
Edited by

Novel Processing 
Technology of 
Dairy Products

Ekaterini Moschopoulou

Printed Edition of the Special Issue Published in Foods

https://www.mdpi.com/journal/foods



Novel Processing Technology 
of Dairy Products





Novel Processing Technology 
of Dairy Products

Editor

Ekaterini Moschopoulou

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Ekaterini Moschopoulou

Agricultural University of

Athens

Greece

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Foods (ISSN 2304-8158) (available at: https://www.mdpi.com/journal/foods/special issues/Nove

Processing Technology Dairy Products).

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

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-4583-7 (Hbk)

ISBN 978-3-0365-4584-4 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Ekaterini Moschopoulou

Novel Processing Technology of Dairy Products
Reprinted from: Foods 2021, 10, 2407, doi:10.3390/foods10102407 . . . . . . . . . . . . . . . . . . . 1

Elena Diez-Sánchez, Antonio Martı́nez, Dolores Rodrigo, Amparo Quiles 
and Isabel Hernando

Optimizing High Pressure Processing Parameters to Produce Milkshakes Using Chokeberry 
Pomace
Reprinted from: Foods 2020, 9, 405, doi:10.3390/foods9040405 . . . . . . . . . . . . . . . . . . . . . 3

Maria Tsevdou, Maria Ouli-Rousi, Christos Soukoulis and Petros Taoukis

Impact of High-Pressure Process on Probiotics: Viability Kinetics and Evaluation of the Quality
Characteristics of Probiotic Yoghurt
Reprinted from: Foods 2020, 9, 360, doi:10.3390/foods9030360 . . . . . . . . . . . . . . . . . . . . . 17

George Panopoulos, Golfo Moatsou, Chrysanthi Psychogyiopoulou 
and Ekaterini Moschopoulou

Microfiltration of Ovine and Bovine Milk: Effect on Microbial Counts and Biochemical 
Characteristics
Reprinted from: Foods 2020, 9, 284, doi:10.3390/foods9030284 . . . . . . . . . . . . . . . . . . . . . 37

Md Abdul Wazed and Mohammed Farid

Hypoallergenic and Low-Protein Ready-to-Feed (RTF) Infant Formula by High Pressure 
Pasteurization: A Novel Product
Reprinted from: Foods 2019, 8, 408, doi:10.3390/foods8090408 . . . . . . . . . . . . . . . . . . . . . 49

Lambros Sakkas, Maria Tzevdou, Evangelia Zoidou, Evangelia Gkotzia, 
Anastasis Karvounis, Antonia Samara, Petros Taoukis and Golfo Moatsou

Yoghurt-Type Gels from Skim Sheep Milk Base Enriched with Whey Protein Concentrate 
Hydrolysates and Processed by Heating or High Hydrostatic Pressure
Reprinted from: Foods 2019, 8, 342, doi:10.3390/foods8080342 . . . . . . . . . . . . . . . . . . . . . 63
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Milk has been processed into dairy products using traditional methods for hundreds
of years.

However, research on new technologies in order to develop new products or to im-
prove those already existing is constantly conducted. More specifically, modern processing
approaches are used in order to change the texture, to improve the organoleptic properties,
to ensure the safety, to extend the shelf life, and finally, to increase the nutritional and
health value of dairy products. Pulsed Electric Fields, Ultrasound, and High-Pressure (HP)
Processing are some of the novel technologies that are considered as alternatives to heat
treatment. Among these, HP is the most promising technology during which the product
is treated mainly in the range of 100–600 MPa at ambient temperatures; as a result, several
constituents and properties of the treated product are altered [1]. Moreover, membrane
technology is widely used in the dairy industry for separation or fractionation purposes,
depending on the membrane pore size and the applied pressure. Microfiltration (MF),
which involves membranes with a pore size of 0.1–10 μm, can remove bacteria and spores
from skim milk; hence, it is also called ‘cold pasteurization’ [2]. In addition, apart from the
novel technologies, modern analytical methods have been developed for the better deter-
mination or evaluation of significant characteristics and processing steps in the production
of the dairy products.

The present Special Issue includes five research papers and two review papers. Four
papers study the application of HP on milk and yoghurt products [3–6], one paper deals
with the MF of milk [7], another one reviews the production of specific dairy ingredients [8],
and the last one examines the use of modern analytical methods in the characterization of
the recrystallization process in ice cream [9].

Briefly, Diez-Sánchez et al. [3] applied HP to produce milkshakes containing choke-
berry pomace with the use of different high-pressure parameters and ratios of chokeberry.
The researchers, with the aid of response surface methodology, concluded that a novel,
highly nutritional product with increased antioxidant capacity and total phenolic content
could be produced from milk that contains 10% (w/v) chokeberry and at a high pressure
of 500 MPa for 10 min. The effect of HP on two probiotic microorganisms used in yo-
ghurt production was studied by Tsevdou et al. [4]. These authors investigated different
parameters and reported that HP in the range of 200–300 MPa improved the rheological
properties of the product, while the viability loss of 0.5–1.2 logCFU/g remained constant
during refrigeration storage. In addition, the same product enriched with a sweet cherry
flavor behaved in the same way when treated with HP under the same conditions. Sakkas
et al. [5] used HP as an alternative method for heating ovine milk enriched with whey
protein concentrate (WPC) or whey protein concentrate hydrolysates (WPCH) in yoghurt
production. WPCH had been developed by the same researchers by hydrolyzing WPC
from Feta cheese whey with trypsin or Protamex. It was found that the heating method,
i.e., conventional or HP, affected the yoghurt gel properties more than the enrichment with
WPC or WPCH. More specifically, HP at conditions similar to heating caused inferior gel
properties no matter the type of enrichment, and the addition of WPCH to skim ovine
milk at a ratio of >0.5% dramatically worsened the gel properties. Wazed and Farid [6]
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developed a novel hypoallergenic product for infant nutrition. They applied HP to a recon-
stituted infant milk formula enriched with α-Lactalbumin, using different conditions of
pressure, temperature, and time, and comparing it to pasteurization at 72 ◦C. The authors
concluded that the highest ratio of α-Lactalbumin to β-Lactoglobulin level, which assure
low allergenicity, was achieved after HP at 600 MPa, 40.4 ◦C, for 5 min.

Regarding membrane technology, Panopoulos et al. [7], who applied cross-flow MF with
the use of ceramic membranes with a pore size of 1.4 μm and a transmembrane pressure of
1.5 bar at 50 ◦C, reported that microbial flora reduction was higher in skim ovine milk (0.4% fat)
than in skim bovine milk (0.3% fat). Moreover, although ovine and bovine permeates showed
lower protein content than the respective unprocessed milks, the cheesemaking properties
of ovine milk were not significantly affected. The authors concluded that the application
of MF on ovine milk under the studied conditions can be used to treat this milk prior to
cheesemaking. Huang et al. [8], reviewing the methods for producing dairy ingredients
enriched in milk phospholipids (MPLs), reported that the membrane separation process as
compared to methods involving the use of organic solvents—i.e., supercritical fluid extraction
(SFE) by CO2 and dimethylether (DME), or SFE and DME, or organic solvent extraction—is
the most efficient way to concentrate MPLs. Moreover, in this particular case, the carbon
footprint of membrane technology is the lowest.

As far as analyses are concerned, Kamińska-Dwórznicka [9] reviewed and compared
modern methods for testing and describing the recrystallization of ice crystals, a process
detrimental to the quality of ice cream products. They refer to methods such as microscopy
and image analysis, focused beam reflectance measurement, oscillation thermo-rheometry,
nuclear magnetic resonance (NMR), splat cooling assay, and X-ray microtomography;
they concluded that all presented methods are suitable for describing the recrystallization
process. However, only microscopy and image analysis can show both the changes in size
and shape of ice crystals as well as their location.

Finally, the editor of this Special Issue would like to thank the authors who submitted
their papers and provided the readers with new information about high-pressure processing,
membrane processing, and modern analytical methods for the study of the dairy products.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: High hydrostatic pressure is a non-thermal treatment of great interest because of its
importance for producing food with additional or enhanced benefits above their nutritional value.
In the present study, the effect of high hydrostatic pressure processing parameters (200–500 MPa;
1–10 min) is investigated through response surface methodology (RSM) to optimize the treatment
conditions, maximizing the phenol content and antioxidant capacity while minimizing microbiological
survival, in milkshakes prepared with chokeberry pomace (2.5–10%). The measurement of fluorescence
intensity of the samples was used as an indicator of total phenolic content and antioxidant capacity.
The results showed that the intensity of the treatments had different effects on the milkshakes.
The RSM described that the greatest retention of phenolic compounds and antioxidant capacity with
minimum microbiological survival were found at 500 MPa for 10 min and 10% (w/v) chokeberry
pomace. Therefore, this study offers the opportunity to develop microbiologically safe novel dairy
products of high nutritional quality.

Keywords: antioxidant capacity; microbial inactivation; image analysis; high pressure processing;
total phenolic content

1. Introduction

Nowadays, consumers show increasing preference for foods with additional or enhanced
benefits beyond their basic nutritional value. These benefits come from the composition, e.g.,
bioactive compounds, which may have long-term health effects. There is convincing evidence of the
cardioprotective effects for frequent consumption of fruits and vegetables high in fiber, micronutrients,
and several phytochemicals. Specifically, the association between flavonoids and an increased
cardiovascular health has been proven in berries [1]. Producing berry-based juice generates by-products,
comprising peel and seeds, having a high nutritional value because of their polyphenol and fiber
content. Berry by-products can be a value-added food ingredient [2–4] and recent studies show that
the enrichment of food products with these by-products is feasible [5–7]. In this context, chokeberry
(Aronia melanocarpa) pomace can be used, as chokeberry is one of the richest plant sources of phenolic
phytochemicals, including procyanidins and anthocyanins [8,9] which are related to effectiveness in
several pathological conditions where damage is caused by uncontrolled oxidative processes [10].

Previous studies have used dairy products and pomace for the production of yogurts with apple
pomace [11–13] or fermented milk with grape pomace [14]. However, in the work of Issar et al. [11]
and de Souza et al. [14], polyphenols and fiber were extracted, respectively, and added to milk for
product preparation. Wang et al. [12,13] incorporated the apple pomace directly into the dairy matrix.
Regarding berry pomace, Ni et al. [15] formulated yogurts with aqueous berry extracts from salal berry

Foods 2020, 9, 405; doi:10.3390/foods9040405 www.mdpi.com/journal/foods
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and blackcurrant pomace. In this study, we propose the incorporation of the pomace directly into the
milk using high hydrostatic pressure (HPP) to help polyphenols being extracted into the matrix.

HPP is a method to preserve food and has the potential to retain or improve the bioaccessibility and
bioavailability of nutritional and antioxidant compounds because of microstructural modifications [16].
HPP retains the nutritional and sensory quality of food products, but there is a concern related to food
safety [17]. In this context, high pressures have been effective at inactivating vegetative cells when
sufficient intense pressure is applied [18].

Thus, the present study aimed to prepare milkshakes enriched with polyphenols by adding
chokeberry pomace to the milk and using HPP to improve polyphenols extraction from the pomace.
The effect of high HPP parameters such as time and pressure on total phenolic content (TPC), antioxidant
capacity (AC), and the microbiological inactivation in milkshakes with different concentrations of
chokeberry pomace will be studied. To define the best processing conditions, response surface
methodology (RSM) was used to maximize the TPC and the AC results while minimizing the
microbiological survival.

2. Materials and Methods

2.1. Sample Preparation and HPP Treatments

Döhler GmbH (Darmstadt, Germany) provided fresh chokeberry pomace. The pomace was dried
at 70 ◦C for 3 h and milled in a ZM 100 ultracentrifuge mill (Retsch GmbH, Haan, Germany) at 14,000
r.p.m. using a 0.5 mm sieve [19]. Reconstituted skimmed milk powder (Corporación Alimentaria
Peñasanta S.A., Siero, Spain) was selected for chokeberry pomace inclusion.

Different concentrations of chokeberry powder were added to skimmed milk samples to give
final chokeberry pomace concentrations of 2.5%, 6.25%, and 10% (w/v). The samples were poured into
50 mL polypropylene tubes that were introduced into polyethylene bags and heat-sealed (MULTIVAC
Thermosealer, Switzerland) before undergoing HPP treatment. HPP treatments were performed in
a unit with a 2.35 L vessel volume and maximum operating pressure of 600 MPa (High Pressure
Food Processor, EPSI NV, Belgium). The samples were pressurized at 200, 350, and 500 MPa, at
18–22 ◦C, for 1, 5.5, and 10 min, using a compression rate of 300 MPa/min and a decompression
time < 1 min, [20,21]. Other parameters, pressure intensity, pressurization time, and temperature
were automatically controlled. Once the treatment was completed, the samples were taken from the
vessel, immersed in an ice-water bath, and refrigerated (3 ± 1 ◦C) until use. Before each analysis, both
microbiological and chemical, the samples were filtered with paper filter previously sterilized using an
autoclave. The microbiological cultures and microscopic observations were immediately conducted
after the filtration while the samples for the TPC and AC determination were stored by deep-freezing
at −80 ◦C until use.

2.2. Total Phenolic Content

The total phenolic content (TPC) was determined according to the method described by Singleton
et al. [22], with some modifications. The treated chokeberry pomace milk (5 mL) was homogenized in
an Ultraturrax with 25 mL of 960 g kg−1 ethanol. The homogenate was centrifuged (4122 g, 30 min,
4 ◦C), filtered, and the supernatant was stored. This treatment was repeated on the leftover pellet using
25 mL of 960 g kg−1 ethanol to extract more supernatant, then added to the first supernatant; the total
supernatant was brought up to 100 mL. After, 6 mL of distilled water and 0.5 mL of Folin-Ciocalteu
reagent (1:1 (v/v)) were added to an aliquot of 1 mL of the ethanolic extract. After three minutes, 1 mL
of sodium carbonate solution (20% (w/v)) (Panreac Química SLU, Castellar del Vallès, Barcelona, Spain)
and 1.5 mL of distilled water were added. The mixture was vortexed and kept at room temperature
(~25 ◦C) in a dark room for 90 min. Absorbance was measured at 765 nm using a spectrophotometer
(series 1000, model CE 1021; CECIL Instruments Ltd., Cambridge, UK) with results expressed as mg of
Gallic Acid Equivalents (GAE)/100 mL. Total phenolic extractions were made in triplicate.
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2.3. Antioxidant Capacity

The antioxidant capacity (AC) was measured by a ferric reducing antioxidant power assay
(FRAP) [23,24]. Extracts were obtained in the same way as for TPC determination. Distilled water
(30 μL), the sample (30 μL), and FRAP reagent (900 μL) were placed in the cuvette. The cuvettes were
incubated for 30 min in a water bath at 37 ◦C and the absorbance was measured at 595 nm. A calibration
curve was obtained using different concentrations of Trolox in 960 g kg−1 ethanol. The results were
expressed as μmol Trolox/mL of sample. Three separate extractions were made for each treatment and
the measurements were performed in triplicate.

2.4. Chokeberry Microstructure

The microstructure analysis was carried out following Hernández-Carrión et al. [25] with some
modifications. For the study of the chokeberry microstructure, a Nikon Eclipse E80i microscope (Nikon,
Tokyo, Japan) was used. The autofluorescence of the phenolic compounds in the samples was observed
using a mercury arc lamp with a tetramethyl rhodamine filter (λex = 543/22 nm, λem = 593/40 nm) as the
excitation source. Samples were visualized using ×10 and ×20 objective lenses. The micrographs were
stored at a 1280 × 1024-pixel resolution using the microscope software (NIS-Elements F, Version 4.0,
Nikon, Tokyo, Japan). Analysis of the fluorescence intensity was conducted with the ImageJ software.

2.5. Microbiological Analysis

The effect of HPP treatment was evaluated on natural contaminating flora (aerobic mesophilic
microorganisms, molds, and yeasts) and on Listeria monocytogenes serovar 4b [26] (CECT 4032) as
pathogen microorganism [27]. The growth media used for the spreading of samples was plate count
agar (Scharlau Chemie S. A., Sentmenat, Spain) for mesophilic aerobic; potato dextrose agar (Scharlau
Chemie S. A., Sentmenat, Spain) for molds and yeasts; and tryptic soy agar (Scharlau Chemie S. A.,
Sentmenat, Spain) for L. monocytogenes. The incubation conditions were 48 h at 30 ◦C, 120 h (5 days) at
24 ◦C, and 48 h at 37 ◦C, respectively.

L. monocytogenes was artificially inoculated in the sample. The stock vials containing L.
monocytogenes at a concentration ca. 109 cfu/mL were generated following the methods described by
Saucedo-Reyes et al. and Pina-Pérez et al. [20,28]. Before HPP treatment, vials were inoculated in the
chokeberry-skimmed milk samples at a final concentration of 108 cfu/mL. The counts for evaluating
microorganism inactivation were performed before and after each HPP treatment. Two aliquots
(0.1 mL) were taken from each sample, diluted with buffered peptone water (Scharlau Chemie S. A,
Sentmenat, Spain), and plated in the respective agar. Two replicas of each treatment were obtained,
and three repetitions of each treatment condition was performed. The survival fraction S = N/N0 and
the level of inactivation Log10 (N/N0) were evaluated for each repetition.

2.6. Experimental Design and Statistical Analysis

RSM was used to optimize the preservation process and to investigate the simultaneous effects of
pressure, time, and chokeberry powder concentration on TPC, AC, and microbiological inactivation
of the prepared samples. For the chokeberry-milk matrix, a face-centered central composite design
was used with three levels (maximum, minimum, and central) and three independent factors, namely
pressure (200 to 500 MPa), time (1 to 10 min), and chokeberry pomace concentration (2.5 to 10%
(w/v)), resulting in 16 combinations (Table 1). The central point of the three variables was replicated
twice to assure the reproducibility and stability of the results. All the experiments were randomized.
A quadratic model was obtained with regression coefficients associated with the linear, quadratic, and
interaction effects. A t-test determined their significance through the p-value generated.
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Table 1. Experimental design matrix for studies conducted.

Run Pressure (MPa) (X1) Time (min) (X2) Chokeberry Pomace (% (w/v))

1 500 1 2.5
2 350 10 6.25
3 500 5.5 6.25

4 a 350 5.5 6.25
5 500 10 10
6 350 5.5 2.5
7 350 5.5 10
8 350 1 6.25
9 200 10 10
10 500 10 2.5
11 200 5.5 6.25
12 200 10 2.5
13 350 5.5 6.25
14 200 1 10
15 200 1 2.5
16 500 1 10

a Central point.

The non-significant terms (p > 0.05) were deleted from the second-order polynomial model after an
ANOVA test and a new ANOVA was performed to find the coefficients of the final equation for better
accuracy [29]. The experimental design and the data analysis were performed using the Statgraphics®

Centurion XVII software (Statpoint Technologies, Inc., Warrenton, VA, USA).

3. Results and Discussion

3.1. Effect of HPP on TPC, AC, and Microbial Counts of Chokeberry Milkshakes

Effects of HPP treatments on the TPC, AC, and microbiological survival fraction are shown
in Table 2. The analyses were conducted on untreated and treated samples to observe differences
with HPP treatment. Results for molds and yeasts are not shown because there were no changes in
any treatments.

TPC concentration in untreated samples with 2.5%, 6.25%, and 10% (w/v) of chokeberry pomace
is 53.02 ± 0.14, 73.92 ± 3.17, and 121.16 ± 0.31 mg GAE/100 mL, respectively. Furthermore, the AC
results for samples 2.5, 6.25, and 10% (w/v) of chokeberry pomace, are 6.06 ± 0.14, 9.27 ± 0.20, and 14.89
± 0.30 μmol Trolox/mL, respectively. As expected, the TPC and AC results are higher with higher
pomace concentrations.

In treated samples, the highest result for TPC is 155.28 ± 2.07 mg GAE/100 mL with 500 MPa
during 1 min and 10% (w/v) pomace addition; the lowest is 42.45 ± 2.89 mg GAE/100 mL with 350 MPa
during 5.5 min and 2.5% (w/v) pomace addition. Yet, the highest AC is 17.3 ± 1.08 μmol Trolox/mL for
the treatment of 200 MPa during 1 min with 10% (w/v) pomace addition. The treatment that obtained
the lower AC matches the one that obtained the lower TPC (350 MPa during 5.5 min with 2.5% (w/v)
pomace addition).

The lowest results for TPC and AC are obtained for the intermediate pressure and not for the lowest
as expected, yet these low results are similar to other treatments at different processing conditions but
with the same pomace concentration (2.5%). In contrast, the higher value results for TPC and AC are
obtained for milkshakes with 10% of chokeberry. When comparing the results of the treatments at each
concentration, values were higher as the pomace concentration increased. In addition, comparing the
results of treatments at each concentration with its untreated counterpart, samples 6.25 and 10% show
an increase in TPC and AC, influenced by the pressures and times studied. However, for samples at
2.5%, this effect is less acute, affected only by high pressures (500 MPa).
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Table 2. Effect of HPP and chokeberry pomace on TPC, AC, and the microbial survival fraction.

Pressure (MPa) Time (min)
Chokeberry Pomace

% (w/v)
TPC (mg

GAE/100 mL)
AC (μmol

Trolox/mL)
Inactivation
Log10 (N/N0)

0 0 2.5 53.02 ± 0.14 6.06 ± 0.14 -
6.25 73.92 ± 3.17 9.27 ± 0.20 -
10 121.16 ± 0.31 14.89 ± 0.30 -

200 1 2.5 49.39 ± 2.24 5.02 ± 0.34 0.01 ± 0.08
10 130.20 ± 3.46 17.3 ± 1.08 −0.18 ± 0.04

5.5 6.25 136.79 ± 8.06 11.79 ± 0.99 −0.20 ± 0.08
10 2.5 50.54 ± 4.64 4.80 ± 0.16 0.06 ± 0.12

10 132.85 ± 2.31 13.98 ± 0.49 −0.11 ± 0.06
350 1 6.25 84.32 ± 2.59 10.13 ± 0.79 −0.20 ± 0.06

5.5 2.5 42.45 ± 2.89 4.77 ± 0.39 −0.25 ± 0.14
6.25 a 78.54 ± 3.39 a 7.58 ± 0.41 a −0.21 ± 0.19 a

6.25 106.14 ± 4.28 8.54 ± 0.03 −0.33 ± 0.09
10 124.96 ± 3.78 16.45 ± 0.10 −0.55 ± 0.05

10 6.25 101.92 ± 5.70 16.53 ± 0.78 −0.33 ± 0.32
500 1 2.5 54.14 ± 0.61 5.7 ± 0.45 −0.44 ± 0.05

10 155.28 ± 2.07 16.36 ± 0.35 −0.67 ± 0.08
5.5 6.25 97.17 ± 7.09 11.33 ± 2.03 −0.87 ± 0.06
10 2.5 58.36 ± 2.97 6.69 ± 0.19 −3.63 ± 0.08

10 134.17 ± 1.57 14.79 ± 0.76 −4.02 ± 0.15
a Central point; HPP: High Pressure Processing; TPC: Total Phenolic Content; AC: Antioxidant Capacity; N: final
cell concentration; N0: initial cell concentration.

Thus, the results are affected by all the factors in this study (pressure, time, and concentration), but
mainly the pomace concentration. The HPP treated foods are either unaffected or have increased TPC
and/or extractability following treatments with high pressures [30]. Andrés et al. [31] found increases
of 6.6% and 4.2% in TPC values for fruit smoothies treated at 450 and 600 MPa, respectively. Corrales
et al. [32] showed that treating at 600 MPa enhanced the anthocyanin extraction and its AC in grape
by-products than with conventional extraction methods. Liu et al. [33] found treatments at 200 MPa, for
5 and 10 min, led to an increased TPC of 14.24% and 14.35% in wild Lonicera caerulea berry, respectively,
however, for treatments at 500 and 600 MPa there was a significant decrease of TPC. In contrast, other
authors found HPP had little effect on phenolic content. Barba et al. [34] observed TPC to be relatively
resistant to the effect of processing in tomato purées. Hurtado et al. [35] did not observe differences in
AC values between untreated and treated red fruit-based smoothies for treatments at 350 MPa, 10 ◦C,
and 5 min. Patras et al. [36] found that phenol content in HPP treated strawberry purées was relatively
resistant to the effect of processing at 400 and 500 MPa, only showing an increase in treatments at
600 MPa for TPC and AC. Therefore, the results obtained with HPP depend of several conditions, such
as the matrix in which they are applied, and the severity of the treatment and it is necessary to study
the behavior of different samples with these treatments.

In fluorescence microscopy, the intensity value of a pixel is related to the number of fluorophores
present at the corresponding area in the particle. Thus, the digital images can be used to extract the
intensity values to determine the local concentration of fluorophores in a specimen [37]. In our case of
study, the images in Figure 1 show the pomace particles dispersed into the milk matrix.

To analyze the florescence intensity the images corresponding to the lower (200 MPa, 1 min,
2.5%), central (350 MPa, 5.5 min, 6.25%), and higher (500 MPa, 10 min, 10%) treatments were selected.
The particle with greater intensity was selected to generate intensity profiles (Figure 1a–c). A line
(shown in yellow) was drawn across the particle, and a plot (graph) was generated to show the intensity
values of the pixels along the line (Figure 1d–i). In addition, Figure 1j–l shows the relation between the
percentages of particles at each fluorescence intensity interval.
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Figure 1. Fluorescence intensity of: 200 MPa, 1 min, 2.5% (a,d,g,j); 350 MPa, 5.5 min, 6.25% (b,e,h,k);
and 500 MPa, 10 min, 10% (c,f,i,l).

The fluorescence intensity for the isolated particles is higher in the medium (Figure 1k) and high
treatments (Figure 1l) than in the low treatment (Figure 1j). Comparing the background intensity,
corresponding to the liquid phase of the sample, fluorescence increases as the severity of the treatment
increases. Several authors [16,38,39] have described the cell wall degradation and breakage in plant
tissue after HPP, leading to a leaching of contents from the pomace cells (included polyphenols) to the
milk acting as a liquid medium [32,38]. In addition, Gonzalez and Barrett [40] described that treatments
at pressures above 220 MPa were responsible for the breakage of the membrane structure because of
protein unfolding and interface separation. Therefore, as higher pressures are applied, the phenolic
contents are being released to the medium due to the membrane breakage, giving as a result higher
values of fluorescence intensity. The particle frequency plots show that the frequency of particles at
high intensities rises with the severity of the treatment. These results agree with the results of TPC and
AC, i.e., higher fluorescence intensities correspond to the treatments that obtained the higher TPC and
AC results. Therefore, measurement of fluorescence intensity can be an indicator for TPC and AC in
this type of sample. Further research is needed to prove if the analysis is usable in other matrices.
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Besides the effect of HPP on the polyphenols, there could be a microbial inactivation because
of changes induced in the microbial cells. These changes include alterations in the cell membrane,
effects on proteins, and effects on the genetic mechanism of microorganisms [18,41,42]. Seen in
microbiological inactivation results in Table 2, treatments at 200 MPa during 1 min with 2.5% (w/v)
of pomace and at 200 MPa during 10 min with 2.5% of pomace do not show microbial inactivation.
At 2.5% pomace concentration and low pressure (200 MPa), longer treatment time is not enough for
microbial inactivation. Muñoz-Cuevas et al. [43] also observed this behavior. Still, it is necessary
to reach a minimum treatment intensity (500 MPa, 10 min) to obtain significant L. monocytogenes
inactivation. At this condition, an increase in chokeberry pomace concentration from 2.5% to 10% (w/v)
increases microbial inactivation from 3.63 to 4.02 Log reductions.

Thus, increasing the pressure and treatment time results in an increase in the lethal effect of HPP
treatment. This effect relates to food composition, technological parameters, and the factors acting in
synergy [44,45].

Besides the effect of treatment conditions, several authors have described the high antimicrobial
capacity of berry fruits and their by-products [46–48] and the synergistic effect between natural
substances and high pressure treatments [28,49,50]. Despite the evidence found in the literature,
except the treatments of 500 MPa, 10 min with 2.5% and 10% (w/v) pomace, the inactivation values
are lower than similar treatments with other products and microorganisms. For example, Evrendilek
& Balasubramaniam [49] concluded that samples of ayran (yogurt drink) treated at 600 MPa during
5 min had reduced in the levels of L. monocytogenes and L. innocua by more than five log units (p < 0.05)
at ambient temperature. Nevertheless, Gervilla et al. [51] and Black et al. [52] have described a
baroprotective effect that milk has on the cells. Thus, this effect could counteract the antimicrobial effect
of chokeberry pomace, explaining the low inactivation levels found for L. monocytogenes in this study.
To prove this effect, an experiment was conducted where the central point of the design (350 MPa,
5.5 min in milk with 6.25% (w/v) of chokeberry pomace) was used as a treatment to compare the
inactivation reached in four different matrices: (i) peptone water with L. monocytogenes, (ii) milk with L.
monocytogenes, (iii) peptone water with L. monocytogenes and chokeberry pomace, and (iv) milk with L.
monocytogenes and chokeberry pomace. Results tested the baroprotective effect of milk and are shown
in Figure 2.

Figure 2. Inactivation level of ingredients’ different combinations: peptone water (W), milk (M),
inoculated Listeria monocytogenes (LM), and pomace (P).

In samples without milk (W + LM and W + LM + P), the number of surviving cells is lower than
with milk samples (M + LM and M + LM + P), and more prominent when pomace is added. Apart
from the protective effect of milk, an increase is seen in the efficacy of HPP against L. monocytogenes
when pomace is present in the sample. Thus, these results can describe the synergistic effect of pomace,
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HPP, and the protective effect of milk on L. monocytogenes. Still, there is microbial inactivation with
some treatments, even with the protective effect of milk on the microbiological cells.

3.2. Processing Parameter Optimization and Their Effect on the Safety and Quality of the Formulated Matrix

The best processing conditions for treating chokeberry milkshakes when HPP is combined with
added by-products with antimicrobial and antioxidant properties (chokeberry pomace) were studied
by RSM. This methodology uses a sequence of designed experiments to obtain an optimal response.

First, the estimated effects of each factor (pressure, time, and concentration) and their interactions
were analyzed (Figure 3). The response function for the factors and the adjusted regression coefficient
(R2 adjusted), showing the percentage of variation in the response explained by the fitted model, is
shown in Equations (1)–(3) (pressure (P), time (t), chokeberry pomace concentration (C)). The value of
the adjusted R2 close to one indicates a high correlation between the experimental and fitted values.

Figure 3. Estimated effects of each factor (pressure, time, and concentration) and their interactions
with TPC (a), AC (b), and L. monocytogenes inactivation (c) where + or −means a positive or negative
relation between factor (pressure, time or concentration) and response (TPC, AC or L. monocytogenes
survival fraction), respectively. A: pressure, B: time and C: concentration. The combination of letters
(AA, BB, AB . . . ) refer to the interactions carried out in the analysis.

TPC = 25.6475 + 11.2687×C R2adj = 0.85 (1)

AC = 2.08477 + 1.38395×C R2adj = 0.80 (2)

Log10

(
N
N0

)
= −0.160277 + 0.000618685× P + 0.285165× t− 0.00123019× P× t R2adj = 0.76 (3)

Figure 3 shows the pareto chart for TPC, AC, and microbial inactivation. This chart determines
the magnitude and the importance of the effects. The bars that extend beyond the line correspond to
effects that are statistically significant with a 95.0% confidence level. The factor “pomace concentration
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in milkshakes” is the only factor that significantly affects TPC and AC concentration. However, the
results in Table 2 show TPC and AC are influenced by all the factors, including time and pressure.
Chokeberry pomace has been reported as a berry fruit with high phenolic content [8]. Thus, though
it could exist with the effect of pressure and time, the results could be masked by the natural high
phenolic content.

The low effect of treatment conditions on TPC and AC could be explained by using milk as a
liquid medium. High pressure processing induces physicochemical and technological changes in milk
properties. When HPP is applied to milk, the casein micelles are disintegrated into casein particles of
smaller size, which is accompanied by an increase in casein and calcium phosphate levels in the serum
phase of milk and by a decrease in both non-casein nitrogen and serum nitrogen fractions [18,53].
In addition, interactions between polyphenols and milk proteins have been previously described by
other researchers [54–56]. In our work, these interactions could be favored by the changes in the
casein structure due to HPP treatment, which would lead to the formation of complexes that restrict
the accessibility of analysis, leading to lower AC and TPC and a non-significant effect of treatment
conditions (pressures and time). Tadapaneni et al. [57] also observed this effect in strawberry-based
beverages treated with HPP at pressures ranging from 200 to 600 MPa. They saw, when formulated
with milk instead of water, the beverage presented reduced levels of AC and anthocyanins because of
complexes forming between polyphenols and milk proteins. Therefore, as the effect of concentration
is so pronounced in RSM and polyphenol–milk protein interactions may exist, decreasing the AC
and TPC, the effect of the other parameters is much lower, leading to a non-significant effect of time
and pressure.

In contrast, pressure and time are the parameters with a significant effect on the microbiological
inactivation. Thus, the chokeberry pomace concentration added to the milkshake, does not have a
significant effect on the inactivation results. These results confirm the hypothesis explained above
(Figure 2); there is an antimicrobial effect of berry pomace. However, it is masked with the protective
effect of milk on L. monocytogenes cells, giving as a lower inactivation result than with similar treatment
conditions in products with a natural antimicrobial agents, yet without milk [49]. Despite the protective
effect of milk on microorganisms, adding chokeberry pomace could help achieve higher inactivation
levels than HPP without the pomace.

Once the estimated effect and its interaction were analyzed, the response optimization was carried
out. The results show that the optimized factors are 500 MPa for 10 min in milk with 10% (w/v) of
chokeberry pomace (Table 3). This treatment condition ensures the maximum TPC and AC with the
minimum microbiological survival.

Table 3. Predicted and limit response values for optimum treatment conditions.

Response Predicted Lower 95.0% Limit Upper 95.0% Limit

TPC (mg GAE/100 mL) 138.33 125.68 150.99
AC (μmol Trolox/mL) 15.92 14.13 17.72

Log10 (N/N0) −3.15 −3.96 −2.34

The optimum treatment conditions are the same as those of the experimental design. When
comparing the results in Table 2 with the predicted values in Table 3, we see that experimental results
are like the predicted values through optimization. Therefore, the RSM is proven to be a reliable tool to
predict the behavior of the sample studied in terms of AC, TPC, and microbial inactivation.

4. Conclusions

The fluorescence intensity measurement of microstructure images can be an indicator of the TPC
and AC of the samples. Microstructure images showed that, with intense treatment, there is leaching
of the polyphenolic substances into the milk because of cell structure breakage. For the microbiological
inactivation, the results showed that the pomace had antimicrobial properties, but they were partially
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masked by the interactions between milk proteins and the polyphenols available, and that higher levels
of inactivation were achieved at high pressures and long treatment times. The RSM results showed
that TPC and AC were only affected by the pomace concentration added to the milkshake, because
the high pomace concentration and the polyphenol–milk protein interactions could mask the effect of
pressure and time.

Although the efficiency of HPP inactivation on L. monocytogenes has been proven, further research
is needed for products without milk to study the effect of chokeberry pomace treated with HPP on the
TPC, AC, and microbial inactivation.
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Abstract: The impact of high-pressure (HP) processing on the viability of two probiotic microorganisms
(Bifidobacterium bifidum and Lactobacillus casei) at varying pressure (100−400 MPa), temperature
(20−40 ◦C) and pH (6.5 vs. 4.8) conditions was investigated. Appropriate mathematical models were
developed to describe the kinetics of the probiotics viability loss under the implemented HP conditions,
aiming to the development of a predictive tool used in the design of HP-processed yoghurt-like
dairy products. The validation of these models was conducted in plain and sweet cherry-flavored
probiotic dairy beverage products pressurized at 100−400M Pa at ambient temperature for 10 min.
The microbiological, rheological, physicochemical and sensory characteristics of the HP-treated
probiotic dairy beverages were determined in two-week time intervals and for an overall 28 days
of storage. Results showed that the application of HP in the range of 200−300 MPa had minimal
impact on the probiotic strains viability throughout the entire storage period. In addition, the
aforementioned HP processing conditions enhanced the rheological and sensory properties without
affecting post-acidification compared to the untreated product analogues.

Keywords: probiotics; viability model; high-pressure processing; rheology; sensory quality; fermented
dairy beverage

1. Introduction

In recent decades, the functional food market has experienced a remarkable expansion as a
result of the increasing consumer awareness for products that confer significant well-being and health
promoting benefits. According to Food and Agriculture Organization/World Health Organization
(FAO/WHO) definition, the term probiotics refers to “live microorganisms, which when administered
in adequate amounts confer a health benefit to the host” [1]. In this context, only well-defined
commensals and microbe consortia isolated from human samples with generic or core effects on gut
physiology and supporting the health of reproductive tract, oral cavity, lungs, skin or brain-gut axis
can be considered to be probiotics [2]. As for functional food innovation, fermented products such
as yoghurt, cheese, fermented vegetables, fruit and legumes and dry cured meat are considered to
be indigenous sources of probiotics [3]. The health benefits attained by the regular consumption of
probiotic foods are associated with postbiotics, i.e., the production of secondary metabolites such as
organic acids, enzymes, bioactive or antimicrobial peptides, exopolysaccharides, conjugated linoleic
acids, vitamins, and phenolic compounds. Current knowledge of probiotics supports a plethora of
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therapeutic effects achieved following their regular administration to the human host, including their
ability to relieve the symptomatology of irritable bowel syndrome, improve the blood serum lipid
composition, stimulate the gut immunomodulation and prevent inflammation induced chronic disease
such as obesity and several forms of cancer [4].

As far as the food industry practices, preserving the biological activity of probiotics is quite
challenging as several endogenous, i.e., food matrix associated, and exogenous parameters, such as
exposure of bacterial cells to harsh food processing, storage, and post-ingestion conditions, can
potentially act as sublethal stressors of probiotic cells. For example, the availability of nutrients,
bacterial cell growth promoters or inhibitors, the physical state (i.e., rubbery or glassy), the amount
of dissolved oxygen, the pH and water activity conditions are among the commonest food matrix
associated parameters that affect the viability of probiotics. In addition, food processing and storage
can result in significant mechanical, heat, pH, osmolytic and pro-oxidants exposure induced injuries of
the bacterial cells [5].

Despite their well-addressed biofunctional profile, fermented dairy products need to meet a
handful of quality characteristics relating to texture, structure, olfactory, gustatory, and visual sensory
modalities. In this context, the addition of food relevant structuring and texturizing agents, such
as skim-milk powder, whey protein concentrates (WPCs), caseinates, polysaccharides, or other
bulking agents, is considered to be a standard practice in dairy products manufacturing [6,7]. As an
alternative, high-pressure (HP) processing has shown a great potential to deliver bespoke texture
and structure reinforcing benefits to protein gels including fermented milk products [8–13]. It has
been demonstrated that the implementation of a HP processing in a pressure-temperature range
from 100 to 400 MPa and from 10 to 25 ◦C, respectively, and for an overall processing time of about
10−15 min, is sufficient to promote fermented milks structuring without the need for solid fortification.
In addition, the aforementioned HP processing conditions can impart acceptable sensory cross-modality
without affecting in an adverse way the biological activity of the living yoghurt starters and probiotic
cells [14–16].

In the present work, it is hypothesized that the HP processing of pre-coagulated milk (stirred
yoghurt) can lead to beneficial effects on its major physicochemical, rheological, and sensory properties
without affecting significantly the viability of the embedding probiotic cells. For this purpose,
the effect of HP processing conditions on the viability of two commonly used probiotic microorganisms
(Bifidobacterium bifidum and Lactobacillus casei) in different pH values (pH 6.5 and 4.8) model systems was
kinetically studied. The developed predictive models were assessed for their feasibility in the design
of HP-processed real food systems, i.e., plain or cherry fruit-flavored probiotic yoghurts, containing
Bifidobacterium lactis BB12 and Lactobacillus acidophilus LA5 strains. The probiotic yoghurts were
evaluated concerning the microbiological, physicochemical, rheological, and sensory characteristics for
an overall of 28 days of storage at chilling conditions.

2. Materials and Methods

2.1. Preparation of the Inocula for Kinetics Study

Stock cultures of the tested microorganisms (Bifidobacterium bifidum and Lactobacillus casei) were
maintained in cryovials at −40 ◦C with glycerol (20% v/v) used as a cryoprotective agent. For the
revival of each microorganism, one cryovial was transferred into 10 mL MRS broth (Merck, 1.10661,
Darmstadt, Germany) and incubated at 37 ◦C for 24 h; for the revival of Bifidobacterium bifidum, 3% v/v
of L-cysteine HCl sol. was added to MRS broth to achieve anaerobic environment. For growth and use
in the kinetic experiments, 100 μL of the above inocula were transferred individually into 10 mL MRS
broth (with 3% v/v of L-cysteine HCl sol. for Bifidobacterium bifidum) and incubated at 37 ◦C for 18−20 h.
The final suspensions were transferred into 90 mL MRS broth with modified pH value to 4.80 (HCl sol.
1 M) or 6.50 (Na2HPO4/NaH2PO4 buffer sol. 0.1 M), representing the model system of low and high pH
value respectively, and served as the inocula for viability loss experiments (microbial cells in stationary
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phase and initial plate counted at approximately 109 CFU/mL). The selection of MRS growth medium
instead of a milk-based medium was based on the fact that the viability of the tested microorganisms
will not be affected by the possible presence of any protective agent (e.g., lipids) of the bacterial cells.

2.2. Yoghurt Preparation

Commercial homogenized pasteurized milk (3.2% w/w protein and 3.5% w/w fat) was placed into
2000 mL glass beakers and subjected to thermal treatment consisting of a rapid microwave assisted
pre-heating step at 85 ◦C and a batch heating step at 85 ◦C for 20 min in a water-bath (Memmert,
Guechenbach, Germany). Subsequently, milk was cooled to fermentation temperature (43.0±0.2 ◦C)
and inoculated with 0.2% v/v commercial starter culture comprising Streptococcus salivarius subsp.
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus in a ratio of 4:1 (prepared as a 1:5 w/w
dilution of Christian–Hansen freeze-dried YC-X11 culture in commercial UHT skim milk) and 0.3% w/w
commercial probiotic cultures of Bifidobacterium lactis and Lactobacillus acidophilus (direct inoculation
of Christian–Hansen BB12 and LA-5 probiotic cultures) according to the supplier’s instructions.
The inoculated milk was placed in a water-bath maintained at the desirable fermentation temperature
(43.0±0.4 ◦C) until the acidification end point (pH = 4.80) was achieved. Afterwards, the coagulum
was manually stirred and divided in three batches. Two of the batches were single stage homogenized
at 10 bar in a laboratory high-pressure homogenizer (APV1000, Kolding, Denmark) and packed in
180 g sterile multilayer pouches (laminate film: PP-aluminum-PE); one batch was stored at 5.0 ± 0.2 ◦C
(Control samples), while the other was subjected to HP treatment (homogenized and HP-treated
samples, coded as Homo-HP) and then stored under the same chilling conditions. A third batch
prepared by directly packing the yoghurt in sterile multilayer pouches of 180 g for HP experiments
(HP-treated samples, coded as HP) was also prepared. For cherry-flavored samples, 10% (w/w) of cherry
syrup (Olympic Foods S.A., Athens, Greece) was blended with the yoghurt base until homogeneous
dispersion of the syrup (68.6±1.57% w/v total sugars content of the syrup). The day after the production
of the samples was considered to be the zero time point, while all quality characterization analysis
were carried out in triplicate on a week time intervals for an overall of 28 days.

2.3. High-Pressure Processing

The experiments were performed using a pilot-scale HP equipment (Food Pressure Unit FPU 1.01,
Resato International BV, Assen, Netherlands), as previously described in Tsevdou et al. [12]. For kinetic
experiments, 5 mL of the inocula were placed into pouches (laminate film: PP-aluminum-PE) and
the viability loss experiments were conducted in the multi-vessel system, in duplicate at various
combinations of pressure (100−400 MPa) and temperature (20−40 ◦C) for appropriate process times.
For product batch experiments, 180 g of yoghurt were placed into multilayer pouches (laminate
film: PP-aluminum-PE) and, the experiments were conducted in triplicate at various combinations of
pressure (100−400 MPa) and ambient temperature (26.1±0.3 ◦C) for 10 min.

2.4. Microbiological Analysis

Ten grams of yoghurt was transferred into a sterile stomacher bag with 90 g sterilized Ringer
solution (1.15525, Merck, Darmstadt, Germany) and was homogenized for 60 s with a stomacher
(BagMixer ® Interscience, Saint-Nom-la-Bretèche, France). The enumeration of remaining viable
cells of 10-fold serial dilutions of yoghurt homogenates was conducted using the appropriate
plate methodology.

For enumerating the probiotic bacteria, MRS agar (Merck, 1.10660, Darmstadt, Germany) was
modified as follows; (a) addition of 5% v/v filter-sterilized NNLP (NNLP sol. comprises 100 mg
Neomycin sulfate, 15 mg Nalidixic acid, 3 g Lithium chloride and 200 mg Paromomycin sulfate per
1 L (Tharmaraj & Shah, 2004)) sol. and 3% v/v filter-sterilized L-cysteine HCl sol. for Bifidobacteria
spp., and (b) addition of 0.2% v/v filter-sterilized vancomycin hydrochloride sol. (Calbiochem, 627850,
Darmstadt, Germany) for Lactobacillus casei enumeration [17]. Incubation of petri dishes was carried
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out in anaerobic jars (Merck, 1.16387, Darmstadt, Germany) at 37 ◦C for 72 h, using Anaerocult A
(Merck, 1.13829, Darmstadt, Germany) as a catalyst. Streptococcus thermophilus was enumerated on M17
Agar (1.15108, Merck, Darmstadt, Germany) after incubation at 37 ◦C for 24 h under aerobic conditions.
For Lactobacillus bulgaricus enumeration, the pour plate methodology on MRS agar with modified
pH value at 4.58 was used, followed by incubation at 45 ◦C for 72 h in anaerobic jars as previously
described. Two replicates of at least three appropriate dilutions were enumerated.

2.5. Physicochemical Analysis

The pH of yoghurt samples was measured using a pH meter (AMEL 338, Amel Instruments,
Milano, Italy) whereas their titratable acidity (expressed as % lactic acid) was determined according to
the International Dairy Federation (IDF) method [18].

The water holding capacity (WHC) of yoghurts was expressed as the grams of separated whey
from 10 g of sample after centrifugation at 10.000 rpm (5.712 g) and 20 ◦C for 20 min [19].

The total color (E) of the samples were determined by measurement of CIELab values (L-value:
lightness, a-value: redness/greenness, b-value: yellowness/blueness), using a CR200-Minolta Chromameter
(Minolta Co., Chuo-Ku, Osaka, Japan) with an 8 mm measuring area, according to the equation:

E =
√

L2 + a2 + b2 (1)

The instrument was standardized using a white reference tile (Minolta Co., Chuo-Ku, Osaka,
Japan). All measurements were carried out in triplicate.

2.6. Rheological Properties

The rheological behavior of yoghurt samples was determined using a rotational viscosimeter (RC1
Rheometer, Rheotec Meßtechnic GmbH, Raderburg, Germany) coupled with a circulating cooling bath
(RE312, Lauda GmbH, Lauda-Königshofen, Germany). The measurements were carried out at 10 ◦C
using a MS-CC48 DIN/FTK cylinder. 75 mL of yoghurt sample were transferred to the measuring cup
and preconditioned at 10 ◦C for 1 h prior to analysis. Shear rate sweeps from 5 to 200 s−1 followed
by constant shear rate step at 200 s−1 were applied. The duration of the shear stress sweep was 180 s.
To describe the rheological behavior of the samples, the shear stress – shear rate data were fitted to the
Ostwald–de Waale model:

σ = K · γn (2)

where, σ is the shear stress (Pa·s), γ is the shear rate (s−1), K is the consistency index (Pa·sn) and n is the
flow behavior index. The apparent viscosity (η, Pa·s) of the samples was calculated at a shear rate of
50 s−1, representing the sensing shear rate in the mouth of low viscosity foods [20].

2.7. Sensory Evaluation

Eight trained panelists (according to ISO standards) belonging to the staff of the Laboratory of
Food Chemistry and Technology were recruited for assessing the plain and cherry-flavored yoghurts
on days 1, 15 and 28 [21,22].

Two sessions per day (one in the morning and one in the afternoon) evaluating five formulations
per session were conducted in the accredited according to ISO 17.025 Sensory Laboratory of NTUA
(Athens, Greece) that has a standardized room (according to ISO standards) equipped with separate
booths [23]. Samples were presented in plastic coded (three-digit random codes) cups, containing 50 mL
of freshly removed from the refrigerator yoghurt samples. The panelists were asked to evaluate the
samples using a 9-point intensity scale (1, lowest intensity; 9, highest intensity) based on pre-selected
appearance (wheying-off, white color, yellowish color, cherry fruit color), tactile (ropy, uniform
coagulum), orotactile (viscous, curdy, grainy), gustatory (sweet, bitter, sour, metallic) and olfactory
(dairy flavor, sourmilk flavor, cherry flavor, rancid) sensory modalities. In addition, the panelists
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were asked to rate the yoghurt samples using a 9-point hedonic scale (1: I do not like at all, 9: I like
extremely). During the sensory evaluation sessions, the panelists were instructed to cleanse their palate
with low sodium spring water (Zagori, Greece) and consume a small piece of unsalted bread. The data
were collected in specifically designed ballots and the panelists were encouraged to write down any
criticisms on the tested products.

2.8. Data Analysis

First order kinetics was fitted to the logarithm of the concentration of viable cells [24]. The decimal
reduction times (D, min) were estimated to describe the effect of process time on the viability loss of
the tested microorganisms. The effect of temperature was expressed through the thermal resistance
constant (zT), and the effect of pressure was described by the pressure resistance constant (zP) [24].
The parameters of the proposed mathematical model, which describes the viability loss of the
microorganisms as a function of pressure and temperature, were estimated using non-linear regression
on SYSTAT 10.0 software (SYSTAT 10.0 Statistics, 2002, SPSS Inc., Chicago, USA).

2.9. Statistical Analysis

The normal distribution of the data was verified by means of the Shapiro–Wilk test and Q-Q
plot representation. In addition, the equality of variance within among the variables was verified
using the Levene’s test. 3-factors ANOVA (treatment vs. pressure level vs. storage time) followed
by Duncan’s means post hoc comparison test was applied for the analysis of all quality attributes in
the shelf-life study of yoghurt samples. The physicochemical, rheological and sensory data matrices
were log transformed and subject to Principal Components Analysis (PCA) to explore the qualitative
affinities between the different products developed. All statistical analyses were performed using
Statistica® v.7 software (StatSoft Inc., Tulsa, OK, USA). Partial least squares regression (PLSR) using
the leave-one-out validation method, as previously described in Kanta et al. [25], was used in order
to explore the sensory modal drivers of degree of overall liking (DOL) of yoghurt samples. All PLS
analyses were carried out using XLSTAT 2014 software (Addinsoft, UK).

3. Results and Discussion

3.1. Probiotics Viability Loss as a Function of Pressure and Temperature

The viability loss of Bifidobacterium bifidum as a function of pressurization time in model systems
of different pH values at various combinations of pressure (100−400 MPa) and temperature (20−40 ◦C)
was described by first order kinetics (R2 0.84−0.99). The D-values were estimated at all studied
pressure/temperature combinations (Table 1). The D-values decreased with increasing processing
pressure and temperature at all levels tested, indicating the combined effect of temperature and
pressure on the viability loss of these bacteria. In addition, B. bifidum exerted better survivability rates
in high pH conditioned model systems, which corroborates previous studies reporting an optimal
pH growth threshold in the range of 6.0−7.0 and a significant loss of survival for pH values below
4.5−5.0 [26,27].

At each temperature, the effect of pressure on the viability loss of B. bifidum was expressed through
the pressure resistance constant (zP) (Table 1). When conducting the experiments in acid model system
(4.80), the zP value ranged from 84.7 MPa for processing at 20 ◦C to 98 MPa for processing at 35 ◦C
(R2 range: 0.88−0.97), while in model system with pH value close to the optimum pH of growth (6.50),
the zP values ranged from 119 MPa when processing at 25 ◦C to 152 MPa when processing at 40 ◦C (R2

range: 0.89−0.99). Taking into account that in both laboratory and industrial scale HP equipment the
minimum pressure setting step is 50 MPa, the zP value for each model system was considered to be
constant for the temperature range.
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Table 1. Viability loss kinetic parameters of Bifidobacterium bifidum.

Decimal Reduction Times (D, min) of B. bifidum in pH 4.80

20 ◦C 25 ◦C 30 ◦C 35 ◦C zT (◦C)

100 MPa 435 (±23) 400 (± 19) 263 (± 5.2) 250 (± 7.3) 62.2 (± 16)
200 MPa 313 (±9.0) 40.3 (± 1.4) 18.6 (± 2.0) 16.2 (± 0.7) 11.9 (± 3.2)
300 MPa 4.08 (±0.01) 2.53 (± 0.04) 1.43 (± 0.1) 0.71 (± 0.06) 19.8 (± 1.7)
400 MPa 0.25 (±0.03) 0.27 (± 0.01) 0.24 (± 0.01) 0.11 (± 0.00) 37.5 (± 3.4)
zP (MPa) 90.9 (± 5.1)

Decimal Reduction Times (D, min) of B. bifidum in pH 6.50

25 ◦C 30 ◦C 35 ◦C 40 ◦C zT (◦C)

100 MPa - 526 (± 15) 333 (± 2.1) 185 (± 9.0) 22.1 (± 2.3)
200 MPa 303 (± 3.0) 128 (± 10) 108 (± 9.3) 95.2 (± 7.0) 78.4 (± 9.4)
300 MPa 38.6 (± 2.1) 36.5 (± 1.9) 35.2 (± 0.6) 15.8 (± 2.0) 39.7 (± 1.6)
400 MPa 6.47 (± 1.1) 6.20 (± 0.9) 2.22 (± 0.3) 2.09 (± 0.4) 28.9 (± 1.2)
zP (MPa) 151 (± 8.0)

Values are means ± standard error of regression.

At each pressure, the effect of temperature on the viability loss of B. bifidum on the D-values
was estimated using the Arrhenius equation and expressed in bacteriological terms by the thermal
resistance constant (zT) (Table 1). All zT values were estimated for all pressures tested (R2 range:
0.81–0.99), and it was observed that there is no specific trend when increasing the applied pressure,
which is in accordance with findings in the literature for a variety of microorganisms [24,28].

The viability loss of Lactobacillus casei was studied in growth media of both pH values. Results
indicate that in growth medium with pH value of 6.50 (Figure 1a) L. casei exhibited similar viability
loss behavior to that of B. bifidum, regardless the pressure applied. However, when L. casei was studied
in the acid growth medium (Figure 1b), significant difference (p < 0.05) was observed in its viability as
compared to that of B. bifidum, especially in the pressure range of 100−200 MPa. When high pressures
were applied (300−400 MPa) both probiotic microorganisms exhibited similar viability loss. Similar
results were obtained for all the pressure/temperatures combinations tested.

The zP value of L. casei was found similar of that of B. bifidum when tested in acid environment
(91.7 ± 1.74 MPa in the temperature range of 20−35 ◦C, R2 range: 0.92−0.94), while when the
experiments conducted in model system of high pH value (6.50), L. casei found to be slightly,
yet significantly (p < 0.01), more baroresistant than the B. bifidum is (zP value equal to 208 ± 6.53 MPa in
the temperature range of 25−40 ◦C (R2 range: 0.95−0.96). There are no available data in the literature
that could explain the observed baroresistance of Lactobacilli; however, several shelf-life studies in
fermented dairy products have showed that both microorganisms lose their viability in pH values
below 4.5−5.0, and that in higher pH values Lactobacilli are significantly less sensitive as compared to
Bifidobacteria [29–31]. All zT values of Lactobacilli were estimated for all pressures tested and, as in
the case of B. bifidum, no specific trend was observed while increasing the applied pressure, with zT

values ranging from 15.8 to 45.1 ◦C and from 23.4 to 40.7 ◦C when the bacteria were studied in growth
medium of pH 4.80 and 6.50, respectively.
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Figure 1. Comparison of B. bifidum (closed symbols-solid lines) and L. casei (open symbols-dashed
lines) viability loss in broth model systems of pH value of (a) 6.5 and (b) 4.8, when pressurized at 30 ◦C
(mean values ± standard deviation; linear lines represent the first order kinetics that describes the
viability loss as a function of process time).

3.2. Modeling Probiotics Viability Loss as a Function of Temperature and Pressure

A single multi-parameter model was developed to describe the effect of pressure and temperature
process conditions only on the D-value of Bifidobacteria;

D = Do ·
(
exp

{
−2.303 · T · Tre f

ZT
· exp

[
−A

(
P− Pre f

)]
·
(

1
T
− 1

Tre f

)
+

2.303
ZP

·
(
P− Pre f

)})−1

(3)

where D0 (min) is the decimal reduction time at the reference conditions of pressure (Pref, MPa) and
temperature (Tref, ◦C), A is a constant parameter of the proposed model (MPa−1) and zT (◦C) and zP
(MPa) are the thermal and pressure resistance constants, respectively.

This equation takes into account the effect of pressure on the zT value, while the zP value found
not to be dependent on the process temperature. The parameters of the model were estimated (Table 2)
using non-linear regression and, results indicated that the predicted D-values from the model were
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well correlated with the corresponding D-values obtained from the experimental data (Figure 2,
R2 0.97−0.99).

Table 2. Viability loss kinetic parameters of Bifidobacterium bifidum.

Parameter Estimated Value pH 4.80 Estimated Value pH 6.50

Pref (MPa) 200 200
Tref (◦C) 25 25
Do (min) 44.5 ± 6.39 281 ± 19.7
zT (◦C) 5.91 ± 0.44 22.9 ± 3.50

zP (MPa) 90 (constant) 140 (constant)
A (MPa−1) 0.016 ± 0.002 0.002 ± 0.000

R2 0.99 0.95

Values are means ± standard error of regression.

As detailed described above, considering that the survivability of B. bifidum was more sensitive
to pressure and temperature conditions contrary to this of L. casei, we presumably deduce that
the specific model can be a useful tool for estimating the survival of single or symbiotic bacterial
cultures, comprising strains of the Bifidobacteria and Lactobacilli species, when exposed to HP
processing conditions.

Figure 2. Correlation of experimental and predicted from the proposed model decimal reduction times
(D) of B. bifidum tested in growth media of different pH values (Solid and dashed black lines represent
the linear correlation of the data at pH of 4.8 and 6.5 respectively, while grey solid and dashed lines
represent the corresponding 95% prediction bands).

3.3. Selection of Optimal HP Conditions-Application in Yoghurt Production

Given that the application of HP processing at the pressure range of 100−300 MPa and temperature
range of 20−25 ◦C for 10−15 min did not induce any significant lethality to the probiotic cells population
under acidic conditions, we decided to assess the feasibility of these processing conditions when
applied to a fermented probiotic dairy food. Treatment of yoghurt samples was also performed at
400 MPa, to explore possible positive effect on the rheological parameters at this higher pressure.
The physicochemical, rheological and sensory properties as well as the probiotics cells survivability
over a 28 days storage period were monitored.
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3.3.1. Viability of Starter Culture and Probiotic Bacteria in Yoghurt Samples

The total viable counts of the starter culture (Str. thermophilus and L. bulgaricus) in the plain
probiotic yoghurt samples after HP treatment and during storage are given in Table 3.

Table 3. Viability of starter culture (as total numbers of Str. thermophilus and L. bulgaricus) in different
treated plain and cherry-flavored yoghurt during storage.

Plain Yoghurt

Control * -

D + 1 8.9 ± 0.2 i

- -D + 15 8.8 ± 0.1 hi

D + 28 8.7 ± 0.0 gh

HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.7 ± 0.1 fgh 8.7 ± 0.1 fgh 8.4 ± 0.2 bcd N.D.
D + 15 8.5 ± 0.1 defg 8.2 ± 0.3 abc 8.5 ± 0.1 def N.D.
D + 28 8.5 ± 0.1 def 8.2 ± 0.1 ab 8.5 ± 0.1 def N.D.

Homo-HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.7 ± 0.2 gh 8.6 ± 0.1 efgh 8.6 ± 0.0 defgh N.D.
D + 15 8.5 ± 0.0 defgh 8.1 ± 0.1 a 8.6 ± 0.0 defgh N.D.
D + 28 8.4 ± 0.0 cde 8.1 ± 0.1 a 8.5 ± 0.1 defg N.D.

Cherry-Flavored Yoghurt - - -

Control * - - - -

D + 1 8.8 ± 0.0 ij

- - -D + 15 8.4 ± 0.0 bcd

D + 28 8.3 ± 0.1 bc

HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.9 ± 0.0 j 8.6 ± 0.0 fgh 8.5 ± 0.1 cde N.D.
D + 15 8.8 ± 0.1 ij 8.2 ± 0.1 a 8.3 ± 0.1 b N.D.
D + 28 8.5 ± 0.0 def 8.3 ± 0.1 bc 8.5 ± 0.1 cde N.D.

Homo-HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.7 ± 0.1 hi 8.7 ± 0.1 hi 8.6 ± 0.1 fg N.D.
D + 15 8.6 ± 0.0 gh 8.5 ± 0.0 cde 8.4 ± 0.0 bc N.D.
D + 28 8.5 ± 0.1 efg 8.3 ± 0.0 b 8.2 ± 0.0 a N.D.

* Control samples were not HP-treated but only homogenized at 10 bar after the break of the coagulum. Letter D
indicates the day of production. N.D. indicates microbial load below the acceptable limit of 7.0 log10 CFU/g of the
total microbial counts for the starter culture at the end of shelf life. Different letters indicate significant difference
(p < 0.05) between tested samples according to Duncan’s mean values post hoc comparison test.

HP processing of the probiotic yoghurts induced a reduction of the starter culture total load
accounting for ca. 0.2−0.5 log10 CFU/g for HP-treated products and ca. 0.2−0.3 log10CFU/g for
Homo-HP-treated products. Throughout storage, starter culture cells underwent a pressure dependent
decrease in their viability of about 0.2−0.5 log10CFU/g; yet their total counts were well above the
recommended level of 7.0 log10 CFU/g [32]. When probiotic yoghurts were high pressurized at 400 MPa,
(in the absence or presence of conventional homogenization step), a greater decrease in starter culture
total counts was observed which were well below the WHO/FAO acceptable thresholds.

The remaining probiotic counts of probiotic dairy beverages after HP treatment and during storage
are shown in Table 4 for Bifidobacterium lactis BB12 and in Figure 3 for Lactobacillus acidophilus LA5.
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Table 4. Viability of Bifidobacterium lactis BB12 in different treated plain and cherry-flavored yoghurt
during storage.

Plain Yoghurt

Control * -

D + 1 8.2 ± 0.1 jk

- -D + 15 8.3 ± 0.2 jk

D + 28 8.3 ± 0.1 k

HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.1 ± 0.1 hijk 7.9 ± 0.0 fghi 6.8 ± 0.3 c N.D.
D + 15 8.1 ± 0.1 ghijk 7.8 ± 0.1 fg 6.3 ± 0.1 ab N.D.
D + 28 8.1 ± 0.1 ghijk 7.8 ± 0.1 fgh 6.1 ± 0.1 a N.D.

Homo-HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.1 ± 0.1 fghij 8.0 ± 0.1 fghij 7.1 ± 0.2 d N.D.
D + 15 8.1 ± 0.0 ijk 7.8 ± 0.3 f 6.7 ± 0.1 c N.D.
D + 28 8.1 ± 0.1 hijk 7.4 ± 0.1 e 6.5 ± 0.1 bc N.D.

Cherry-Flavored Yoghurt - - -

Control * - - - -

D + 1 8.4 ± 0.0 e

- - -D + 15 8.2 ± 0.0 d

D + 28 8.1 ± 0.1 d

HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.2 ± 0.0 d 7.9 ± 0.0 c 6.5 ± 0.1 a N.D.
D + 15 8.1 ± 0.0 d 7.7 ± 0.0 bc 6.5 ± 0.1 a N.D.
D + 28 8.1 ± 0.1 d 7.7 ± 0.1 bc 6.5 ± 0.2 a N.D.

Homo-HP 100 MPa 200 MPa 300 MPa 400 MPa

D + 1 8.2 ± 0.1 d 7.8 ± 0.0 c 6.6 ± 0.2 a N.D.
D + 15 8.2 ± 0.0 d 7.8 ± 0.0 c 6.4 ± 0.2 a N.D.
D + 28 8.1 ± 0.1 d 7.6 ± 0.1 b 6.4 ± 0.1 a N.D.

* Control samples were not HP-treated but only homogenized at 10 bar after the break of the coagulum. Letter D
indicates the day of production. N.D. indicates microbial load below the acceptable limit of 7.0 log10 CFU/g of the
total microbial counts for the starter culture at the end of shelf life. Different letters indicate significant difference
(p < 0.05) between tested samples according to Duncan’s mean values post hoc comparison test.

In agreement with the probiotics survival findings in the model system, pressure increase resulted
in significantly higher sub-lethality of Bifidobacteria cells compared to Lactobacilli. Bifidobacteria
cell population underwent a decrease of about 0.1 to 1.4 log10 CFU/g or 0.1 to 1.1 log10 CFU/g for
HP and Homo-HP-treated samples, respectively, when the products treated in the pressure range of
100−300 MPa. The corresponding decrease in Lactobacilli population was 0.1−0.9 log10 CFU/g and
0.0−0.6 log10 CFU/g for HP and Homo-HP-treated samples, respectively. Similar results for probiotics
viability were obtained during storage, where a further slight decrease in probiotic populations of
ca. 0.2−0.7 log10 CFU/g were observed for all tested samples. Based on these observations it can
be hypothesized that after HP treatment there are potentially more injured cells unable to recover
in the case of Bifidobacteria than of Lactobacilli. Despite the observed decrease, when products
were pressurized in the range of 100−300 MPa, the remaining probiotic population was above the
recommended level of 10 6 CFU/g for both probiotic strains and both treated products (HP and
Homo-HP samples) [1]. In the HP-treated products the decrease in probiotic cells was greater than
the viability loss observed for Homo-HP-treated products. However, during storage at 5 ◦C for
28 days, Homo-HP samples presented higher viability loss of probiotic cultures as compared to that of
HP samples. Similar to the case of starter culture microorganisms, when products were pressurized
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at 400 MPa, counts of both probiotic strains decreased below the legislative acceptable levels in all
alternatively treated products (depicted as N.D. in Table 4 and, * symbol in Figure 3).

Figure 3. Viability of Lactobacillus acidophilus LA5 during 28 days of storage at 5◦C in different treated
(a) plain and, (b) cherry-flavored probiotic yoghurt (Letter D indicates the day of production. Different
letters among bars indicate significant difference (p < 0.05) between tested samples according to
Duncan’s mean values post hoc comparison test.).

In the case of cherry-flavored yoghurt samples, a similar reduction of about 0.2−0.4 log10 CFU/g
was observed for total starter culture population when yoghurt samples were subjected to HP processing
(both HP and Homo-HP samples), followed by a further decrease of 0.2−0.4 log10 CFU/g during 28 days
of storage. Probiotic populations in cherry-flavored yoghurt samples subjected to HP processing
underwent a reduction of approximately 0.2−1.8 log10 CFU/g, followed by a further decrease of 0.2 and
0.1−0.5 log10 CFU/g for BB12 and LA5 populations, respectively, during 28 days of storage, indicating
a significant lower reduction at the first day of production and during storage to that observed for
plain yoghurt samples. Addition of syrup resulted in an increase in the amount of polysaccharides and
sugars in these samples, a growth factor for probiotics survival, indicating that the use of substances
for the enhancement of taste and flavor in dairy products could also improve the viability of microbial
populations [33].
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3.3.2. Physicochemical/Rheological Characteristics After HP Treatment and During Storage

The physicochemical (pH, acidity, and WHC) and rheological parameter (consistency coefficient,
rheological behavior index and apparent viscosity) data matrices for plain and cherry-flavored yoghurts
were averaged, standardized and subjected into PCA (Figure 4).

Figure 4. Principal components analysis (a1,b1: loadings plot, a2,b2: scores plot) for the classification of
plain (a) and cherry-flavored (b) yoghurt samples stored at 5 ◦C for 28 d, based on their physicochemical
characteristics (principal components 1 and 2 accounted together the 72.1% and 84.3% of the total
variance explained for plain and cherry-flavored yoghurts, respectively).

As seen in Figure 4, the titratable acidity was reduced proportionally to the intensity of the
pressurization process for both plain and cherry-flavored products, which implies that the metabolic
activity of the probiotic microorganisms and yoghurt starter is significantly slowed down [34,35].
The post-acidification was found to be pronouncedly higher in the case of cherry-flavored formulations
for the entity of the tested processing conditions (HP and Homo-HP) and thus, it is assumed that the
presence of readily available nutrient sources in the fruit syrup (e.g., sugar, glucose syrup, natural
presence of sugars and fibers in cherry juice) stimulated the growth of the microbiota throughout the
chilling storage.

Expectedly the cherry syrup addition suppressed the total color index from 84.5 to 78 for the
control systems. A similar trend regarding the impact of the HP processing on total color i.e.,
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from 79.6−85.9 to 75.1−78.9, was observed. However, no significant differences between the HP
and Homo-HP samples were identified. Interestingly, the increase in the intensity of pressurization
process resulted in a reduction of the total color of cherry-flavored yoghurts, most probably due to the
degradation or isomerization of naturally occurring pigmenting compounds such as anthocyanins and
carotenoids [36,37].

The WHC is a measure of the ability of acid gel to retain unbound water (loosely hold in the
interspaces of the protein gel network) on the application of mechanical stress. It has been demonstrated
that the more uniform association between denatured beta-lactoglobulin (as it is more sensitive than
alpha-lactalbumin to high-pressure treatment) and the dissociation and re-aggregation of the micelle
fragments occurring during the HP processing reduce the proneness of the acid protein gels to
syneresis [13]. According to our findings, the WHC in the HP-treated plain yoghurts was significantly
higher than that of the Homo-HP-treated ones. On the other hand, a reversed behavior was observed in
the case of cherry-flavored yoghurts, where the Homo-HP exerted the highest WHC values. Although
there is no conclusive explanation, it is presumed that the breakdown of the acid gel during the
homogenization step, allowed the stabilizing agents (e.g., pectins) found in the syrup base, to occupy a
higher hydrodynamic volume due to the reduction of steric hindrances, and thus it improved the ability
of the overall acid protein/stabilizer protein network to retain more water via hydrogen bond bridging.

The implementation of the HP treatment at the final stage of the production process appeared
to improve the rheological properties of the end product, either when it is applied individually or
subsequently to conventional homogenization.

The values of consistency coefficient (K) of plain yoghurt beverages were significantly (p < 0.001)
affected by the applied treatment, the level of the applied pressure and storage time. HP treatment of
samples in a pressure range of 100−300 MPa led to an increase in consistency coefficient values compared
to the controls (homogenized at 10 bar after the break down of the coagulum). At 400 MPa, consistency
coefficient values decreased, although it was still higher than control samples. Flow behavior index
values of plain yoghurt beverages were also significantly (p < 0.001) affected by the applied treatment
and storage time, showing a significant decrease with increasing HP, either applied individually
(HP samples) or subsequently to conventional homogenization (Homo-HP samples). This trend was
reversed at 400 MPa. The apparent viscosity of plain yoghurt samples increased by 162, 188, 190
and 68% at pressures of 100, 200, 300 and 400 MPa, and 26, 46, 65 and 29% when HP was applied
subsequently to conventional homogenization at the same pressures.

The degree of whey protein denaturation is a very important factor that affects the rheological
behavior of the coagulum and can be related to the intensity of the pressure applied. It is also
responsible for the protein-protein interactions, and the retention of whey proteins in the network
gel. HP processing lead to enhanced whey protein hydrophobicity, resulting in an increase in the
binding affinity of whey proteins and thus, alterations on their structure and improvement of their
functional properties [38,39]. Moreover, it has been reported that when the applied pressure exceeds
200 MPa, a partial disintegration of casein micelles occurs, which results in an increased number of
fragments of casein solution and in greater solvation of the protein. The partial fragmentation of
casein micelles is accompanied by the solubilization of colloidal calcium phosphate, suggesting that
the structure of the gels obtained is dominated by casein-casein interactions instead of the interactions
of whey protein-casein, forming small particles that are often shaped into clumps and chains, and
therefore into compact and strengthened protein networks [11]. The increase in yoghurt viscosity,
with pressure, have been previously related to modifications of beta-lactoglobulin structure, since
significant molecular unfolding and further protein aggregation occurs, especially when pressures
above 100 MPa are applied and with a threshold at 400 MPa, where usually the coagulum becomes
more coarse and an increase in syneresis is observed [16].

The parameters of consistency coefficient and flow behavior index of cherry-flavored yoghurt
beverages were affected by the applied treatment similarly to plain yoghurt beverages. However,
storage time did not seem to significantly affect these parameters, probably due to the increase in total
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solids and the presence of small amounts of pectin in the syrup that could have stabilized the structure
of the coagulum.

3.3.3. Sensory Profile of the HP Yoghurts

To understand the impact of the processing conditions on the sensory profile of the plain and
cherry fruit-flavored yoghurt products, the sensory modalities score data at the beginning and end
of the storage time were subjected to PCA (Figure 5). Prior to analyses, the sensory modalities that
were not significantly (p > 0.05) influenced by the independent processing factors were excluded
from the PCA analysis. In this context, one orotactile (grainy), two gustatory (bitter and metallic)
and one olfactory (rancid flavor) modality were not affected by processing conditions in both plain
and cherry-flavored products. Moreover, white color was not assessed in the case of cherry-flavored
yoghurts and accordingly, cherry flavor and cherry fruit color were excluded from the sensory lexicon
used in the evaluation of plain yoghurts.

As seen in Figure 5a, the HP processing of the plain yoghurts was primarily associated with the
modification of their tactile and oro-tactile aspects. Plain yoghurts pressurized at 100 to 300 MPa
exhibited rather a textural and structural affinity in terms of ropiness, coagulum uniformity, thickness,
and firmness. Although the increase in the pressure intensity appeared to intensify the aforementioned
sense stimuli, the differences between the samples pressurized at 200 and 300 MPa were not significant.
On the other hand, further increase in the pressure, i.e., 400 MPa, resulted in colloidally non-uniform,
curdy-like products that were prone to gel structural collapse as indicated by the significant evidence
of syneresis. As far as concerns the assessed flavor—taste attributes, the increase in the HP process
intensity was accompanied by the increase in dairy and partial masking of sourmilk flavor modalities.
The observed reverse correlation between dairy/milky and sour/sourmilk or even astringent sense
stimuli has been reported in several studied on acidified dairy products [40,41]. Although the amount
of organic acids, i.e., lactic, formic or orotic acid, are considered to be the major drivers of the sour-like
flavor and taste modalities, the acid protein gel structural conformation can also have a significant role
on the partitioning of flavor volatile compounds that contribute to the development of fermented milk
olfactory modalities such as acetaldehyde, acetoin, diacetyl, acetone etc. [42,43]. Thus, the HP induced
enhancement of the structural integrity of the acid gels can reduce the partitioning coefficients of the
aforementioned flavor compounds leading to a more dairy/buttery-like flavor profile.

In the case of the cherry-flavored yoghurts (Figure 5b), the addition of the fruit syrup did not
modified remarkably the interplay between the sensory cross-modal perception and the intensity of
the HP processing step. As with plain yoghurts, cherry-flavored yoghurts processed at 200−300 MPa
exerted the highest intensities of thickness, ropiness, coagulum uniformity and gel firmness and at the
same time received the highest scores for cherry fruit flavor and sweet taste modalities. The detrimental
effects of the excessive pressure processing on the structural integrity of the coagulum were also
observed in the case of the cherry fruit-flavored products.

With regards to the hedonic assessment of the products, the PCA analysis suggested that the
DOL is dependent of the product formulation. To further explore the sensory modal drivers of DOL,
the standardized and averaged dataset were subjected to PLSR using the leave-one-out validation.
As seen in Figure 6a for plain yoghurts, the DOL was mainly driven by tactile/orotactile properties
(VIP > 1) and therefore, the structural and colloidal integrity of the formed acid gels has the most
important role for the acceptability of the final products. On the other hand, the drivers of overall
liking of cherry fruit-flavored yoghurts appeared to be more complex, as not only the texture relating
but also the fruit flavor and color attributes classified as impacting attributes (Figure 6b). Finally,
the storage time had only minor (p > 0.05) effects on the sensorial quality and overall liking of both type
of yoghurts, most probably due to the very mild post-acidification and colloidal change phenomena
occurring throughout the tested storage period.
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Figure 5. Principal components analysis (a) plain yoghurt, (b) cherry-flavored yoghurt for the
classification of the yoghurt samples at 0d (blue) and 28d (green) based on their sensory characteristics
(principal components 1 and 2 accounted together the 96.2% of the total variance explained).
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Figure 6. Variable in Project values (VIP) in descending order as calculated according to the partial least
squares regression (PLSR) analysis. (a) VIP calculated for plain yoghurts according to PLSR analysis;
(b) VIP calculated for cherry fruit-flavored yoghurts according to PLSR analysis.

4. Conclusions

The recommended HP conditions in the literature (200 MPa at 20−25 ◦C for process time for up to
10−15 min) for texture improvement in dairy products was found not detrimental to the viability of
the examined probiotic bacteria. In the case of model systems, the maximum calculated inactivation
due to HP process was about 0.4 log10 CFU/mL. To describe the effect of pressure and temperature
process conditions on the viability of the tested probiotic bacteria, a single multi-parameter equation
was proposed, and the parameters of this model were estimated for the most baro-sensitive probiotic
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bacterium (i.e., Bifibobacterium bifidum). When HP processing was applied in probiotic yoghurt at
the final stage of production, especially when treated at 200−300 MPa, the quality and sensorial
properties of the final product were improved. The viscosity of the final product increased and the
whey separation decreased, while the viability loss of the probiotic microorganisms ranged between
0.5−1.2 log10 CFU/g, and no significant viability loss was observed during refrigerated storage for
28 days. Overall, HP process can be successfully applied in such dairy products at the final step of
production in order to improve their quality attributes and extend their shelf life without the need
for stabilizer addition, while acceptably affecting their functionality. Moreover, the addition of flavor
enhancement substances seems to improve the rheological properties of the coagulum but also increase
the viability of the probiotic bacteria. Further research could focus on the effect of the addition of
prebiotics in similar treated dairy products both on probiotics viability and their quality indices.
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3. Şanlier, N.; Gökcen, B.B.; Sezgin, A.C. Health benefits of fermented foods. Crit. Rev. Food Sci. Nutr. 2017, 59,
506–527. [CrossRef]

4. Collado, M.C.; Isolauri, E.; Salminen, S.; Sanz, Y. The impact of probiotic on gut health. Curr. Drug. Metab.
2008, 10, 68–78. [CrossRef] [PubMed]

5. Tripathy, M.K.; Giri, S.K. Probiotic functional foods: Survival of probiotics during processing and storage.
J. Funct. Foods 2014, 9, 225–241. [CrossRef]

6. Lucey, J.A. Formation and physical properties of milk protein gels. J. Dairy Sci. 2002, 85, 281–294. [CrossRef]
7. Leroy, F.; De Vuyst, L. Lactic acid bacteria as functional starter cultures for the food fermentation industry.

Trends Food Sci. Technol. 2004, 15, 67–78. [CrossRef]
8. Trujillo, A.J.; Capellas, M.; Saldo, J.; Gervilla, R.; Guamis, B. Application of high-hydrostatic pressure on milk

and dairy products: A review. Innov. Food Sci. Emerg. 2002, 3, 295–307. [CrossRef]
9. Anema, S.G.; Lauber, S.; Lee, S.K.; Henle, T.; Klostermeyer, H. Rheological properties of acid gels prepared

from pressure- and transglutaminase-treated skim milk. Food Hydrocoll. 2006, 19, 879–887. [CrossRef]
10. Penna, A.L.B.; Subbarao-Gurram, G.V.; Barbosa-Cánovas, G.V. High hydrostatic pressure processing on

microstructure of probiotic low-fat yogurt. Food Res. Int. 2007, 40, 510–519. [CrossRef]
11. Masson, L.M.P.; Rosenthal, A.; Calado, V.M.A.; Dliza, R.; Tashima, L. Effect of ultra-high pressure

homogenization on viscosity and shear stress of fermented dairy beverage. LWT-Food Sci. Technol. 2011, 44,
495–501. [CrossRef]

12. Tsevdou, M.S.; Eleftheriou, E.G.; Taoukis, P.S. Transglutaminase treatment of thermally and high pressure
processed milk: Effects on the properties and storage stability of set yoghurt. Innov. Food Sci. Emerg. 2013,
17, 144–152. [CrossRef]

33



Foods 2020, 9, 360

13. Loveday, S.M.; Sarkar, A.; Singh, H. Innovative yoghurts: Novel processing technologies for improving acid
milk gel texture. Trends Food Sci. Technol. 2013, 33, 5–20. [CrossRef]

14. Tanaka, T.; Hatanaka, K. Application of hydrostatic pressure to yoghurt to prevent its after-acidification.
J. Jpn. Soc. Food Sci. 1992, 39, 173–177. [CrossRef]

15. Krompkamp, J.; Moreira, R.M.; Langeveld, L.P.M.; Van Mil, P.J.J.M. Microorganisms in milk and yoghurt:
Selective inactivation by high hydrostatic pressure. In Proceedings of the IDF Symposium Heat Treatments
and Alternative Methods, Vienna, Austria, 6–8 September 1995.

16. de Ancos, B.; Cano, M.P.; Gómez, R. Characteristics of stirred low-fat yoghurt as affected by high pressure.
Int. Dairy J. 2000, 10, 105–111. [CrossRef]

17. Tarmaraj, N.; Shah, N.P. Selective Enumeration of Lactobacillus delbrueckii ssp. bulgaricus, Streptococcus
thermophilus, Lactobacillus acidophilus, Bifidobacteria, Lactobacillus casei, Lactobacillus rhamnosus and
Propionibacteria. J. Dairy Sci. 2003, 86, 2288–2296. [CrossRef]

18. International Dairy Federation (IDF). Yogurt: Determination of Titratable Acidity. International IDF Standard,
ISO 1991; International Dairy Federation: Vienna, Austria, 1991.

19. Harte, F.; Luedecke, L.; Swanson, B.; Barbosa-Cánovas, G.V. Low-fat set yogurt made from milk subjected
to combinations of high hydrostatic pressure and thermal processing. J. Dairy Sci. 2003, 86, 1074–1082.
[CrossRef]

20. Akhtar, M.; Murray, B.S.; Dickinson, E. Perception of creaminess of model oil-in-water dairy emulsions:
Influence of the shear-thinning nature of a viscosity-controlling hydrocolloid. Food Hydrocoll. 2006, 20,
839–847. [CrossRef]

21. ISO 13300-1. Sensory Analysis—General Guidance for the Staff of a Sensory Evaluation Laboratory—Part 1: Staff
Responsibilities; ISO: Geneva, Switzerland, 2006.

22. ISO 13300-2. Sensory Analysis—General Guidance for the Staff of a Sensory EVALUATION Laboratory—Part 2:
Recruitment and Training of Panel Leaders; ISO: Geneva, Switzerland, 2006.

23. ISO 8589. Sensory Analysis—General Guidance for the Design of Test Rooms; ISO: Geneva, Switzerland, 2007.
24. Katsaros, G.I.; Tsevdou, M.; Panagiotou, T.; Taoukis, P.S. Kinetic study of high pressure microbial and enzyme

inactivation and selection of pasteurization conditions for Valencia Orange Juice. Int. J. Food Sci. Technol.
2010, 45, 1119–1129. [CrossRef]

25. Kanta, A.; Soukoulis, C.; Tzia, C. Eliciting the Sensory Modalities of Fat Reformulated Yoghurt Ice Cream
Using Oligosaccharides. Food Bioprocess Technol. 2018, 11, 885–900. [CrossRef]

26. Dave, R.I.; Shah, N.P. Effect of Cysteine on the Viability of Yoghurt and Probiotic Bacteria in Yoghurts Made
with Commercial Starter Cultures. Int. Dairy J. 1997, 7, 537–545. [CrossRef]

27. Gomez, A.; Malcata, F. Bifidobacterium spp. and Lactobacillus acidophilus: Biological, biochemical, technological
and therapeutical properties relevant for use as a probiotic. Trends Food Sci. Technol. 1999, 10, 139–157.
[CrossRef]

28. Reyns, K.M.F.A.; Sootjens, C.C.F.; Cornelis, K.; Weemars, C.A.; Hendrickx, M.E.; Michiels, C.W. Kinetics
analysis and modeling of combined high–pressure–temperature inactivation of the yeast Zygosaccharomyces
bailii. Int. J. Food Microbiol. 2000, 56, 199–210. [CrossRef]

29. Godwart, G.; Kailasapathy, K. Viability and survival of free, encapsulated probiotic bacteria in yoghurt.
Milchwissenschaft 2003, 58, 396–399.

30. Yilmaztekin, M.; Özer, B.H.; Atasoy, F. Survival of Lactobacillus acidophilus LA-5 and Bifidobacterium bifidum
BB-02 in white-brined cheese. Int. J. Food Sci. Nutr. 2004, 55, 53–60. [CrossRef]

31. Özer, B.; Kirmaci, H.A.; Şenel, E.; Atamer, M.; Hayaloğlu, A. Improving the viability of Bifidobacterium bifidum
BB-12 and Lactobacillus acidophilus LA-5 in white-brined cheese by microencapsulation. Int. Dairy J. 2009, 19,
22–29. [CrossRef]

32. Food and Agriculture Organization of the United Nations/World Health Organization (FAO/WHO). Standard
for Fermented Milks, Revised Standard. Codex Alimentarius. STAN 243-2003; Food and Agriculture Organization
of the United Nations/World Health Organization: Rome, Italy, 2011.

33. Senaka Ranadheera, C.; Evans, C.A.; Adams, M.C.; Baines, S.K. Probiotic viability and physico-chemical and
sensory properties of plain and stirred fruit yogurts made from goat’s milk. Food Chem. 2012, 135, 1411–1418.
[CrossRef]
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Abstract: The aim of this research work was to assess the effect of the microfiltration (ceramic
membranes 1.4 μm, 50 ◦C) of partially defatted ovine milk (fat 0.4%) and bovine milk (fat 0.3%)
characteristics. Feed milks, permeates and retentates were analyzed for microbial counts, gross
composition, protein fractions, the indigenous enzymes cathepsin D and alkaline phosphatase and
the behavior during renneting. It was showed that the microbial quality of both ovine and bovine
permeate was improved by reduction of the total mesophilic microflora about 4 Log and 2 Log,
respectively. The protein contents and the total solids contents of both permeates were significantly
(p < 0.05) reduced. A further analysis of protein fractions by Reversed Phase -High Performance
Liquid Chromatography (RP-HPLC) revealed lower αs1- and β-casein and higher κ-casein contents
in permeates. The activity of alkaline phosphatase followed the allocation of the fat content, while
activity of cathepsin D in permeates was not influenced, although somatic cells counts were removed.
Regarding cheesemaking properties, the firmness of ovine curd made from the feed milk did not differ
significantly from that made from the permeate. The obtained results suggested that microfiltration
could be used for pre-treating of ovine milk prior to cheesemaking.

Keywords: microfiltration; ovine milk; bovine milk; casein fractions; alkaline phosphatase;
cathepsin D; milk renneting properties

1. Introduction

The membrane process is widely used in the dairy industry for separation or fractionation
purposes, depending on the membrane pore size and the applied pressure [1,2]. Microfiltration (MF)
involves membranes with a pore size of 0.1–10 μm and operates at pressures of 0.1–8 bars [3,4]. MF is
mainly applied to reduce bacteria, spores and somatic cells [1,4–7] in fluid dairy products extending,
in this way, their shelf life [8,9]. Therefore, MF combined with pasteurization is an excellent process to
produce Extended Shelf Life (ESL) milk that is considered ‘purer’ and more ’natural’ than standard
heat-treated milk. Moreover, MF can be used to fractionate globular milk fat [10], to fractionate and
concentrate casein or to purify β-Lactoglobulin (β-Lg) [5,11], while in combination with ultrafiltration,
it is used in whey processing. In addition, MF has been studied in regards to pre-treatment of milk for
cheese production [12]. All above applications, which are focused on bovine milk, require membranes
of different pore sizes. For bacteria reduction, the most used membranes are those of pore size 1.4 μm,
since it has been shown that MF of bovine milk through a membrane of 1.4 μm pore size effectively
reduces the microbial populations without significantly affecting the major milk components [13,14].

Raw ovine milk is richer in total solids and contains higher microbial counts than bovine milk.
According to European Community regulation, the microbial criteria for ovine milk define that
the two-months rolling geometric average of microbes (with at least two samples per month) grown on
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Plate Count Agar at 30 ◦C should be a maximum 1,500,000 per mL. [15]. To the best of our knowledge,
studies for MF of ovine milk are rare and concern only the impact on microflora [16,17]. Moreover,
there is lack of information about the influence of MF on indigenous enzymes or on the renneting
behavior of either ovine or bovine milk. Therefore, the aim of this study is to evaluate the effect of
MF, using a ceramic membrane of 1.4 μm pore size, on the composition, microflora, cathepsin D and
alkaline phosphatase as well as on cheesemaking properties of ovine and bovine milk.

2. Materials and Methods

2.1. Microfiltration

Raw ovine and bovine milk obtained from the farm of Agricultural University of Athens were
defatted to fat content 0.30% and 0.40%, respectively, using a laboratory milk fat separator, and were
subsequently heated at 50 ◦C. Crossflow MF processing (Figure 1) took place on a pilot microfiltration
module (PALL Italia s.r.l, MILANO, Italy) under a constant transmembrane pressure (TMP) of 1.5 bar
at 50 ◦C using ceramic membrane P19–40 (Membralox®) of 1.4 μm pore size, with length 1020 mm
and area 0.24 m2. Filtration duration was 15 min with constant flux at 105 ± 32 L·m−2·h−1 for ovine
milk and 314 ± 32 L·m−2·h−1 for bovine milk. Retention flow rates were 363.23 ± 86.32 L·m−2·h−1

and 795.83 ± 18.37 L·m−2·h−1 for bovine and ovine milk retentates, respectively. After processing,
the microfiltration unit was cleaned by rinsing in series with water, NaOH 1% solution, water, HNO3

1% solution and water to reach pH 7.0 [17]. Five and three experimental trials were carried out for ovine
milk and bovine milk, respectively. Samples codes were as follows: feed ovine milk (O), permeate
ovine milk (OP), retentate ovine milk (OR), feed bovine milk (B), permeate bovine milk (BP) and
retentate bovine milk (BR).

Figure 1. Simplified diagram showing the crossflow microfiltration process.

2.2. Physicochemical Analyses

The pH was measured on a pH meter and acidity was determined by the titration method using
0.11 N NaOH solution. Fat, protein, lactose and total solids contents were determined by means of
infrared spectroscopy (Milkoscan FT6000, Foss, Hillerod, Denmark). Ash content was determined
by the AOAC method [18]. Total nitrogen (TN) as well as water soluble nitrogen (WSN) were
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determined by the Kjeldahl method. Phosphorus content was determined by molecular absorption
spectrometry [19]. Moreover, calcium content of ovine milk was measured by Atomic Absorption
Spectrometry [20] on a Shimadzu AA-6800 Atomic Absorption Spectrophotometer (Shimadzu, Kyoto,
Japan) equipped with the autosampler Shimadzu ASC-6100 and the software WizAArd v. 2.30.

Somatic cell counts (SCC) were determined on Fossomatic (Foss, Hillerod, Denmark). All analyses
were performed in duplicate.

2.3. Protein Composition

Casein fractions and whey proteins were determined by the Reversed Phase -High Performance
Liquid Chromatography (RP-HPLC) method [21] on a HPLC system consisting of a pump capable of
mixing four solvents (Waters 600E, Waters, Milford, MA, USA), a photodiode array detector (Waters
996), a helium degasser, a Rheodyne 7125 injector (Rheodyne Inc., Cotati, CA, USA) and Millennium
software (v.3.05.01, Waters, Milford, MA, USA).

2.4. Microbial Analyses

The populations of different microbial groups were estimated by the pour plate method using
selective growth media and incubation conditions as follows: total mesophilic microflora on Plate
Count Agar at 30 ◦C for 72 h; coliforms on Violet Red Bile Agar at 37 ◦C for 24 h; thermophilic lactococci
on M17 Agar at 42 ◦C for 48 h; thermophilic lactobacilli on MRS Agar at 42 ◦C for 72 h; yeasts and
molds on Yeast Glucose Chloramphenicol Agar at 25 ◦C for 72 h; aerobic spore forming microorganisms
on Soluble Nutrition Agar at 42 ◦C for 48 h; anaerobic spore forming microorganisms on Reinforced
Clostridia Medium at 42 ◦C for 14 days anaerobically.

2.5. Indigenous Enzymes Activity

2.5.1. Cathepsin D Activity

Cathepsin D activity was determined by the HPLC method proposed by O’Drissol et al. [22] and
modified by Hurley et al. [23] using the synthetic peptide Pro-Thr—Glu-Phe-[p-nitro-Phe]-Arg-Leu
(Bachem, Switzerland) as substrate. The Waters HPLC system described previously was used. Sample
preparation, HPLC conditions and results interpretation were according to Moatsou et al. [24].

2.5.2. Alkaline Phosphatase Activity

Alkaline Phosphatase (ALP) activity was determined according to the spectrophotometric method
of the International Dairy Federation Standard [25]. The milk sample was diluted with a buffer,
pH 10.6, containing disodium phenyl phosphate (substrate) and was incubated at 37 ◦C for 1 h. After
incubation, any active ALP had liberated phenol from the substrate. The phenol was detected by
adding 2,6-dibromoquinonechlorimide to detect blue color (dibromoindophenol), which was measured
on a spectrophotometer (model Lambda 20, Perkin Elmer, Waltham, MA, USA) at 610 nm. The ALP
activity was expressed in μg of phenol per mL of milk.

2.6. Rennet Clotting Behavior

The behavior of MF permeates and retentates during clotting with rennet (Nature extra 1125;
Hansen Denmark) and was determined on a Formagraph (Lattoninamograph; Foss, Padova, Italia).
Milk clotting time and curd firmness after 30 min were recorded.

2.7. Statistical Analysis

The obtained data were subjected to statistical analysis using the software Statgraphics (Statistical
Graphics Corp. Rockville, Maryland, MD, USA). Comparisons of means were made using the Least
Significant Difference test (LSD, p < 0.05).
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3. Results and Discussion

3.1. Physicochemical Composition

The gross composition, pH value and acidity of both ovine and bovine milk are shown in Table 1.
First, as feed milks were not skim, i.e., 0.05% fat, a significant (p < 0.05) reduction of fat contents of
permeates was observed. This was expected since MF, even through a membrane of 1.4 μm pore
diameter, removes fat [4]. Second, protein content was significantly (p < 0.05) lower in both ovine and
bovine permeate than in the respective feed milks O and B. This was probably due to the significant
lower casein nitrogen (Table 2). In contrast, the water-soluble nitrogen components did not exhibit
a significant difference between permeates and retentates of both milks. The casein nitrogen to total
nitrogen (CN/TN) ratio showed 1.3% and 5.1% retention of casein for bovine and ovine permeate,
respectively, despite the similar average diameter of casein micelles, i.e., 193 nm in ovine and 180 nm
in bovine milk [26]. Because MF operates at relatively low pressures, it is susceptible to fouling and to
formation of a secondary layer on the membrane by gelatinous material when higher pressure and
fluxes are applied [3]. In addition, the length of the tubular membrane that was used was long enough
(1.02 m) for the formation of a secondary layer, since it has been shown that tubular membranes 1.2 m
long usually operate under a deposit layer [27]. The flux in this experiment was constant during
the 15 min of MF process. Therefore, the retention of casein micelles could be due to the formation of
a secondary membrane on membrane surface. Other researchers have reported non-significant casein
retention during MF (1.4 μm) of bovine milk [13,28].

Table 1. Effect of microfiltration on pH, acidity, somatic cells counts (SCC) and chemical composition
(%) of partially defatted bovine (B) or ovine (O) milk, bovine permeate (BP), bovine retentate (BR)
(mean ± SD, n = 3), ovine permeate (OP) and ovine retentate (OR) (mean ± SD, n = 5).

Bovine Ovine

B BP BR O OP OR

pH 6.68 ± 0.02 6.67 ± 0.03 6.68 ± 0.02 6.60 ± 0.07 6.53 ± 0.07 6.49 ± 0.08

Acidity 0.15 ± 0.02 a,* 0.13 ± 0.00 b 0.14 ± 0.01 a,b 0.22 ± 0.02 a 0.19 ± 0.02 b 0.22 ± 0.02 a

Fat 0.29 ± 0.10 a,b 0.05 ± 0.02 a 0.46 ± 0.19 b 0.41 ± 0.09 a 0.16 ± 0.01 b 0.43 ± 0.11 a

Protein 3.43 ± 0.15 a 3.03 ± 0.21 b 3.63 ± 0.15 a 5.71 ± 0.28 a 4.68 ± 0.17 b 5.78 ± 0.28 a

Lactose 4.91 ± 0.12 4.96 ± 0.23 4.96 ± 0.22 4.83 ± 0.05 4.76 ± 0.04 4.80 ± 0.05

Total Solids 8.88 ± 0.29 a,b 8.3 ± 0.21 a 9.24 ± 0.44 b 10.87 ± 0.46 a 9.32 ± 0.21 b 10.95 ± 0.46 a

Ash 0.78 ± 0.01 a 0.75 ± 0.02 b 0.81 ± 0.02 a 0.94 ± 0.04 a 0.82 ± 0.03 b 0.96 ± 0.04 a

Phosphorus
(mg/100 g)

105.35 ± 5.73 a 97.54 ± 1.43 b 107.19 ± 1.65 a 149.62 ± 5.46 a 127.85 ± 5.50 b 154.70 ± 8.36

SCC
417500.00 ±
43100.00 a 0 653000.00 ±

73500.00 b
660400.00 ±
199600.00 a 0 570600.00 ±

159000.00 b

* For the same milk, means with different superscript in the same row differ significantly (p < 0.05).

The total solids content of permeates were similarly affected by the casein retention (Table 1).
Casein retention affects also the phosphorus and calcium contents, since part of these inorganic
elements are associated with casein micelles. Because of this, the mean phosphorus content of bovine
permeate milk was significantly lower than of bovine feed milk and its retentate. The same trend
was observed for the mean phosphorus content of ovine permeate milk. Moreover, the mean calcium
content of ovine permeate milk was 148.56 ± 7.77 mg/100g, and it was significantly (p < 0.05) lower
than in feed milk (198.01 ± 15.86 mg/100g) and retentate (191.06 ± 6.94 mg/100g). Ash contents were
like phosphorus and calcium contents, i.e., significantly lower in ovine and bovine permeates than in
the respective feed milk (Table 1).
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Table 2. Effect of microfiltration on the nitrogen components (%) of partially defatted bovine (B) or
ovine (O) milk, bovine permeate (BP), bovine retentate (BR) (mean ± SD, n = 3), ovine permeate (OP)
and ovine retentate (OR) (mean ± SD, n = 5).

Bovine Ovine

B BP BR O OP OR

Total nitrogen (TN) 0.55 ± 0.03 a 0.48 ± 0.02 b 0.55 ± 0.02 a 0.88 ± 0.04 a 0.71 ± 0.02 b 0.90 ± 0.03 a

Casein nitrogen (CN) 0.43 ± 0.04 a 0.35 ± 0.02 b 0.43 ± 0.03 a 0.67 ± 0.03 a 0.51 ± 0.04 b 0.68 ± 0.03 a

Water soluble nitrogen 0.12 ± 0.01 0.13 ± 0.01 0.13 ± 0.02 0.21 ± 0.04 0.20 ± 0.03 0.22 ± 0.04
CN/TN 0.75 ± 0.01 0.74 ± 0.04 0.75 ± 0.07 0.78 ± 0.01 a 0.74 ± 0.02 a 0.78 ± 0.0 b

For the same milk, means with different superscript in the same row differ significantly (p < 0.05).

Finally, pH values were not affected, but acidities of both OP and BP were significantly (p < 0.05)
lower than in feed milks. Milk acidity is related to protein content and, thus, the lower acidity values
of permeates could be associated with the lower protein content that both permeates presented.

3.2. Protein Composition

Further analysis of proteins by RP-HPLC revealed the results shown in Table 3. It is obvious that
the application of crossflow MF, even with a membrane of 1.4 μm pore size, resulted in the fractionation
of casein micelles, since protein permeation depends on the interaction between membrane pore and
protein size. Both ovine and bovine milk permeates had significantly (p < 0.05) higher κ-casein (κ-CN)
contents and lower β-casein (β-CN) contents than their counterpart’s retentates. Similar, but not
statistically significant, results have been reported by Tziloula et al. [28], who showed that micelles of
bovine milk with a diameter greater than 550 nm were retained during MF (1.4μm). In ovine permeate,
except for β-CN, the αs1-CN and αs2-CN contents were significantly (p < 0.05) lower. The loss of casein
fractions and especially those of κ-CN in retentate may be due to the damage of the casein micelles
surface, which is caused by the shear forces in the membrane circuit pump [11]. In the case of ovine
milk, the shear forces were lower because of the lower flux compared to bovine milk and, thus, more
κ-CN remained in permeate. On the other hand, α-lactalbumin (α-La) and β-Lg were concentrated in
the permeates because of their smaller volume. The particle diameter of bovine α-La and β-Lg was
less than 10 nm [29].

Table 3. Effect of microfiltration on casein fractions (% of total protein) and the main whey proteins
(% of total protein) of partially defatted bovine (B) or ovine (O) milk, bovine permeate (BP), bovine
retentate (BR) (mean ± SD, n = 3), ovine permeate (OP) and ovine retentate (OR) (mean ± SD, n = 5).

Bovine Ovine

B BP BR O OP OR

κ-CN 11.02 ± 0.30 a 11.47 ± 0.48 b 11.56 ± 0.24 b 9.71 ± 0.43 a 10.14 ± 0.51 b 9.77 ± 0.17 a

αs1-CN 28.62 ± 0.82 28.19 ± 0.60 28.90 ± 1.26 29.02 ± 0.81 a 27.42 ± 0.53 b 29.41 ± 0.82 a

αs2-CN 8.96 ± 0.77 9.03 ± 0.63 8.93 ± 0.83 12.51 ± 0.95 a 11.66 ± 0.88 b 12.58 ± 0.70 a

β-CN 34.09 ± 0.77 a 32.59 ± 0.58 b 33.11 ± 1.00 b 32.01 ± 1.66 a 30.67 ± 1.03 b 31.83 ± 0.85 a

α-la 2.69 ± 0.28 a,b 2.91 ± 0.33 a 2.52 ± 0.23 b 3.72 ± 0.24 a 4.41 ± 0.28 b 3.80 ± 0.46 a

β-lg 8.07 ± 0.71 8.49 ± 0.91 7.75 ± 0.65 8.11 ± 0.57 a 9.48 ± 0.62 b 7.70 ± 0.29 a

For the same milk, means with different superscript in the same row differ significantly (p < 0.05).

3.3. Somatic Cell Counts

Somatic cells were completely removed from both ovine and bovine permeates, and were
concentrated in retentates (Table 1). One of the main purposes of applying MF is the 100% reduction
in SCC. In the case of skimmed milk, this can be achieved using a MF membrane of 1.4 μm pore
size [4,30], whereas, for raw whole bovine milk, membranes of an average pore size from 12 μm to
5 μm with permeate fluxes between 2000 L·m−2·h−1 and 1460 L·m−2·h−1 are needed to remove 93–100%
of the SCC [5].
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3.4. Microbial Counts

The populations of microorganisms are presented in Figure 2. It is obvious that MF affected
the microbial groups in a different way, since the retention of specific bacteria depends on their cellular
volume [31,32] and on their initials counts in the feed milk. In bovine permeate, total mesophilic
microorganisms, coliforms, thermophilic lactococci and lactobacilli were reduced from 1.5 to 2.5 Log,
while in ovine permeate, the microbial counts reduction was more efficient, e.g., total mesophilic
microflora was reduced about 4 Log. Similar reduction of bacterial load has been reported for bovine
permeate [13,17,31], while a reduction 2–3 Log has been reported for ovine permeate obtained with
flux 200 L·m−2·h−1 under pressure 0.6 bar at 40 ◦C [17]. It has been shown that by using a membrane
of 1.4 μm pore size and fluxes of over 640 L·m−2·h−1, 99.7% of the bacteria can be removed from skim
bovine milk [33]. Moreover, by cold MF (1.4 μm) at 6 ◦C, a method to inhibit bacteria growth in
the system, an average of 3.4 Log reduction in vegetative bacteria can be achieved [9]. In the present
study, the MF system and the applied conditions should meet the nominal reduction of bacteria counts
3–4 Log at flux 166 L·m−2·h−1. In the case of ovine milk, the flux was 105 ± 32 L·m−2·h−1 and hence,
this milk kind in combination with its higher protein content, which probably caused a thicker deposit
layer on the membrane, retained more microorganisms than bovine milk.

Regarding sporeforming microorganisms, they were completely removed from ovine permeate,
while in bovine permeate, they were reduced about 0.5–2 Log. The total retention of such
microorganisms in the case of ovine milk was also attributed to a thicker protein layer formation on
the membrane. In contrast, the insufficient retention of them in bovine retentate followed the trend
of all other microbial groups and was attributed to the MF applied conditions in combination with
the kinds of the present microorganisms. For example, Lactobacillus casei, a thermophilic microorganism,
has cell width size 0.5–0.8 μm, whereas B. cereus, an aerobic sporeforming microorganism, is 1 μm [32].
Griep et al. [7], using cold MF (1.4 μm) for skim bovine milk, showed that B. licheniformis spores were
reduced 2.17 log, while Geobacillus sp. spores were completely removed.

Figure 2. Cont.
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Figure 2. Effect of microfiltration on microbial counts (Log cfu.mL−1) of partially defatted bovine (B) or
ovine (O) milk, bovine permeate (BP), bovine retentate (BR) (mean ± SD, n = 3), ovine permeate (OP)
and ovine retentate (OR) (mean ± SD, n = 5).

3.5. Alkaline Phosphatase Activity

The activity of Alkaline Phosphatase (ALP), an indigenous milk enzyme with technological
importance in respect to the heat treatment of milk, was significantly reduced about 50–59% in bovine
and ovine MF permeates (Table 4). This was because the γ-type of ALP is mostly found on the milk fat
globule membrane [34] and, thus, its activity followed the partition of the milk fat after microfiltration.
The ALP activity of permeate bovine was found to be as high as 407 μg phenol/mL, and it was similar
to the value 445 μg phenol/mL reported for bovine skim milk, i.e., 0.05% fat [35]. The same researchers
have reported the ALP of ovine skim milk as 4382 μg phenol/mL.

Table 4. Effect of microfiltration on alkaline phosphatase (ALP) activity (μg phenol/mL) and protease
activities (area × 106 of peaks of RP-HPLC) in the whey fraction of partially defatted bovine (B) or
ovine (O) milk, bovine permeate (BP), bovine retentate (BR) (mean ± SD, n = 3), ovine permeate (OP)
and ovine retentate (OR) (mean ± SD, n = 5).

Bovine Ovine

B BP BR O OP OR

ALP 810 ± 127 a 407 ± 111 b 964 ± 217 a 4728 ± 958 a 2832 ± 757 b 4132 ± 1009 a

Proteases in whey
Cathepsin D-like product 0.99 ± 0.08 a 0.97 ± 0.08 a 1.24 ± 0.03 b 0.39 ± 0.06 0.34 ± 0.05 0.36 ± 0.01

Peak 1 1.04 ± 0.08 a 1.06 ± 0.14 a 0.64 ± 0.11 b 2.02 ± 0.25 1.93 ± 0.15 1.81 ± 0.18
Peak 2 0.21 ± 0.04 0.19 ± 0.07 0.21 ± 0.04 0.07 ± 0.01 a 0.16 ± 0.02 b 0.19 ± 0.02 b

Peak 3 0.11 ± 0.01 a 0.04 ± 0.01 b 0.04 ± 0.01 b 0.14 ± 0.05 0.13 ± 0.06 0.25 ± 0.03

For the same milk, means with different superscript in the same row differ significantly (p < 0.05).

3.6. Cathepsin D Activity

Cathepsin D, a lysosomal aspartic proteinase, is found in somatic cells and acts on κ-, αs1- and
β-casein similarly to how it acts on chymosin [36]. The assay used for its determination was based on
the presence of peak P (Figure 3), which is the product that resulted from the action of cathepsin D on
the substrate. The quantitative determination (Table 4) was based on the chromatographic area of this
peak. Peak 1 is another aspartic proteinase, whereas peaks 2 and 3 are possible cysteine- proteinases [24].
Cathepsin D was determined in the acid whey fraction of the feed milks, MF permeates and retentates,
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and there was no significant difference among them, since whey is easily filtered through a membrane
of 1.4 μm pore size. However, it is noteworthy that although somatic cells were completely removed
from permeates, the acid proteinases associated with them were present. It seems that the shear forces
induced by circulation removes cathepsin from somatic cells and, thus, it remains in the permeate.
The higher flux in the case of bovine milk might cause higher dissociation from somatic cells and,
therefore, the product resulted from cathepsin activity was higher than that of ovine milk.

 
Figure 3. Proteinase activities in the acid whey fractions of feed bovine milk (B), bovine permeate (BP)
and bovine retentate (BR), or feed ovine milk (O), ovine permeate (OP) and ovine retentate (OR), after
incubation with the substrate Pro-Thr-Glu-Phe-[p-nitro-Phe]-Arg-Leu at pH 3.2 for 12 h at 37 ◦C. S:
residual substrate; P: cathepsin D-like product; peaks 1, 2 and 3: other proteinases.

3.7. Renneting Behavior

Regarding the renneting behavior, there was not a significant difference among the feed,
the permeate and retentate for both milks as far as the milk clotting time was concerned (Table 5).
Milk clotting time depends mainly on the ratio enzyme/substrate, milk pH, temperature and calcium
ions. Although in the case of ovine milk, calcium and phosphorous contents in the permeate were
significantly lower than in feed milk or MF retentate, and the clotting time was not significantly affected.
In addition, the firmness of the curd made from ovine permeate did not differ significantly from
the curd made from ovine feed milk, although the casein content of milk has a significant influence
on its maximum firmness [26]. In contrast, the firmness of curd made from bovine permeate was
significantly lower than the curd made from the feed milk.
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Table 5. Effect of microfiltration on milk clotting time (r) and curd firmness (A30) of partially defatted
bovine (B) or ovine (O) milk, bovine permeate (BP), bovine retentate (BR) (mean ± SD, n = 3), ovine
permeate (OP) and ovine retentate (OR) (mean ± SD, n = 5).

Bovine Ovine

B BP BR O OP OR

r (min) 20.71 ± 1.13 22.04 ± 2.41 21.25 ± 2.08 14.15 ± 2.44 14.41 ± 2.25 14.34 ± 2.38
A30 (mm) 19.12 ± 2.93 a 12.58 ± 3.22 b 17.81 ± 2.26 a,b 42.71 ± 3.73 a 39.70 ± 4.35 a,b 46.29 ± 4.55 b

For the same milk, means with different superscript in the same row differ significantly (p < 0.05).

4. Conclusions

From the obtained results it appears that the application of crossflow MF using a membrane of
1.4 μm pore size, at 50 ◦C and TMP 1.5 bar, influences the ovine milk (0.4% fat) in a similar way to
the bovine milk (0.3% fat). More specifically, the applied crossflow MF improved the microbial quality,
but significantly reduced (p < 0.05) the protein content and, consequently, the total solids content of
both the ovine and bovine permeate. In addition, crossflow MF influenced the distribution of casein
fractions between permeate and retentate with αs1- and β-CN retention being more pronounced in
the case of ovine milk. The activity of indigenous enzyme ALP followed the allocation of the fat
content, while the activity of cathepsin D was not influenced. Regarding cheesemaking properties,
the firmness of the curd made from the ovine feed milk did not differ from the curd made from
the ovine permeate. It is concluded that crossflow MF under the studied conditions can be used as
pre-treatment to improve the microbial quality of ovine milk prior to cheesemaking. However, further
study is needed to optimize the conditions of crossflow MF processing for this kind of milk.
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Abstract: Infant milk formula (IMF) is designed to mimic the composition of human milk (9–11 g
protein/L); however, the standard protein content of IMF (15 g/L) is still a matter of controversy.
In contrast to breastfed infants, excessive protein in IMF is associated with overweight and symptoms
of metabolic syndrome in formula-fed infants. Moreover, the beta-lactoglobulin (β-Lg) content in
cow milk is 3–4 g/L, whereas it is not present in human milk. It is considered to be a major reason for
cow milk allergy in infants. In this respect, to modify protein composition, increasing the ratio of
alpha-lactalbumin (α-Lac) to β-Lg would be a pragmatic approach to develop a hypoallergenic IMF
with low protein content. Such a formula would ensure the necessary balance of essential amino
acids, as 123 and 162 amino acid residues are available in α-Lac and β-Lg, respectively. Hence,
in this study, a pasteurized form of hypoallergenic and low-protein ready-to-feed (RTF) formula,
a new product, is developed to retain heat-sensitive bioactives and other components. Therefore,
the effects of high pressure processing (HPP) under 300–600 MPa at approximately 20–40 ◦C and
HTST pasteurization (72 ◦C for 15 and 30 s) were investigated and compared. The highest ratio of
α-Lac to β-Lg was achieved after HPP (600 MPa for 5 min applied at 40.4 ◦C), which potentially
explains the synergistic effect of HPP and heat on substantial denaturation of β-Lg, with significant
retention of α-Lac in reconstituted IMF. Industrial relevance: This investigation showed the potential
production of a pasteurized RTF formula, a niche product, with a reduced amount of allergenic β-Lg.

Keywords: alpha-lactalbumin (α-Lac); beta-lactoglobulin (β-Lg); high pressure processing (HPP);
pasteurization; ready-to-feed (RTF) infant formula

1. Introduction

Infant milk formula (IMF) is intended to serve as a functional substitute for infants under 12 months
of age. The World Health Organization (WHO) recommends absolute breastfeeding of infants for
the first 6 months of age [1], whereas the American Society of Paediatrics suggests the same for at
least 12 months [2]. However, only 38% of infants are being breastfed globally [3], which indicates
the common use of IMF, a $41 billion USD market [4]. IMF is available in three forms—powdered,
liquid concentrate, and liquid ready-to-feed (RTF). Among them, RTF, the most convenient form,
is currently manufactured as a sterilized product to ensure safety using UHT (Ultra High Temperature,
135–145 ◦C for a short time). However, UHT causes the nutritional profile of RTF formula to deteriorate,
especially vitamin A, B, and D, along with protein denaturation, which requires supplementation
of micronutrients (e.g., vitamins and minerals) [5]. Although every possible effort is being made to
bring IMF closer to human milk (HM), there is still a gap between them nutritionally, which governs
neurological, physiological, and immunological growth and development of infants [6–8]. Such a
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difference could be explained by the nutritional balance that remains fixed in an IMF, while it varies in
HM throughout the lactation period and even between individuals [9].

Moreover, beta-lactoglobulin (β-Lg) represents about 50% of total whey as a major whey protein
in cow milk. It is also considered a major allergen to infants despite having numerous functional and
nutritional roles in adult human health. However, interestingly, this β-Lg is absent in HM. To address
the cow’s milk allergy (CMA), researchers and manufacturers introduced partially hydrolyzed formula
(pHF) and extensively hydrolyzed formula (eHF), which are also recommended by paediatricians
to reduce early allergy manifestation [10]. In pHF and eHF, enzymatic hydrolysis of proteins with
digestive enzymes reduces the allergic properties by breaking them into small peptides and free amino
acids, which are not allergenic [11]. However, these hydrolyzed formulas often exhibit bitter taste,
poor flavour, reduced lipid emulsifiability, and elevated osmolality, which limit their application in
general IMF [12].

On the other hand, alpha lactalbumin (α-Lac) is a bioactive protein present in all mammal milk,
which is regarded as a component of lactose synthesis with antimicrobial, prebiotic, and Ca-binding
capacity [13]. The α-lac content in human milk is 3–4 g/L, while it is only 1 g/L in mature cow milk.
It contains a high level of different essential amino acids like tryptophan, lysine, and cysteine, and hence,
fortification of IMF with α-Lac is recommended [13,14].

The standard protein content of infant formula is still a matter of controversy since formula
production aims to mimic HM [14]. HM contains 9–11 g/L protein [15], while conventional infant
formula provides 15 g/L [16]. Burgeoning demand for low-protein infant formula, especially in Asia,
resulted mainly from paediatric obesity [17]. Moreover, excess protein also induces unnecessary
strain on immature metabolic organs [18,19]. Thus, the possible alternative could be reducing the
protein content and adding free amino acid into infant formula, which would be unphysiological since
metabolic consequences of free amino acids are mostly unknown [14]. Thereupon, a logical approach
would be to modify the protein profile of formula to make it closer to HM by increasing the ratio
of α-Lac to β-Lg, which will yield a formula that has lower total protein, but retains the necessary
balance of essential amino acids [14,16,20,21]. Moreover, this would also be an imperative strategy
because complete removal of allergenic β-Lg would deteriorate the function of milk proteins since it
is necessary for whey proteins to be associated with casein micelles [22]. High pressure processing
(HPP) defragments casein micelles into smaller particles and splits them into more soluble components
like αs1-, αs2-, β-, and k-caseins [23–25]. More than a 50% reduction in the size of casein micelle was
observed after HPP at >300 MPa at 40 ◦C [24]. In powdered IMF, reducing the protein content to as
low as 9.77 g protein/100 g did not cause a significant impact on physical stability and shelf-life [26].
However, in RTF liquid IMF, a higher ratio of α-Lac to β-Lg reduces the viscosity and induces rapid
sedimentation during storage, as observed in UHT-treated products; and hence, the addition of
thickener and stabilizer is suggested to manage the viscosity and sedimentation, respectively [27–29].
Furthermore, Crowley et al. [27] reported increased α-Lac reduced heat-induced coagulation in a model
whey protein-dominant IMF. They further observed lower protein–protein interactions in the model
IMF due to the fortification of IMF with α-Lac. Additionally, Kamarei [30] patented his invention
in manufacturing refrigeration-shelf-stable pasteurized IMF with required quantities of nutrients.
In this patent, he reported that UHT-treated RTF formula provides a different and unknown amount of
degradable micro nutrients due to the high-heat treatment and subsequent storage, which also affects
the nutritional value and sensory attributes. These outcomes evidence the possibility of developing an
IMF with a higher ratio of α-Lac to β-Lg.

Previously, Huppertz et al. [31] described the mechanism of HPP-induced denaturation of α-Lac
and β-Lg at 200–800 MPa/20 ◦C in whole milk and reported α-Lac as a pressure-resistant protein,
unlike β-Lg. Furthermore, Mazri et al. [32] also investigated the denaturation kinetics of these two
bioactive proteins in skim milk under HPP of 450–700 MPa at 20 ◦C and confirmed the baroresistance
of α-Lac in comparison to β-Lg. Recently, HPP has been recommended to preserve human milk, due to
its efficient inactivation of microbial pathogens, along with the retention of unique components [33].
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Wesolowska et al. [34] also reviewed the effect of HPP to pasteurize human milk and referred to HPP as
superior to the conventional holder pasteurization (63 ◦C/30 min) in maintaining bioactivity of protein
components. To the best of our knowledge, the synergistic effect of HPP and heat to achieve a higher
ratio of α-Lac to β-Lg has not been explored in IMF, which fundamentally pioneered this work.

Therefore, the aim of this work was to achieve a higher ratio of α-Lac to β-Lg through investigating
their retention after HPP at different pressure–temperature–time combinations in reconstituted IMF,
fortified with α-Lac. For comparison, we also performed high-temperature short-time (HTST)
pasteurization at 72 ◦C for 15 and 30 s, and thereafter measured the concentration of α-Lac and β-Lg.
The combined effect of pressure and temperature on the kinetics of denaturation of both proteins was
also analyzed.

2. Materials and Methods

2.1. α-Lac-Added Reconstituted IMF Preparation

Bovine α-Lac powder (native form) was generously donated by Davisco Foods International,
Le Sueur, MN, USA. The protein content and α-Lac level in the powder were more than 95% and 90%,
respectively. Spray-dried IMF powder (stage 1, 1.4 g protein/100 mL, whey protein to casein ratio
60:40) was reconstituted into cooled, boiled milli-Q water, as per the instructions of the manufacturer.
Finally, 100 mg of α-Lac was added into 100 mL of reconstituted IMF, and a magnetic stirrer was used
for gentle mixing.

2.2. HTST Treatment

HTST treatments at 72 ◦C for 15 and 30 s were performed in duplicate, using a sample (15 mL) in a
copper tube, then immersing it in a water bath (72.2 ◦C). A thermocouple (K-type) was inserted at the
geometric centre of the copper tube (29 cm length, 9.6 mm outer diameter, and 8.0 mm inner diameter)
to record the temperature–time profile using a data logger. The sample temperature increased sharply
within 30 s to achieve the steady-state temperature. The sample tube was immediately transferred to
an ice bath after treatment. It is to be noted that the determination of α-Lac and β-Lg content following
ELISA (Section 2.4) requires a large amount of sample (15 mL). For this reason, this study could not
follow the capillary method to perform HTST treatments.

2.3. HPP Treatment

A QFP 2L-700 HPP unit (Avure Technologies, Columbus, OH, USA) was used to perform the
combined pressure–heat treatments. The equipment has a 2 L cylindrical stainless steel pressure
treatment chamber with two internal thermocouples for monitoring the temperature. The system also
includes a heating system, water circulation, and a pumping system, along with a computer-operated
control system. Distilled water was used as a pressure transmission fluid, and isostatic pressure
transmission resulted in a uniform pressure in all directions [35].

In HPP treatments, vacuum-packaged 15 mL samples were placed into the treatment chamber
and immediately cooled in an ice water bath after treatment. HPP of 300 MPa (10 and 20 min),
400 MPa (10 and 20 min), 500 MPa (5 and 10 min), and 600 MPa (1 and 5 min) were applied at different
temperatures, ranging from ambient temperature to ~40 ◦C. The treatment time refers to the duration
of steady-state pressure conditions, as programmed in the operating system. The temperature increase
was about 2.3 ◦C/100 MPa, due to the adiabatic heating during pressurization, and the decompression
time was <20 s in all treatments.

However, similar to Evelyn and Silva [36], the temperature of the HPP chamber dropped steadily
during the steady-state pressure phase of the HPP cycle, due to cooling followed by a rapid drop in
temperature during decompression (Figure 1).
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Figure 1. Temperature-pressure profile in alpha-lactalbumin (α-Lac)-added reconstituted infant milk
formula (IMF): High pressure processing (HPP) applied at 40.4 ◦C/600 MPa for 5 min.

Transient temperature change significantly impacts all chemical and biological reactions, due to its
exponential effect on them. The average temperature during the steady-state pressure phase does not
represent the accurate representation of the treatment temperature. For instance, as shown in Figure 1,
the pressure come-up time (100 s) prior to achieving the steady-state pressure condition is relatively
long and must be accounted for. Considering this, Farid and Alkhafaji [37] provided an integrated
value of processing temperature, named “effective treatment temperature (Teff)”, to represent the entire
treatment period (Equation (1)).

Teff =
−E/R

ln(
∑n

0 e−E/RT/n− 1)
(1)

where T (K) is the absolute temperature recorded at a given time interval (t), E is the activation energy
(kJ/mol) of the specific biological or chemical reaction, R is the gas constant (8.314 J/mol/K), and n is the
number of temperature recording points measured at equal time intervals.

From now on, the temperature in HPP treatments referred to in this paper will be the Teff.

2.4. Sample Preparation for α-Lac and β-Lg Determination

Defatted whey supernatant was prepared from both HTST- and HPP-treated samples by
centrifuging them at 9000 g for 15 min at 4 ◦C. Then, the whey portion was obtained by adjusting the
pH to 4.6 using 8 M acetic acid, followed by centrifugation at the same conditions. The pH of the
supernatant was readjusted to 6.8 using 3 M NaOH.

2.5. Determination of α-Lac and β-Lg Content

An enzyme-linked immunosorbent assay (ELISA) method was followed to measure the
concentration of α-Lac and β-Lg. The sandwich ELISA was performed using bovine α-Lac
and β-Lg Quantitation Kits (catalogue E10-128 and E10-125, respectively) and an ELISA Starter
Accessory Kit (catalogue E103), purchased from Bethyl Laboratories, TX, USA. The ELISA plates were
coated, and supplied bovine α-Lac and β-Lg were diluted to obtain standard curves, following the
manufacturer’s protocols. A multimode plate reader with associated software (Perkin Elmer’s EnSpire
Multimode Plate reader, Waltham, Massachusetts, USA) was used to read the absorbance of ELISA
plates at 450 nm. The unknown concentration of α-Lac and β-Lg of treated samples was obtained in
duplicate from the standard curves. Retention of α-Lac and β-Lg was calculated as a percentage of
α-Lac and β-Lg in untreated samples, respectively, as given in Equation (2).

Retention =
ct

co
× 100, (2)

where ct and co represent the concentrations of α-Lac or β-Lg after and before treatment, respectively.
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2.6. Kinetics of Protein Denaturation

Activation energy (Ea) for α-Lac and β-Lg denaturation was calculated using the results obtained
from HPP-treated samples. The denaturation of α-Lac and β-Lg with time after HPP treatment can be
described by the general rate equation

− dc
dt

= kcn, (3)

where − dc
dt is the rate of denaturation, k is the rate constant, c is the concentration of α-Lac or β-Lg,

and n is the order of reaction.
It has been reported that HPP denaturation of α-Lac follows first-order kinetics in whole milk [38].

For first-order kinetics (n = 1), the integration of Equation (3) gives

ln(ct/co) = −kt. (4)

The semi-logarithmic plot of Equation (4) gives a straight line with high coefficients of correlation
(r2), and the value of the ordinate intercept b (time, t = 0) appears close to zero. The slopes of the lines
obtained correspond to the rate constant (k).

Furthermore, the reaction kinetics for β-Lg in HPP was also reported as a second-order reaction
by Anema et al. [39] in skim milk and Hinrichs et al. [40] in whey proteins. For non-first order kinetics
(n � 1), the integration of Equation (3) gives

(ct/co)
1−n = 1 + (n− 1)kt. (5)

The graphical representation of Equation (5) yields straight lines, and the ordinate intercept b
(time, t = 0) should be 1 if the treatment follows the estimated reaction order. The rate constant (k) is
obtained from the slope of the lines. The Arrhenius equation relates the treatment temperature and the
rate constant of a denaturation process as given in Equation (6):

k = Ae−Ea/RT, (6)

where A is the pre-exponential factor, Ea is the activation energy, R is the universal gas constant, and T
is the absolute temperature.

By taking the logarithms of both sides, Equation (6) gives a linearized form as

lnk = (−Ea/R) × (1/T) + ln A. (7)

The graphical representation of Equation (7) (lnk vs. 1/T) determines the effect of temperature on
the rate of constant (k). The gradient of Equation (7) is equal to –Ea/R, and thus the activation energy
(Ea) is calculated.

2.7. Statistical Analysis

Statistical analysis of data, including mean and standard deviation for replicates, was performed
using Microsoft Excel 2013 (Microsoft Inc., Redmond, Washington, USA). The level of significance was
set at p = 0.05.

3. Results and Discussion

3.1. Calculation of Effective Treatment Temperature (Teff)

In this study, Teff for HPP treatments on α-Lac and β-Lg was calculated using Equation (1) and
tabulated in Table 1. In all cases, Teff was significantly lower than the maximum temperature in HPP
(Tmax), which further establishes the application of the concept of Teff in denaturation studies.
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Table 1. HPP conditions at different temperatures and the corresponding parameters.

Pressure 300 MPa 400 MPa 500 MPa 600 MPa

Pressure come up time (s) 60 60 60 80 80 80 90 90 90 100 100 100

Initial temperature (◦C) 14.8 30.4 41.2 14.7 29.9 40.2 14.3 29.9 40.7 21.2 30.3 40.4

Maximum temperature,
Tmax(◦C) 21.6 38.5 51.2 23.9 40.2 50.8 27.2 42.3 54.6 35.9 45.1 56.4

Teff (◦C) 18.1 36.2 46.5 21.2 36.6 47 23.8 38.1 49.2 31.9 41 51.7

3.2. Kinetics of α-Lac and β-Lg Denaturation during HPP Treatments

Activation energy (Ea) for α-Lac and β-Lg denaturation was calculated using the results obtained
from HPP treated samples following Section 2.6. The reaction orders for HPP-induced denaturation
of α-Lac and β-Lg were determined to compare the rate constants (k) at different temperatures and
pressures, and to calculate the Ea. Experimental data obtained in this work and their graphical
representation in Figures 2 and 3 yielded the reaction order (n) as 1 and 2 for α-Lac and β-Lg,
respectively. These orders consistently produced reasonably straight lines with good correlation of
coefficients (r2 > 0.98) and agree well with previous studies [38–40].

Figure 2. High-pressure denaturation of alpha-lactalbumin (α-Lac), HPP applied at ~20 ◦C (A), ~30 ◦C
(B), and ~40 ◦C (C). Temperature at all HPP conditions (Teff) is presented in Table 1. The concentration of
α-Lac is expressed as ct/co, where ct = α-Lac concentration after HPP and co = initial α-Lac concentration
before HPP.
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Figure 3. High-pressure denaturation of beta-lactoglobulin (β-Lg), HPP applied at ~20 ◦C (A), ~30 ◦C
(B), and ~40 ◦C (C). Temperature at all HPP conditions (Teff) is presented in Table 1. The concentration
of β-Lg is expressed as ct/co, where ct= β-Lg concentration after HPP and co = initial β-Lg concentration
before HPP.

Furthermore, Figures 4 and 5 represent the effect of HPP on the rate constant (k) for the denaturation
of α-Lac and β-Lg, respectively. Ea was calculated from the gradients of respective lines from Figure 4
for α-Lac and from Figure 5 for β-Lg. Ea indicates the energy barrier that a protein is required to
overcome to take part in a reaction. Values of Ea during HPP are presented in Table 2 where we
observed a distinctive higher Ea in β-Lg denaturation compared to α-Lac. These results correspond
well with the previous studies investigated by Huppertz et al. [31] for whole milk and Mazri et al. [32]
for skim milk.

Figure 4. Effect of HPP on the rate of constant (k) for denaturation of α-Lac. Temperature at all HPP
conditions (Teff) is presented in Table 1.
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Figure 5. Effect of HPP on the rate of constant (k) for denaturation of β-Lg. Temperature at all HPP
conditions (Teff) is presented in Table 1.

Table 2. Activation energy (Ea) after HPP of 300–600 MPa.

HPP
Activation Energy, Ea (kJ/mol)

α-Lac β-Lg

300 MPa 8.74 44.8

400 MPa 9.44 51.3

500 MPa 9.65 52.5

600 MPa 12.13 71.6

However, Ea values obtained in this work for β-Lg denaturation differ to some extent from those
reported earlier by Anema et al. [39] from HPP treatments of 200–600 MPa at 10–40 ◦C up to 60 min.
They reported Ea as 103.8 and 114.35 kJ/mol for 500 and 600 MPa, respectively; twice higher than the
reported values of this work.

IMF is a complex food containing a variety of ingredients. Therefore, this difference in Ea could be
attributed to the dissimilarity in treatment media, treatment duration, and the estimation of treatment
temperature, since this study considered the temperature attained during the pressure come-up time.

3.3. Ratio of α-Lac to β-Lg

In this study, the retention of α-Lac and β-Lg after HTST and HPP was measured by ELISA and
compared thereafter (Figure 6). Before treatment, the concentration of α-Lac and β-Lg in reconstituted
IMF was 1.04 and 6.2 mg/mL, respectively. Conventional HTST (72 ◦C for 15 and 30 s) retained 78%
and 70% of α-Lac and β-Lg respectively, which corroborates the results reported previously [27,41].
However, in contrast, the degree of denaturation of β-Lg was more pronounced than α-Lac, as observed
with HPP combinations of increased pressure, temperature, and time (Figure 6). This trend is in
agreement with those obtained from HPP in skim milk [31,32] and in a protein solution [42].
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Figure 6. Retention of α-Lac and β-Lg (%) after high-temperate short-time (HTST) pasteurization at
72 ◦C for 15 and 30 s, and HPP applied at ~20 ◦C (A), ~30 ◦C (B), and ~40 ◦C(C). Error bars represent
the standard deviations of duplicates.

Figure 7 represents the relative proportions (%) of α-Lac and β-Lg derived from Figure 6.
The highest ratio of α-Lac to β-Lg (77:23) was achieved from the HPP treatment of 600 MPa at 51.7 ◦C
for 5 min, whereas it was only 24:76 and 23:77 in HTST for 15 and 30 s, respectively (Figure 7).
From the results obtained in this work, it is evident that the synergistic effect of HPP at elevated
temperature induces a higher ratio ofα-Lac toβ-Lg, compared to the untreated (22:78) and HTST-treated
α-Lac-added reconstituted IMF. The higher baroresistance of α-Lac, compared with β-Lg, is consistent
with previous observations in milk [31,32,43]. This difference is considered to be due to the higher
number of intramolecular disulfide bonds (4 in α-Lac and 2 in β-Lg) and to the presence of a free
sulphydryl group in β-Lg [32,40]. Upon unfolding of β-Lg due to HPP, this free sulphydryl group
interacts with proteins containing disulphide bonds (e.g., αs2-casein, k-casein, α-Lac, and β-Lg)
through sulphydryl–disulfide interchange reactions resulting in aggregation. Moreover, unfolded
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α-Lac and β-Lg, which did not interact with other proteins, refold to their native forms on the release
of pressure [31]. Therefore, the mechanistic approach of using HPP followed in this work explains the
mechanism to achieve a final product with a massive reduction in the β-Lg portion, which subsequently
would result in lowering the allergenicity and protein content.

Figure 7. Relative proportions of α-Lac and β-Lg (%) after HTST at 72 ◦C for 15 and 30 s, and HPP
applied at ~20 ◦C (A), ~30 ◦C (B), and ~40 ◦C (C). Total refers to the sum of α-Lac and β-Lg content.

The results found in this work show the potential route to develop an HPP-treated pasteurized
RTF hypoallergenic formula because of having a higher ratio of α-Lac to β-Lg. In addition to this,
such a formula would ensure the required amino acid balance in the treated product due to the α-Lac
supplementation, which may also compensate the lower contribution of heavily denatured β-Lg in the
amino acid profile. Thus, this work streamlines the possibility of manufacturing a hypoallergenic and
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low-protein pasteurized RTF formula. However, further investigation in post-treatment analysis (e.g.,
bioavailability, digestibility, amino acid profile, etc.) of HPP-treated formula is highly recommended to
commercialize this research. Besides, the shorter shelf life at refrigerated conditions of this pasteurized
product than that of the sterilized RTF formula would result in slower progress in gaining market.
Moreover, HPP is still limited by its batch operation although the recent patent-pending concept
of Hiperbaric, the HPP equipment manufacturer, to process liquid foods up to 10,000 L/h before
bottling (aseptic packaging) is being considered as a promising innovation to address HPP’s batch
operation [44].

4. Conclusions

Our results demonstrated the synergistic effect of HPP and heat on the substantial reduction of
β-Lg in reconstituted IMF added with α-Lac. Compared to HTST, the HPP treatment at 600 MPa
for 5 min applied at 40.4 ◦C achieved the higher ratio of α-Lac to β-Lg. Overall, the pronounced
reduction of β-Lg due to the combined effect of HPP and heat confirms the possibility to manufacture
a hypoallergenic and low protein RTF formula, a niche product. Further investigation is necessary
to explore the post-treatment effects on physicochemical and rheological properties, along with
microbial studies.
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Abstract: An objective of the present study was the enrichment of skim sheep yoghurt milk base with
hydrolysates (WPHs) of whey protein concentrate (WP80) derived from Feta cheesemaking. Moreover,
the use of high hydrostatic pressure (HP) treatment at 600 MPa/55 ◦C/10 min as an alternative for heat
treatment of milk bases, was studied. In brief, lyophilized trypsin and protamex hydrolysates of WP80
produced under laboratory conditions were added in skim sheep milk. The composition and heat
treatment conditions were set after the assessment of the heat stability of various mixtures; trisodium
citrate was used as a chelating agent, when needed. According to the results, the conditions of heat
treatment were more important for the physical properties of the gel than the type of enrichment.
High pressure treatment resulted in inferior gel properties, irrespective of the type of enrichment.
Supplementation of skim sheep milk with whey protein hydrolysates at >0.5% had a detrimental
effect on gel properties. Finally, skim sheep milk base inoculated with fresh traditional yoghurt,
resulted in yoghurt-type gels with high counts of Lb. delbrueckii subsp. bulgaricus and Str. thermophilus
-close to the ideal 1:1- and with a high ACE inhibitory activity >65% that were not essentially affected
by the experimental factors.

Keywords: high hydrostatic pressure; whey protein hydrolysates; sheep milk; yoghurt; ACE
inhibitory activity; gel properties; heat stability; traditional yoghurt starter; biofunctionality

1. Introduction

The manufacture of low-fat, high-protein fermented milks is one of the current trends in food
technology. High-protein, high-mineral set-style yoghurt manufactured from partially defatted or
skim sheep milk can be stable throughout four weeks of storage. However, the fat removal reduces
the water holding capacity and the firmness of the skim yoghurt in comparison to the reduced-fat
counterpart [1]. An objective of the present study was the enrichment of the skim sheep milk base
with hydrolysates (WPHs) of whey protein concentrate (WP80) derived from Feta cheesemaking. The
hypothesis was that this intervention could modify the texture and increase the biofunctionality, in
terms of angiotensin converting enzyme inhibitory activity (ACE-IA), in accordance to our recent
findings for reduced-fat cow milk yoghurt [2]. Fortification or enrichment of yoghurt cow milk base
with WPC has been widely studied [3,4], but similar interventions in small ruminants yoghurt milk are
scarce and have been applied in goat milk [5–7].
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Hydrolysis of whey or individual whey proteins or whey protein concentrates by various enzymes
results in mixtures of proteins and peptides known as whey protein hydrolysates (WPHs). WPHs can
exhibit improved biofunctionality and modified physical properties compared to the substrate [4,8,9].
The use of whey protein hydrolysates (WPHs) in the cow milk yoghurt base has been studied in regard
to the growth of probiotics [10,11] or biofunctional and textural properties [2,12].

An important and essential step of the manufacture of fermented milks is the heat treatment of
the milk base. The heat stability of sheep milk is lower than cow milk due to differences in the casein
micelle structure and mineral content [13,14]. Therefore, another objective of the present study was the
use of high hydrostatic pressure (HP) as an alternative for the heat treatment of yoghurt milk bases.
HP processing has been associated with variable effects on yoghurt properties that depend on the
composition of cow milk base [15–17]. However, information for the effect of HP-treatment on sheep
milk that could affect yoghurt manufacture and properties is limited [18–23].

2. Materials and Methods

2.1. Hydrolysis of Whey Protein Concentrate

The substrate was a 5% (w/w) aqueous dilution of whey protein concentrate powder with
approximately 80% (w/w) protein content (WP80) derived from sheep/goat Feta cheese whey (Epirus
Protein SA, Ioannina, Greece). The composition of WP80 (Table 1) was determined as described by
Zoidou et al. [7]. The aqueous dilution of WP80 remained overnight at 4 ◦C–6 ◦C for proper hydration
of the powder. Hydrolysis was carried out by means of trypsin and Protamex. The ratio enzyme to
protein was 0.25%, and 0.1% for trypsin and protamex, respectively. Incubations were carried out at
50 ◦C without pH adjustment at pH 6.2–6.3, which was the pH of the WP80 dilution. After 60 min,
the pH was 5.6–6.1 and hydrolysis was stopped by heat treatment at 68 ◦C for 10 min, which are the
conditions for batch pasteurization of milk. Hydrolysates were powdered by lyophilization. Trypsin
and protamex hydrolysates were symbolized as WPHt and WPHp. Hydrolysis conditions resulted
from previous experiments (data not shown).

Table 1. Composition of whey protein concentrate (WP80) g/100 g used as substrate for the production
of whey protein hydrolysates (WPHs).

Component Ca Mg K Na P CMP α-la SA β-lg TNP

g/100 g 0.323 0.065 0.259 0.205 0.214 12.75 14.02 2.63 46.55 75.95

CMP, caseinomacropeptide; α-la, α-lactalbumin, SA, serum albumin; β-lg, β-lactoglobulin; TNP, total native protein.

2.2. Assessment of Heat Stability of Various Sheep Milk Bases

The aim of this experimental section was the selection of heat stable milk bases that could be used
for the manufacture of yoghurt-type gels. Raw sheep milk was defatted by centrifugation at 3000× g
for 20 min at 40 ◦C. Skim sheep milk (0.1% fat) was mixed with variable quantities (0.5%–2% w/w) of
WP80, WPHt and WPHp powders with or without trisodium citrate at 0.2% (w/w), i.e., approximately
7 mM. Experiments were performed in duplicate and three replicates of each mixture were prepared in
each experiment. Mixtures were kept overnight at 5 ◦C–6 ◦C for hydration. Then, two of the replicates
were heated at 70 ◦C, 75 ◦C, 80 ◦C, 85 ◦C, 90 ◦C and 95 ◦C for 5 min. At the end of the heat treatment,
the milk mixtures were cooled down immediately at room temperature using an ice-bath. One of
the triplicates was not heated (control). Heat-treated (HT) and control mixtures were centrifuged at
10,000× g for 10 min. Appearance of sediment indicated heat instability.

2.3. Heat- and High Pressure- Treatment of Selected Skim Sheep Milk Bases

Raw ovine milk was defatted by means of a lab-scale milk fat separator. The composition and
treatments of milk bases used in the subsequent yoghurt-type gel experiments are shown in Table 2.
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The criterion for their selection was the heat stability (Section 2.2). Heat treatments (HT) were carried
out under batch conditions. The same mixtures without trisodium citrate were processed by high
pressure (HP) as follows. Treatments were performed using a laboratory-scale HP system with a
maximum operating pressure of 1000 MPa (Food Pressure Unit FPU 1.01, Resato International BV,
Roden, Netherlands), consisting of an HP unit with a pressure intensifier, an HP vessel of 1.5 L and a
multi-vessel system consisting of six vessels of 42 mL capacity each. All HP vessels are surrounded by
a water circulating jacket connected to a temperature control system. The pressure-transmitting fluid
used was the polyglycol ISO viscosity class VC 15 (Resato International BV, Netherlands). Milk bases
were put into a multilayer (PP, foil, PE) packaging and placed in the 1.5 L chamber for processing. The
desired value of pressure was set and, after pressure build-up (ca. 20 MPa·s−1), the pressure vessel was
isolated; this point defined the zero time of the process. The pressure of the vessel was released after a
preset time interval (10 min pressurization time) by opening the pressure valve (release time <3 s).
The initial temperature increase during the pressure build-up (ca. 3 ◦C per 100 MPa) was taken into
consideration in order to achieve the desired operating temperature. The pressure and temperature
were constantly monitored (intervals of 1 s) and recorded during the process. All samples were
pressurized at 619 ± 7 MPa and 55.2 ± 1.3 ◦C for a process time of 10 min. After processing, samples
were kept overnight at 4 ◦C. The heat and high-pressure experiments were performed in duplicate.

Table 2. Composition and treatments of skim sheep milk bases. Means of two experiments ±
standard deviation.

Milk Base
Powder
% (w/w)

Trisodium
Citrate

Treatment
pH before
Treatment

pH after
Treatment

Υ0 1-HT - - 95 ◦C/5 min 6.71 ± 0.09 6.36 ± 0.07

Υ0 1-HP - - 600 MPa/55
◦C/10 min 6.66 ± 0.01 6.54 ± 0.16

ΥWP80-HT WP80 2/1% 0.2% 90 ◦C/5 min 6.78 ± 0 6.52 ± 0.05

ΥWP80-HP - 600 MPa/55
◦C/10 min 6.63 ± 0.02 6.42 ± 0.10

ΥWPHp0.5-HT WPHp 3/0.5% 0.2% 85 ◦C/5 min 6.85 ± 0.05 6.59 ± 0.03

ΥWPHp0.5-HP - 600 MPa/55
◦C/10 min 6.61 ± 0 6.41 ± 0.07

ΥWPHt0.5-HT WPHt 4/0.5% 0.2% 85 ◦C/5 min 6.84 ± 0.05 6.55 ± 0.03

ΥWPHt0.5-HP - 600 MPa/55
◦C/10 min 6.60 ± 0.04 6.43 ± 0.11

ΥWPHt1-HT WPHt 4/1% 0.2% 75 ◦C/5 min 6.80 ± 0.03 6.46 ± 0.09

ΥWPHt1-HP - 600 MPa/55
◦C/10 min 6.61 ± 0.04 6.39 ± 0.10

1 defatted sheep milk (control); 2 whey protein concentrate powder with approximately 80% (w/w) protein content
(WP80) derived from sheep/goat Feta cheese whey; 3 trypsin hydrolysate of WP80; 4 protamex hydrolysate of WP80.

2.4. Manufacture of Yoghurt-type Gels

After treatments, the temperature of the mixtures of Table 2 was adjusted to 43 ◦C, which was the
inoculation temperature. Fresh Greek traditional sheep yoghurt with the characteristic top fat layer [24]
was used as a starter, at a ratio of 1.5% (v/v). Portions of 100 mL of inoculated milk bases were poured
in sterilized containers, in which they were incubated at 42 ◦C, until pH 4.7. Incubation was stopped
by immediate cooling. At the end of cooling, the yoghurt-type gels had pH 4.6. The average duration
of incubation was 2 h and 30 min and 2 h and 18 min for HT and HP treated mixtures, respectively.

2.5. Analyses

All analyses were performed as previously described [1,2,7]. In brief, gross composition, yoghurt
bacteria counts, water holding capacity (WHC), firmness/cohesiveness and ACE-IA determinations
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were carried out by means of the Milkoscan, colony count technique, centrifugation, texture profile
analysis and RP-HPLC, respectively.

2.6. Statistical Analysis

The analysis of variance (ANOVA) was used to analyze the effect of the mixture composition (milk
base) and of the treatment on the characteristics of the yoghurt-type gels and for the differences among
the means of the Least Significant Difference test was used (LSD, p < 0.05). Statistical analysis was
carried out by means of the Statgraphics, Centurion V (Manugistics Inc., Rockville, MA 20852, USA).

3. Results and Discussion

Sodini et al. [3] summarized that the rheological properties and microstructure of yoghurt are
related to the heating conditions of the milk base from 75 ◦C for 1 min–5 min to 95 ◦C for 5 min–10
min; the later conditions result in >99% denaturation of the β-lactoglobulin (β-lg). The heat treatment
induces the formation of various types of complexes, which are key factors for the configuration of
acid milk gels and yoghurt: i. between casein micelles and denatured whey proteins, ii. between
κ-casein and β-lg and iii. between denatured whey proteins [25]. Their extent and distribution are
differentiated within the range from pH 6.5 to pH 6.7. At low pH, the denatured whey proteins bind
onto the casein micelles thus increasing the particle size while at higher pH they participate in soluble
complexes with solubilized κ-casein [26].

From Table 2, it is evident that only the control skim sheep milk base was stable under the usual
heating conditions for the yoghurt manufacture –i.e., 95 ◦C/5 min. The addition of WPC or WPHs even
at low level decreased the heat stability and trisodium citrate addition was necessary. The heat stability
of sheep milk is lower than that of cow milk because ovine micelles are more mineralized, contain
more β-casein, are less hydrated than their bovine counterparts and their size increase substantially
during heating. In fact, heating at >80 ◦C causes an increase of the ovine micelle size by >50%, which
along with the high casein content favour micelle-micelle interaction and aggregation [13,14]. The later
phenomenon is expected to be more pronounced in the skim sheep milk of the present experiments
due to the increase of protein concentration caused by the removal of fat. Moreover, the calcium
content of WPC and WPHs may also adversely affect the heat stability of the mixtures of Table 2.
Excessive calcium before heat treatment results in the formation of large aggregates that decrease the
heat-stability while calcium combined with acidification induce the gelation of denatured whey protein
polymers [27].

Therefore, both the low pH and the elevated calcium content of the milk bases before acidification
could be responsible for the poor heat stability of the sheep milk bases in the experiments of Section 2.2.
Milder heating conditions and the addition of trisodium citrate before heat treatment were used for the
enriched skim milk bases. As shown in Table 2, the pH of milk bases supplemented with approximately
7 mM sodium citrate was higher compared to the control before and after heat treatment, on average by
0.12 pH and 0.16 pH units, respectively. The addition of sodium citrate in sheep or goats milk enhances
their heat stability by linking with ionic calcium and solubilizing both the colloidal calcium phosphate
and the calcium linked to the phosphoseryl residues. Moreover, sodium citrate increases the milk pH
by approximately 0.1 units resulting in the increase of small-sized casein micelles and of their negative
charge that do not favour heat aggregation [13,14]. In regard to cow milk yoghurt gels, using >25 mM
trisodium citrate causes detrimental disruption of casein micelles, while the addition of 10 mM–20 mM
trisodium citrate improves the texture by chelating calcium. Calcium chelation induces solublization
of colloidal calcium phosphate, thus enhancing the formation of crosslinks [28]. The milk bases were
stable under the conditions of HP treatment, which reduced the pH by 0.18 units, on average.

3.1. Properties of Yoghurt-type Gels

The effect of the experimental factors on the physical and compositional properties of yoghurt-type
gels was analyzed by the multifactor ANOVA and it is shown in Table 3.
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Table 3. Effect of experimental factors on the properties of yoghurt-type gels, expressed as p-values.

Properties A: composition B: treatment C: days A × B A × C B × C

pH 0.119 0.634 0 0.034 0.288 0.023
WHC (%) 0 0 0.07 0 0.928 0.371
FIRMNESS (N) 0 0 0.007 0 0.753 0.157
COHESIVENESS 0 0 0.999 0 0.985 0.799
TOTAL SOLIDS
(%) 0.001 0.001 - 0.170 - -

PROTEIN (%) 0.003 0.144 - 0.057 - -

It is evident (Table 3) that the physical properties (water holding capacity, firmness and
cohesiveness) were affected significantly (p < 0.05) by the type of enrichment (composition) of
the milk base and by the processing (heat- or high pressure-treatment). Moreover, there was a
significant (p < 0.05) combined effect of these factors (A × B) on the physical properties. The days of
storage affected significantly (p < 0.05) the pH and the firmness of gels.

The physical and compositional properties of the yoghurt-type gels treated by heat or by
high-pressure are presented in Table 4. The factor “composition”- that is the composition of the milk
base mixture—was related to statistically significant differences (p < 0.05) mostly in the HT group.
These differences can be assigned to: i. different heat treatments, and ii. differences in composition. It is
evident that at day three, the YWPHt1 base treated at 75 ◦C for 5 min, i.e., under the mildest conditions,
was significantly differentiated among the HT group in regard to the water holding capacity (WHC),
firmness and cohesiveness. The extend of whey protein denaturation in YWPHt1 was expected to be
the lowest, which is consistent with its lowest WHC. Extended heat denaturation of β-lg enhances
the capability of the casein network to immobilize the serum [3]. On the other hand, in high-protein
yoghurts the reduction of heating temperature from 95 ◦C to 75 ◦C for 5 min reduces firmness but
improves the sensory properties [29]. Despite the highest total solids and protein content of YWPHt1,
its firmness was the lowest in accordance to the above-mentioned effect of heating on the formation
and distribution of complexes. It has to be noticed that the enrichment of skim milk - i.e., higher total
solids and protein contents - and heat treatment at 85 ◦C or 90 ◦C for 5 min resulted in significantly
higher (p < 0.05) WHC and firmness for YWP80, YWOHp0.5 and WPHt0.5 compared to the control Y0.
Therefore, the supplementation with WP80 at 1% and with WPHs at 0.5% counteracted the effect of
milder heating conditions. The addition of whey proteins in the yoghurt milk base increases also the
ratio whey protein to casein that in turn increases WHC and affect also the viscoelasticity and flow
behavior; the latter is related to heating conditions [3]. In particular, the whey protein to the casein
ratio has been demonstrated as a crucial factor for the structure of non-fat stirred yoghurts [30]. The
enrichment with WPHs resulted in lower WHC and firmness compared to the intact WP80. Apparently,
due to hydrolysis, the WPHt and WPHp contained less intact native whey proteins, which are key
components for the crosslinking within the yoghurt gel matrix, as reported above. Moreover, the
solubility of a WPH may be reduced due to the exposure of hydrophobic areas of the molecules [9].
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Table 4. Properties of yoghurt-type gels made from skim sheep milk bases enriched with WPHs.

Properties Treatment Υ0 ΥWP80 ΥWPHp0.5 ΥWPHt0.5 ΥWPHt1

Day 3

pH HT 1 4.35 ± 0.05 a 4.44 ± 0.02 b 4.33 ± 0.03 a 4.32 ± 0.06 a 4.38 ± 0.04 a, b
HP 2 4.41 ± 0.06 4.35 ± 0.08 4.29 ± 0.06 4.32 ± 0.09 4.32 ± 0.14

WHC (%) HT 33.21 ± 1.92 b 45.31 ± 1.53 d, B 40,91 ± 2.13 c, B 37.23 ± 1.38 c, B 27.53 ± 2.84 a
HP 28.52 ± 2.60 29.09 ± 2.21 A 26.72 ± 2.29 A 28.65 ± 1.43 A 28.69 ± 3.52

FIRMNESS
(N)

HT 1.40 ± 0.22 b, B 1.78 ± 0.21 b, c, B 1.87 ± 0.24 c, B 1.59 ± 0.14 b, c, B 0.66 ± 0.29 a
HP 0.70 ± 0.03 c, A 0.35 ± 0.06 a, A 0.52 ± 0.07 b, A 0.69 ± 0.04 c, A 0.57 ± 0.09 b, c

COHESIVENESS
HT 0.426 ± 0.019 a, A 0.421 ± 0.026 a, A 0.422 ± 0.014 a, A 0.449 ± 0.023 a 0.541 ± 0.039 b
HP 0.540 ± 0.050 a, b, B 0.612 ± 0.019 b, B 0.506 ± 0.029 a, B 0.506 ± 0.021 a 0.546 ± 0.052 a, b

Day 10

pH HT 4.15 ± 0.07 a * 4.23 ± 0.05 a, b * 4.18 ± 0.03 a * 4.19 ± 0.04 a, b * 4.26 ± 0.02 b *
HP 4.30 ± 0.04 4.23 ± 0.05 4.22 ± 0.04 4.23 ± 0.02 4.21 ± 0.03

WHC (%) HT 36.61 ± 1.82 a, b, B 46.49 ± 3.52 c, B 39.74 ± 3.92 b 38.42 ± 3.58 b 30.85 ± 3.96 a
HP 31.64 ± 1.28 A 29.87 ± 1.83 A 33.85 ± 3.00 31.90 ± 2.14 29.53 ± 2.35

FIRMNESS
(N)

HT 1.49 ± 0.36 b 2.20 ± 0.23 c, B 2.04 ± 0.33 c, B 1.83 ± 0.14 b, c, B 0.96 ± 0.15 a
HP 0.74 ± 0.03 c 0.38 ± 0.02 a, A 0.55 ± 0.03 b, A 0.77 ± 0.01 c, A 0.79 ± 0.02 c

COHESIVENESS
HT 0.429 ± 0.018 a, b 0.408 ± 0.028 a, A 0.438 ± 0.018 a, b 0.456 ± 0.021 b 0.507 ± 0.033 c
HP 0.527 ± 0.057 a, b 0.646 ± 0.036 b, B 0.454 ± 0.043 a 0.502 ± 0.035 a, b 0.595 ± 0.99 a, b

TOTAL
SOLIDS (%)

HT 11.22 ± 0.28 a 12.05 ± 0.30 b 12.10 ± 0.25 b 12.15 ± 0.30 b 12.53 ± 0.21 c, B
HP 11.25 ± 0.21 11.98 ± 0.25 11.80 ± 0.35 11.58 ± 0.32 11.45 ± 0.21 A

PROTEIN
(%)

HT 4.73 ± 0.18 a 5.28 ± 0.23 b, c 5.15 ± 0.17 b 5.13 ± 0.24 b 5.59 ± 0.20 c
HP 4.80 ± 0.14 a 5.40 ± 0.14 b 4.93 ± 0.18 a 5.18 ± 0.18 a, b 4.98 ± 0.25 a, b

Means of two experiments ± standard deviation. Symbols as in Table 2; 1 heat treatment conditions indicated in
Table 2; 2 high hydrostatic pressure treatment at 600 MPa/55 ◦C/10 min. a–d lowercase letters indicate statistically
significant differences (LSD, p < 0.05) within each type of treatment, i.e., within rows; A–B, indicate significant
differences (p < 0.05) between heat treatments (HT) and high pressure (HP) treatments; * indicates significant
differences (p < 0.05) between three and 10 days.

Similar findings have been reported by other researchers. The use of the WPHt of the present
study in reduced-fat cow milk base did not influence WHC but dramatically affected firmness, while
the use of commercial WPHs of bovine origin had the opposite effect [2]. The addition of commercial
WPHs in reduced-fat cow milk base at levels lower than 0.4% (w/v) affected negatively the texture of
yoghurts due to less cross-linked microstructure [11]. The use of a tryptic WPH in buffalo milk at a
ratio of 3% decreased the firmness and increased the syneresis of the sweetened yoghurt made there
from [12].

The observation that the heating conditions were more important than the enrichment of the
sheep milk base coincides with the findings for the HP-group of yoghurt-type gels. Less differences
were observed between the HP milk bases (Table 2). These differences can be attributed solely to
the enrichment since all were treated under the same conditions. Similar HP treatments of full-fat
sheep milk induced >90% denaturation of β-lg and substantial reduction of α-la [22]. Firmness of
the HP-group was significantly lower compared to the HT-group (Table 4) and this holds true for the
control non-supplemented milk base Y0. WHC was not affected but firmness of YWP80 supplemented
with 1% WP80 was significantly the lowest, half that of the control Y0. The opposite was true for
cohesiveness. From the literature reviews [3,16,17] comes out that according to several studies, the HP
treatment improve firmness and WHC. However, there are also opposite reports that coincide with our
findings [15,29]. Similarly to the present study, the HP treatment of the cow milk base supplemented
with whey protein concentrates and isolates resulted in weaker and less firm acid gels compared to heat
treatment due to differences in the complexation of denatured β-lg [31,32]. The study of the effect of HP
on reconstituted skim milk powder base combined with heating and in comparison to heat-treatment
suggested that it can be used for the production of high protein drinking yoghurts of low viscosity [33].
Interestingly, the incorporation of WPHs in the HP treated milk bases had less detrimental effects on
physical properties than the addition of non-hydrolyzed WP80. Again, a possible explanation is a
favourable change of solubilization and the interactions between peptides and proteins, induced by
partial hydrolysis [9].

The HP treatment of homogenized pasteurized full-fat sheep milk at 500 MPa/55 ◦C increase
the firmness and the WHC of yoghurt compared to the typical 95 ◦C/5 min heat treatment [19]. The
effect of HP on skim sheep milk has not been reported, but it is reasonable to expect that its high
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protein content could affect its behavior under various HP conditions. Additionally, the particularities
of sheep milk and casein should be taken into consideration. Our previous study [23] showed that
HP conditions similar to the present study affected the rennet clotting behavior of full-fat sheep milk
in a different manner compared to cow milk. HP at 600 MPa decreased the size of ovine micelle by
40% [21]. At 400 MPa the κ-casein was extensively solubilized by >80%, much higher than the 22%
observed in ovine milk [18]. Therefore, it could be assumed that soluble κ-casein/β-lg complexes were
favoured under the applied HP conditions impairing thus crosslinking between micelles and β-lg and
consequently the gel microstructure.

3.2. Biofunctional Characteristics

The thermophilic counts are “components” of yoghurts with biological value and along with
particular substances such as proteins, peptides, vitamins, specific lipid compounds configure the
biofunctionality of this type of fermented milks. Thermophilic bacilli and cocci log counts—estimated
according to the ISO 7889-IDF 117 standard [34] - and the percentage of angiotensin converting enzyme
inhibitory activity (ACE-IA)—often called anti-hypertensive potential- are shown in Table 5.

According to the results, both the enrichment and the treatment of the milk base did not affect the
counts of Lb. bulgaricus and Str. thermophilus, which were high and very close to the suggested 1:1 ratio,
after 10 days of storage. Of particular interest are the high numbers of bacilli which are considered
very beneficial for the gastrointestinal system. The modern trend for yoghurts and fermented milks
with mild characteristics has suppressed the presence and the viability of Lactobacillus delbrueckii subsp.
bulgaricus in yoghurt starters to avoid the development of excessive acidity during storage. In our
previous experiments carried out with commercial starters [1,7], we estimated less than four log cfu/g
thermophilic bacilli whereas cocci counts were close to nine log cfu/g. Very low or even zero lactobacilli
counts have also been estimated in market yoghurts [35]. Apparently, the biofunctional profile of the
yoghurt-type gels of Table 5 is related to the Greek traditional sheep yoghurt used as a starter that
contained 8.52 log cfu/g Lb. bulgaricus and 6.82 log cfu/g Str. thermophilus, while its ACE-IA was 57.5%.

ACE-IA in the present gels was high coinciding with the high bacilli counts and the high % ACE-IA
of the starter. In our previous studies [1,7] the ACE-IA of the skim sheep milk set-style yoghurt ranged
from 22% to 25%. In the present study, ACE-IA was not affected by the type of treatment and statistical
differences were observed only between different mixtures of the HT-group. In general, the enrichment
of dairy products with whey-derived peptides is expected to “add” biofunctional ACE-I peptides [36].
Nevertheless, in the present experiments the supplementation of the skim milk base decrease slightly
this activity, indicating the importance of the viable counts for this category of dairy products.
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4. Conclusions

The conditions of the heat treatment of the milk base were more important than the type of
enrichment for the physical properties of the gel. These conditions were determined by the heat stability
of the mixtures of “versatile” skim sheep milk with WPC or WPHs. The high pressure treatment at
conditions that denature almost totally the β-lactoglobulin as an alternative to heating resulted in
inferior gel properties, irrespective of the type of enrichment. Supplementation of skim sheep milk
with whey protein hydrolysates at > 0.5% had a detrimental effect on gel properties. Finally, the sheep
milk base along with the use of fresh traditional yoghurt as a starter, resulted in yoghurt-type gels with
high counts of Lb. delbrueckii subsp. bulgaricus and Str. thermophilus -close to the ideal 1:1- and with
high ACE-IA, which were not essentially affected by the experimental factors.
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Abstract: Methods of testing and describing the recrystallization process in ice cream systems were
characterized. The scope of this study included a description of the recrystallization process and a
description and comparison of the following methods: microscopy and image analysis, focused beam
reflectance measurement (FBRM), oscillation thermo-rheometry (OTR), nuclear magnetic resonance
(NMR), splat-cooling assay, and X-ray microtomography (micro-CT). All the methods presented were
suitable for characterization of the recrystallization process, although they provide different types of
information, and they should be individually matched to the characteristics of the tested product.

Keywords: recrystallization; food hydrocolloids; methods for crystal structure evaluation

1. Introduction

The most important factor that determines frozen food quality is the course of crystallization [1].
Crystallization is a process of ice crystal formation as a consequence of atomic ordering and mostly
includes hexagonal columns, plates, and dendritic crystal lattices [2,3]. Size, location, and morphology
of the ice crystals determine the quality of frozen food, especially ice cream desserts [3–5]. Large
ice crystals have a negative impact on product textural properties. Ice crystals of sizes between 10
and 20 μm give the product its desired texture whereas ice crystals larger than 50 μm (if present in a
significant quantity) cause the product to have an undesirable (coarse or grainy) texture [1,6–10].

Ice cream is a multiphase physicochemical system originating from the dispersion of individual
components in different phases [11,12]. The structure of ice cream is formed by dispersion of air in the
frozen liquid that consists of approximately two-thirds water. Therefore, ice cream is a foam, a system
in which a liquid (dispersing) phase is dispersed in air (dispersed phase). In the water phase, ice cream
is a real solution of sucrose, lactose, and other sugars as well as mineral salts, whose particle sizes do
not exceed 1 μm [11]. In general, an ice cream system is constituted of four phases [13]: unfrozen matrix
(a solution of different mono- and polysaccharides), air bubbles (with sizes between 20 and 150 μm),
ice crystals (with sizes from 10 to 75 μm), and fat globules (between 0.4 and 4 μm). Ice formation
occurs after initial freezing, accelerates within the first hours after production, and under unstable
temperature conditions, during storage, ice crystals grow due to the recrystallization process [8,14].
Various factors, that include total solids, initial freezing temperature, unfrozen water, stabilizer type,
sweetener type, and storage temperature influence the excessive crystal growth during storage [14,15].
When temperature fluctuates, unfrozen water diffuses to the surface of existing crystals and enhances
their growth (Figure 1).
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Figure 1. Microscopic image of ice crystals in model sucrose solution (50%) after 96 h of storage at
−8 ◦C; coalescence visible (own work, not published).

The recrystallization process occurs at a constant temperature during long storage, especially
above the glass transition temperature [16–18]. Heat and mass transfer cause some crystals to melt and
others to grow [19]. During storage, this ice crystal growth occurs mostly because of two mechanisms,
coalescence and migration. Coalescence is the process of gathering two or more adjacent ice crystals
that form a kind of bridge between them until a single and much larger ice crystal arises. Migration
(Ostwald ripening) consists of two stages: melting of smaller crystals, and movement of melted liquid
to the surface of crystals with larger diameters. Water molecules at the surface of small crystals
are not firmly bound because of the high curvature. These “free” water molecules tend to diffuse
through the freeze-concentrated matrix and are deposited on the surface of the crystals with a larger
diameter. The water molecule diffusion process occurs because of the differences in vapor pressure (the
vapor pressure is inversely proportional to the ice crystal radius). Usually, these two mechanisms of
recrystallization occur simultaneously. Some researchers have claimed that the rate of crystal growth
may be dependent on the viscosity of the unfrozen phase [6,8,11,14,20]. However, the influence of
selected stabilizers on the recrystallization rate in frozen food systems has been investigated most
intensively [1,8,21–23].

Hydrocolloid stabilizers are used in food production to modify water-binding capacity, freezing
rates, ice crystal formation, and rheological properties [7,8,11,12,24]. Many studies have suggested
that some aspects of stabilizer functionality with respect to recrystallization protection may depend on
the structure, as measured by rheological properties, which results from the freeze-concentration of the
polysaccharide in the unfrozen phase of ice cream. This structure from the stabilizers would affect the
rate at which water diffuses to the surface of a growing ice crystal. The stabilizers could also lead to
the formation of small curvatures with different radii during ice crystal growth. These newly formed
curvatures appear on the surfaces of both smaller and larger ice crystals and prevent differences in
vapor pressure between them [1,8,11,21–23]. Polysaccharide stabilizers such as guar gum, locust bean
gum (LBG), carboxyl methylcellulose, alginate, and xanthan gum are used commonly to control crystal
lattice creation.

Different forms of carrageenan are commonly used as stabilizers. The kappa carrageenan form is
mostly used to stabilize dairy products, but it may also be applied to control crystal growth in sorbet
production [1,25]. The iota fraction of carrageenan reacts electrostatically with milk proteins to form a
three-dimensional network that resists separation of the suspended phase in ice cream mixes [11,26].
Gaukel et al. (2014) [8] investigated the impact of a special protein called antifreeze protein (AFP) on
the ice recrystallization inhibition process. Due to the fact that recrystallization is a significant problem
in frozen food, recrystallization and its inhibition have both been widely studied. Moreover, currently
there is interest in the possibilities of applying different methods to describe and control this process
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during storage as well. Most of the studies related to the measurement of the recrystallization rate
consist of determining the ice crystal size distribution and the ice crystal size using microscopy. It is
the best known, although not the only method, to describe the recrystallization phenomenon.

The aim of this review was to outline the basic characteristics of the measurement method,
sample preparation, and equipment required to show and describe ice crystals during and after the
recrystallization process using the following methods: FBRM, OTR, NMR, splat cooling, microscopy
analysis, and X-ray microtomography.

2. Methods of Testing and Describing the Recrystallization Process

2.1. Focused-Beam Reflectance Measurement (FBRM) Technique

Control of the ice crystallization process is mostly conducted in an empirical way, mainly due to
a lack of experimental data. Research on ice crystal size distribution (CSD) is not simple, especially
because of the possibility of melting under unstable conditions and also when it is about a type of ice
cream product that contains three phases [6]. The focused-beam reflectance measurement (FBRM) is a
new tool for on-line measurements created to investigate and to monitor CSD during the laboratory
and the industrial crystallization processes [6,7,14,27].

The real-time particle size analysis technique of FBRM works by focusing a laser beam directly
down the probe tip through a sapphire window. The optical part is rotated about an axis to the probe
(2 m/s), so that the beam traces out the circular path (reflected light is detected in the probe). The probe
tip is inserted, at an angle, directly into the process streams, to ensure that particles can flow easily
across the probe window where the measurement takes place (Figure 2). The laser beam can scan
across particle passes near the window. It notes the duration of the reflection and deduces the length
of the chord [6,28–30].

Figure 2. FBRM experimental device (own work, based on Amamou et al., 2010 studies [6]).

Generally, the FBRM instrument can acquire thousands of chord lengths per second. On a counter
board, these lengths are classified into a series of size ranges that are expressed as a distribution,
referred to as a chord length distribution (CLD). This technique considers the shape and dimensions of
the particles. However, the CLD value does not gives information about morphology of the particles
and it is less useful for the characterization of a crystal lattice in frozen products [6,7,27].

Amamou et al. (2010) [6] presented a study which examined the freezing step that occurs in
a scraped-surface heat exchanger during the manufacture of sorbet. The aim of this investigation
(using FBRM technique) was to follow the evolution of ice crystals during the freezing of sorbet in
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the exchanger and to relate this evolution to process parameters. The measurement showed that this
method could be used to follow crystal structure in a sorbet consisting of up to 30% ice and that a
decrease of temperature during refrigeration accelerates ice crystallization and favors the formation
of smaller crystals. They demonstrated that when the initial sucrose concentration in the solution
increased, the ice fraction increased more slowly and the mean chord length was smaller.

Arellano et al. (2012) [27] demonstrated, using an example of sorbet freezing, that the FBRM sensor
may be a promising tool for monitoring on-line development of ice crystals in a product containing up
to 40% ice. Using the FBRM method they proved that an increase of dasher speed slightly decreases
chord length of the ice crystals, due to the higher shear of the product, which leads to the attrition of
ice crystals, producing new, smaller ice nuclei via secondary nucleation.

The recrystallization process in ice cream using the FBRM technique was investigated by Ndoye
and Alvarez (2015) [14]. They compared two commercial and differently stabilized ice creams using an
original and real-time particle counting and sizing method. They stored the ice creams for 154 days at
four different temperatures (−5, −8, −12 and −18 ◦C) and three amplitudes of temperature fluctuations
(±0.1, ±0.75, ±2.5 ◦C). The crystal size distributions (CSD) were assessed at various time intervals and
the recrystallization kinetic data were obtained by fitting the experimental results to the asymptotic
Ostwald ripening model. As they expected, recrystallization rates increased with mean storage
temperature and amplitude of temperature fluctuations. In the samples of ice cream, they compared
which of the stabilizing systems worked better, concluding that the carrageenan seemed to be more
effective than LBG. For both ice cream samples, it was proven that ice crystal size increased as a
function of time.

The main advantage of the FBRM technique seems to be its suitability for on-line measurements
of high solid-concentration suspensions and for following rapid crystallization kinetics. However, it
only provides information about the total number of ice crystals and the changes of diameters of ice
crystals, and therefore the shape and the changes of ice crystal location are measured.

2.2. Oscillatory Thermo-Rheometry Technique (OTR)

It was shown that the dynamics of rheological measurements can be used for characterization
of textural properties and structure of foamed dairy emulsion. The dynamic storage modulus G’
(elastic response) and loss modulus G” (viscous behavior) can provide information about properties of
viscoelastic materials.

Stanley et al. (1996) [31] proved that the modulus (G’) greatly increases when the ice cream
temperature decreases, hence increasing the ice fraction in ice cream. Smith et al. (2000) demonstrated
that microstructure in whipped cream influenced the dynamics of oscillatory storage (G’) and loss (G”)
moduli. The parameters both decreased with a coarser foam structure due to increased air bubble sizes
during storage. This method, called oscillatory thermo-rheometry (OTR), allows one to distinguish
whether the recrystallization process occurred, but does not provide information about the sizes of ice
crystals or the changes in shape and location. That kind of investigation is usually complemented by
microscopic analysis or the FBRM technique.

Wildmoser et al. (2004) [32] used rheology for the microstructural and sensorial assessment of
ice cream samples, produced with application of different ice cream mix compositions and processes.
Rheological properties of ice cream were examined in a rotational rheometer (plate-plate geometry).
The creaminess and other sensory factors were investigated in order to correlate them with the results
gained in the rheometer. This tool was used to perform oscillatory measurements at low deformation
amplitudes for three different temperature ranges to assess the rigidity and “scoopability” of ice cream
at a low temperature from −10 to −20 ◦C. The higher the overrun and the smaller the connectivity of
ice crystals were, the smaller were the measured values of moduli G’ and G”. In this study, the OTR
technique was accomplished using a cryo-scanning electron microscopy (cryo-SEM) to investigate the
ice crystals and the air bubble sizes. As the degree of connectivity of ice crystals increased, the storage
and loss moduli at temperatures below −10 ◦C increased. In the temperature range above 0 ◦C, air and
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fat phases played a major role in the rheological behavior, due to the total ice crystal melting processes.
The loss modulus G” increased by a factor of approximately 10 when the air content was increased
from 0 to 100%.

Eisner et al. (2005) [33] examined the microstructure of ice cream made using a relatively low
viscosity vanilla ice cream mixture, prepared in a freezer with outlet temperature of approximately
−5 ◦C and stored for 2 weeks at −25 ◦C. Using the OTR method and cryo-scanning electron microscopy
(LT-SEM) they found that ice cream foam stability correlated with the sensed creaminess and could
be improved with smaller air cells and reduced coalescence. At the temperature range from −20 to
−10 ◦C the microstructure of ice crystals was dominant and the storage modulus G’ decreased while
the loss modulus G” showed a plateau, correlated with the rigidity and “scoopability” of the ice cream.
For temperatures from −10 to 0 ◦C the ice fraction decreased significantly. At temperatures above
0 ◦C both moduli (G’ and G”) showed a lower plateau, which correlated with the sense of creaminess.
Microstructural study may improve fat agglomeration with further enhancement of foam stability, and
it correlates with reduced ice crystal sizes.

Sensory quality closely correlates with viscoelastic properties of products. Tsevdou et al. (2015) [34]
correlated vanilla ice cream sensory characteristics with the changes in rheological behavior (using the
OTR method), during storage under static and dynamic temperature conditions. The formation of ice
crystals was estimated in terms of mouthfeel perception. For temperatures in the range of −30 to −5 ◦C
changes in the value of G’ (loss modulus) were observed over a certain period of time, suggesting
that the recrystallization phenomenon is not only time, but also temperature dependent. At high
storage temperatures such as −5 ◦C, the G’ value showed that ice recrystallization occurred to a greater
extent than at temperatures below −12 ◦C. It was found that viscoelastic properties correlated with
sensory perception for ice crystal formation during storage at isothermal temperature conditions and
temperature fluctuations, and thus could be used to predict the quality and the remaining shelf-life of
ice cream without recrystallization changes. However, the OTR method did not provide information
about changes in shapes and diameters of ice crystals, and therefore it cannot give a precise evaluation
of the recrystallization process.

2.3. Nuclear Magnetic Resonance (NMR) Technique

Content, purity, and molecular structure of a sample can be determined using an analytical
chemistry technique called nuclear magnetic resonance (NMR). When the NMR technique is used it is
possible to quantitatively analyze mixtures containing known compounds. For unknown compounds,
NMR can either be used to match against spectral libraries or to infer the basic structure directly.
The NMR technique can be used to determine molecular conformation in solution and to study physical
properties at the molecular level such as conformational exchange, phase changes, solubility, and
diffusion. In order to achieve the desired results a variety of NMR techniques are available. In addition,
NMR is versatile and has the potential to be nondestructive, which makes it a potential tool in quality
control of various products, including milk-based desserts [35].

The principle of the method relates to the fact that many nuclei possess spin and all nuclei are
electrically charged. If an external magnetic field is applied, energy transfer is possible from the base
energy to a higher energy level (generally a single energy gap). The energy transfer takes place at
a wavelength that corresponds to the radiofrequencies, and when the spin returns to its base level,
energy is emitted at the same frequency. The signal that matches this transfer is measured in many
ways and processed in order to obtain an NMR spectrum for the charged nucleus [36,37].

The NMR technique has been shown to be an appropriate method to calculate the amount of
unfrozen water in a food sample. Lucas et al. (2004) [38] examined liquid from the solid water in
aqueous sucrose solutions (sucrose and/or casein). They considered spin-spin relaxation measurements
that were usually used and also spin-lattice ones. They showed that spin-lattice relaxation provides
information about the ice molecular structure. This work confirmed that the ice phase in the case of
sucrose solutions is composed of pure water.
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Hagiwara et al. (2006) [39] investigated the relationship between the recrystallization rate of
ice crystals in sugar solutions (sucrose, maltose, glucose and fructose) and the water mobility in a
freeze-concentrated matrix. They observed ice crystals during the recrystallization process using the
cryomicroscope system. Their study was complemented with an NMR study in order to examine water
mobility via the self-diffusion coefficient of the water component. They found that the recrystallization
rate in a variety of sugar solutions depended significantly on the water mobility in the freeze-concentrated
matrix and that the self-diffusion coefficient of the water component was a useful parameter to predict
and control the recrystallization rate. Brown et al. (2014) [40] used NMR relaxation and time-dependent
self-diffusion measurements to monitor the three-dimensional changes to the vein network in ices with
and without addition of the ice binding proteins (IBP called antifreeze protein and AFP). They found
that the NMR technique was useful in evaluation of the impact of IBPs (among other things) on the vein
network structure and the recrystallization process. The IBPs were found useful to inhibit recrystallization
and to modify the three-dimensional ice structures, resulting in persistent small size of ice crystals and
shorter diffusion of distances along the vein.

It has been discovered that NMR could be used to determine fat globule size in ice cream and to
determine the effect of the formulation on hard ice creams’ structure [36,41,42]. Lucas et al. (2005) [43]
presented the NMR technique as a nondestructive method to characterize the behavior of both fat and
water in ice cream mixtures in the frozen state. They proved that the NMR technique described the
crystallized and liquid phases separately, and that they could be applied to determine the amount of
unfreezable water and mobility of the freeze-concentrated phase. The NMR technique was also used
to determine the impact of the quantity of crystals and their organization on the mechanical properties
and textures of ice cream mixes [35,43].

The NMR technique does not involve any thermal processes to assess the amount of ice and thus
can be performed at a stable temperature. It is also important that the relaxation parameters of water
were used to provide information on the water/non-water molecule interactions. This technique may
be a valuable tool for understanding how various stabilizers affect the three-dimensional vein network
and recrystallization processes.

2.4. Splat-Cooling Assay

In order to determine the ice recrystallization inhibition (IRI) activity of ice cream stabilizers, the
capillary method or splat-cooling assay can be performed [44]. Although it is an older method, it is a
simple and valuable capillary method for studying recrystallization inhibition which is usually based
on loading the samples into 10 μL glass capillaries (51 mm long, 1 mm outer diameter) by capillary
action. Capillaries containing dilution series (for example different AFP concentrations to determine at
what level that IRI activity is lost) are later folded together exactly, with no space between adjacent
capillaries. Subsequently, all the series were snap frozen in different organic compounds, for example,
2,2,4-trimethylpentane or 95% ethanol and cooled to approximately −60◦C with dry ice. After the
snap freezing, samples were immersed in a jacketed beaker filled with 50% ethylene glycol in order to
maintain the temperature at the level of −6 ◦C. The incubation took 16 to 20 h and later microscopy
and image capture were done using polarizing light filters [45,46]. These methods used a simple
set-up and allowed the analysis of the IRI activity for a series of samples within one field of view.
Tomczak et al. (2003) [45] claimed that the capillary method allowed samples to be aligned and viewed
simultaneously, which facilitated the determination of the IRI endpoint. They noted that after the
samples have been prepared they could be archived in a freezer for future IRI activity analysis. In fact,
sample preparation was not so easy and could be problematic.

The IRI activity of different substances such as AFP and some polysaccharides can be demonstrated
using “splat” assay. This is not a new method and has been used for nearly twenty years. In these
experiments, a small volume of sample was usually expelled from a height of 1.5 to 3 m onto a metal
plate (for example an aluminum block) that had been cooled in liquid nitrogen or dry ice. The sample
drop froze upon hitting the metal plate, forming a thin (splat) wafer of ice. This wafer was later
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transferred to a microscope stage at a high sub-zero temperature where the sample recrystallized over
time and annealing temperature (for example: −10, −8, −6, −4 ◦C). Different modifications of this
method are possible, for example, the sample could be snap frozen between two cover slips. This
technique was complemented by crossed polarizers with a dissecting microscope and ice-binding
activities of some substances that were examined by Raymond and Knight (2003) [47]. The splat
cooling technique had the advantage that ice crystal growth was directly observed and hence it
was easier to interpret. However, preparation of each individual coverslip was problematic, and in
addition must be photographed separately and only after the photographs or images are assembled
and analyzed [45,46,48].

2.5. Microscopy and Image Analysis

The most popular and universal method of testing and describing the recrystallization process is
direct light microscopy observation followed by image analysis of the ice crystals. When the work
was started with another technique such as oscillatory thermos-rheometry or splat cooling assay, to
complete it the work was usually supported by an appropriate microscopy technique, a cryo-scanning
electron microscope or a microscope with a polarizer [32,44]. Physicists studying polar ice structures
proposed examining the structures by the method of direct observation using an optical microscopy
with episcopic coaxial lighting [49], and it was later adapted by Faydi et al. (2001) [50]. Caillet et al.
(2003) [51] recommended the direct microscopy method as a good technique for analysis of frozen
food structure. They compared it with two other methods: a destructive method by dispersion and
observation by light microscopy; and an indirect method, by scanning electron microscopy after
freeze-drying the sample. The three methods examined led to the same conclusions for the examination
under the same conditions of freezing.

Donhowe and Hartel (1996a, 1996b) [16,17] examined sizes of ice crystals in ice cream with an
optical microscope placed in a refrigerated glove box. Samples of ice cream were stored at −14 ◦C for
several hours. Photomicrographs of ice crystals were taken within 15 min of the sample preparation (no
change in ice crystal size occurred over the time period of measurement). Negatives were enlarged and
analyzed. This assay led to the conclusion that recrystallization in ice cream stored in bulk containers
increased with mean storage temperature for both constant and varying temperatures. Ice crystal sizes
in these samples increased linearly with time as well.

Regand and Goff (2003) [12] presented a study of stabilized ice cream model systems. Small drops
of different solutions with the addition of some hydrocolloid stabilizers were placed between a slide
and cover slips, frozen to −50 ◦C, then cycled between −3.5 ◦C and −6 ◦C on a cold stage of the light
microscope, and then the images were acquired using a camera. The ice crystals were later counted and
measured individually from the images (at least 200 crystals for the sample). They based the conclusion
on a logistic model of ice crystal size distributions characterized earlier by Flores and Goff (1999a,
1999b) [52,53]. This method allowed them to obtain the ice crystal diameter at 50% of cumulative
distribution of the sample (X50) and the slope of cumulative distribution at X50. The recrystallization
rate was calculated as the slope of linear regression of the curve plotted with values of X50 for each cycle.
Using this method, they proved there was significant retardation of recrystallization with the addition
of sodium alginate and xanthan. The same technique (using different equipment and a different image
analysis program) was first used to explain the IRI activity of kappa carrageenan hydrolysates in model
sucrose solutions [4] (Table 1) and later in ice cream sorbet [1] (Table 2).
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Table 1. X50 parameter value for model sucrose solutions with the addition of kappa carrageenan and
its hydrolysates (value estimated from data presented by Kamińska-Dwórznicka et al., 2015 [4]).

Sample X50 (after 24 h) (μm) X50 (after 96 h) (μm)

30% suc + KK 6 20

30% suc + 3 h HCL 7 8

30% suc + 1.5 h H2SO4 7 12

Explanatory notes: suc: sucrose solutions, KK: kappa carrageenan, 3 h HCL: hydrolysates after 3 h of hydrolysis in
HCL acid, 1.5 h H2SO4: hydrolysates after 1.5 h of hydrolysis in H2SO4 acid.

Table 2. X50 parameter value for strawberry sorbet with the addition of kappa carrageenan and its
hydrolysates (value estimated from data presented by Kamińska-Dwórznicka et al., 2015 [1]).

Sample X50 (after 24 h) (μm) X50 (after 96 h) (μm)

sorbet + KK 6 20

sorbet + 3 h HCL 7 8

sorbet +1.5 h H2SO4 7 12

Explanatory notes: KK: kappa carrageenan, 3 h HCL: hydrolysates after 3 h of hydrolysis in HCL acid, 1.5 h H2SO4:
hydrolysates after 1.5 h of hydrolysis in H2SO4 acid.

The method described above makes it possible to analyze not only the changes in diameter of
ice crystals but also their shape and location. On the basis of the images it is possible to analyze
the mechanism of recrystallization. From the shape of the ice crystal, it is sometimes easy to read
that accretion between adjacent crystals occurred (Figure 1). Numerous studies have shown that the
shape of the ice crystal is influenced by the temperature cycle and by the addition of active substances.
Gaukel et al. (2014) [8] focused on crystal morphology in model sucrose solutions with the addition of
different types of AFPs. They constructed their theory based on microscope and image analysis. On the
basis of the shape of the ice crystals, they claimed that the kappa carrageenan molecule interacted with
the ice crystal surface similar to the AFP interactions. The AFPs (also called IBPs) were identified in
the blood of Antarctic fish, and then they were found in different organisms. It was discovered [54]
that by adsorption of AFP to the ice crystal surface, ice growth was only possible between proteins,
leading to a micro curvature. The exact IRI mechanism of AFP is still not fully understood. In the case
of pure sucrose solution (Figure 1), typical round ice crystals were formed. In contrast (Figure 3), the
shape of ice crystals in sucrose with AFP III present was angular, elongated, and gave the illusion of a
three-dimensional structure.

 

Figure 3. Microscopic image of ice crystals in strawberry sorbet with the addition of AFP III (0.000002%)
after one month of storage at −18 ◦C (own work, not published).
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When the growth rate of ice crystals in samples with the IRI active substances is small, there is
no difference in morphology or size of ice crystals, as was observed by Kamińska-Dwórznicka et al.
(2016) [5] for kappa carrageenan hydrolysates added to model sucrose solutions (Figure 4).

  
(a) (b) 

Figure 4. Microscopic images of ice crystals in model sucrose solutions with the addition of enzymatic
hydrolysates of κ-carrageenan (after HCL hydrolysis), after 24 h (a), and 96 h (b) of storage at −8 ◦C
(Kamińska-Dwórznicka et al., 2016 [5]).

2.6. X-ray Microtomography (Micro-CT)

The technique of microscopy and image analysis has brought positive results in ice crystal
microstructure investigations. However, it is a two-dimensional technique and it does not characterize
multidimensional structure of ice cream mix before and after freezing. During the recrystallization
process, the microstructure of ice cream (Figure 5) changed (not only in ice crystal size but also in size
of fat globules and air bubbles). It was possible to overcome these (and other limitations) with the
X-ray microtomography (micro-CT) three-dimensional technique [55,56].

 

Figure 5. Schematic diagram showing the complex microstructure of ice cream visible during micro-CT
analysis (own work, based on Guo et al., 2017 [57]).

The micro-CT method is based on the same assumptions as classic tomography. However, by using
a smaller radiation spot, it is possible to obtain a higher resolution of the reconstructed image [55,58].
This non-destructive method was used by Pinzer et al. (2012) [13] to examine the three-dimensional
distribution of the three main phases in ice cream model systems. A cylindrical sample holder (10 mm
diameter) was filled with a piece of ice cream and placed inside the CT scanner which was programmed
to start a scan every 4 h. The cold laboratory was programmed to follow a temperature step function,
varying between −20 and −8 ◦C. When analyzing only the process of recrystallization, they found that
during cold periods elongated ice crystals were formed. Because of the temperature fluctuation, partial

83



Foods 2019, 8, 117

melting occurred and elongated ice crystals split up again into smaller ones. They concluded that a
partial melting–refreezing mechanism was the dominant coarsening mechanism for the investigated
storage conditions. Hence, both the size and structure of ice crystals, as well as the mechanisms of
those microstructural changes were examined. However, they encountered some difficulties in the
interpretation of images caused by the limited resolution of desktop microtomographs and the poor
contrast between different phases, which introduced systematic errors.

Guo et al. (2017) [57] presented results for micro-CT measurements of thermal changes in the
microstructure of ice creams after 0, 7 and 14 cycles at temperatures ranging between −15 and −5 ◦C.
For tomography, 3 mm diameter tubes were filled with ice creams just before the analysis (a bed of
dry ice was used to avoid any changes). With respect to the recrystallization process, they found that
melting and solidification had the greatest impact on the final ice cream microstructure. Temperature
conditions during the first seven thermal cycles promoted migratory recrystallization. The sizes of
the ice crystals increased while the number of the ice crystals decreased. However, the growth rate
of crystals after the seven cycles decreased significantly, which was related to the limited amount of
available water from the unfrozen matrix, adjacent ice crystals, and air cells.

3. Conclusions

The technique of microscopy and image analysis allows one to describe ice crystal microstructure.
From the images of the ice crystals we can easily obtain information about the size and the changes of
their shapes and location during storage at different temperature and time conditions. The images
can be easily analyzed using specific computer software. The main disadvantages of this method are
difficulties in the preparation of samples and its influence on the repeatability of results. The technique
of X-ray microtomography seems to offer a new possibility in the analysis of the recrystallization
process as a non-destructive method that shows ice cream samples in 3D, but has some difficulties with
the final interpretation of images. The FBRM (focused beam reflectance) technique is fully automated
and provides results more easily and faster than simple image microscopy and image analysis. It is a
suitable method for in situ measurements, and it allows sample preparation to be avoided because
the measurement is conducted by the probe immersed in the ice cream mixture. However, it can only
provide information about changes in the diameters of crystals, without shape and location analysis.
The OTR (oscillatory thermo-rheometry) technique is a method in which viscoelastic properties of ice
cream closely correlate with the sensory quality, and hence it provides information about the shelf-life
of ice cream without recrystallization changes. However, the changes in size or shapes and location of
ice crystals are not measured. Nuclear magnetic resonance (NMR) is an effective method to evaluate
the amount of unfrozen water in a food sample. Hence, it is a valuable tool for understanding the
impact of a stabilizer on the recrystallization processes without providing any information about sizes
of ice crystals and locations. Splat-cooling assay is the oldest method to describe the amount, sizes,
and morphology of ice crystals. It is a method with a very specific technology for sample preparation
and is not suitable for different types of frozen food.

All of the discussed methods are suitable for describing the recrystallization processes, although
they provide different types of information, and they should be matched individually to the
characteristics of the tested product.
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Abstract: Milk phospholipids (MPLs) have been used as ingredients for food fortification, such as
bakery products, yogurt, and infant formula, because of their technical and nutritional functionalities.
Starting from either buttermilk or beta serum as the original source, this review assessed four typical
extraction processes and estimated that the life-cycle carbon footprints (CFs) of MPLs were 87.40,
170.59, 159.07, and 101.05 kg CO2/kg MPLs for membrane separation process, supercritical fluid
extraction (SFE) by CO2 and dimethyl ether (DME), SFE by DME, and organic solvent extraction,
respectively. Regardless of the MPL content of the final products, membrane separation remains the
most efficient way to concentrate MPLs, yielding an 11.1–20.0% dry matter purity. Both SFE and solvent
extraction processes are effective at purifying MPLs to relatively higher purity (76.8–88.0% w/w).

Keywords: milk phospholipids; buttermilk; life-cycle assessment; carbon footprint; supercritical
fluid extraction; membrane separation

1. Introduction

Milk phospholipids (MPLs) consist of a subclass of polar lipids, namely glycerophospholipids and
sphingolipids [1]. Glycerophospholipids comprise a glycerol moiety with two fatty acids esterified at
positions sn-1 and sn-2 and a hydroxyl group at sn-3 position, linked to a phosphate group and a polar
moiety [1]. The molecular structure of the latter determines the types of glycerophospholipids,
namely phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidyl-glycerol (PG), and phosphatidic acid (PA) [2]. Sphingolipids
consist of a sphingosine backbone (2-amino-4-octadecene-1,3-diol) connected to a fatty acid via an
amide bond and a polar head. Sphingomyelin (SM), a prominent subclass of sphingolipids, has a
phosphocholine residue [1]. In raw bovine milk, the diameters of milk fat globules (MFGs) are around
0.2–15 μm; these MFGs are enveloped by an approximately 15-nm thick tri-layer MFG membrane
(MFGM) [3,4]. The composition of MFGM is 30–75% polar lipids, and 25–70% protein, respectively [5].
MPLs lie within the MFGM constructing its backbone. MPLs represent 0.4–1% of the total milk
lipids [6], which change with season, lactose stage, and feed [7].
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MPLs have exhibited nutraceutical properties due the unique composition of this group of
phospholipids. MPLs contain high proportions of SM [8] and PS [9] (24% and 12%, respectively),
subclasses which are virtually absent in other sources, such as soy (0% and 0.5%, respectively) and egg
yolk lecithin (1.5% and 0%, respectively) [10]. PS is associated with cognitive function and releasing
stress, and is replaced by inactive cholesterol as the brain ages [11,12]. SM has been found to be effective
in inhibiting colon tumors [13]. Also, MPLs have been implicated in mitigating the risks of Alzheimer’s
disease and repairing cognitive ability [14], restoring immunological defenses, reducing the incidence
of cardiovascular diseases [15,16], and reducing cholesterol absorption and total liver lipids [17].
In addition, MPLs may narrow the gap between formula-fed and breastfed infants concerning
neurodevelopment, infectious diseases, and cholesterol metabolism [18,19]. Phospholipid-coated fats,
e.g., human breast MFGs, will be properly digested and absorbed, not only due to the size of the MFGs,
but also due to the ratio of MFGM proteins to phospholipids [20]. Bovine MPL-enriched ingredients
may be used to produce breast milk analogs. For instance, one formula recipe consists of subclasses
according to a weight-relative ratio of SM > PC > PE > PS > PI, with 21.1–29.7% SM and 10.2–13.3% PS
(both based on total MPLs, similar to those of human breast milk (37.5% and 9%, respectively) [21].
Another infant formula comprises 150 mg/L MPLs [22], mimicking that of breast milk (15–20 mg/dL
milk [21] and 0.3–1.0% of the total lipids [23]).

Aside from nutritional value and health benefits, MPLs may provide technical functionalities in
food systems, for example, MPLs have been used in the preparation of liposomes [24] and constructing
vesicles of bioactive compounds [25]; they are also food emulsifiers and surfactants, foaming agents,
texture improvers for bakery goods, and may improve moisture retention for yogurt [26,27].

Many research works and reviews are available on fractionation from buttermilk (BM) and beta
serum (BS) [26], isolating MFGs by washing and centrifugation [5], and the membrane separation
of polar lipids [8]. However, there is no standard large-scale manufacturing process adopted by the
dairy industry. This is due to many reasons. First, the native MFGM is fragile. Shear and turbulent
fluid flow can cause damage to the MFGM [28]. These treatments are commonly involved in handling
raw milk on farms, in transportation, in silos at manufacturing plants, and during cream separation.
Damage to the MFGM may cause associated materials, including MPLs, to deplete from the native
MFGs to the aqueous phase of milk. Therefore, more than half of MPLs in raw milk remains in skim
milk [29,30]. Second, uncertainties and variables are involved in the MPL fractionation processes.
For example, cream washing for removing non-MFGM associated proteins may be performed before
butter churning for increased yield or the concentration of MPLs in the resulting BM, or in the retentate
of BM after tangential filtration. However, the cream washing procedure may cause a significant
change to the MPL composition in BM from unwashed cream [31,32]. Although the mechanism is
not clear, it may relate to the physicality of different washing processes. Zheng’s group revealed that
different washing procedures induce various degrees of damage to MFGM. Therefore, washing may
alter the composition of MPL in the fat phase of the washed cream [4,33]. This review aimed to assess
different dairy streams rich in MPLs, to evaluate their extraction processes, compare their process
intensity and efficiency, and to estimate their life-cycle carbon footprints (CFs) using ISO 14067 and
greenhouse gas (GHG) protocols.

2. Milk Phospholipid Extraction from Dairy Products

2.1. Dairy By-Products Rich in Phospholipids

Commercial MPL products are usually derived from dairy products, such as BM [34], BS [8],
acid cheese whey BM [35,36], whey protein phospholipids concentrate (WPPC) [37], or whey BM [38].
The dairy streams in Table 1 comprise 2.29%–26.02% MPLs on a dry matter (DM) basis, varying with
sources and processes.

BM is the product that remains after the removal of butter by churning cream, which may
have been concentrated and/or dried as butter milk powder [39], as illustrated in Figure 1. Acid
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BM, a by-product of lactic butter, is made by churning cultured cream. Furthermore, whey BM is
produced via the churning of whey cream during cheese making [40]. WPPC is a by-product produced
during the microfiltration (MF) of whey for manufacturing whey protein isolate (WPI). The permeate
phase (milk-fat-discriminated phase) from this process goes forward for WPI manufacturing and the
fat-remaining phase (retentate phase) containing residual whey proteins is further concentrated for
producing WPPC. A typical WPPC is comprises more than 12% fat and 50% protein (DM), and less
than 8% ash and 6% moisture [37].

BM, the serum phase resulting from the churning of cream, comprises milk proteins and residual
fat [34]. In terms of protein, lactose, ash, and DM contents, BS and BM are very similar to those of
cream products (Table 1) [41]. For instance, BM (FDC ID 454974) protein content is 3.33%, which is the
same as that of cream (FDC ID 495516). Though the fat content of BM is only one-tenth of cream, MPLs
of BM are 4–27-fold that of raw milk, as shown in Table 1. The empirical equation MPL = 0.0137 × FC
provides an estimation of the MPL content (g/L) of a dairy product, where FC is the fat content of
cream [42]. For instance, the estimated BM MPL content of anhydrous milk fat (AMF) from 80% cream,
and of butter from 40% cream, is 1.1 and 0.55 g/kg, respectively. Whey BM, a by-product of whey
butter, comprises sixfold the MPL content of raw milk, as seen in Table 1 [38].

BM and BS, the most abundant source of MPLs [43], have been underexplored or even treated
as a waste stream [44]. For instance, a New Zealand-based dairy manufacturer used two-thirds of
their BM for standardization, only one-tenth for BM powder (BMP), and their annual output of MPL
concentrate is 320 metric tons [44]. The annual BM output in Canada was 14.1 metric kilotons (18% of
butter and 0.5% of bulk liquid [45]), compared to 20 kilotons in Belgium, 16 kilotons in Denmark, and
124.5 kilotons in Germany [46]. In 2013, approximately 5.2 million tons of BM was produced worldwide,
similar to that of butter [34]. Worldwide, the annual BMP production was estimated at 410 kilotons
(≈9.5% of butter), which has downstream applications for producing ice cream, ingredients-baked
foods, low-fat Cheddar cheese, reduced-fat cheese, pizza cheese [40], or in the replacement of skim
milk powder for low-fat yogurt [47].
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2.2. Commercialized Milk Phospholipid Products and Concentrate

Phosphoric 500/600/700 and Gangolac 600 (products manufactured by Fonterra) comprise 34%,
75%, 62%, and 15% MPLs, respectively, representing one source of highly-purified MPLs [52,53].
Arla Foods Amba have developed phospholipid-rich, concentrated dairy milk commodities for infant
milk formulas and skin care. It has been claimed that Lacprodan® MFGM 10 supports physiological
development of the infant gut and provides infants with similar health benefits to breast milk because
of their similarities in fatty acid profile [54]. Arla dairy products PL 20/75 consist of 20% and 75%
MPLs, respectively [55].

As illustrated in the patents in Table 2, both filtration and solvent extraction are validated processes
for manufacturing MPLs. Acetone and supercritical CO2 are effective solvents for de-fatting. Tatua [56]
and Synlait [57] have concentrated MPLs to 5–12.8% (w/w, DM basis). Lecico has used membrane
separation to produce Lipamine M20 (20% purity) [58].

Table 2. Proprietary/patented manufacturing technologies of milk phospholipids (kg/100 kg products).

Applicant Input Technology Used MPL Content Reference

Fonterra BSP SFE CO2 defat, hi-pressure DME extract 65.7–75.5 [59]
Meggle BSP SFE CO2 defat, hi-pressure ethanol extract ≈98.5 [60]

Owen John BSP SFE CO2 defat, ethanol co-solvent extract PI/PS lost [61]
Arla BSP MF, ethanol extraction 16–19 [9]

Merchant & Gould Cream UF, DF 27.7–38.8 [62]
Marc Boone BM UF 5–20 kDa ≈2.84 [63]

Land O’Lakes BM, BS UF, defat using SFE CO2 >30 [64]
Morinaga Whey BM MF 0.2 μm, defat using SFE CO2 ≈22 [65]

Snow Brand - Extract using acidic ethanol, defat - [66]
Enzymotec - Extract using ethanol & hexane, acetone defat ≈24 [21]

Cargill - Extract using alcohol (C1–C3), acetone defat - [67]
Svenska BMP Extract using ethanol & n-heptane, acetone defat ≈70 SM [68]

MPLs, milk phospholipids; BM, buttermilk; BMP, BM powder; BS, beta serum; BSP, BS powder; MF/UF,
micro/ultra-filtration; DME, dimethyl ether; PI, phosphatidylinositol; PS, phosphatidylserine; SM; sphingomyelin;
SFE, supercritical fluid extraction.

2.3. Laboratory Extraction of Milk Phospholipids

Intact MFGM makes up 2–6% of the total mass of MFG [26]. However, MFGM represents 60%–70%
of the total milk phospholipids [69]. Raw bovine milk comprises 0.2–0.4 g MPLs/kg, and raw milk is
generally a laboratory source of MPLs [5,70]. Intact MFGs can be isolated with low-speed centrifugation.
The cream layer from raw milk skimming can be washed with phosphate buffered saline (PBS; pH 6.8,
0.1 M, 1:10, v/v) and centrifuged at 390 g for 10 min at 10 ◦C. The final cream layer after three washes is
the large MFG fraction [71]. Different from isolating intact MFGM, Sanches-Juanes et al. [72] ruptured
MFGM and recrystallized milk lipids, and starting from raw milk, they washed cream with a 0.15 M
NaCl solution and precipitated casein using centrifugation at 5000× g.

Cream washing is a step used to remove casein and other non-MFGM materials from cream [44].
After centrifugation, casein will precipitate, with lipid stratification at the top layer [73]. Also, calcium,
naturally present in casein micelles, can form a complex between MFGM and the casein micelles
through its binding to the phospho-casein and phospholipids of MFGM, leaving impurities with
MPLs [74]. In addition, washing causes a severe loss of phospholipids, almost 60% per wash [32].
Hence, washing facilities for separating MPLs are costly and energy-intensive [44], thereby they are
mainly only used for laboratory purposes [5,73,75].

In addition to washing and centrifugation, the microfiltration of raw milk has been applied
to produce MFGM material. It has been found that a 1.4-μm ceramic membrane was superior to
0.8 μm, yielding a high-purity MFGM material, which was composed of 7% phospholipids and 30%
protein [76].

For analysis purposes, MPL samples are usually prepared using solvent extraction. The Folch [77]
and Bligh [78] methods use chloroform and methanol to dissolve lipids. Other lipophilic extraction
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formulas include the Mojonnier solvents [79], dichloromethane [80], and the ammoniacal ethanolic
solution of lipids with dimethyl ether and light petroleum in the Röse–Gottlieb extraction [81,82].
The total lipid content in samples can be determined with a gravimetric assay, Gerber-van Gulik
butyrometer, infrared spectroscopy according to an International Dairy Federation (IDF) method [81],
or gas chromatography equipped with a flame ionization detector [83].

To determine the MPLs and their subclasses, solid-phase extraction can fractionate polar lipids from
non-polar lipids. Silica-gel-bonded cartridges or silica gel plates can be used for such a purpose [84].
The obtained MPLs can be solvent dried using a vacuum and stored at −20 ◦C before using [85].
In addition, chloroform and methanol are also valid elution solvents [86]. Total MPLs can be measured
using the IDF molybdate assay [87], Fourier transform infrared spectroscopy [88], or a fluorescence
assay on cleaved choline group [89]. Both nuclear magnetic resonance of 31P and chromatography can
quantify MPLs and their subclasses [90,91]. High-performance liquid chromatography coupling with
detectors as a charged aerosol detector, evaporative light-scattering detector, and mass spectroscopy is
more acceptable than thin layer chromatography [92].

3. Processes for Industrial Manufacturing of Milk Phospholipids

3.1. Solvent Extraction

Many kinds of polar solvents have been used to extract MPLs, such as ethanol and alkanes [21,66].
To separate casein from MPLs, proteins can also be thermally denatured or in an acid solution (pH
4.6) [48,81], the aggregated particles are subsequently filtrated. Regarding fractionation of MPL from
WPPC, ethanol (70% v/v) at 60–80 ◦C denatures proteins; after filtration the MPL concentration is
≈45.8% in the filtrate in Figure 2a [48]. This notable method uses no toxic solvent. However, the
incompleteness of the phospholipid recovery may be a concern [48].

Figure 2. Process flow diagram of solvent extraction unit: (a) adapted from Price et al. [48], (b) Ota
et al. [93], and (c) Shulman et al. [21]. BMC, buttermilk concentrate; MPL, milk phospholipid; AI,
acetone insoluble; WPPC, whey protein phospholipid concentrate (liquid, reconstituted from powder).

Compared to 58.1% recovery by ethanol, the tertiary amine CyNMe2 (N,N-dimethylcycloexylamine)
yielded a 99.96% recovery rate of MPLs. At various solvent–sample weight ratios, the lipid extraction
was conducted at ambient temperature. The dissolved MPLs in the amine were released by bubbling
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CO2 at atmospheric pressure, which converts CyNMe2 into the carbonate salt in Figure 2b. By injecting
nitrogen and removing CO2, the carbonate salt regenerated into the amine form for reuse (Figure 2b).
Though the recovery rate for BM was as high as 99.96± 1.2%, the extraction rates for BS and concentrated
BM were only 7.57 ± 0.59% and 77.27 ± 4.51%, respectively. Aside from the input sensitivity, the amine
may interact with dairy components and cause toxic consequences [93], and the chemical facilities
required may be incompatible in a dairy factory setting.

MPLs can be dissolved in ethanol and alkanes [21,67,68], and may not dissolve in acetone, ethyl
acetate, and 2-pentanone [21,67,68]. Lipid BMP (100 g) dissolved in ethanolic hexane (1:4 v/v, 800 mL)
under constant agitation at 45 ◦C for 2 h will produce an extract. The permeate of vacuum filtration
(repeated twice) can then be vacuum-dried at 1 kPa (Figure 2c). The residue (≈20 g) is then defatted
twice with 120 mL acetone, and the resulting acetone is insoluble (AI, ≈7 g), composed of mainly polar
lipids, and in the final step vacuum, is dried again at 1 kPa [21]. However, acetone poses a degree of
toxicity, as acetone residue in defatted MPLs may reach 5–10 ppm. Further, acetone can form a mesityl
oxide via a condensation reaction, causing an off flavor [94]. Hence, toxic residues in acetone-insoluble
fractions need analysis and monitoring.

3.2. Supercritical Fluid Extraction

Supercritical CO2 with ethanol as a co-solvent can be used to extract MPLs effectively, yielding
purities of 26.26% and 16.88% from WPPC and BMP extractions, respectively (Figure 3a). The SFE
operation can be conducted at 50–60 ◦C [95] and 350–550 bar [49]. The SFE co-solvent (CO2 and
20% ethanol) allowed for complete extraction of PE, PC, and SM. However, neither PS (i.e., the vital
compounds for cognitive function) nor PI were extracted [61,96]. Therefore, the co-solvent method may
be an invalid industrial process due to the incompleteness of PS/PI recovery. In addition to co-solvents,
dimethyl ether near the critical point (DME, 20%–30% solubility, 333 K, 40 bar) and supercritical CO2

are able to dissolve polar and neutral lipids, respectively [59].

Figure 3. Process flow diagram of a supercritical fluid extraction (SFE) unit: (a) adapted from Li [49]
and (b) Kala et al. [97]; WPPC, whey protein phospholipid concentrate; BS, beta serum; BM, buttermilk;
BMP, buttermilk powder; DME, dimethyl ether.

Supercritical fluid DME has been used to extract polar lipids, resulting in a yield of 69.1–77.8%.
The SFE process shown in Figure 3b can accept both liquid and powder inputs [59,97]. This unit can
work with CO2 and DME in two-stages, extracting neutral and polar lipids, separately. In addition
to a two-step operation, this unit can also operate a single extraction with DME. Near-critical DME
dissolves both polar and non-polar lipids in the SFE chamber. Through a two-stage de-pressurization,
lipids are separated from the protein fraction, whereas vaporized DME is compressed and condensed
for reuse (Figure 3b). This method features properties such as non-toxicity, a compact skid, feeding
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flexibility, and a high content of MPLs (65.7–75.5 g MPLs per 100 g DM). However, the MPL recovery
rate (69.1–77.8%) needs further improvement.

3.3. Enrichment of Milk Phospholipids via Filtration

BM or BS is composed of milk fat, casein and whey protein, lactose, and ash. The particle sizes
range from 0.4–4 μm for MFGM fragments or phospholipid micelles [98], 0.02–0.3 μm for casein,
0.03–0.06 μm for whey protein, and 0.002 μm for lactose and ash, respectively [99]. The size of MFG is
around 0.2–15 μm [3]. As illustrated in Figure 4, the MF unit removes lactose and whey protein, and
UF separates the smaller casein proteins from MPLs. Due to the size overlap of casein micelles and
MPL particles, their separation is usually incomplete. Casein micelles disintegrate into peptides and
amino acids in the proteolysis unit [34,42], and hydrolysates enter into the permeate stream during the
subsequent UF operation [42,96]. Alcalase (E.E. 3.4.21.62), a serine-type endoprotease with esterase
activity, catalyzes amino esters at pH 7.5 and 35–60 ◦C [96], while tryptic and peptic hydrolysis may be
carried out at 42 ◦C for 2–16 h, at a pH of 7.7 and 2.0, respectively [42].

Figure 4. Filtration to enrich milk phospholipids (MPLs): (a) microfiltration (MF) [98] and (b) ultrafiltration
(UF) [96]. BM, buttermilk; BMC, BM concentrate; TS, total solid; R, retentate.

Membrane filtration is a typical process for enriching BM (Figure 4a). Proteolytic treatment plus
UF, as illustrated in Figure 4b, successfully differentiates MFGM from protein particles and yields
product purities of 14 ± 3.4% (DM) [42] and 11.05 ± 0.02% (DM) [96]. The combined process of
proteolysis and membrane separation can yield a 100% recovery rate of MPLs from BM, as illustrated
in Table 3. Considering membrane units exist in most dairy factories [99,100], the process remains the
most effective method for concentrating MPLs, requiring less investment than the other processes [101].
As illustrated in Table 3, this method [96] recovered more MPLs than the other processes.
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Table 3. Process to purify MPLs and achieved purity (g MPLs/100 g dry product).

Reference Input Technology Used Purity Recovery (%)

[97] BSP SFE: CO2, 300 bar, 40 ◦C, DME 12.9→ 75.7 (5.9-fold) 69.1
[97] BSP SFE: DME, 40 bar, 50 ◦C 12.9→ 66.8 (5.2-fold) 62.9
[49] WPPC SFE: 350 bar, CO2, 20% ethanol, 60 ◦C 2.2→ 26.3 (11.9-fold) PS/PI lost
[49] BMP SFE: 550 bar, CO2, 15% ethanol, 60 ◦C 2.0→ 16.9 (8.6-fold) PS/PI lost
[50] BMC SFE: CO2 defat 2.2→7.8 (3.5-fold) 100
[50] BMC SFE: CO2 defat 2.2→ 9.2 (4.2-fold) 100
[98] BMC SFE: CO2 defat 9.6→ 19.7 (2.1-fold) 100
[38] BMC SFE: CO2 defat 7.2→ 12.0 (1.7-fold) 100
[93] BM Solvent: BM (6:1 v/v) extraction - 87.5
[93] BM Solvent: BM (12:1 v/v) extraction - 99.9
[93] BS Solvent: BS (12:1 v/v) extraction - 7.6
[42] Whey BM Proteolysis, UF/DF, 300 kDa, 40 ◦C 0.3→ 8.6 (28.7-fold) 95–99
[42] Whey BM Proteolysis, UF/DF, 300 kDa, 40 ◦C 0.4→ 11.4 (27.1-fold) 95–99
[42] Whey BM Proteolysis, UF/DF, 300 kDa, 40 ◦C 0.5→ 14.0 (26.4-fold) 95–99
[96] BMP Proteolysis, UF/DF, 50 kDa, 50 ◦C 1.3→ 11.1 (8.5-fold) 100
[34] BMP Proteolysis, UF/DF, 50 kDa, 50 ◦C 0.8→ 6.2 (7.8-fold) 100

[102] BM MF, 0.2 μm 1.5 67
[98] BM MF, 0.8 μm 9.6 -
[32] BM MF/DF, 0.5 μm, 50 ◦C 1.4→ 2.5 (1.8-fold) 88.8
[32] BM MF/DF, 0.5 μm, 50 ◦C 1.4→ 4.1 (2.9-fold) 89.7
[50] BMP MF/DF, 0.45 μm, 9 ◦C 1.2→ 2.2 (1.8-fold) 60.87
[50] BMP MF/DF, 0.45 μm, 9 ◦C 1.5→ 2.2 (1.5-fold) 87.34
[50] BMP MF/DF, 0.45 μm, 9 ◦C 0.5→ 0.9 (1.7-fold) 90.12
[50] BMP MF/DF, 0.45 μm, 9 ◦C 0.3→ 0.7 (2.3-fold) 80.24
[35] CWBM UF, 0.15 μm cellulose acetate 1.8→ 2.3 (1.3-fold) 41.9
[35] CWBM UF, 0.15 μm cellulose acetate, TA 1.8→ 4.7 (2.7-fold) 98.4
[38] CWBM UF/DF, 10 kDa 2.0→ 7.2 (3.6-fold) -
[36] CWBM TA, wash at pH 7.25, UF/DF, 55 ◦C 2.0→ 10.7 (5.4-fold) >90

BM, buttermilk; BS, beta serum; BMP, BM powder; BSP, BS powder; CWBM, cheese whey BM; WPPC, whey
protein phospholipid concentrate; BMC, BM concentrate; DME, dimethyl ether; SFE, supercritical fluid extraction;
MF/UF/DF, micro/ultra/dia-filtration; TA, thermal aggregation.

3.4. Available Processes for Extracting Milk Phospholipids

In brief, there are three options for the large-scale manufacturing of MPLs, including
solvent extraction [21,68], SFE [59,97], and proteolysis plus membrane concentration [34,42,82,96].
The membrane concentration of MPLs have yielded a 20% (w/w, DM basis) purity, as achieved by
Lecico [58] and Arla [10]. Tatua [56] and Westland and Synlait [44] have extracted MPLs from BS powder
(2.28%, w/w, DM basis), achieving approximately 12.8% (w/w, DM basis) purity using membrane
filtration. The proteolysis and UF unit recovers MPLs completely [34,82,96] and cost-effectively [44].
This process is more efficient than SFE and solvent extraction, whereas SFE and solvent extractions
are effective steps for manufacturing high purity MPLs. Therefore, the three processes have features
of a high recovery rate, facility availability, and food compatibility, representing current industrial
practices (in Table 3).

4. Carbon Footprint

4.1. Life-Cycle Accessment Method of Carbon Footprint

The ISO 14,040 life-cycle assessment (LCA) is an internationally accepted methodology used
to calculate a product’s environmental footprint [103]. Life-cycle carbon footprints (CFs) of dairy
products cover the direct emission from the dairy factory (scope 1); the energy carrier footprint for
factory operations (natural gas, steam, power, nitrogen, and compressed air in scope 2); and the raw
material, packaging, and logistics in scope 3. In addition, the life-cycle CF comprises the emissions
from the dairy farm (upstream) and distribution center (downstream) [104]. The boundaries are set as
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shown in Figure 5a. The CFs of MPL products were reported as equivalent CO2 emission for one kg of
MPLs, according to the ISO 14,067 reporting standards [105].

Figure 5. (a) Boundary definition of the life-cycle carbon footprints (CFs) of dairy products and
exemplary emissions from scope 1 (direction emission), scope 2 (energy carriers), and scope 3
(raw material procured, packaging material, and transportation). (b) Cascade of CFs of BMP,
BMC, and MPLs using the following processes: “CO2-DEM” (supercritical CO2 and DME), “DME”
(supercritical DME), and “Solvent” (hexane and ethanol extraction and acetone de-fatting, kg equivalent
CO2/products). Scopes of BM CFs: adapted from References [45,106–109]. MPLs, milk phospholipids;
BM, buttermilk; BMC, BM concentrate; DME, dimethyl ether; SFE, supercritical fluid extraction. * Ultra
High Temperature processing.

The CF of BM (baseline CF, 1.10 kg CO2/kg BM powder) was cited directly from data derived from
the Unified Livestock Industry and Crop Emissions Estimation System (ULICEES) model in Canada [45].
The data abides by the Intergovernmental Panel on Climate Change (IPCC) methodology [106]; it covers
emissions like methane [45], nitrous oxide [107], and carbon dioxide using the F4E2 model [108]; and
uses an allocation matrix to partition six inventory flows (i.e., fuel, power, raw milk transportation,
alkaline/acid, water, and waste water) into 11 major dairy products [109].

In this study, BM was assumed as the starting material for producing MPLs. Therefore, the CF
for producing BM was set as the baseline. The CF of MPLs in Figure 5b and Table 4 is a sum of the
CF of BM (as the baseline) and the CF for extracting MPLs from BM at dairy factories. The starting
amount of BM was assumed to be 100 kg (1.3%, w/w, DM basis). Since MPLs are considered as the
target products, CF of protein in the MPL fractions was not included in the estimations.

The CF of BM concentrate (BMC) via membrane separation (MS) was calculated using the equation:
CFBMC = CFBM + CFMS, where CFBMC, CFBM, and CFMS were the CF of BMC, BM, and MS, respectively.
The CF of MPL products using SFE or solvent extraction was calculated using the equation CFMPLs =

CFBMC + CFSFE or CFMPLs = CFBMC + CFSol where CFMPLs, CFBMC, CFSFE, and CFSol were the CF for
the MPL product, BMC, SFE, and solvent extraction process, respectively, as illustrated in Figure 5b.
The CF for BMP (1.5% purity) was 1.10 kg CO2/kg MPL, and the CF of BMC (11.0% purity) was
87.40 kg CO2/kg MPL, as calculated in Table 5. Starting from BMC, the CFs of MPL products were
170.59, 159.07, and 101.05 kg CO2/kg MPL for processes of CO2-DME supercritical fluid extraction,
DME SFE, and organic solvent extraction, respectively.
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Table 4. Normalized carbon footprints of milk phospholipids (kg CO2/kg MPLs).

Process Membrane
SFE

(CO2/DME)
SFE (DME) Solvent Extract Unit

Reference [96] [59,97] [59,97] [21] -
Input BMP BMC BMC BMC -

Input amount 100.00 100.00 100.00 100.00 kg
Input purity 1.3 5.7 6.8 12.3 g/100 g DM

Product BMC MPLs MPLs MPLs -
Product amount 11.76 5.13 6.56 13.98 kg
Product purity 11.05 76.80 66.80 88.00 g/100 g DM

MPL yield 100.00 69.10 67.40 100.00 %
Power 17.48 512.85 655.68 - kWh

Material used Alcalase 0.03 CO2 1000.00
DME 200.00 DME 200.00 C6/ethanol 552.00

Acetone 189.60
kg
kg

Thermal energy 13.10 - - - MJ
Power CF factor 0.1567 0.1567 0.1567 0.1567 kg CO2/kWh

Material CF factor 5.00 CO2 0.05
DME 0.16

CO2 0.05
DME 0.16

C6/ethanol 0.16
Acetone 0.42

kg CO2/kg
kg CO2/kg

Thermal CF factor 0.06 - - - kg CO2/MJ
CF of power 2.74 80.36 102.74 - kg CO2

CF of material 0.16 82.00 32.00 167.95 kg CO2
Thermal CF 0.72 - - - kg CO2
Utility CF 3.62 162.36 134.74 167.95 kg CO2

BM/BMC baseline 110.00 498.17 594.31 1074.99 kg CO2
Product CF 9.66 128.80 111.19 88.93 kg CO2/kg

Normalized CF 87.40 170.59 159.07 101.05 kg CO2/kg
MPLs

BM, buttermilk; BMC, BM, concentrate; MPLs, milk phospholipids; C6, hexane; DME, dimethyl ether; SFE,
supercritical fluid extraction; UF/DF, ultra/dia-filtration; CF, carbon footprint. Membrane filtration power
consumption: 1.486 kWh/kg products [110]; Canada power CF factor: 0.1567 kg CO2/kWh [111]; CF of reusable
solvents (DME, hexane and ethanol): 0.16 kg CO2/kg solvent; reused acetone CF: 0.42 kg CO2/kg solvent [112]; DME
CF 1.01 kg/kg; 84% reuse [113]; baseline of BM: 1.1 kg CO2/kg BMP [45]; SFE CO2 reuse 95% [114]; SFE CO2/DME
power cost estimation 100 kWh/kg extract [115].

4.2. Carbon Footprint Estimation

In Table 4, four MPL enrichment processes were used as references for estimating and comparing
the total CFs. The membrane separation process was used to concentrate MPL from the original
BM. The resulting product was a BM concentrate (BMC), which may be further processed to yield
MPL products by either using an SFE technique or a solvent extraction method. The CF of “utility”
consumed for the three individual MPL enrichment methods was obtained by multiplying the utility
amount and CF conversion factor, which represents the amount of carbon emission for a unit weight
of utility. Normalized CF: CFNormalized = CF/CMPLs, where CMPLs was the MPL purity (g MPLs per
100 g product).

The normalized CF of the product uisng membrane separation was as high as 87.4 kg CO2/kg
BMC since the BMC comprised of only 11.05% MPLs. The CFs for products using SFE and solvent
extraction were much higher than their baseline (CFBMC) because of the intensive process during
purification. As shown in Table 4, the CFs of fractions using SFE were 170.59 and 159.07 kg CO2/kg
MPLs for CO2/DME co-extraction and DME extraction, respectively. CO2/DME co-SFE exhibited a
higher environmental impact compared to supercritical DME extraction due to direct emissions from
co-SFE. Solvent extraction demonstrated a lower environmental impact and a higher MPL recovery
rate than SFE. However, the products obtained using solvent extraction were less food-compatible
than SFE unit-extracted products.

MPLs from proteolysis and filtration processes carry 87.40 kg equivalent CO2/kg product, much
higher than all the milk fat products (Table 5). With less CF than SFE and solvent extraction, membrane
separation is the most efficient process in terms of process intensity, energy consumption, and
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environmental impact. In addition, this process is compatible with most dairy factories. Membrane
separation is a necessary step for concentrating BM into BMC. BMC can then be purified using SFE
(DME). The relevant processes with a significant MPL CF include membrane filtration, evaporation and
spray drying, SFE, and solvent recovery, the improvement of which offer opportunities to reduce the
CF of the final products. For example, 0.1-μm polymeric spiral-wound MF membranes have been used
to separate casein from milk, exhibiting a higher energy efficiency at 0.024 (MF) and 0.015 (DF) kWh/kg
permeate than that of graded permeability membrane (0.143 and 0.077 kWh/kg permeate for MF
and DF, respectively [110]. Furthermore, permeate flux, volume concentration ratio, transmembrane
pressure, and temperature all had an impact on the energy efficiency of membrane UF, ranging from
0.26–0.33 kWh/kg retentate [116]. Another approach toward reducing the environmental impact is
to improve the purity of MPLs during filtration by differentiating the particle size of casein micelles
(i.e., hydrolysis) from the fragmented MFGM and subsequent application of membrane filtration.

Table 5. Comparison of the carbon footprint of milk phospholipids in commercial dairy products
(kg CO2/kg product).

Dairy Products CF Scope 1 Scope 2 Scope 3 Country Reference

Raw milk 1.10 - - - Canada [45]
Bulk liquid 1.00 0.870 0.065 0.065 Canada [45]

Yogurt 1.50 1.083 0.252 0.165 Canada [45]
Whole milk 1.12 0.843 0.173 0.104 China [117]

Powder milk 10.10 - - - Canada [45]
Butter 7.30 - - - Canada [45]

BM 1.10 - - - Canada [45]
Cheese 12.40 - - - Italy [104]
Cheese 5.30 - - - Canada [45]
Cheese 8.80 - - - Sweden [118]

BM→ BMC: UF/DF 87.40 - - - - [96]
BM→ BMC→MPLs: SFE CO2/DME 170.59 - - - - [97]

BM→ BMC→MPLs: SFE DME 159.07 - - - - [97]
BM→ BMC→MPLs: Solvent extract 101.05 - - - - [45]

MPLs, milk phospholipids; BM, buttermilk; BMC, BM concentrate; DME, dimethyl ether; SFE, supercritical fluid
extraction; UF/DF, ultra/dia-filtration; CFs, carbon footprints.

5. Conclusions

This paper identified three dairy streams for milk phospholipid (MPL) manufacturing at an
industrial scale: buttermilk, beta serum, and whey protein phospholipid concentrate. The life-cycle CFs
of the MPLs were 87.40, 170.59, 159.07, and 101.05 kg CO2/kg MPLs for the membrane separation process,
CO2/DME supercritical fluid extraction, SFE by DME, and organic solvent extraction, respectively.
The extracted products comprised 11.1, 76.8, 69.9, and 88.0% MPLs, with recovery rate of 100, 69.1,
67.4, and 100%, respectively. In conclusion, to improve the efficiency of an MPL concentration process,
casein in BM needs to be proteolyzed before running UF/DF processes. By doing so, it is possible to
achieve full recovery of MPLs from BM; moreover, this method may result in a relatively low CF. SFE
using dimethyl ether is the most effective method for the production of high-purity (≈66.8%) MPL
products, albeit at the cost of a high CF. This study provided insights into the best available industrial
practices for extracting MPLs and estimating their life-cycle CFs.
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