoid any unwanted microbial
growth [2]. Precisely, there are three main methods available to eliminate the part of
water contained in objective solutions, allowing concentration in the liquid food products:
membrane processes, vacuum evaporation, and freeze concentration. Although these
technologies are effective, they also present certain disadvantages. For example, vacuum
evaporation technologies are extremely expensive, and it has been found that the energy
use is very high. In the same way, membrane technologies needs frequent maintenance
because of membrane fouling [3]. Hence, when comparing the heat of evaporation (about
2260 kJ/kg under pressure of 0.1 MPa) with enthalpy of freezing (335 kJ/kg), the freeze
concentration process seems to be cheaper than evaporation from the energy point of view.
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Specifically, freeze concentration (FC) is considered an emerging technology in which
liquid food is concentrated via partial or total water freezing, where the procedure involves
a controlled decrease in the temperature of the liquid food. As a result of this process
it is pushed below the freezing point, avoiding the eutectic temperature, where all the
components of the product are frozen. Hence, FC process separates the ice fraction from
the residual unfrozen solution [4]. Additionally, there are three techniques viable to applied
freeze concentrate in liquid foods: suspension freeze concentration (SFC), progressive freeze
concentration (PFC), and block freeze concentration (BFC). In BFC, also known as freeze
concentration by freezing–thawing, the liquid is completely frozen and the temperature of
the centre of the product is set below the freezing point. Subsequently, the block is thawed
and the concentrated fraction is then separated from the ice fraction. The separation process
is occasionally assisted by external forces such as centrifugation or vacuum, since these
external forces increase the efficiency of the procedure [5]. Previous studies have suggested
that the suction during the vacuum process by a pump takes advantage of the channels
between the ice crystals [6]. Therefore, the result is an increase in the extraction of the
concentrate fraction from the ice fraction, and an improvement of the efficiency and solute
recovery. The use of vacuum as an assisted technique to enhance the freeze concentration
performance has been studied in saline solutions, sucrose, coffee extracts, red wine, orange
juice, and blueberry juice [6–12]. In this case, BFC could be an alternative technology for the
concentration of by-products, such as whey. In dairy processing, BFC offers to minimize
the thermal damage on sensitive milk components, such as proteins and flavours, among
others. Thus, it provides an opportunity for producing dairy ingredients with enhanced
functional and organoleptic qualities.

In particular, FC has been applied on dairy products [2,3,13–16], and thus, for the concen-
tration of whey, the maximum concentration ranged between 25 and 35 wt.% [2,16]. Moreover,
there has been a growing number of studies on the concentration of dairy products through
SFC technology (it comprises of a primary phase formation of ice nuclei (nucleation), followed
by a secondary phase growth of ice nuclei in the solution) [14,17], by layer crystallization [18,19]
and BFC assisted by gravity and microwave processes [2,3,15,16]. Until now, no study on the
application of vacuum-assisted BFC applied to whey is known.

On the other hand, whey contains at least half of the total solids present in the initial
whole milk, and hence, it can be considered as a valuable by-product with several appli-
cations, especially, in the food industry [20]. Recent research stated that the components
of whey are difficult to degrade, creating a major problem to any wastewater treatment
plants [21]. Therefore, the use of a concentration technique could be applied in the devel-
opment of new products, and at the same time, it may help to solve the industrial waste
problem [22]. BFC assisted by vacuum suction, due to its cheaper capital and operating
costs than other FC alternatives could be an attractive technology for dairy industries [23].

Taking into account the above, the objective of this study in a first phase was to
research the concentration of vacuum-assisted BFC of fresh cheese whey, by studying
the influence of the initial concentration (C0), time (t), and vacuum pressure (V) on the
response variables, concentration index (CI) and solute yield (Y). In a second phase, the
best conditions of the previous stage (time and vacuum pressure) were applied to three
types of whey, designated by: fresh cheese whey (CSW1), mató (a typical fresh cheese of
Catalonia, Spain), cheese whey (CSW2), and blue cheese whey (CSW3). Additionally, the
effect of vacuum assisted BFC on lactose content was also studied.

2. Materials and Methods

2.1. Material

Cheese whey was provided by a local supplier (Can Corder, Lliça d’Amunt, Barcelona,
Spain) from cheese process. The three types of cheese was produced, namely, fresh cheese,
mató, and blue cheese, use pasteurized cow’s milk as raw material.

CSW1 from fresh cheese. Its manufacture is very simple and consists of two stages:
coagulation is essentially lactic (with ferment) and normally lasts 24 h, while draining is
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never excessive and is carried out in the container itself by dividing the coagulum into
portions. Whey without salt.

CSW2 from mató: It is an enzymatic coagulation cheese (with rennet), drained by
draining, lightly pressed (self-pressed) by periodic turning. Therefore, it is soft paste. No
ripening. Whey without salt.

CSW3 from blue cheese: It is a matured cheese produced by enzymatic coagulation.
Salty milk whey.

2.2. Freezing and Vacuum Suction Procedure

The experimental procedure of vacuum-assisted BFC was carried out according to
Petzold et al. [8]. Firstly, whey samples (45 mL) were placed in plastic tubes (internal
diameter: 22 mm) and were frozen at −20 ± 2 ◦C for 48 h in a static freezer (Fricon
Model THC 520, Portugal). Due to our availability of freezing equipment, other different
conditions have not been considered. The tubes were covered with thermal insulation
made of polystyrene foam (8 mm thickness, thermal conductivity: K = 0.035 W/mK) in
order to facilitate axial heat transfer. The frozen whey tubes were removed from the freezer
and transferred to a suction stage. The suction was generated by connecting a vacuum
pump (Comecta, Spain; Pump rate: 3.6 m3/h; Vacuum limit: 0.1 mbar) at the bottom of
the frozen sample at room temperature (Figure 1). Subsequently, the concentrated solution
was collected, and the concentration of the soluble solids within the solution as well as the
concentration of the ice phase were measured by a refractometer (ATAGO DBX-55 Japan;
Measurement range: 0.0–55 ◦Bx; Accuracy: 0.1 ◦Bx ± 0.1%). All measurements were taken
in triplicate.

Figure 1. Vacuum unit for freeze concentration.

2.3. Experimental Design
2.3.1. Effect of Factors on Response Variables

A full factorial design (FFD) was used to study the effect of the following three
independent factors: initial soluble solids concentration (C0,

◦Bx), time (t, min), and vacuum
pressure (V, kPa), on the response variables: solid yield (Y) and concentration index (CI). The
independent factors and their levels have been selected based on previous studies [6,11,12],
and according to the initial tests carried out in our laboratory. The experimental design
comprised eight combinations of the independent factors, as shown in Table 1. All tests
were carried out in triplicate.
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Table 1. Experimental design.

C0 (◦Bx) t (min) V (kPa)

Minimum 7.5 20 10
Maximum 19 60 70

According to previous tests, 20 and 60 min under suction vacuum were adopted to
ensure a sufficient concentrated sample, and to avoid vacuum break in the ice column. In
this study the pressures of 10 and 70 kPa, are absolute pressures (absolute atmospheric
pressure 101 kPa) that correspond to 90 and 30 kPa of vacuum pressure, respectively.

2.3.2. Vacuum-Assisted BFC Tests on Three Types of Cheese Whey

In the second stage of experiments, the best conditions of time and vacuum pressure
obtained in the previous phase with respect to the solute yield parameter (Y) were applied
to the whey of three types of cheese: fresh cheese whey (CSW1), mató cheese whey (CSW2),
and blue cheese whey (CSW3). Additionally, in these tests, the percentage of recovery of
lactose with respect to the initial sample was determined.

2.4. Lyophilization Process

To carry out the freezing curves at different concentrations, as well as for the tests
with whey at 19 ◦Bx, it was necessary to lyophilize the initial sample to obtain dry sample,
which, once re-dissolved in water, allowed for the samples to be prepared at the desired
concentration. Whey samples (approximately 25 mL) were frozen in Falcon tubes and
placed horizontally in the freezer at −20 ◦C for 48 h. Then, the Falcon’s cap was removed,
and plastic wrap was placed to facilitate sublimation. The frozen samples were placed
in the lyophilizer (CRYODOS FD-10 Series, Telstar Industrial S.L, Spain; Vacuum pump
nominal flow: 6 m3/h), for 48 h at −56.6 ◦C and a vacuum pressure of 4.7 × 10−2 mbar.
Once the dried milk was obtained, the corresponding solutions were prepared with distilled
water at 15, 25, and 35 ◦Bx. The same procedure was followed to prepare the samples at
19 ◦Bx.

2.5. Response Variables

Concentration index (CI) is defined as the relation between the concentration of soluble
solids in the concentrated solution (Cf), and the concentration of soluble solids in the initial
whey (C0), according to Equation (1) [24]. The concentration index is also known as relative
concentration [25].

CI =
Cf

C0
(1)

Solute yield (Y) was calculated to analyze the soluble solids recovery. Y was defined
as the relationship between the mass of soluble solids present in the separated liquid and
the mass of soluble solids present initially in the initial solution. This can be seen in the
following Equation (2) [26].

Y (%) =
Cf·mf

C0·m0
·100 (2)

where Cf and C0 are the soluble solids content (◦Bx) of the concentrate and initial whey, mf
and m0 are the concentrated and the initial whey mass (g).

2.6. Validation of Results

For each experiment, an ice mass ratio Wexp (kg ice/kg initial) can be defined, as the
amount of ice obtained, with respect to the initial amount of sample in each experiment.
In FC systems, ice handling can be complex and can be a source of error. Alternatively,
this ratio can be estimated through a mass balance, depending on the concentrations of the
ice, concentrated and initial whey sample. The measurement of concentrations is much
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simpler and more reliable than the data obtained from ice handling. It is denoted as Wp,
Equation (3) [27].

Wp =
Cf − C0

Cf − Ci
·100 (3)

The quality of the fit between experimental (Wexp) and predicted (Wp) values for N
experimental points, i.e., the deviation between experimental and theoretical data, was
tested by the Root Mean Square (RMS) as follows (Equation (4)).

RMS(%) = 100

√
∑[

(
Wexp − Wp

)
/Wexp]

2

N
(4)

2.7. Lactose Concentration

The lactose concentration of the initial, concentrated, and ice fractions were deter-
mined. The lactose content procedure was carried out according to Schuster-Wolff-Bühring
et al. [28], with modifications. Hewlett Packard 1100 Series HPLC System (Agilent Tech-
nologies, Waldbronn, Germany) equipped with a Beckman 156 refractive index detector
was used for determination. The separation was achieved with a tracer carbohydrate
(250 × 4.6 mm, 5 μm) column (Teknokroma, Sant Cugat del Vallès, Barcelona, Spain). The
volume injected was 20 μL and the mobile phase was a mixture of acetonitrile (Panreac
Química SLU, Castellar del Vallès, Spain) and ultrapure water (75:25). The flow rate and
column temperature were maintained as 1.3 mL/min and 28 ◦C, respectively. The detection
was carried out with a refractive index detector, adjusting the zero against the mobile phase.
Before the determinations, a portion of 1 mL samples was diluted with 8 mL of ultrapure
water and mixed. Thus, 0.5 mL of Carrez Reagent 1 and 2 were added and mixed for 1 min.
The mixture was allowed to settle for 15 min, and filtered by a nylon syringe filter (a pore
diameter of 0.45 μm) (Agilent, Santa Clara, CA, United States). Each sample was prepared
and injected in triplicate.

2.8. Statistical Analysis

The results obtained were statistically analysed using the application ‘Minitab 18’ for
Windows (Minitab Inc., State Collage, PA, USA) and expressed as the mean ± standard
deviation. To determine significant differences (p < 0.05) between results, one-way analysis
of variance (ANOVA), and Tukey tests were used.

Full factorial design (FFD) with 3 factors and 2 levels (23) was applied, with α = 0.05.

3. Results

3.1. Freezing Point Depression

The freezing point of a liquid depends on the concentration and type of solutes present
in the solution [29], and thus, a high level of dissolved solids means a low freezing point.
At the same mass concentration (%w/w), the solutes with low molecular weight (MW) have
high molality, and therefore, a low freezing point. For cheese whey, the freezing point is
influenced by the concentration of lactose, chlorides and other salts, and it is lower than
that of pure water [30]. The freezing point was determined for initial and concentrates
CSW1 whey with concentration of 15, 25 and 35 ◦Bx (Figure 2).

As expected, the freezing point determined through this experiment increased with
a growing concentration of solids. The same trend was observed for whey [1,19,30] and
milk [31]. For comparison, Figure 2 includes the results of salted cheese whey from the
same manufacturer [19]. The trend line obtained is above the line of salted whey, and it may
suggest a low concentration of salt in the tested whey. On the other hand, Figure 2 includes
the freezing points of an ideal solution obtained from the Van’t Hoff equation, taking
235 g/mol as the effective molecular weight for whey milk, suggested by Baschi et al. [30].
As can be seen, there is a very good correlation between the experimental (CSW1) and the
calculated value for ideal solutions. This can be very useful for future freeze concentration
works.
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Figure 2. Freezing point (◦K) of the CSW1 whey and an ideal solution, as a function of the soluble
solids content (◦Bx).

3.2. Solute Yield and Concentration Index

The responses obtained for Y and CI from the eight experiments are shown in Table 2.
The best results for Y were obtained at a vacuum pressure of 10 kPa, an initial concentration
of 7.5 ◦Bx and vacuum time of 60 min. For the CI parameter, the best condition was also
10 kPa, 7.5 ◦Bx, and 20 min of vacuum. The values suggest that it would be possible to
improve the Y parameter by increasing the vacuum time.

Table 2. Full Factorial Design (FFD), responses of solute yield (Y) and concentration index (CI).
Within a column, different lowercase letters denote significant differences (p < 0.05) between Y and CI.

V (kPa)
C0

(◦Bx)
t

(min)
Y (%) CI

10 7.5 20 28.4 ± 4.4 b 5.3 ± 0.4 a

10 7.5 60 65.5 ± 3.8 a 3.4 ± 0.2 b

70 7.5 20 9.4 ± 4.8 cde 4.5 ± 0.2 a

70 7.5 60 36.3 ± 10 b 3.2 ± 0.7 b

10 19 20 7.4 ± 3.9 de 2.6 ± 0.1 bc

10 19 60 24.3 ± 2.0 bc 1.7 ± 0.1 cd

70 19 20 0.26 ± 0.1 e 1.2 ± 0.3 d

70 19 60 21.9 ± 1.0 bcd 1.5 ± 0.2 cd

This is confirmed by the results of ANOVA presented in Table 3, since the p-values are
shown in Table 3, indicating that all individual effects, as well as the interaction between
C0 and t, were significant (p < 0.05) on the solute yield (Y) and the concentration index (CI).

3.3. Vacuum-Assisted BFC Tests on Three Types of Whey

Based on the analysis of the results obtained in Section 3.2, vacuum-assisted BFC
process was performed in three different whey samples, under conditions that allow for
reaching the best values of solute yield (Y). These conditions correspond to an absolute
pressure of 10 kPa and a time of 60 min under suction vacuum. The tests were performed
in triplicate resulting in a total of 9 tests. Under these conditions, the Y values were close to
70%, as shown in Table 4.
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Table 3. Results of ANOVA for solute yield (Y) and concentration index (CI). The asterisk (*) indicates
a significant effect (p < 0.05).

Y CI

F-Value p-Value F-Value p-Value

Vacuum (V) 39.08 <0.000 * 14.57 0.002 *
Concentration

(C0) 86.03 <0.000 * 197.47 <0.000 *

Time (t) 123.44 <0.000 * 32.34 <0.000 *
V•C0 17.68 0.001 * 0.53 0.479
V•t 0.34 0.566 7.11 0.017 *
C0•t 7.57 0.014 * 16.79 0.001 *

V•C0•t 2.60 0.127 0.57 0.461

Table 4. Results of concentration index (CI) and solute yield (Y) for the three types of serum subjected
to 10 kPa for 60 min.

Whey Type C0 (◦Bx) CI Y (%)

CSW1 6.6 3.5 ± 0.1 73 ± 1
CSW2 5.7 3.8 ± 0.2 69 ± 1
CSW3 6.4 3.8 ± 0.2 71 ± 4

Additionally, Figure 3 shows HPLC lactose chromatograms for the initial and concen-
trated of CSW1 whey.

Figure 3. Lactose chromatograms of initial (A) and concentrated whey (B).

On the other hand, Figure 4 shows the lactose concentrations (g/L) in the initial whey,
in the concentrate and ice fractions, of the three types of whey tested (CSW1, CSW2, and
CSW3).

The results of the tests carried out with the three types of whey were validated,
comparing the results calculated with the Equation (3) (Wp), with the measures of ice
mass ratio obtained experimentally (Wexp). In Figure 5, the values Wp and Wexp of the
9 experiments are presented.
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Figure 4. Lactose concentration of initial whey, concentrate and ice for three types of whey (CSW1,
CSW2, and CSW3).

Figure 5. Experimental (Wexp) and predicted (Wp) values of ice mass ratio for CSW1 (experiment
number 1, 2, and 3), CSW2 (experiment 4, 5, and 6), and CSW3 (experiment 7, 8, and 9).

The RMS value for the experiments performed with the three types of serum (CSW1,
CSW2, and CSW3) is 6.5%.

4. Discussion

The concentration index (CI) showed values greater than 1 in all cases, with a down-
ward trend as time increased. This suggests that the concentrated extract is mainly collected
in the first thawed fractions. Similar behavior has been reported by other studies [32,33]
in defrosting sugar solutions. These results may indicate that the solute in the frozen
sample is recovered not only with fusion, but also with a diffusion of solute from the freeze
concentrate phase (enhanced with vacuum). For Y, the behavior is the opposite, since the
longer the vacuum time, the greater the amount of solutes recovered, even if they have a
lower concentration.
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Specifically, the factor that most influences Y is the vacuum time (t), while for CI,
the main factor corresponds to the initial concentration (C0). As can be seen in Table 2,
the higher initial concentration acquired the higher concentrated solution, and in turn,
the higher concentration solution obtained the higher increase in viscosity. According to
Sánchez et al. [19], in the initial concentration range studied (7.5 to 19 ◦Bx), the viscosity
of whey increased more than twice. In BFC, the capacity of ice separators is inversely
proportional to the viscosity of the concentrate [32]. Therefore, as the viscosity increases,
the efficiency and solute yield (Y) are reduced. Other authors [33] suggest that the increase
of the initial concentration forms thinner and smaller ice structures. These small crystals of
melted ice make it difficult to recover the concentrate fluid, and therefore, a low Y value is
obtained with the highest concentration of whey. Table 3 shows that the C0•t interaction is
significant for both Y and CI. This suggests that centrifugation duration (t) has a greater
effect at low initial concentrations (C0) than at higher concentrations. This may also be
related to the higher viscosity of the serum at higher concentrations, and therefore more
difficult to extract under vacuum.

The freezing rate of the samples is also an important factor in the FC process. The
freezing time of the 45 mL whey samples used in the BFC system has been estimated
through applying the model proposed by Pham [34], obtaining an average value of 234 min,
which is equivalent to an average freezing rate of 5.7 μm/s. This value is very close to
previous works on BFC applied in orange juice [35]. In addition, this freezing rate is
lower than the critical value (approximately 8 μm/s) provided by other authors [24,26].
These authors reported that for velocities higher than 8 μm/s, the ice occluded the solutes
during the freezing stage, and it was not possible to expect a considerable separation of the
concentrated solution from the ice fraction.

The vacuum-assisted BFC process has been applied on three types of whey (CSW1,
CSW2, and CSW3) in a single stage, under the conditions that correspond to the best values
of the previous Y tests (60 min and 10 kPa). The results obtained were 73%, 69%, and 71%
for CSW1, CSW2, and CSW3, respectively. These results are better than those obtained
in trials listed in Table 2 (65.5%). It may be due to the fact that in the previous trials the
initial concentration (7.5 ◦Bx) was higher than that of the three dairy whey (between 5.7 and
6.6 ◦Bx), and as previously demonstrated, with a high initial concentration, there is a low
yield of solutes. A work on PFC in whey [36] indicated a maximum of 76.4% (w/w) of solute
yield in four freezing/thawing steps.

From Figure 4, CI values close to 3.5, 4.1, and 3.9 can be deduced for lactose of the
three types of whey (CSW1, CSW2, and CSW3, respectively). A lactose concentration index
of 3.5 has been reported by Korotkiy et al. [37] using a double FC system (two steps) in
milk whey. The results of lactose CI in the present study are equal or higher than those of
CI of soluble solids (Table 4), which seems to suggest that lactose tends to pass more easily
to the concentrated phase than into the ice. Similar results have been informed by Aider
and de Halleux [15], who studied the milk whey under BFC process in successive stages. In
the first stage, the CI of the solids was 1.86, while the CI of lactose for that same stage was
2. This behavior may be due to the fact that lactose, a low molecular weight disaccharide
compared to other whey molecules, mainly proteins, is easier to move and more difficult to
trap in ice than other molecules with high molecular weight. This trend is consistent with
Kawasaki et al. [38], since they found that lower molecular weight solutes were separated
and concentrated more efficiently than higher molecular weight solutes. This corresponded
well with the magnitude of the diffusion coefficient for each solute.

Results on BFC applied in whey have been reported, where thawing was performed by
gravity [3,15], without the aid of vacuum. CI for solids and lactose around 2 were obtained.
Therefore, the results of this study (CI between 3.5 to 3.8 for solids, and 3.5 to 4.1 for lactose)
suggest that the application of vacuum in a single step can help to improve the recovery of
the concentrated liquid fraction. A work of Lamkaddam et al. [36] related to the application
of PFC in whey obtained a maximum content of 20.52% (w/w) of total solids in four steps.
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The CI of total solids increases in each stage of FC and varies from 1.57 in the first stage, up
to 3.42 in the fourth stage.

Based on the CI values of the soluble solids and of the lactose obtained in the present
study, it seems possible that using the vacuum-assisted BFC technique, at least 70% of
the lactose contained in the initial sample can be recovered, with a high CI (3.5–4.0). This
performance can be increased if the formed ice is thawed and subjected to a new vacuum-
assisted BFC stage.

Despite the difficulty in handling ice, a good agreement was observed between the
experimental (Wexp) and predicted (Wp) ice mass ratio, as shown in Figure 5. An RMS of
6.5% was obtained, lower than the limit of 25% suggested by Lewicki [39] to consider an
acceptable fit. These values were close to those reported in previous studies [6,11].

5. Conclusions

The vacuum-assisted BFC technique has been applied to whey samples. The results
show that the variables studied (initial concentration, pressure, and vacuum time) have
a significant effect on the process. The best solute yield (Y) results were obtained at a
pressure of 10 kPa, 7.5 ◦Bx of initial concentration and 60 min of vacuum, while for the
concentration index response variable (CI), the best conditions were 10 kPa, 7.5 ◦Bx, and
20 min. In a second phase of the work, by applying the conditions that provide higher
solute yield (10 kPa and 60 min) to three different types of dairy whey, Y values around
70% or higher are obtained in a single stage. In all three types of whey, the CI for lactose
are somewhat higher than those for soluble solids, suggesting that lactose tends to remain
in the concentrated phase rather than on ice. In this way it is possible to recover, in a
single step, at least 70% of the lactose contained in the initial whey. Vacuum-assisted
BFC technology is postulated in this way, as an alternative for the recovery of valuable
components contained in whey. Finally, the results are positive for the parameters tested,
but it is necessary more studies to establish the effectiveness of BFC in the treatment of
cheese whey.
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