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ANNOTATION

The doctoral thesis “Valorisation of whey for lactose recycling products production” was
developed from 2016 to 2021. Experiments were carried out in the research laboratories of the
Faculty of Food Technology, Latvia University of Life Sciences and Technologies; Dairy
Innovation Institute, California Polytechnic State University (USA); Institute of Microbiology
and Biotechnology, Latvia University; Faculty of Chemistry, Latvia University; Institute of
Solid State Physics, Latvia University and J.S. Hamilton Baltic Ltd.

The aim of the doctoral thesis was to improve the lactose hydrolysis process for obtaining
glucose-galactose and oligosaccharide syrups.

The hypothesis of the doctoral thesis — the two-stage fermentation increases the
sweetness of glucose-galactose syrup.

The hypothesis of the doctoral thesis has been confirmed by the defended thesis:

1. The presence of cations affects the B-galactosidase activity in the sweet and acid whey
permeate.

2. The chemical composition and quality of whey affect the physical properties of
lactose.

3. Enzymatic reactions affect the functional and sensory properties of syrups.

The research objects — sweet and acid whey permeates, glucose isomerase, commercial
[-galactosidases and glucose-galactose syrup.

The following tasks were set to achieve the aim of the doctoral thesis:

1. To evaluate the effect of cation concentration to ensure the B-galactosidase activity in
substrate.

2. To investigate the physical properties of whey lactose in order to better understand its
behaviour.

3. To study the changes of monosaccharide concentration in the lactose hydrolysis,
varying with the solids concentration of the substrates and enzyme units.

4. To assess the possibilities of glucose isomerase to increase the sweetness of glucose-
galactose syrup.

5. To evaluate the sensory properties of the developed syrups.

The novelty of the doctoral thesis:

1. The study of the relationship of lactose hydrolysis process in the formation of galacto-
oligosaccharides and lactulose.

2. The combination of B-galactosidase and glucose isomerase increases the sweetness of
glucose-galactose syrup.

The economic significance of the doctoral thesis:

1. The studies have shown the possibility to obtain syrup that can be used as sugar and
sweeteners replacer in the food industry and to produce functional products.

2. A technological solution for hydrolysis of lactose is proposed, comprehensively
evaluating the physical properties of lactose, fermentation parameters and whey
composition. The doctoral thesis consists of three chapters:

Chapter 1 describes the composition of whey and the possibilities of using it. An
overview of the chemical and physical properties of lactose, lactose hydrolysis methods, the
application of B-galactosidases and the properties of glucose-galactose syrup are provided.

Chapter 2 summarises the materials and methods used in the thesis.

Chapter 3 provides a summary of the results obtained in the study, the properties of
commercial enzymes in different cation concentrations, the stability of enzymes in the
gastrointestinal tract model, methods for the determination of lactose, the properties of
dehydrated permeates are evaluated. The influence of factors on the hydrolysis of permeates
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and the profile of the obtained sugars was analysed. Possibilities for lactulose synthesis are
considered. Sensory analysis of glucose-galactose syrups and syrups obtained in the two-stage
fermentation are given.

During the PhD studies the author had an internship at the Dairy Innovation Institute
California Polytechnic State University (USA), where the experimental work was done.
Internship was provided by the Baltic — American Freedom Foundation (BAFF) and the Council
on International Education Exchange (CIEE).

The study was partly financed by the LLU programme “Strengthening Research Capacity
at the Latvia University of Agriculture” grant (Contract No. 3.2.-10/2017/LLU/27) “The
optimization of bioprocesses for lactose recycling products”.

The study was partly financed by the doctoral studies grant “Transition to the new
doctoral funding model at the Latvia University of Life Sciences and Technologies™ (Contract
No. 3.2.-10/90).

The thesis is written in English, it consists of 111 pages, 32 tables, 41 figures, 3
appendixes, and 233 bibliographic sources.
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ANOTACIIA

Promocijas darbs “Siikalu valorizacija laktozes parstrades produktu ieguvei” izstradats
laika posma no 2016. Iidz 2021. gadam. Eksperimenti veikti Latvijas Latvijas
Lauksaimniecibas universitates Partikas tehnologijas fakultates zinatniskajas laboratorijas:
Kalifornijas Politehniskas Universitates Piena inovacijas instittita; Latvijas Universitates
Mikrobiologijas un Biotehnologijas institita un Kimijas fakultates laboratorijas; Latvijas
Universitates Cietvielu fizikas institiita; SIA Hamilton Baltic test€Sanas laboratorijas.

Promocijas darba mérkis: pilnveidot laktozes hidrolizes procesu glikozes-galaktozes un
oligosaharidu sirupa iegiiSanai.

Promocijas darba hipotéze: divpakapju fermentacija paliclina glikozes-galaktozes sirupa
salduma pakapi.

Promocijas darba hipotezi pierada ar $adam tézem:

1. Katjonu klatbiitne ietekmé P-galaktozidazes aktivitati siera un biezpiena sikalu
ultrafiltrata.

2. Sukalu kimiskais sastavs un kvalitates raditaji ietekmée laktozes fizikalas 1pasibas.

3. Enzimatiskas reakcijas butiski ietekmé strupu funkcionalas un sensoras 1pasibas.

Pétijuma objekti — biezpiena un siera stkalu ultrafiltrats, glikozes izomeraze,
komercialas -galaktozidazes un glikozes-galaktozes sirups.

Promocijas darba mérka sasniegSanai izvirziti $adi uzdevumi:

1. Novertét katjonu ietekmi uz B-galaktozidazes aktivitati ferment&jama substrata.

2. Izpéetit laktozes fizikalas Ipasibas, tas sekmigai hidrolizei.

3. Analiz€t monosaharidu satura izmainas laktozes hidrolizg, vari€jot ar substratu sausnu
un pievienota enzima aktivitates vientbam.

4. lzvertet glikozes izomerazes izmantoSanas iesp&jas glikozes-galaktozes sirupa
salduma palielinasanai.

5. Novertet izstradato sirupu sensoras 1pasibas.

Darba novitate:

1. Laktozes hidrolizes procesa likumsakaribu izpéte galakto-oligosaharidu, tostarp
laktulozes veidoSana.

2. B-Galaktozidazes un glikozes izomerazes kombinacija glikozes-galaktozes sirupa
salduma palielinasanai.

Tautsaimnieciska nozime:

1. Istenotie pétfjumi lauj iegiit sirupu, kuru var izmantot saldvielu un saldinataju
aizstaSanai partikas riipnieciba un funkcionalo produktu ieguvei.

2. Piedavats tehnologiskais risinajums laktozes hidrolizei, vispusigi izvértgjot laktozes
fizikalas 1pasibas, fermentacijas parametrus un siikalu sastavu.

Promocijas darbs apkopots 3 nodalas:

1. nodala aprakstits stikalu sastavs un stikalu izmantoSanas iesp&jas. Sniegts parskats par
laktozes kimiskajam un fizikalajam ipaSibam, hidrolizes metodém, B-galaktozidazes enzimu
izmantoSanu un glikozes - galaktozes strupa 1pasibam.

2. nodala apkopots promocijas darba izmantoto materialu un metozu kopsavilkums.

3. nodala sniegts petijuma iegiito rezultatu apkopojums, izveértetas komercialo enzimu
ipasibas dazadas katjonu koncentracijas, pétita enzimu stabilitate kunga-zarnu trakta
modelvide, vertétas dazadas laktozes noteikSanas metodes, dehidréto ultrafiltratu ipaSibas.
Analizeta dazadu faktoru ietekme ultrafiltrata hidrolizei un iegtto cukuru profilam. Izskatitas
iesp€jas laktulozes sintézei. Veikta sirupu sensora analize, salidzinot ar divpakapju fermentacija
legiitajiem.

Tresas nodalas beigas formuléti secinajumi.



Studiju laika doktorante praktiz€usies un Tistenojusi pétnieciska darba izstradi
Kalifornijas Politehniskas universitates Piena inovaciju instittita (ASV) ar Baltijas - Amerikas
Brivibas fonda (BAFF) un Starptautiskas izglitibas apmainas padomes (CIEE) pieskirtas
stipendijas atbalstu.

Promocijas darba izstrade veikta ar dalgju “Zinatniskas kapacitates stiprinasana Latvijas
Lauksaimniecibas universitate” projekta Nr. 3.2.-10/2017 / LLU / 27 “Bioprocesu optimizacija
laktozes parstrades produktu ieguvei” atbalstu.

Promocijas darba izstrade veikta ar dalgju “LLU pareja uz jauno doktorantiiras
finansé$anas modeli” projekta Nr. 3.2.-10/90 atbalstu.

Promocijas darbs uzrakstits anglu valoda, apjoms 111 Ipp, ieskaitot 32 tabulas, 41 att€lus,
233 bibliografiskos nosaukumus un 3 pielikumus.

- N
NACIONALAIS » EIROPAS SAVIENIBA T I\ Latvijas b o ™
ATTISTIBAS Eiropas Socidlais LN Lauksaimniecibas 3}? * b
PLANS 2020 ﬂ fonds \& J) universitate Py *# i‘- .
h _N
IEGULDIJUMS TAVA NAKOTNE "Zinatniskas kapacitates stiprinasana LLU" lcan Freedom Foundation



Approbation of the research work / Zinatniska darba aprobacija

Research results are published in 6 research articles, which are indexed in international
SCOPUS and Web of Science databases / Pétijuma rezultati publiceti 6 zindatniskajos
izdevumos, kas indekséti SCOPUS un Web of Science datu bazés.

Publications indexed in the international SCOPUS and Web of Science databases /
Publikacijas, kas ir indeksétas SCOPUS un Web of Science datubaze:

1.

Majore, K., Ciprovica, I. (2020) Optimisation of lactose hydrolysis by combining
solids and B-galactosidase concentrations in whey permeates. Proceedings of the
Latvian Academy of Sciences. Section B Natural Exact and Applied Sciences, 74, 4, p.
263-269. DOI: 10.2478/prolas-2020-0041

. Zolnere, K., Ciprovi¢a, I. (2019) The study of physical properties of spray dried whey

and milk permeates lactose. Agronomy Research, 17, 2, p. 1501-1510. DOI:
10.15159/AR.19.054

Zolnere, K., Ciprovi¢a, I. (2019) Lactose hydrolysis in different solids content whey
and milk permeates. 13th Baltic Conference on Food Science and Technology,
FOODBALT 2019 joined with 5th North and East European Congress on Food
NEEFood 2019 “FOOD. NUTRITION. WELL-BEING”, Conference proceeding, p.
35-39. DOI: 10.22616/FoodBalt.2019.011

Zolnere K., Ciproviéa L, Kirse A., Cinkmanis I. (2018) A study of commercial B-
galactosidase stability under simulated in vitro gastric conditions. Agronomy
Research, 16, 2, p. 1555-1562. DOI: 10.15159/AR.18.075

Zolnere K., Ciprovi¢a I. (2017) The comparison of commercially available B-
galactosidases for dairy industry: a review. Research for Rural Development 2017, The
Annual 23th International Scientific Conference Proceeding, Volume: 1, Latvia
University ~ of  Agriculture,  Jelgava, Latvia, p. 215-222. DOI:
10.22616/rrd.23.2017.032

Zolnere K., Liepin§ J., Ciprovi¢a I (2017) The impact of calcium ions on
commercially available 3-galactosidase. 11th Baltic Conference on Food Science and
Technology “Food science and technology in a changing world” FOODBALT-2017,
Conference proceedings, p. 27 — 30. DOI: 10.22616/foodbalt.2017.017

Results have been presented at the international conferences and symposiums in the
USA, Czech Republic, Estonia, Italy and Latvia.

1.

Zolnere, K., Ciprovi¢a, I. (2019) The study of physical properties of spray dried whey
and milk permeates lactose. The Biosystems Engineering conference, Tartu, Estonia,
2019, May 8 — 10 (Oral presentation / Mutiska prezentacija).

Zolnere, K., Ciprovi¢a, I. (2019) Lactose hydrolysis in different solids content whey
and milk permeates”. 13th Baltic conference on Food Science and Technology,
FOODBALT 2019 joined with 5th North and East European Congress on Food
NEEFood 2019 “FOOD. NUTRITION. WELL-BEING”, Jelgava, Latvia, 2019, May
2 — 3 (Oral presentation / Mutiska prezentacija).

Zolnere, K., Ciproviéa, I, Kirse, A., Cinkmanis, I. (2018) A study of commercial f-
galactosidase stability under simulated in vitro gastric conditions. The Biosystems
Engineering conference, Tartu, Estonia, 2018, May 9 (Poster presentation / Stenda
referats)

Zolnere, K., Ciprovi¢a, 1. (2018) Optimization of bioprocesses for lactose recycling
products. CAFES Research Seminar Series, San Luis Obispo, California, USA, 2018,
May 10 (Oral presentation / Mutiska prezentacija).

Zolnere, K., Ciprovi¢a, I. (2018) The effect of whey salts on enzymatic lactose
hydrolysis. ICBFE 2018: 20th International Conference on Bioprocessing and Food



Engineering, Roma, Italy, 2018, March, 5 — 6 (Oral presentation / Mutiska
prezentacija).

. Zolnere, K., Liepins, J., Ciprovi¢a, I. (2017) Development of easy to use analytical
method for determination of commercial f-galactosidase activity. 8th International
Symposium on Recent Advances in Food Analysis, Praha, Czech Republic, 2017,
November 7 — 8 (Poster presentation / Stenda referats).

. Zolnere, K., Ciprovi¢a, I. (2017) The comparison of commercially available B-
galactosidases for dairy industry: Review. 23rd Annual International Scientific
Conference "Research for Rural Development 2017", Jelgava, Latvia, 2017. May, 17
- 19 (Oral presentation / Mutiska prezentacija).

. Zolnere, K., Liepins, J., Ciprovi¢a, I. (2017) The impact of calcium ions on
commercially available 3-galactosidase. 11th Baltic Conference on Food Science and
Technology “Food science and technology in a changing world” FOODBALT-2017.
Jelgava, Latvia, 2017, April 27 — 28 (Oral presentation / Mutiska prezentacija).
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Dairy permeates /
Ultrafiltrats

Whey / Sitkalas

milk by-products characterised by a high content of lactose
and obtained by removing fats and protein from milk, whey,
cream and/or sweet buttermilk, and/or from similar raw
materials by ultrafiltration or other processing techniques /

piena parstrades produkts ar augstu laktozes saturu, iegiitu
ar ultrafiltracijas vai citadas apstrades metodi, atdalot
taukus un olbaltumvielas no piena, sitkalam, kréjuma un/vai
paninam

(Regulation (EU) 2018/1602)

by-product obtained during the manufacture of cheese or
casein. In the liquid state, whey contains natural
components (on average 4.8 % lactose, 0.8 % protein and
0.2 % fats) which remain when the casein and the majority
of the fat have been removed from milk /

blakusprodukts, kas iegiits siera, biezpiena vai kazeina
razosand. Sukalas satur piena sastavdalas (videji 4.8 %
laktozi, 0.8 % olbaltumvielas un 0.2 % tauku), kuras pariet
tajas, atdalot no kazeinu un taukus.

(Diretive 96/16/EC, 1996).
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INTRODUCTION / IEVADS

The new methods and technologies for the processing of food by-products into valuable
and functional products are becoming increasingly important. There are mainly two types of
whey - sweet and acid, which are constantly being studied by researchers to gain a new
information and acquire new knowledge. One of the methods for processing a lactose in whey
is biotechnology, in particularly B-galactosidase application, to hydrolyse lactose into
monosaccharides. This is the first step in glucose-galactose syrup production. Today, some
dairies in the world produce and offer glucose-galactose syrup with solids concentration 70%
which is made from sweet whey.

The hydrolysis of lactose in glucose and galactose is considered to be an excellent
alternative to sucrose, as the resulting sugars are sweeter and can be used as additives for food
and animal products production. Over the last two decades, this process has motivated scientists
and manufacturers to conduct research and analyse its benefits (Das et al., 2015).

There is a possibility to further increase the sweetness of the syrup by adding glucose
isomerase, which converts glucose into fructose. It is important to emphasize that galacto-
oligosaccharides are also formed during enzymatic reactions, which are especially valuable as
prebiotics. In turn, there are methods to produce lactulose during the lactose hydrolysis adding
a certain amount of fructose to the substrate. Lactulose adds value to the final product and has
been shown to perform a number of biological activities in the human body.

Finally, the new syrup can be a great alternative with a high level of sweetness that could
be used as a sweet substance for the manufacturing of food products, thus reducing the energetic
value of the product.

The aim of the doctoral thesis was to improve the lactose hydrolysis process for obtaining
glucose-galactose and oligosaccharide syrups.

The hypothesis of the doctoral thesis — the two-stage fermentation increases the
sweetness of glucose-galactose syrup.

The hypothesis of the doctoral thesis has been confirmed by the defended thesis:

1. The presence of cations affects the 3-galactosidase activity in the sweet and acid whey

permeate.

2. The chemical composition and quality of whey affect the physical properties of

lactose.

3. Enzymatic reactions affect the functional and sensory properties of syrups.

The research objects — sweet and acid whey permeates, glucose isomerase, commercial
[B-galactosidases and glucose-galactose syrup.

The following tasks were set to achieve the aim of the doctoral thesis:

1. To evaluate the effect of cation concentration to ensure the B-galactosidase activity in
substrate.

2. To investigate the physical properties of whey lactose in order to better understand its
behaviour.

3. To study the changes of monosaccharide concentration in the lactose hydrolysis,
varying with the solids concentration of the substrates and enzyme units.

4. To assess the possibilities of glucose isomerase to increase the sweetness of glucose-
galactose syrup.

5. To evaluate the sensory properties of the developed syrups.

The novelty of the doctoral thesis:

1. The study of the relationship of lactose hydrolysis process in the formation of galacto-
oligosaccharides and lactulose.

2. The combination of B-galactosidase and glucose isomerase increases the sweetness of
glucose-galactose syrup.
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The economic significance of the doctoral thesis:

1. The studies have shown the possibility to obtain syrup that can be used as sugar and
sweeteners replacer in the food industry and to produce functional products.

2. A technological solution for hydrolysis of lactose is proposed, comprehensively
evaluating the physical properties of lactose, fermentation parameters and whey
composition. The doctoral thesis consists of three chapters:

Chapter 1 describes the composition of whey and the possibilities of using it. An
overview of the chemical and physical properties of lactose, lactose hydrolysis methods, the
application of B-galactosidases and the properties of glucose-galactose syrup are provided.

Chapter 2 summarises the materials and methods used in the thesis.

Chapter 3 provides a summary of the results obtained in the study, the properties of
commercial enzymes in different cation concentrations, the stability of enzymes in the
gastrointestinal tract model, methods for the determination of lactose, the properties of
dehydrated permeates are evaluated. The influence of factors on the hydrolysis of permeates
and the profile of the obtained sugars was analysed. P ossibilities for lactulose synthesis are
considered. Sensory analysis of glucose-galactose syrups and syrups obtained in the two-stage
fermentation are given. Conclusions are presented at the end of Chapter 3.

During the PhD studies the author had an internship at the Dairy Innovation Institute at
California Polytechnic State University (USA), where the experimental work was continued.
Internship was provided by the Baltic — American Freedom Foundation (BAFF) and the Council
in International Education Exchange (CIEE).

The study was partly financed by the grant “Strengthening Research Capacity at the
Latvia University of Agriculture” (Contract No. 3.2.-10/2017/LLU/27 “The optimization of
bioprocesses for lactose recycling products™).

The study was partly financed by the doctoral studies grant “Transition to the new
doctoral funding model at the Latvia University of Life Sciences and Technologies” (Contract
No. 3.2.-10/90).

The thesis is written in English, it consists of 111 pages, 32 tables, 41 figures, 3
appendixes and 233 bibliographic sources.
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1. PROBLEM STATEMENT / PROBLEMATIKAS RAKSTUROJUMS

1.1 Anoverview of whey application / Parskats par siikalu izmantoSanu

Whey, which has been primarily considered as a waste product, has been valued as a raw
material for a wide range of production, starting from fuel to functional food. Reuse of whey
has attracted industrial interest not only because it has high nutritional value and is a cheap raw
material for producing value-added product, but whey also has a high risk of environmental
pollution (Pescuma et al., 2015). Current whey processing vary depending on the amount of
whey and the capabilities of the company. While large companies often divert it to secondary
processing (concentrated protein, etc.) or animal feed (mainly pig farms), smaller plants mainly
divert them to the domestic sewage system or biogas production. In total, about 50% of whey
produced in the world (especially acid whey) is considered as waste. This causes serious
environmental problems due to the high content of organic matter (especially lactose) and high
levels of biological and chemical oxygen demand (BOD and COD). Whey contains valuable
fertilisers, such as ammonia and phosphates, and their release into the environment can cause
eutrophication of water bodies, thus disturbing the natural aquatic ecosystem (Bentahar et al.,
2019). These challenges open up the possibility of exploring the various properties of whey in
different food systems to transform whey nutritional value into a novel and functional food
product (Walzem et al., 2002). Lactose, the largest component of whey, can act as a source of
bacterial growth and be used for many biotechnological processes (Ryan & Walsh, 2016). In
this way, with the significant advances in biotechnology, whey is becoming the substrate for
various food and pharmaceutical sectors (Simovic et al., 2019).

whey 50% is wasted

~ 230 million
tons per year

‘ | JH J
S Ricotta and ¢ \ ! Lactose and
other OH 2
hey-based whey X e
ol ! yl % powder ~———"| by-products

Fig. 1.1. Industrial application of whey / 1.1. att. Sitkalu pielietojums ripnieciba
(Ramaet al., 2019)

Worldwide approximately 50% of whey has been reused and turned into different food
and animal products. Half of these products are in liquid form and the other half - whey powder,
lactose and its by-products, and residual protein concentrate (Spalatelu, 2012). The average
whey amount increases equally with the amount of milk in the world >2% in a year (Smithers,
2008). Until 2019, it was expected that the amount of whey in the world will be around 230
million tons per year and in Europe 40 million tons per year (Mollea et al., 2013). According
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to the World Cheese Market 2000-2023, world production of whey is estimated at 230 million
tonnes in 2023 (Rama et al., 2019). It also increases the amount of acid whey by around of 4
million tonnes per year, nonetheless, acid whey recycle is limited. Dairy producers mostly drain
acid whey into wastewater treatment plants or return it to farmers, who in turn cultivate their
land or feed their livestock (Lindsay et al., 2018). Based on the European statistics database
Fig. 1.2 demonstrates the whey production data in the Baltic states.

1200

Estonia / ®Latvia / @ Lithuania /
000 Igaunija  Latvija Lietuva

800
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200

legiitais produktu daudzums, 1000t

Product obtained /

0
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Year / Gads

Fig. 1.2 The amount of whey produced in the Baltic States /
1.2. att. legiito sitkalu apjoms Baltijas valstis
(Eurostat - Data Explorer, 2019)
(Value 0 means that certain data are confidential and not available)

The use and processing of whey in the Baltic States became popular only during the last
decade, before that whey was mainly diverted to livestock feed. Countries are now looking for
ideas for processing acid and sweet whey into a functional products. Mainly for the purpose of
products development manufacturers cooperate with scientists, who during scientific research
obtain all the necessary results for establishing a processing line. There are several Latvian
factories such as SC “Smiltenes piens”, Ltd ”Baltic Dairy Board”, SC “Tukuma piens” that
have collaborated with scientists to promote whey processing and use in food.

Today, the dairy industry is still searching for alternative ways to use whey in production
because it causes significant residues the elimination of which requires large capital investments
(Lindsay et al., 2018). Most dairy companies do not have a proper system for whey utilization,
which does not promote whey as a potential source of new food and energy products. Whey is
not just a cheap raw material (Krolczyk et al., 2016), but its degradation is unfavourable to the
environment, affecting the physical and chemical properties of the soil, leading to the reduction
of crop yields (Panesar et al., 2007) and decomposing oxygen in water tanks, creating anaerobic
conditions, promoting the extinction of the aquatic environment (Das et al., 2015). This
problem is more pronounced due to the fact that whey residues are often discharged into the
sea, for example, in the regions of Northern lItaly, where several dairies are located and
approximately 1 million litres of whey was disposed daily (Koller et al., 2012).
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1.3. att. Parskats par dazadu savienojumu ieguvi sitkalu fermentacija
(Pescuma et al., 2015)

Fig. 1.3. An overview of the production of various compounds in whey fermentation /
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Finding the most appropriate technological solution should reduce the environmental
pollution and increase the value of whey as a processing ingredient (\Volpato et al., 2016). The
diversity of whey fermentation products is shown in Fig. 1.3. Fermentation is a cheap recycling
process compared to chemical synthesis, moreover during fermentation none of toxic products
(depending on the nature of the microorganisms) have been developed, which in turn is a
frequent phenomenon in chemical reactions (Pescuma et al., 2015).

Thus, the lactose separation from whey would not only reduce the amount of organic
matter in it, but also promote and supplement the application of lactose in the food and
pharmaceutical industries due to its functional properties (Mukhopadhyay et al., 2003).

Three main alternatives are distinguished in the use of whey, taking into account the
complexity and cost of the processes: direct application, whey concentration and drying, and
fractionation and/or fractionation of whey ingredients (Henriques et al., 2013). The demand for
whey products in the food sector has been increasing for years. Combining biochemistry,
microbiology, and sophisticated technology would make it possible to produce high quality and
safe foods. In recent years, information on the composition, production, and use of whey and
whey products has increased dramatically. The research on whey has been conducted in various
fields, such as nutrition, pharmaceuticals, medicine, process technology, etc., and the articles
pertaining to this subject have been published in various food journals (Wit, 2001).

1.2 Whey characteristics / Sikalu raksturojums

Whey is greenish yellow in colour and in some cases, it can be even blue, mainly
depending on the quality and origin of milk. Whey is obtained only from milk processing. The
most popular in western countries is cow's milk, while in other parts of the world it is goat's,
sheep's, and even camel's milk (Smithers, 2008).

Whey also contains salts and water-soluble vitamins (Reddy et al., 2016). The chemical
composition of whey depends on the chemical composition of the milk, which varies within the
lactation period, feeding, breeding, and due to individual differences of the animals, and climate
change (Polat, 2009).

There are usually two main sources of obtaining whey: cheese making — sweet whey and
casein production — acid whey. Acid whey is obtained after acidification of milk using lactic
acid bacteria, organic or mineral acids. Sweet whey forms after adding proteolytic enzymes,
such as rennet, to milk and treatment of coagulum by different techniques (Carvalho et al.,
2013; McSweeney & Fox, 2009). Whey yield is 75 — 85% of the total milk volume and contains
approximately 55% of milk nutrients - lactose, proteins, vitamins, salts and fats (Shankar et al.,
2015). This indicates that whey can be considered a valuable by-product with multiple uses in
the food and pharmaceutical industries (Mollea et al., 2013). Although whey contains an
impressive number of organic substances (Krélczyk et al., 2016), it has high biochemical
oxygen demand (BOD, 40000 - 60000 ppm) and chemical oxygen demand (COD, 50000 -
80000 ppm), making its disposal relatively expensive (Koller et al., 2012). According to
European standards, it can involve a very high level of pollution that can be associated with a
city of 50,000 residents (Ostoji¢ et al., 2005). Lactose, which constitutes 70-72% of the total
dry matter in whey, is the main component responsible for the amount of BOD and COD (Ryan
& Walsh, 2016).

The origin and composition of whey mainly depend on the processing method used for
casein precipitation. Cheese production involves the use of proteolytic enzyme complexes. The
coagulation process occurs at pH 6.5 resulting in the production of sweet whey (Shankar et al.,
2015). Coagulation of casein results in the formation of acid whey, which has pH 5.1 and
contains lactic acid bacteria, mineral salts, and organic acids (Oliveira et. al, 2011). Some whey
proteins become insoluble in acid whey and therefore it is difficult to perform membrane
filtration (Anand et al., 2013). In general, this indicates that the difference between whey types
is due to acidity, salts and protein content (Shankar et al., 2015).
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Table 1.1. /1.1. tabula
Characteristics of acid, casein and sweet whey /
Biezpiena, kazeina un siera sitkalu raksturojums (byraesa, 2014)

Type of whey and Content / Sastavdalas, % Acidity / Density /
permeate / Siakalu Solids / Lactose / Protein / Fat/ Salts/ Skabums, Blivums,
un ultrafiltrata veids | Sausna Laktoze Olbaltumvielas Tauki Sali °T kg m
Sweet / Siera 45-73 | 39-52 04-11 0.04-0.6 | 03-08 15-25 1018 - 1027
Acid / Biezpiena 42-74 ] 32-51 05-1.0 0.05-04 | 05-08 50-85 1019 - 1026
Casein / Kazeina 45-75 | 35-52 05-1.0 0.02-03 | 03-09 50 - 120 1020 - 1025
Sweet whey
permeate / Siera 51-54 | 42-48 0.2-0.24 - 0.5-0.75 8-18 1012 - 1018
siklau ultrafiltrats
Acid whey permeate
| Biezpiena sikalu 52-56 | 42-48 0.2-0.24 - 06-0.9 80 - 100 1016 - 1018
ultrafiltrats

Low lactose content in acid whey is achieved by the lactic acid fermentation in milk, with
a significant increase of lactic acid concentration and decrease in pH. Higher content of salts in
acid whey is due to the elimination of calcium phosphate bonds in casein micelles (Wit, 2001)
or salt addition to milk during cheese production. It shows that acid whey has higher content of
salts, lower protein content and higher acidity than sweet whey, making its usage in foods more
limited (Oliveira et al., 2015).

» Proteins

Whey proteins are one of the two main components of bovine milk proteins, the second
is casein. The major components of whey proteins are 3-lactoglobulins (50%), a-lactalbumins
(20%), bovine serum albumin (10%) and immunoglobulins (10%). Whey also contains other
important proteins such as lactoferrin, protease peptone fraction, and osteopontin (Bansal &
Bhandari, 2016). The important properties of whey proteins are the ability to form gels, act as
emulsifiers and provide texture properties, etc. (Argenta & Scheer, 2019). Therefore, whey
proteins are included in processed meat, dairy, and bakery products. Another feature is its
foaming property, which is mostly dependent on the degree of protein denaturation. This ability
is also affected by the protein concentration in the whey protein concentrate. For example, whey
protein concentrate containing 34-35% protein (WPC35) has good emulsifying properties, is
highly soluble, and has a mild milky taste (Bacenetti et al., 2018).

> Fats

The concentration of fat in whey is low. Nevertheless, the major lipid class is
triacylglycerol and the amount of fat in whey mainly depends on the fractionation technique
(Walzem et al., 2002).

> Salts

The relatively high content of salts in whey solids can also be considered as a problem
for whey recycling since these salts create mainly bitter taste. The acid whey with high content
of lactic acid and salts increases its solubility (Macwan et al., 2016).

Table 1.2./1.2. tabula
The amount (g L) of salts and phosphate ions in sweet and acid whey / Mineralvielu un
fosfata jonu saturs (g L) siera un biezpiena siikalas

lons / Joni S\!veet v_vhey / . AC!d WhEiy / Reference / Atsauce
Siera sitkalas Biezpiena siikalas
Na* 0.4-0.5 0.4-0.5 (Gésan—Guiziou, 2013)
K* 1.4-1.6 1.4-1.5 (Waldron, 2009)
Ca* 0.4-0.6 1.1-1.6 (Koller et al., 2012)
Mg 0.1-0.2 0.1-0.2 (Theoleyre, Gula, 2004)
CI- 1.0-1.2 0.9-4.2 (Cataldi et al., 2003)
PO 0.5-1.3 0.6-2.4 (Gernigon, et al., 2010)
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The data where the amount of salts varies depending on the type of whey summarises in
Table 1.2. Acidic medium provides higher separation of minerals (mainly calcium phosphate)
due to their mineralisation, and calcium salts at a low pH are more soluble.

The differences in whey content give options of where and for what it can be used for
extraction.

1.3 Description of lactose / Laktozes raksturojums

Lactose (4-O-B-D-galactopyranosyl-D-glycopyranose) with its empirical formula
C12H22011 is a disaccharide, one of the best known and important sugars in milk (Illanes, 2016).
The hydrolysis of lactose in the intestinal tract occurs slowly (Parker & Watson, 2017), it is a
substrate for lactic acid or other acids, and it also increases calcium bioavailability (Pérez et al.,
2008). Lactose also stimulates the growth and development of lactic acid in the intestines
(Anand et al., 2013).

Lactose is a reducing sugar and reacts with protein amino groups. Lactose can participate
in the Maillard's reaction, it causes significant loss of nutrients by creating by-products which
are capable of changing the product colour to a darker one as well as changing the taste (Anand
et al., 2013). It is important to point out that raw milk also contains mono- and oligo-
saccharides, but only in small quantities (Huppertz & Gazi, 2016).

CH,OH CH,OH
OH 0] O_ OH
OH /B0 K OH
OH OH

Fig. 1.4. a- and B- Lactose / 1.4. att. a- un f- laktozes
(Carpin et al., 2016)

The presence of chiral carbon in the lactose anomer indicates that it may exist in two
forms of a- and B-anomers (Wong & Hartel, 2014), because the placement of -OH and -H
groups at the glucose first carbon atom may be different (lllanes, 2016). Optical rotation of both
anomers o- and B- are [a]*% +89.4° and +35° and solubility 70 and 500 g L (20 °C)
respectively (Wong & Hartel, 2014; Shendurse & Khedkar, 2016).

In aqueous solutions, the rate of transformation and its balance between lactose anomers
(Carpin et al., 2016) is hard to control and determinate, and it depends on the temperature,
concentration, pH and the presence of other substances (minerals, riboflavin, traces of fat and
protein) (Wong & Hartel, 2014). For example, when lactose dissolves in an aqueous solution at
20° C, 62.7% PB-lactose and 37.3% a-lactose is formed (Kuusisto et al., 2007). In the
crystallisation process, a-lactose converts into monohydrate, but 3-lactose in an anhydrite form
(Ilanes, 2016). Lactose anomeric forms may characterise the complexity of lactose functional
and physical properties, such as melting point, solubility, etc. (Gambelli, 2017; Chandrapala et
al., 2016).

The introduction of membrane technology in whey processing improves commercial
lactose production technology. Several crystalline lactose forms are also available on the market
with different physical properties. The dominant commercial form is non-hygroscopic a-lactose
monohydrate (Anand et al., 2013). Lactose in milk may exist in various crystalline and non-
crystalline forms. This indicates that the quality and stability of certain foods can be
significantly affected by the physical properties of lactose (Chandrapala et al., 2016). Lactose
IS hygroscopic sugar and has strong abilities to absorb taste and aroma, as well as it can cause
sandy texture and sediments in food products (Panesar et al., 2010a). The presence of lactose
in milk, milk products, and whey limits the consumption of milk products for people with
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lactose intolerance. Lactose intolerance may be caused by the absence of the enzyme [-
galactosidase in the intestinal wall of small intestines or by a reduced enzyme activity (Dutra
Rosolen, et al., 2015). Figure 1.8 illustrates the possible lactose forms.

Lactose / Laktoze

!

a-Lactose / a-Laktoze [«————— Mutarotation in aqueous [——»| [-Lactose / f-Laktoze
solution / Mutarotacija
tidens Skiduma

] "

a-Lactose Anhydrous o-lactose / Anhydrous B-lactose /
monohydrate / Beziidens o-laktoze Beziidens p-laktoze
a-Laktoze a/B-lactose
monohidrats Stable / || Unstable / crystals /

Stabila Nestabila o/p -laktoze
kristali

Amorphous a-lactose /
Amorfa laktoze

Fig. 1.5. An overview of lactose form diversity / 1.5. att. Parskats par laktozes formu
daudzveidibu (MacFhionnghaile et al., 2017)

» a-Lactose

a-Lactose is gained from a-lactose monohydrate, where water is released from the
crystal during crystallisation. a-Lactose may exist in a stable and unstable form. When the water
is released from the crystals and it does not change its shape, a porous and unstable a-lactose
structure is formed. Unstable a-lactose is highly hygroscopic and rapidly converts into a-lactose
monohydrate, whereas stable a-lactose has a different crystalline form that does not change at
room temperature and relative humidity below 50%. Both forms can be obtained from a-lactose
monohydrate at 100 ° C to 190 ° C temperature under vacuum conditions. Stable a-lactose can
also be obtained using organic solvents that do not need to be mixed with water (Carpin et al.,
2016).

» p-Lactose

B-Lactose is more stable at a temperature of 25° C and relative humidity below 95%
than a-lactose (Salameh et al., 2006). The form of lactose crystals depends on the environment
from which it is crystallised. Lactose crystallisation in water makes the crystal forms into an
irregular diamond shape, but when crystallising from the alcoholic substrates (methanol,
ethanol etc.), the crystal forms a convex needle, similar to a prism. There are different ways of
producing B-lactose from saturated lactose solution or a-lactose monohydrate. Most of these
methods include heating the saturated solution at high temperature as lactose crystallises in 3
form at a temperature higher than 93.5° C. Regardless of the method used, it is particularly
difficult to obtain a single anomeric powder that is completely free from other isomeric lactose
form. Commercial anhydrous lactose contains up to 80% of B-lactose (Carpin et al., 2016).

» a- Lactose monohydrate (C12H22011-H20)

Heating up the lactose monohydrate solution below 93.5° C, any form of lactose
crystallises into a-monohydrate. In turn, at 93.5° C or lower lactose forms a-monohydrate
containing 5% water. Lactose can be transformed into a number of crystalline forms that depend
on the crystallisation conditions. Crystals with a tongue shape and less than 10 pm in size are
invisible in food products, about 16 um crystals give a grainy and sandy texture, while 30 um
crystals are very grainy. The term sandy is used to describe the texture of evaporated milk, ice
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cream, and other dairy products due to various factors that cause the formation of large lactose
crystals (Shendurse & Khedkar, 2016).
» Amorphous lactose
Amorphous lactose can exist in the glassy state in concentrated syrups. The form of this
lactose is a mixture of a- and -lactose molecules, forming an irregular grid. Amorphous lactose
has a higher energy value than crystalline lactose. It is thermodynamically unstable and very
hygroscopic (Carpin et al., 2016).

These properties indicate that lactose has a number of application possibilities in
various food sectors, such as an agglomeration agent to accentuate and / or enhance the taste of
various foods, to improve functionality, also as a substrate for enzymes (Shendurse & Khedkar,
2016).

1.4  Lactose application in the food industry /
Laktoze partikas riipniectba

Food and pharmaceutical industries have found multiple options for lactose usage, mainly
in crystallised form. In most cases, lactose has been added to bakery and confectionary products
(Carpin et al., 2016). In bakery, lactose is engaged in the Maillard reaction to form a caramel
taste (Parker & Watson, 2017; Shendurse & Khedkar, 2016).

Lactose also is used as a supplement for infant formula (Illanes, 2011). The price of
lactose on the international market in 2014 reached US$1826 per ton. That has been emphasized
as the highest value ever reached in the Global Dairy Trade auctions, but then it declined to an
average value of about US$800 per ton. In September 2018, the price was US$917/t from the
Global Dairy Trade, 2018, driven by the high demand for powder from Asia, but this demand
slowed down with the financial crisis of the Chinese market (Costa et al., 2019).

At this particular time in the European Union the labelling and composition rules for the
absence or reduced amount of lactose in food are not coordinated, there are no strict rules of
the lactose content in food. However, this information is essential for those who are lactose
intolerant. Regulation (EU) No 1169/2011 lays down rules on the information that needs to be
provided for substances which have scientifically proven allergenic or intolerant effects, so that
consumers can make a safe choice. The provisions on the use of terms relating to the absence
or reduction of lactose in foods should be governed by Regulation (EU) No 1095/2010
regarding the scientific opinion of 10 September 2010 on lactose limit values for lactose
intolerance and galactosemia (Schulz & Creighton, 2013). Pulinas et al., (2017) reported that
Italian Ministry of Health allows in Italy labelling food as a lactose-free if lactose is less than
0.1 per 100 g or mL, moreover the label “low in lactose” is for fluid and fermented milk when
the lactose amount is less than 0.5 per 100 g or mL. The same amount of lactose refers to
products that do not naturally contain or are low in lactose in dairy products where lactose is
hydrolysed during production (Pulinas et al., 2017).

Numerous products contain lactose, starting with small concentration (caseinates, whey
protein and milk protein powders) till high concentration (permeate, whey powder). Thereby,
product physical properties (solubility, crystallisation, sensory), production process and storage
time might be affected by lactose if it is more than 50% of product solids (Huppertz & Gazi,
2016).

Lactose usage as a food ingredient is limited, it is less soluble and has low sweetness
(Batista et al., 2017). Lactose can easily be crystallised which emphasizes the fact that the usage
is limited for the production of other kinds of dairy products (Panesar et al., 2010a).

In addition, lactose can be separated and used in a wide range of food as well as non-food
products as a raw material for several derivatives (Huppertz & Gazi, 2016). Therefore, it is
necessary to look for new processing technologies and methods which help to transform lactose
into other products.
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Fig. 1.6. Forms of lactose derivatives / 1.6. att. Laktozes atvasinajumu formas
(Paterson & Kellam, 2009)

Fig. 1.6 shows lactose derivatives which may be formed by appropriate treatment and
most of them have become commercially successful. The formation of present products and by-
products mainly depends on the temperature, pH, catalyst, agitation, and pressure (Cheng et al.,
2019). Lactose oxidation promotes the formation of lactobionic acid which is quite a new
derivative that can be used in the food, pharmaceutical and chemical industries because of its
chelating, moisturizing and emulsifying properties (Gutiérrez et al., 2012). Glucose
rearrangement in the fructose molecules causes lactose isomerisation to lactulose. Numerous
complex reagents such as alkalis or enzyme can be used as catalyst for lactulose production
(Panesar & Kumari, 2011). Lactitol is a sugar alcohol also known as a polyol obtained by
lactose hydrogenation. Generally, lactitol is used as a low calorie sweetener, it is a
multifunctional compound with various food, dairy, and pharmaceutical applications (Martinez
& Monteagudo et al., 2019).

The food industry is trying to develop products with a lower content of lactose or lactose
free products. Therefore, lactose enzymatic hydrolysis using B-galactosidase is the major
biotechnological process which is used in the dairy industry (Dutra Rosolen et al., 2015). This
technology will not only change the physical and chemical properties of the product but it will
also help to make it more digestible (Saqgib et al., 2017). The most appropriate method to reduce
the amount of lactose in milk and milk products is fermentation using p-galactosidase. The
potential of fermented products on the market will increase due to avoided crystallisation and
the increase in sweetness of the dairy products. Whey hydrolysis and appropriate process
treatment transforms lactose into a valuable product such as sweet syrup which could be used
in milk, bakery, cooked, and non-alcoholic product production. Therefore, hydrolysis of lactose
would complement the range of products and solve the environmental problem (Panesar et al.,
2010Db). In addition to lactose, it is also a valuable source of enzymatic or chemical treatment.
For some of those transformations purified lactose can be used, but for some other whey or
whey permeate might be used as a lactose source. The type of lactose processing depends
mainly on the desired product, as well as economic considerations, which differ depending on
the situation (Illanes, 2011).
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Significant efforts are being made worldwide to improve the bioconversion of whey into
high-nutrition products (Koller et al., 2012).

1.5  Prospects of whey lactose hydrolysis / Sikalu laktozes hidrolizes perspektivas

Food biotechnology, which began with the research into the effects of microorganisms in
food fermentation (Mufiz-Méarquez et al., 2015) now can be described as a modern
biotechnological technique to manufacture and process food. Biotechnology influences the
production and preservation of raw materials, as well as changes in their nutritional and
functional properties (Lee et al., 2015). One such interest is the production of sugar which can
be gained by hydrolysis of lactose (Das et al., 2011). There are certain methods in which lactose
can be used and which are currently in focus: one method is to use enzymes to convert lactose
into various compounds, and the second is to use the hydrolysis of lactose to monosaccharides
(glucose and galactose). Acid and sweet whey permeates can be used as a raw material to
hydrolyse lactose into monosaccharides and after an appropriate treatment glucose-galactose
syrup can be obtained (Shen et al., 2019). In terms of sweetness, the relative sweetness level of
lactose compared with sucrose (100%) is 16%, galactose 60% and glucose 74% (Joesten et al.,
2007). Glucose - galactose syrup has approximately 70% of sweetness compared with sucrose
and it is 4-4.5 times sweeter than lactose (Whintaker & Wong, 2003). Glucose - galactose syrup
is a thick sugar solution consisting of about 30% water, 68% glucose and galactose, 11% lactose
and 1% salts (Lindsay et al., 2018). The syrup can be used in ice cream, milk desserts, sauces,
as caramel ingredient and a sweet substance in cereal bars (Roy et al., 2015). There are multiple
methods of stopping lactose hydrolysis reaction and enzyme activity. However, the information
about B-galactosidase behaviour under in vitro digestion conditions is not sufficient.

The enzymatic method for the production of glucose-galactose syrup is highly selective
for monosaccharides, and it is limited by excessively high enzyme costs (Lindsay et al., 2018).
It has been known for a long time that lactose can be hydrolysed into glucose and galactose
using a strong mineral acid, followed by pure acid and ion exchange resin (Whintaker & Wong,
2003). Hydrolysis with acid is characterised by rapid catalytic action (80% of hydrolyzed
lactose in 3 minutes) and lower catalyst costs. However, unwanted thermal and acid-catalysed
degradation reactions limit production (Lindsay et al., 2018). Hydrolysis with acid is more
suitable for purifying the lactose solution. There are a number of effective methods available
for obtaining glucose-galactose syrup and other lactose hydrolyses products, but research is still
ongoing and will undoubtedly lead to improved methods and cost changes (Whintaker & Wong,
2003). Each commercial B-galactosidase is individual and acts differently during the hydrolysis
of lactose. It is important to use an appropriate amount of enzyme, lactose concentration, and
reaction time to obtain the highest hydrolysation rate in percentage. In addition, these factors
also influence the content of final products and catalyse the hydrolysis of lactose and the
synthesis of GOS during the reaction (Suarez et al., 2018).

B-Galactosidase is designated for a number of processing operations in the dairy industry.
Decreasing lactose concentration in milk and whey using [-galactosidase results in several
products such as low-lactose milk, sweetened condensed milk, ice cream (Lima et al., 2021),
dulce de leche (Francisquini et al., 2019), sugars syrups from whey permeate (Cervantes et al.,
2020), fermentation to ethanol (Whintaker & Wong, 2003).

To increase the sweetness of the resulting solution, glucose isomerisation was used,
resulting in a solution of about 50% galactose, 29% glucose and 21% fructose (Belitz et al.,
2009). Another option is to consider the hydrolysis of lactose not only to form monosaccharides
but also lactulose, giving the syrup higher nutritional value (McSweeney & Fox, 2009).

29



1.6 Characteristics of lactose hydrolysis methods /
Laktozes hidrolizes metoZu raksturojums

The hydrolysis of lactose in whey is evaluated as a great alternative because the
hydrolysed products are sweeter and can be used as additives or/and products for human and
animal consumption. In the last two decades, this subject has motivated scientists and producers
to do research and to analyse the benefits of the final product (Das et al., 2015). Lactose
hydrolysis promotes the solubility of milk and other products derived from milk, limiting the
use of dairy products as ingredients in some recipes. (Budriene et al., 2005). Moreover, as the
sweetness level increases, it is necessary to add less sweeteners or sugars, thus reducing the
amount of calories in the final product (Saqib et al., 2017). Hydrolysis of 70% of lactose in
milk and whey increases sweetness by an amount corresponding to an addition of about 2%
sucrose (Harju et al., 2012).

The benefits and advantages of lactose hydrolysis for industrial application are as follows:

» expanding the range of products with reduced lactose content minimizing the problem

of lactose intolerance;

» during lactose hydrolysis, a galacto-oligosaccharide formation improves human

microbiota and its maintenance;

» food processing technology and sensory characteristics improvement;

» providing better whey utilisation (Mlichova & Rosenberg, 2006).

Hydrolysis of lactose in milk and dairy products can be achieved with two methods (Sener
et al., 2006), as shown in Figure 1.7.

Lactose hydrolysis /
Laktozes hidrolize

Enzymatic method /

- Acid method / Skabes metode
Fermentacijas metode

Fig. 1.7. Lactose hydrolysis methods /
1.7. att. Laktozes hidrolizes metodes

» Acid method

Lactose is resistant to acidic conditions, compared with other disaccharides, such as
sucrose. Using organic acids such as citric acid, it is possible to hydrolyse sucrose but it does
not work with lactose. The speed of lactose hydrolysis depends on reaction time, temperature
and acid concentration (Holsinger, 1988; Ustok, 2007). The reaction conditions at which the
highest lactose hydrolysis level can be reached showed in Table 1.3.

Table 1.3./1.3. tabula
Lactose hydrolysis with hydrochloric acid /
Laktozes hidrolize ar salskabi (Holsinger, 1988)

Reaction / Reakcija pH of ime for hvdrolvsi
Temperature/ | Time/ medium . Time for hydrolysis
Lactose / 0.001 T p Laik after Hydrolysis/ | of 99.5% lactose -
Laktoze, M o US| action | Hidroltze, min / Laiks, lai
% HClI, min ; _ % hidrolizétu 99.5%
Vides pH pec ;
mL " laktozes, min
reakcijas

36.6 0.034 130 36 1.23 82.0 111.3
29.0 0.023 130 59 1.46 79.7 195.4
28.4 0.023 140 30 1.47 84.5 85.3
23.2 0.019 165 8 1.60 79.0 27.8
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Coughlin and Nickerson (1975), Vujicic et al. (1977) and Lin and Nickerson (1977)
conducted research where lactose hydrolysis was used with lactose solution at a concentration
range from 5 to 40% as well as hydrochloric acid and sulfuric acid used at a concentration range
from 1 to 3 M. The results showed that lactose can be hydrolysed till 90% at a temperature of
60 °C during 36 hours. The authors do not recommend using hydrolysis of lactose at some
conditions in whey because acids cause by-products and dark colour (Holsinger, 1988).

Sulfonic acid exchange raisins which are reusable can also be used for lactose
hydrolysis. Reaction time for hydrolysis is short and mineral acids do not impact the outcome.
Boer and Robbertsen (1981) used whey permeate with solids concentration 10% and strong
acid exchange raisins to reduce the pH to 1.2, the reaction was for 3 minutes at a temperature
of 150 °C. The results showed 80% of lactose hydrolysis (Zadow, 1992).

The presence of salts in whey can neutralise acid and the obtained product needs to be
demineralised (Ustok, 2007). Other disadvantages of final product are colour and aroma. The
colour of hydrolysed lactose solution can be improved by demineralisation and decolourisation
using ion exchange and filtration with active carbon. Unfortunately, this will rise the expenses
for this kind of product production (Fox, 1997). Summarising all disadvantages of lactose
hydrolysis by acid method shows that hydrolysis with B-galactosidase is a better choice (Ustok,
2007).

» Enzymatic method

It has been more than ten years that enzymatic hydrolysis is arousing attention (Volpato
et al., 2016). Enzymes have quite a few advantages, the first and the main one is that they can
be used as an alternative instead of traditional chemical technology, replacing chemicals.
Moreover, enzymes in their reactions are more specific than chemicals, less side reactions occur
during enzymatic catalysis, and less by-products develop. As a result, a product with high
quality and with minimal chemical contamination is obtained (Oort, 2010). B-Galactosidase is
used for milk and whey lactose hydrolysis and this enzyme catalyses galacto-oligosaccharides
formation, which are prebiotics (Grosova et al. 2008).

B-Galactosidase / f-Galaktozidaze
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Fig. 1.8. Products of lactose hydrolysis / 1.8. att. Laktozes hidrolizes produkti
(Reddy et al., 2016)

B-Galactosidase is one of the enzymes which is used in free or immobilized form for
recycling a large quantity of food (Grosova et al., 2008). Milk and whey are the most common
substrate for enzymatic lactose hydrolysis (Rastall, 2007). Ultrafiltration yields both whey
protein and permeate, where permeate contains almost all of the initial amount of lactose from
milk. Permeate can be considered as an excellent fermentation (with B-galactosidase) substrate
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for obtaining glucose-galactose syrup (lllanes et al., 2016). This technological process is used
by Snampogetti in Italy, where lactose is reduced in milk, Corning Glass Companys in the UK,
France and the USA, and Valio in Finland use whey for lactose hydrolysis (Rastall, 2007).
There is a greater demand for the products with a low lactose content and they are more
appreciated by consumers. Hydrolysed dairy products are valuable not only as products for a
certain group of people, but also, they are viewed as an option to avoid the crystallisation of
lactose in concentrated and frozen milk products (lllanes et al., 2016).

The hydrolysis of lactose can be considered as a simple reaction process and there is no
need for a special equipment. Therefore, if a single enzyme is used for the hydrolysis of lactose,
several factors must be taken into account, such as substrate composition, operating pH,
temperature and treatment time, enzyme activity and total costs. In order to reduce costs, lactose
hydrolysis can occur for a short period of time at 35-45 °C, whereas with milk it usually causes
a widespread microbial growth, so it is optimal to keep it overnight at 4 °C. Lactose hydrolysis
will increase the sweetness of the product, which in many cases can reduce the amount of added
sugar (Harju et al., 2012).

Despite enzyme specification and high catalyse, its direct use in food production is limited
because of the high costs. Other factors which impact enzyme usage are its solubility and low
stability during production (Volpato et al., 2016).

Fig. 1.9. Kluyveromyces lactis p-galactosidase in 3D /

1.9. att. Kluyveromyces lactis p-galaktozidazes 3D attels
(Plou et al., 2016)

The zoomed image (see Fig. 1.9.) illustrates the mechanism of complexes showing how
such substrate as lactose in green colour interacts with the enzyme in beige colour. In this
substrate binding, sodium in purple colour and magnesium in green colour are also involved
(Plou et al., 2016). Galactose and lactose bind to the enzyme at its active site, which explains
the reason of the reaction changes. In addition, glucose is less competitive because it binds to
an enzyme site away from the active site and has less effect on the reaction when lactose is
involved (Seok et al., 2013).

Nowadays numerous manufacturers are still using free enzymes but recently they have
started focusing more on B-galactosidase immobilization for enzyme recycling. Providing the
necessary technique, immobilisation can improve such properties of f-galactosidase as stability
of the enzyme at a low or high pH and temperature which depend on each enzyme’s
characteristics. Enzyme immobilisation technology prevents the possibility of low enzyme
activity, thus ensuring higher lactose hydrolysis rate (Vasileva et al., 2016).

[-galactosidase has been immobilized using various carriers — enzyme immobilization by
glycidyl methacrylate—-methylmethacrylate on magnetic poly (GMA-MMA) beads, by
bioaffinity on concanavalin A-cellulose, by polyethylenimine on cotton cloth, by
glutaraldehyde on chitosan particles, etc. (Bayramoglu et al. 2007; Klein et al., 2013). In recent
years, membranes such as nylon, polyvinylidene fluoride, cellulose acetate membranes, and
polyether sulfone have been used to immobilise 3-galactosidase. This method showed that the
most suitable membranes for f-galactosidase immobilization are those which provide low
protein absorption, less pollution, and concentration of polarisation (Vasileva et al., 2016).

Hydrolysis reaction with a free and immobilised enzyme can be carried out in different
kind of reactor configurations such as filled bottom reactor, relative reactor and membrane
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reactor. The most popular reactors which are used for enzymatic hydrolysis are filled bottom
and membrane reactors (Vasileva et al., 2016). The ingredients of milk as lactose and soluble
salts in membrane reactor easily get to the section where the enzyme is located and starts the
hydrolyse reaction. Lactose has been hydrolysed without changing other milk ingredients. The
technological methods of fructose production using lactose hydrolysis and whey permeate
hydrolysis with immobilized f-galactosidase and glucose oxidise have been developed to obtain
a product with similar sweetness as sucrose (lllanes, 2011).

1.7  p-Galactosidase in food industry /
f-Galaktozidaze partikas riipniectba

B-Galactosidase (EK 3.2.1.23) is an enzyme catalysing glycosidic bond for lactose
hydrolysis (Adalberto et al., 2010). B-Galactosidase consists of four identical polypeptide
chains, each chain consisting of 1023 amino acids and combining structural domains (Saqib et
al., 2017).

In the manufacturing process of dairy products, the enzyme has been used to obtain a
product which can be consumed by people with lactose intolerance, to control product quality,
to prevent lactose crystallisation storing at low temperatures, transporting the product, as well
as to improve the sweetness of the product (Adalberto et al., 2010).

B-Galactosidase can be obtained from plants, animals and microorganisms. There are
several conditions for the enzyme that control the process and its recovery (Adalberto et al.,
2010). Plant and animal origin enzymes have small commercial value, while B-galactosidase
from various microorganisms has great technological significance. Microorganisms offer
various advantages over other available sources, such as easy handling, higher propagation
speed, and high yield (Panesar et al., 2010b).

It is important to note that in many cases the use of f-galactosidase is limited because the
enzyme may have low activity, thermostability, and high inhibition under the required
conditions in the presence of reaction by-products (Benavente et al., 2015). Therefore, it is
important to know as much information as possible about the f-galactosidase for industrial use.
Currently, enzymes derived from Aspergillus oryzae, Aspergillus niger, Kluyveromyces lactis
un Kluyveromyces fragilis are used in industry and GRAS status is guaranteed (Garcia et al.,
2011).

Depending on the extraction source (plant, animal, or micro-organisms), 3-galactosidase
may have different properties with different possible technological applications (Bosso et al.,
2016). B-Galactosidases from mesophilic microorganisms, predominantly from Aspergillus and
Kluyveromyces strains, are most commonly used for lactose hydrolysis. Moreover, [-
galactosidases from psychophilic and thermophilic microorganisms are also studied and tested
because compared to enzymes from mesophilic microorganisms they are resistant to aseptic
conditions. Salts are also used during hydrolysis to make the reaction more productive and
beneficial. Several immobilised enzymes and reactor designs are made directly for lactose
hydrolysis in milk and whey. The progress of the process and optimisation are described in
several articles by Illanes et al., 2000; Szczodrak, 2000; Fontes et al., 2001; Hatzinikolaou et
al., 2005; Sener et al., 2006; Mariotti et al., 2008; Demirhan et al., 2010; Olafadehan et al.,
2009, where scientists give a broader insight into the question of where more attention should
be focused on and how to achieve better results (lllanes, 2016).

Besides, -galactosidase plays an important role in human lifestyle and diet. The low level
of this enzyme in the human intestinal wall of the small intestines causes lactose intolerance.
Therefore, supplemental B-galactosidase preparation is available on the market. The enzyme is
coated to prevent inactivation in gastric juice (pH 1.0 to 3.0) but in the intestine the enzyme
release starts, as well as activation. The activity of p—galactosidase can be influenced by several
factors, such as temperature, pH, gastric enzymes, and bile acids. Moreover, the strain from
which B-galactosidase has been extracted may affect enzyme properties in different applications
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(Zolnere et al., 2018). Further in the work the characteristics of factors influencing enzyme
activity will be described.

» Bacteria source

The enzyme can be obtained from numerous bacteria - for instance, Bifidobacterium
infantis CCRC14633, Bifidobacterium longum CCRC15708, and Bifidobacterium longum
CCRC15708 strains - showing high enzyme activity but Lactobacillus and Bifidobacterium
species are effective probiotics and they are widely used as potential $-galactosidase source
(Saqib et al., 2017). It should be taken into consideration that -galactosidases which are
obtained from Escherichia coli serve only for experiments and research, they cannot be
included in food production because there is a high possibility that the enzyme might cause
toxicity problems (Panesar et al., 2010b).

» Yeast source

B-Galactosidase, which is obtained from yeasts, is an intracellular enzyme (Khare &
Prakash, 2017). Looking from industrial point of view yeasts are considered an important
source of B-galactosidase production. The enzyme with the highest activity can be reached at a
neutral pH that leads to consider that it is suitable for lactose hydrolysis in milk and has been
widely recognised as safe for food production (Panesar et al., 2010). In the process of hydrolysis
of milk, dairy products or sweet whey lactose mostly yeasts (Kluyveromyces lactis and
Kluyveromyces fragilis) B-galactosidases are used where the optimal pH medium is within the
interval of 6.0 to 7.0. Kluyveromyces lactis is considered one of the most commercially
significant sources of B-galactosidase, which is the most used in food industry (Dutra Rosolen
et al., 2015; Saqib et al., 2017).

» Fungal source

Fungal B-galactosidase is mostly thermostable, although it is sensitive to reaction
products, mainly galactose (Husain, 2010). Aspergillus oryzae and Aspergillus niger
[-galactosidase has the optimal pH interval from 2.5 to 5.4, which shows that this enzyme is
more suitable for lactose hydrolysis in an acidic condition for example acid whey (Dutra
Rosolen et al., 2015). The optimal temperature for hydrolysis reaction is 50 — 60 °C which is
higher than it is for yeasts enzyme (Panesar et al., 2010b).

A summary of the optimal environmental factors for B-galactosidase from different
sources of origin is shown in Table 1.4.

Table 1.4./1.4. tabula
Characteristics of B-galactosidase / f-Galaktozidazes raksturojums
(Zolnere & Ciprovica, 2017)

. . Optimal pH of the Optimal temperature /
Source / Microorganisms / . A . _
: - medium/ Optimalais | Optimala temperatiira,
Avots Mikroorganismi .
vides pH °C
. Aspergillus niger 4.0-45 55-60
Fungi / :
Peloiumi Aspergillus oryzae 5.0 50 - 55
g Penicillium simplicissimum 4.0-46 55 -60
Bacillus subtilis 8.0-8.5 35
. Bacillus licheniformis 6.5 50
Bacteria/ - -
Bakteriias Bacillus circulans 6.0 60
J Bacillus stearothermophilus 7.0 70
Escherichia coli 7.0 55
Yeasts / Kluyveromyces Iact_|§ 7.0 40
Raugi Kluyveromyces fragilis 6.6 37
Kluyveromyces marxianus 7.5 40

The various microorganisms are used for enzyme production, the optimal temperature of
enzymatic hydrolysis is in the range of 10 to 60 °C and pH from 4.0 to 8.5 showed in Table 1.4.
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Therefore, it is essential to know what conditions in the manufacturing process must be ensured
that the reaction is carried out with the greatest efficiency of hydrolysis.

» Physical and chemical characteristics

Enzyme activity and thermostability depend on such factors as temperature, pH, pressure,
concentration of chemicals, and the presence of metal ions. All these factors can seriously
impact the enzyme three-dimensional structure. The combination of factors can cause enzyme
deactivation or opposite enzymes become active and provide a successful enzymatic reaction.
Depending on the source of extraction (plant, animal, microorganisms) B-galactosidase has
multiple properties in different technological processes. According to the research findings of
Sener et al., 2006, enzymes which were obtained from certain fungi have higher activity at low
pH, but enzymes from yeasts are active at the neutral level of pH and medium high temperature
(Bosso et al., 2016; Jurado et al., 2004).

» Temperature

Thermostable (-galactosidase is a remarkable enzyme which is capable of lactose
hydrolysis at high temperatures where other microorganisms slowly develop or do not exist
(Whintaker & Wong, 2003). Enzymes derived from Thermus sp., Aspergillus niger, Bacillus
stearothermophilus are relatively stable at 35 — 80 °C temperature. The B-galactosidase for
hydrolysis can be obtained from psychrophilic microorganisms such as Arthrobacter
psychrolactophilus, Pseudoalteromonas haloplanktis which are relatively stable within the
temperature range of 0 - 25 °C (Sheik Asraf et al., 2010).

» pH

The profile of the pH of the medium depends on several factors, such as the concentration
of organic acids and mineral salts. As the pH of the medium changes, the ionization groups of
the enzyme and the substrate swich places, thus affecting the rate at which the substrate attaches
to the active site of the enzyme (Robinson, 2015). Depending on the source, [3-galactosidase
has a definite pH range in which it has the highest activity, see Table 1.4. According to this,
enzymes can be divided into two groups, [-galactosidase derived from fungi, the highest
activity is in acidic conditions, but neutral pH is suitable for yeasts and bacteria (Ustok, 2007).

» Enzyme concentration

B-Galactosidase catalyzes hydrolysis and transglycolysis reactions by changing the
equilibrium of the reaction, depending on the type and concentration of the enzyme, substrate
concentration, and reaction conditions (TokoSova et al., 2015). The concentration of f-
galactosidase significantly affects the amount of glucose and galactose, as well as the intensity
of the GOS production and the amount of lactulose with fructose in the substrate (Carrazco-
Escalante et al., 2019; Van De Voorde et al., 2014).

» Presence of metal ions

Regulation of enzyme activity with metal ion complexes (Ca%*, Mg?*, Na*, NH4* and K*)
is one of the key factors of many catalysis reactions. The molecular mechanism of metal ions
and their influence is an important aspect of the characterisation of biological macromolecules
(Page & Di Cera, 2006). The effect of metal ions on enzyme activity depends mainly on the
source of B-galactosidase. The Ca?* ion inhibit B-galactosidase activity, but Mg?* ion increase
enzyme activity. It should be noted that the effect of monovalent ions NH4*, K* and Na* on
enzymatic activity and stability may differ. The effect of these ions appears to be related to the
radius of monovalent ions, so smaller ions such as Na*, can enter the protein structure, causing
significant changes (thermal and pH of the medium resistance, strength) in the enzyme structure
that can deactivate the enzyme (Jurado et al., 2004).
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Table 1.5. /1.5. tabula
Summary of cationic effects on B-galactosidase activity /

Kopsavilkums par katjonu ietekmi uz f-galaktozidazes aktivitati
(Zolnere et al., 2017)

B-Galactosm?age source / Activator / Aktivators Inhibitor / Inhibitors
p-Galaktozidazes avots
Kluyveromyces lactis K*; Mg** Ca?*; Na*
Lactobacillus reuteri K*: Na*; Mn?* Fe?*: Ca’*; Cu®*
Bacillus licheniformis Ca?*"; Mn?*; Mg Cu®*;Zn?*; Fe?*
Kluyveromyces fragilis Mn?*, Mg?*, K* Ca®*
Amygdalus communis Ca®*; Mn?* K*: Na*

It was determined that [-galactosidase, derived from the Kluyveromyces lactis and
Kluyveromyces fragilis, was activated by the presence of manganese (Mn?*), potassium (K*)
and magnesium (Mg?*) ions, while calcium (Ca*) ion is an inhibitor of the enzyme (Saqib et
al., 2017).

It has been a task for dairy facilities to try to reduce the amount of sugar in products
avoiding flavour loss (McCain et al., 2018). The hydrolysing milk, milk products, and whey, it
is important to predict the final products and conditions to ensure that the lactose hydrolysis is
completed.

» B-Galactosidase on commercial scale

In order to increase the industrial demand for B-galactosidase, cost-effective production
methods are needed. The total costs of enzyme production are a major obstacle to the efficient
use of any technology in the enzyme production. Fermentation conditions, in particularly the
optimisation of physical and chemical parameters, are important processes which affect the
economy and practicality of the process (Gouripur & Kaliwal, 2013).

Over the last decade, a considerable number of research papers have been published to
analyse the activity and potential of the enzyme obtained from various sources for the
hydrolysis of lactose (Erich et al., 2015). Today, commercial B-galactosidase is predominantly
derived from Kluyveromyces lactis, as yeast can produce relatively high levels of enzyme and
is suitable for the milk environment (You et al., 2017). It is still important to find a solution to
the dairy industry, where products such as D-galactose, which is one of the substances,
deactivate the enzyme during the lactose hydrolysis reaction. It is also important from an
economic point of view to introduce improvements and innovations in the use of the enzyme
for the hydrolysis of lactose (Erich et al., 2015).

One of the three methods mentioned below is used for enzymatic hydrolysis of lactose:

1. "Single use" or "Throw away" batch system;

2. Recovery system (re-use of B-galactosidase);

3. Immobilized enzymes that are systems in which the enzyme is chemically linked to an

inert matrix (Ustok, 2007).

A summary of the commercial preparations used for various studies of lactose hydrolysis

is given in Table 1.6.
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Table 1.6./1.6. tabula
Commercial preparations of p-galactosidase /
f-Galaktozidazes komercialie preparati
(Zolnere & Ciprovica, 2017)

Name of the Yield /

Source / Avots preparation / Activity / Hidrolizes Manufacturer /
Preparata Aktivitate — RaZotajs
nosaukums pakape, %

Yeast / Raugs
K'“y"igomyces Enzeco Lactase NL NM* 95 EDC, New York, US
GODO-YNL2 5000 NLU g'* 99 Danisco AS,
Denmark
Maxilact® LX5000 5000 NLU g* 100 Sedim Cedex, France
Maxilact-L/2000 2000 NLU g* 90 Gist-Brocades
. Lactozym 2600L 2600 LAU g NM* Novozymes
Kluyveromyces lactis .
Lactomax Pure NM* 75 Prozyn, Brazil
Lactggggw Lpure 1320 U mL™! 95 Novozymes
Ha-Lactase 5200 8040 LAU gt 90 Chr. Hansen,
Denmark
Kluyveromyces Lactozym 3000L 3000 .
fragilis HPG LAU mL 72 Novo Nordisk
Fungal / Pelejumi
Asperdillus orvzae Lactomax F30 NM* 50 Prozyn, Brazil
Perg Y Bio-Cat 5000 NLU g 41 INC/USA
Bacteria / Bakterijas
Bacillus circulans | Biolactase NTL | 553 U mL* | 50 | Biocon, Spain

*NM — not mentioned / nav minéts

The advantage of the immobilized enzyme is easier recovery of the enzyme, its reuse, and
its continuous function (Panesar et al., 2010a). The enzyme batch system method is easier to
use for a new product development, but the second method is better suited for large-scale
production. The choice of the method mainly depends on several factors - product pH, max
temperature and reaction time, enzyme activity, substrate and cost (Zadow, 1992).

There are also commercially available -galactosidase enzymes that contribute to lactose
digestion eaten with food. Many people may consume yogurt even though they are lactose
intolerant because the yogurt contains an “active culture” that contains live lactic acid bacteria
that produce B-galactosidase (Khare & Prakash, 2017).

Despite the fact that commercial B-galactosidase preparations are grouped according to
the source of origin, there is another aspect that is no less important - the degree of purity. This
feature is more relevant to the hydrolysis process when milk is used as a substrate. Pure enzyme
preparation should be used for milk processing, since there is a risk that the preparation may
contain proteases and milk coagulation may occur during the reaction (Ranken & Kill, 1993).
The market for immobilized enzymes in 2014 amounted to a total of about $ 3.2 billion. Market
leaders were Novozymes (Denmark), with a share of 48%, followed by Danisco (Denmark)
(21%), DSM (The Netherlands) (6%), AB Enzymes (Finland) (5%) and BASF (Germany) (4%)
(Spohner et al., 2016).

Many research efforts focus on a method of reducing or completely eliminating lactose
in dairy products. That is why more research into the development of lactose hydrolysed
products is required because it is important to know how the physical and chemical properties
of the product change (Ustok, 2007).
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Summary / Kopsavilkums

The hydrolysis of lactose in whey is evaluated as a great perspective because hydrolysed
products are sweeter and can be used as additives for human and animal consumption. In the
last two decades, this subject has motivated scientists and manufacturers to do research and
analyse the benefits of the final product. Lactose hydrolysis gives an opportunity to improve
the solubility of milk and its products, as well as their other properties, such as texture and
flavour.

One of the ways to use acid and sweet whey is to produce glucose-galactose syrup using
an enzymatic method for lactose hydrolysis. Glucose - galactose syrup is a viscousus sugar
solution consisting of about 30% water, 34% glucose and 34% galactose, 11% lactose and 1%
salts.

The enzymatic method for the production of glucose-galactose syrup is highly selective,
however, it is limited by excessively high enzyme costs. It has been known for a long time that
lactose can be hydrolysed into glucose and galactose using a strong mineral acid, followed by
pure acid and ion exchange resin. There are a number of effective methods available for
glucose-galactose syrup and other lactose hydrolysed products production, but research is still
ongoing and will undoubtedly lead to improved and more cost-effective methods. The aim of
the research was to improve the lactose hydrolysis process for obtaining glucose-galactose and
oligosaccharide syrups.

Laktozes hidrolize monosaharidos ir lieliska alternativa cukuram, jo tas hidrolizes
produkti ir saldaki, tos var izmantot uzturd un dzivnieku bariba. Pédéjas desmitgades st téema
ir motivejusi zindtniekus un razotdjus veikt peétijumus un vispusigi analizét $§1 produkta
prieksrocibas. Laktozes hidrolize rada iespéju uzlabot ari citas produktu ipasibas, tostarp
Skidibu.

Viens no veidiem, ka izmantot biezpiena un siera sitkalas, ir glikozes-galaktozes sirupa
razosana, izmantojot fermentativo metodi. Glikozes - galaktozes sirups ir biezs Skidums, kas
sastav no 30% idens, 34% glikozes un 34% galaktozes, 11% laktozes un 1% mineralvielam.

Glikozes-galaktozes sirupa ieguve ar fermentativo metodi ir selektiva, to ierobezo parak
augstas enzimu izmaksas. Jau ilgu laiku ir zinams, ka laktozi var hidrolizét glikozé un galaktozé,
izmantojot mineralskabes. Ir pieejamas vairakas metodes glikozes-galaktozes sirupa un citu
hidrolizétu laktozes produktu iegiiSanai, tacu eksperimenti joprojam turpinas ar merki
pilnveidot ieguves metodes un samazinat izmaksas. Pétijuma merkis ir pilnveidot laktozes
hidrolizes procesu glikozes-galaktozes un oligosaharidu sirupa ieguvei.
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2. MATERIALS AND METHODS/ MATERIALI UN METODES

2.1  Time and location of the research / Péttjuma laiks un vieta

Experimental work was conducted during the time period from 2016 to 2021. Analyses
and research were performed at the following institutions:
» Faculty of Food Technology, Latvia University of Life Sciences and Technologies;
> Institute of Microbiology and Biotechnology, Faculty of Chemistry, Institute of Solid
State Physics at the University of Latvia;
» Dairy Innovation Institute, California Polytechnic State University;
» J.S. Hamilton Baltic Ltd. Laboratory.

2.2 Description of materials/ Materialu raksturojums

Sweet and acid whey permeates which were used for the experiments were kindly donated
by local dairy manufacturers SC “Smiltenes piens” and SC “Tukuma piens”. Table 2.1
represents the composition and pH of the permeates.

Table 2.1./2.1. tabula
Composition of sweet and acid whey permeates and pH /
Biezpiena un siera siikalu ultrafiltrata sastavs un pH

Permeate / Fat, % / Proteins, % Lactose, % / Total solids, % / H
Ultrafiltrats Tauki, % Olbaltumvielas, % Laktoze, % Sausha, % P
Sweet whey / 0 0.240.1 3.840.1 4,6+0.1 6.1+0.1
Siera sukalu
Acid whey / 0 0.5+0.1 4.240.2 5.240.2 4.6+0.1
Biezpiena sitkalu

At the beginning of the experiments, the composition of permeates was analysed by
MilkoScan™ Mars (Foss Analytical, Denmark) and pH by pH-meter (1SO 5546:2010) inoLab
pH 7110 (WTW, Germany).

Commercial B-galactosidases in Table 2.2 were used for lactose hydrolysis.

Table 2.2./2.2. tabula
Commercial B-galactosidase enzymes used in the study /
Pettjuma lietotie komercialie f-galaktozidazes enzimi

Enzyme / Enzims

NOLA™Fit5500

Ha-Lactase 5200

GODO-YNL2

Activity / Aktivitate

5500 BLU gt

5200 NLU g

5000 NLU gt

Source / Avots

Bacillus licheniformis

Kluyveromyces lactis

Kluyveromyces lactis

supplier / Pievaditiis Chr.HANSEN Chr.HANSEN Danisco
pp 8 v Denmark / Danija Denmark / Danija Denmark / Danija
Optimal pH / Optimalais pH 54-70 6.5-8.0 75-8.0
Optimal temperature /
Optimala temperatiira, °C 35-50 35-45 40-45
NOLAT™Fit5500 Ha-Lactase 5200 GODO-YNL2

Reference / Literatiiras avots

Product Information

Product Information

Product Information

Immobilized glucose isomerase was isolated from Streptomyces murinus and purchased
from Sigma—Aldrich (Germany). The enzyme has a cylindrical shape, with an approximate 0.6—
0.8 mm diameter and 1.4-1.8 mm length. According to the manufacturer data, the specific dry
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activity of glucose isomerase was more than 350 U g%, optimal media pH 7.5 and temperature
70 °C (Gaily et al., 2010; Glucose Isomerase Product Information).

Fructose from Sigma-Aldrich (Germany).

Glucose — galactose syrup SC “Smiltenes piens”.

During the research, the enzymes and products were stored at a temperature of + 4 °C to
keep the high activity and quality.

2.3 The structure of the research / Petijuma struktiira

The research work is structured in five stages, illustrated in Table 2.3, where each stage
contributes to increasing the sweetness of syrup. All stages are further divided into numerous
steps that are discussed in a more detailed way.

Table 2.3./2.3. tabula
The stages of the research / Petijuma posmi

Posms/Stage Description / Raksturojums

Research on the stability of commercial p-galactosidases /

Stage I /1 posms Komercialo p-galaktozidazu stabilitates izpeéte

The study of physical properties of lactose in whey permeates /

Stage 11 /11 posms Laktozes fizikalo ipasibu izpéte ultrafiltratos

Dynamics of the hydrolysis of lactose in the various permeates solid
Stage 111/ 111 posms | concentrations / Laktozes hidrolizes dinamika dazada ultrafiltrata
sausnas saturd

The study of glucose-galactose syrup sweetness in two-stage
Stage IV / IV posms | fermentation / Glikozes-galaktozes sirupa salduma
paaugstinasanas izpéte divpakapju fermentacija

Stage V / VV posms The sensory evaluation of syrups / Sirupu sensora novertesana

2.4 Stage | of research / Pirmais peétijuma posms

Physical and chemical properties of commercial B-galactosidases were analysed in a more
detailed way:
» the effect of metal ions (calcium, sodium, potassium and magnesium) on enzyme
activity;
» study of lactose hydrolysis in gastrointestinal model environment;
» evaluation of a rapid method for the determination of enzyme activity and lactose
hydrolysis level.

There are listed experimental steps of the particular stage for a comprehensive analysis
of the commercial B-galactosidases. The pros and cons of the selected enzymes were studied.

2.4.1 Materials / Materiali
The materials used in Stage | are listed in Table 2.4. and the equipment in Table 2.5.
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Table 2.4./2.4. tabula
List of materials and chemicals used in the study/
Petijuma izmantoto materialu un kimisko vielu saraksts

Material or chemical / Materials vai kimikalija

Brand / RaZotdjs

Country / Valsts

MgCl, (Magnesium chloride / Magnija hlorids)

CaCl, (Calcium chloride / Kalcija hlorids)

KCI (Potassium chloride / Kalija hlorids)

NaCl (Sodium chloride / Natrija hlorids)

KH,PO. (Monopotassium phosphate / Monokalija fosfats)

NaHCOj3 (Sodium bicarbonate / Natrija hidrogénkarbonats)

MgClz(H20)s (Magnesium chloride hexahydrate / Magnija
hlorida heksahidrats)

(NH4)2COs (Ammonium carbonate / Amonija karbonats)

NaOH (Sodium hydroxide / Natrija hidroksids)

HCI (Hydrochloric acid / Salsskabe)

Bile salt / Zults sali

Porcine pepsin / Ciikas pepsins (EC 3.4.23.1)

Porcine trypsin / Cikas tripsins (EC 3.4.21.4)

Bovine chymotrypsin/ Liellopu himotripsins
(EC 3.4.21.1)

Porcine pancreatic a-amylase / Citku aizkunga dziedzera o-
amilaze (EC 3.2.1.1)

Porcine pancreatic lipase / Citku aizkunga dziedzera lipaze
(EC3.1.1.3)

a-Lactose monohydrate / a-laktozes monohidrats

D-Glucose/D-Glikoze (>98%)

D-Galactose / D-Galaktoze (>98%)

o-Nitrophenol / o-Nitrofenols (0-NP)

2-Nitrophenyl-galactoside ~ /  2-Nitrofenil-galaktozids
(0-NPG)

Tris-HCI (Tris hydrochloride / Tris hidrohlorids)

96-well plate / 96-laucinu mikroplate

Column / Kolonna SUPELCOSILTM LC-NH2, (250 mm x
4.6 mm X 5 pm)

Acetonitrile / Acetonitrils (>99.93%)

1.5 mL eppendorf tubes/ 1.5 ml Ependorfa megene

1.5 mL vial / 1.5 mL pudelite

8-channel pipette / 8 kanalu pipete

Sigma

Germany / Vacija

Test strip / Testa plaksnites

GLUCOSENSE

Poland / Polija

Table 2.5./2.5. tabula
List of equipment used in the study / Pefijuma izmantoto iekartu saraksts

Equipment / Iekarta Brand / RaZotajs Country / Valsts
Myltlm.ode_plate [eade[/_- Infinite 200 M Pro Switzerland / Sveice
Multifuncionals plasu lasitajs
pH meter / pH metrs 720 pH meter The Netherlands / Niderlande
HPLC /AESH Shimadzu LC-20 USA /ASV
Glucometer / Glikometrs GLUCOSENSE pro Poland / Polija
GIT system / GIT sistema Labfors 5 Switzerland / Sveice
Cryoscope / Krioskops CryoStar 1 Germany / Vacija
Digital Refractomer / Digitalais refraktometrs KR USS GmbH Germany / Vacija

2.4.2 Assessment of B-galactosidase kinetics / #-Galaktozidazes kinétikas izverteSana

Kinetics measurements of commercial enzymes were necessary in order to evaluate at
which dilution each enzyme will be the most suitable to use.
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Proportion of dilution / Atskaidijums

1:1 1:2 14 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 1:2048

1
NOLAT™Fit5500
Ha-Lactase 5200

SN 000000000000
Ao 008800000

Fig. 2.1. Enzyme preparation for activity measurement in 96-well plate /
2.1. att. Enzimu sagatavosana aktivitates noteiksanai 96 laucinu mikroplaté

Enzymatic reactions were measured using a 96-well plate in a multimode plate reader,
and the total reaction volume was 200 pL per well. In the beginning, enzyme samples with
different dilution factor in several 1.5 mL eppendorf tubes were prepared. Dilution proportions
can be seen in Figure 2.1., the enzymes were diluted using 0.1 M Tris-HCI buffer, pH 6.6. After
180 pL of enzyme samples were injected in wells, the plate was transferred into the reader.
Automatically 20 pL of 20 mM 2-nitrophenyl-galactoside (0-NPG) was added before taking
the measurement. The data were acquired every 3 seconds for 20 minutes in the
spectrophotometer at 410 nm (Xu et al., 2020).

The initial velocity (Vo) of reaction was calculated by equation:

Vo = 4 ':0, where: (1)
1~ to

A1 — the absorbance of sample or standard during reaction, at 410 nm;

Ao — the initial absorbance of sample or standard before reaction, at 410 nm;

ty — the time of sample or standard when absorbance was measured, min;

to — 0 min (Harris & Keshwani, 2009).

The enzymatic activity of B-galactosidase is measured by the production of o-nitrophenol
(0-NP). The amount of o-NP in all samples was calculated using a calibration plot. Calibration
curve was set up at 410 nm by using pure 0-NP solution in the range of 0 to 3 mM.

Lineweaver-Burk plot was constructed to determine kinetic parameters (Lineweaver &
Burk, 1934). Three independent experiments were averaged, each experiment included three
replicates.

243 The impact of salts on B-galactosidase activity / Salu ietekmes izpéte uz f-
galaktozidazes aktivitati

Sodium chloride (NaCl), potassium chloride (KCI), calcium chloride (CaCl.), and
magnesium chloride (MgCl2) were used for the study.

For the preparation of salt stock solutions eppendorf tubes were used where each solution
was prepared in a molar concentration of 1 M and for the determination of enzyme activity
stock solutions were used in concentration range of 0 — 50 mM. As a substrate 20 mM o-NPG
was prepared and used at the interval of 0 — 3 mM.
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0.1 M Tris-HCI buffer, pH 6.6 / 0.1 M Tris-HCI buferskidums, pH 6.6
Fig. 2.2. Scheme of salt effects / 2.2. att. Vispariga salu ietekmes shéma

Salt / Sali, pL
w

Fig 2.2. illustrates the volumes of several chemical solutions which are marked differently
for easier understanding. The 0-NPG volume in microlitres which is located above well column
numbers are marked in green colour and points out how much of the substrate needs to be
injected into particular column wells. In the same way the information about salts (MgClo,
CaCl,, KCI, NaCl, KH2POs) is shown in red colour, regarding the volume to be injected in the
wells of each row letter (A, B, C etc.). In purple colour the volume of Tris-HCI buffer is marked
in each well. Following the described instruction, the total volume of one well is 190 pL. When
all wells are filled up, the plate is placed into the reader. Absorption was measured at 410 nm
and data were acquired every 3 seconds for 20 minutes. Before starting the measurement, 10
uL of enzyme was injected manually into all wells using an 8-channel pipette (Hamed et al.,
2020).

The concentration (C) of produced o-NP was calculated based on the Beer-Lambert Law:

A= C-¢-l, where: (2)

A — Absorbance;

& — molar extinction coefficient (1.36 mM cm™);

| — pathlength of the well (0.5 cm).

Five independent experiments were averaged, each experiment included three replicates
(Baltierra-Trejo et al., 2015).

2.4.4 Determination of macroelements and phosphate / Makroelementu un fosfatu
noteiksana

Determination of macroelements was done in laboratory of Hamilton Baltic Ltd. by
atomic absorption spectrophotometry and phosphate by spectrophotometry.

2.4.5 Determination of lactose, glucose and galactose / Laktozes, glikozes un galaktozes
noteikSana

The sample of study was transferred into 1.5 mL eppendorf tubes and centrifuged for 5
min at 10 000 rpm. Each sample was placed into the sampler vial and sealed for HPLC analysis.
HPLC was used to determine lactose hydrolysis to glucose and galactose at the time range of 0
to 15 minutes. Detector: refractive index RID-10A; Column: Alltech NH2, 4.6 mm x 250 mm,
5um; temperature: 30 °C; mobile phase: A — acetonitrile 85%, B — deionized water 15%;
injection volume of the sample: 10 pL; isocratic elution regime; total time of the analysis: 15
minutes; rate of flow: 1.0 mL min™ (Zolnere et al., 2018). The calibration for HPLC was done
using o-lactose monohydrate, D-glucose (>98%) and D-galactose (>98%) of concentration
range 0.5 to 100 g/L. The equation was used to calculate the mass concentration of lactose piac
(g LY in the sample:
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M;
Plac = % , where: (3)
lacm

Miac — molecular weight of lactose (342.3 g mol™);

Miac m — molecular weight of a-lactose monohydrate (360.3 g mol™);

plac m — mass concentration of a-lactose monohydrate (g L) from HPLC analyse
(Srivastava et al., 2014).

Analyses were carried out in triplicate.

2.4.6 Costs of one assay for determination of B-galactosidase activity / Vienas analizes
izmaksas f-galaktozidazes aktivitates noteikSanai

The costs calculation was made based on the chemicals and consumables purchased for
the research from local distributors. The list of materials is provided in Appendix 1, where the
initial price of the material is shown in column A and the price of one test in column B.

2.4.7 Glucose strip test / Glikozes noteikSana ar glikozimetru

Lactose solution was prepared by dissolving lactose monohydrate in 0.1 M Tris-HCI
buffer, pH 6.6 to the final concentration 5% (50 mg mL™). From lactose solution 180 pL were
taken out and filled in separate eppendorf tubes, then 20 uL GODO-YNL2 diluted at ratio 1:8,
and NOLAT™Fit5500 diluted at ratio 1:16 were added. Those particular enzyme ratios were
chosen based on the results obtained in Section 2.4.2., where enzymes showed the highest
activity. Eppendorf tubes were vortexed for 5 sec and the measurement was taken with glucose
meter after 0, 1, 2, 4 and 8 minutes (Pandalaneni & Amamcharla, 2018).

Glucose fermentation test system was used and for test strip 1.2 uL volume of sample for
injection was used. The glucose concentration was confirmed using the HPLC method. Each
analyse was carried out in triplicate.

2.4.8 Analytical methods for the determination of p-galactosidase activity /
Analitiskas metodes f-galaktozidazes aktivitates noteikSanai

The activity of B-galactosidase was assayed with several methods:
» Glucose strip test (see 2.4.7),
The B-galactosidase activity (E) U g* was calculated by equation:
Psug*x1000 ]
= ———  where: 4)
EXVXMgyg
psug — mass concentration of a-lactose monohydrate (g L) from glucometer test;
t — time, min;
V —enzyme volume, mL;
Msug— molecular weight of sugar, g mol™ (Abd-Elhalem et al., 2015).
> HPLC method (see 2.4.5), enzyme activity U g* calculation was done based on
equation (4);
» Spectrophotometric method (see 2.4.2)

The B-galactosidase activity (E) U g* was calculated by equation:
E= ((Al‘AO)x‘iz’;)/(aXlXW), where: (5)
A1 — the absorbance of sample or standard during reaction, at 410 nm;

Ao — the initial absorbance of sample or standard before reaction, at 410 nm;
V — total volume of sample, mL;

f — total dilution factor of test solution;

a — absorptivity;

I — incubation time, min;

W — weight of test portion, g (AOAC 998.04, 2000).

Each analyse was carried out in triplicate.

44



2.4.9 Cryoscopy method / Krioskopijas metode

The physical and chemical properties of permeate were tested with the cryoscopy method.
The permeate sample was filled till the mark of the test tube, which is approximately 2 ml, and
placed in a cryoscope reader (ISO 5764:2009).

First _experiment: Sweet whey permeate was firstly concentrated till 24% and
immediately the sample solids was measured by refractometer, then 2 mL of permeate was
taken to detect the freezing point and 1 mL to HPLC for lactose determination (lactose
concentration was calculated by equation (3)). The concentration of permeate was then
gradually reduced five times with distilled water, and after each change the properties of the
sample were determined. Each analyse was carried out in triplicate.

Second experiment: 500 mL of sweet whey permeate was concentrated till 20% and
prepared for hydrolysis with Ha-Lactase 5200, hydrolyse procedure is described in Section
2.6.3. Before the hydrolysis, 2 ml of the permeate sample was taken for the initial measurement
of the freezing point and the freezing temperature was measured every 30 minutes of the
experiment. Each analyse was carried out in duplicate.

2.4.10 The study of of the comercial - galactosidase stability in gastrointestinal model
in vitro / Komercialas [-galaktozidazes stabilitates izpéte kunga-zarnu trakta
modelvide in vitro

The modified method of Minekus et al. (2014) was used in order to determine enzyme
activity. Concentration of simulated gastric (SGF) and intestinal (SIF) fluid, as well as
gastrointestinal enzyme activity (U mL* digesta) were calculated according to Minekus et al.
(2014).

In all experiments, the enzyme concentrations were 1 and 5 mL L™, calculated as 5,000
and 25,000 NLU mL* for GY, 5,200 and 26,000 NLU mL* for HA and 5,500 and 27,500 BLU
mL~ for NF enzyme.

Gastric phase | Intestinal phase
SGF + pepsin + : . SIF + bile + intestinal enzymes
B-galactosidase ' (trypsin, chymotrypsin, pancreatic o—
2h,pH3/ A= amylase, colipase and lipase)
Kunga faze =Y ‘ 2h,pH7/
KFS + pepsins + HIRES Zarnu faze

f-galaktozidaze HP A ZFS + Zults + enzimi
2h,pH3 N E};ﬁ, i/ (tripsins, himotripsins, aizkunga dziedzera
{1~ o — amildze, kolipaze un lipaze)
2h,pH7

Fig. 2.3. Scheme of a simulated in vitro digestion /
2.3. att. In vitro fermentésanas shema
(Minekus et al., 2014; Vertzoni et al., 2019)

Gastric phase

[-Galactosidase samples were mixed with 120 mL of SGF, which consists of 120 mL
water, pepsin 0.96 g, and 1 M HCI which was added to reduce the pH to 3.0. Solution was
incubated at 37°C for 2 hours.

Intestinal phase

After gastric digestion, 160 mL of SIF, intestinal enzymes and bile salt were added. 1 M
NaOH was used to increase the pH to 7.0 and the solution was incubated at 37°C for 2 hours.
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Digested galactosidase activity measurement
The 1 ml of digested samples was taken after the intestinal phase and added to the 9 ml
of 5% (50 mg mL1) a-lactose monohydrate solution to measure the yield of hydrolysis (Zarate
et al., 2000).
The degree of lactose hydrolysis H (%) was calculated by the following equation:

H(%) = L‘)L;Ll * 100, where: (6)
0

Lo — initial lactose amount, g L™;
L1 — amount of lactose after hydrolysis, g L™ (Vasileva et al., 2016).
After hydrolysis samples were heated till 90 — 95 °C to inactivate the enzymes, and then
cooled to 4 — 6 °C to analyse the amount of sugars by HPLC. Lactose amount was calculated
based on equation (3). The experiments were performed with three replicates for each test.

2.5 Stage Il of research / Otrais pétijuma posms

Researchers (Luzzi et al., 2020; Pandalaneni & Amamcharla, 2018; Rico-Rodriguez et
al., 2020) had been used permeate and/or pure lactose powder to hydrolyse lactose. Thus, it is
meaningful to study the physical state of lactose crystals, their stability and behaviour in spray
— dried powders, comparing with pure a-lactose monohydrate as a control.

Main tasks for the second stage:

» crystallographic properties analyse;
» thermal properties analyse;
» lactose morphology determination.

Particular methods have been selected from scientific papers to be sure that the chosen
methods are appropriate for the investigation of the effect of permeate composition on the
physical state of lactose crystals, their glass transition properties and behaviour.

2.5.1 Materials / Materiali
The materials used are listed in Table 2.6. and the equipment in Table 2.7.
Table 2.6./ 2.6. tabula

List of materials and chemicals used in the study/
Petijuma izmantoto materialu un kimisko vielu saraksts

Material or chemical / Brand / Country / Valsts
Materials vai kimikalija RaZotajs
Polymer membrane filter / Polimera membranfiltrs, 92 mm Sterlitech USA /ASV
a-Lactose monohydrate / a-Laktozes monohidrats Sigma Germany / Vacija
Aluminium pan / Aluminija trauks MettlerToledo Switzerland / Sveice
50 mL test tube / 50 mL mégene Sarstedt Germany / Vacija

Table 2.7./2.7. tabula
List of equipment used in the study / Petijuma izmantoto iekartu saraksts

Equipment / lekarta Brand / RaZotajs Country / Valsts
Cross—f_low membralne/ Armfield ET17 United Klngdor_n | Apvienota
Caurpludes membranas Karaliste

Spiral membrane / Spiralveida membrana GEA Germany / Vacija
MilkoScan™ Mars analyser / . .
MilkoScanTM Mars analizators Foss Analytical Denmark / Danija
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Continuation of Table 2.7./ 2.7. tabulas turpinajums

Equipment / Iekarta Brand / Razotajs Country / Valsts
BUCHI mini B-290 spray—drier / . . . .
BUCHI mini B-290 izsmidzinasanas kalte Labortechnik AG Switzerland / Sveice
Polarimeter / Polarimetrs Polax—2L USA / ASV
Diffractometer / Difraktometrs D8 Advance Germany / Vacija
Thermogravimetric Analyser / Differential
Scanning Calorimeter (TGA/DSC)/
Termogravimetriskais analizators / Diferencialais Mettler Toledo Switzerland / Sveice
skenéjosais kalorimetrs
(TGA/DSK)
Scanning electron microscope / C
Skenéjosais elektronmikroskops Tescan Lyra Czech Republic/ Cehija
T United Kingdom / Apvienota
Coater / Parkiajejs Quorum Q150R Karaliste
Diffractometer / Difraktometrs Bruker AXS D8 Germany / Vacija
Advance

2.5.2 Preparation of permeate / Ultrafiltrata iegiiSana

Sweet whey was treated using cross—flow membrane filtration and polymer membrane
(92 mm) filter GKSP with molecular weight cut-off of 3 kDa, the process was operated at a
temperature of 4+2°C and pressure 2.8+0.2 MPa. Acid whey was ultrafiltrated using
ultrafiltration equipment with spiral membranes (molecular size cut-off 10 to 10 um) and the
process was operated at a temperature of 4+2°C and pressure 1+0.2 MPa. Permeates were stored
in the fridge at 4+2°C not longer than 24 h.

Sweet and acid whey permeates were analysed by MilkoScan™ Mars for lactose,
proteins, fats, and total solids determination and also the pH by pH-meter (Pulinas et al., 2017).
Analyse was carried out in triplicate.

2.5.3 Production of dehydrated lactose and permeates / Dehidratétas laktozes un
ultrafiltratu ieguve

Spray—drier was used to transform sweet and acid whey permeate as well as 5% (50 g L~
1Y aqueous a-lactose monohydrate solutions into powder form for research. To objectively
analyse the impact of permeate origin on lactose physical and chemical parameters under the
same conditions, dehydrated 5% aqueous a-lactose monohydrate solution was compared with
spray—dried permeate powders.

The spray—dryer was used with the following conditions: aspirator rate 100%, the flow
rate of the feed solution 40-50 mL min™, an inlet air temperature 170°C and an outlet
temperature 115-120°C. The collected powders were immediately placed in 50 mL tubes,
cooled down and stored in a desiccator at 0-3% relative humidity at room temperature till
further analysis (Chandrapala & Vasiljevic, 2017; Islam & Langrish, 2010).

2.5.4 Optical rotation measurement / Optiskas rotacijas noteikSana

Polarimeter was used for measurement of lactose optical rotation. Each sample was
dissolved in deionized water at a concentration of 1% and placed into 100 mm cuvettes. To
calculate specific optical rotation [a]D, the following equation was used:

[a]D = % , Where: (7)

| — length of cuvette, dm;

a — measured optical rotation;

C — the sample concentration in g 100 mL™! (Chandrapala & Vasiljevic, 2017).
Measurement was carried out in triplicate.
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2.5.5 X-ray diffraction analysis / Rentgenstarojuma difrakcijas analize

Structural characterisation of samples was carried out using diffractometer with CuKal
radiation at L = 1.5418 A and a position sensitive detector (PSD). The tube was operated at 40
kV voltage and current 40 mA, the scan range of 5°-60° with a rate of 5° per min was used
according to Wu et al. (2014) method. The database ICDD PDF2 was used for pattern analysis.

2.5.6 Differential scanning calorimetry and thermogravimetric analyses /
Diferencialas skeneSanas kalorimetrijas un termogravimetriskas metodes

The thermogravimetric analyses (TGA) were performed with the STARe System
Software. The instrument analyses the thermal transition and thermogravimetry of the sample.
Sample (5-10 mg) was weighed into an aluminium pan and heated at the temperature range 30
to 300°C within a heating rate of 10°C min™. An empty aluminium pan was used as a reference
in every test (Badal Tejedor et al., 2018; Veldre et al., 2011).

2.5.7 Scanning Electron Microscopy / Skenéjosa elektronmikroskopija

The morphology of the lactose crystal samples was examined using scanning electron
microscopy SEM-FIB with an accelerating voltage of 12 kV. Each sample was placed onto a
carbon tape on an aluminium sample disc and a compressed gas was used to remove unfixed
powder particles. Lactose samples were coated with a 27 nm gold layer using coater at 25 mA
for 45 sec (Kougoulos et al., 2010).

2.6 Stage Il of research / Tresais péetijuma posms

The first and second stages were designed to evaluate and analyse research object, these
results contain significant information used in stage Il activities.

In this stage, each hydrolyses parameter such as, medium pH, solids, enzyme units was
carefully analysed and evaluated to modulate the most effective factors for glucose-galactose
syrup production with the highest sweetness (see Figure 2.4.).

Permeates were hydrolysed with a method which is practised on a commercial scale for
glucose — galactose syrup production.
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Processing / Apstrade

Chemical and physical
analyses / Kimiskdas un
fizikalas analizes

-lactose / laktoze, %
-proteins / olbaltumvielas, %

Acid and sweet whey permeate /
Biezpiena un siera sitkalu
ultrafiltrats

-fats / tauki, %

-total solids / kopeja sausna,
% (by MilkoScanTM)

-pH / pH (ISO 5546:2010)

till: ~ /
lidz:

-Evaporation
letvaicésana
20, 30 40%

A4

==

Preparation of solids for
hydrolysis /

Sausnas sagatavoSana hidrolizei

-Solids / Sausna, Brix% (1ISO
2173:2003)

-Added enzyme units /
Pievienotas enzima
vienibas: 0.5, 2.5 un 5
UmL?

B-Galactosidases addition /
Komercialo enzimu pievienosana

-weighing / sversana, mg
-enzyme activity / enzima
aktivitate (AOAC 998.04)

- 10% KOH ! -pH / pH (1SO 5546:2010)
-temperature / .

e, AR O Permeate hydrolysis /

_time / laiks. 4h Ultrafiltrata hidrolize -pH /pH

-10% KOH I (ISO 5546:2010)

v

Hydrolysed permeate /
Hidrolizets ultrafiltrats

Fig. 2.4. Schema of acid and sweet whey permeate hydrolysis /
2.4. att. Biezpiena un siera sitkalu ultrafiltrata hidrolizes shéma

Several substrate solid concentrations 20, 30 and 40%, as well as commercial enzyme
unit amounts 0.5, 2.5 and 5 U mL™* were chosen for the experiment. Variations of the
concentration and amount of enzymes are necessary for the evaluation of the yields of final
sugars, the economic perspectives and to gain a better knowledge of commercial enzyme
properties, as well as results will show which combination suits best for the highest lactose
hydrolysis rate. Moreover, this research provides valuable data of the profile of
monosaccharides giving information about the nutritional value of the glucose-galactose syrup.

2.6.1 Materials / Materiali

The materials used in Stage Il are listed in Table 2.8 and the equipment used in Table
2.9. Additionally, Table 2.10. includes the enzyme concentrations which were used for lactose
hydrolysis.

Table 2.8./2.8. tabula
List of materials and chemicals used in the study/
Pefijuma izmantoto materialu un kimisko vielu saraksts

Material or chemical /
Materials vai kimikalija
KOH (=85%, pellets) / KOH (=85%, granulas)
a-Lactose monohydrate / a-laktozes monohidrats

Brand / RaZotajs Country / Valsts

Sigma Germany / Vacija
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Continuation of Table 2.8./ 2.8. tabulas turpinajums

Material or chemical /
Materials vai kimikalija
D-Glucose / D-Glikoze (>98%)

Brand / RaZotajs Country / Valsts

D-Galactose / D-Galaktoze (>98%)

Acetonitrile / Acetonitrils (>99.93%)

1.5 mL eppendorf tubes/ 1,5 ml Epedorfa megenes Sigma Germany / Vacija
1.5 mL vial / 1.5 mL pudelite
Column / Kolonna SUPELCOSILTM LC-NH2, (250 mm
X 4.6 mm X 5 um)
50 mL test tube / 50 mL megene Sarstedt Germany / Vacija

15 mL test tube / 15 mL mégene

Table 2.9./2.9. tabula
List of equipment used in the study/ Petijuma izmantoto iekartu saraksts

Equipment / Iekarta

Brand / RaZotajs

Country / Valsts

Evaporator / letvaicétdjs

Armfield FT22

United Kingdom / Apvienota

Karaliste

Rotary vacuum evaporator /
Rotacijas vakuuma ietvaicétajs

Laborota 4000 efficient

Germany / Vacija

Refractometer / Refraktometrs

30GS Mettler Toledo

Switzerland / Sveice

HPLC / AESH

Shimadzu LC-20

Japan / Japana

Refractive index detector /
Refrakcijas indeksa detektors
Thermostat / Termostats

RID-10A
Memmert IN55

Japan / Japana

Germany / Vacija

Table 2.10. / 2.10. tabula
Description of enzymes / Lietoto enzimu raksturojums

Enzyrpe§ / Activity / Aktivitate | Weight / Svars, mg* Units / Vienibas™
Enzimi
11+1 57+5 NLU
Ha-Lactase 5200 5200 NLU ¢! 53+2 290+12 NLU
106+2 590+12 NLU
11+1 60+2 BLU
NOLA™Fit5500 5500 BLU g* 5142 280+11 BLU
10442 540+11 BLU
1141 575 NLU
GODO-YNL2 5000 NLU g* 51+2 280£10 NLU
107+2 54012 NLU

*- mean values = SD (n = 3) / vidéjais aritmétiskais + standartnovirze (n=3)
2.6.2 Permeate solids concentration / Ultrafiltrata sausnas koncentréSana

Permeate solids concentration was performed by Palai at al. 2012 method with a slight
modification. At first, approximately 20% of permeate solids was achieved using evaporator
under vacuum conditions with the following parameters: flow rate 8 L h™t, warming steam
pressure 1 bar, permeate temperature 78+1 °C, cooling water rate 5 L h™, and vacuum 56 kPa.
Then, to reach the permeate solids concentration of 30% and 40%, the rotary vacuum evaporator
Laborota 4000 was used. Permeate solids was periodically measured with a refractometer.

2.6.3 Hydrolysis of permeates / Ultrafiltratu hidrolize

The hydrolysis of lactose was carried out by adding several amounts of -galactosidases
(see Table 2.10) to 100 mL of permeate. Permeates were placed into a thermostat at a
temperature of 42.5 °C for 4 or 24 h. Before and during hydrolysis 10% (100 g L™') KOH
solution was used for pH adjustment to provide pH corresponding to B-galactosidase activity -
Ha-Lactase 5200 enzyme 6.5-6.6, for NOLA™Fit5500 enzyme 5.4-5.6 and for GODO-YNL2
enzyme 7.5-7.6. To inactivate p-galactosidase, permeates were placed in water bath at 90 °C
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for 5 min. Then the permeates were transferred into 50 mL test tubes and afterwards put into a
freezer at -18 °C for further analysis.
The degree of lactose hydrolysis was calculated by the following equation:

H(%) = L‘)L;Ll * 100, where:
0
(8)

Lo — initial lactose amount, g L™;
L1 — concentration of lactose after hydrolysis, g L™ (Vasileva et al., 2016).

2.6.4 Determination of lactose, glucose, and galactose by HPLC-RID / Laktozes,
glikozes un galaktozes noteikSana, izmantojot AESH-RI

See 2.4.5.

2.7 Stage IV of research / Ceturtais pétijuma posms

The effect of added fructose amount for lactulose synthesis was investigated. Moreover,
this research provides valuable data on sugar profile which definitely gives significant
information about the sweetness of the final product.

In this study was investigated:

» the lactulose synthesis during lactose hydrolysis by adding fructose from 1 to 20 g to 100

mL permeate sample (see Figure 2.5.);

» two-stage fermentation, adding 1 g glucose isomerase to 100 mL permeate sample (see

Figure 2.6.).
Sweet and acid whey permeate,
solids 20% / Siera un biezpiena
sukalu ultrafiltrats, sausna. 20%
B-galactosidase units 2.5 U mLt / E Eruktoze:
B-galaktozidazes vienibas 2.5 U mL™* «— rUCtose:/L gru toze:
10% KOH —— 25-_)5 g
Hydrolysis / Hidrolize 1099
42+1°C,4h 20 g

!

Lactulose / Laktuloze

Fig. 2.5. Lactulose synthesis by adding fructose /
2.5. att. Laktulozes sintéeze, pievienojot fruktozi
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Sweet and acid whey permeate,
solids 20% / Siera un biezpiena
sitkalu ultrafiltrats, sausna 20%
(100 mL)
10% KOH

B-galactosidase unit 2.5 U mL? /
B-galaktozidazes vienibas 2.5 U mL™*

Fructose / Fruktoze Hydrolysis / Hidrolize
42+1°C,4h
Glucose isomerase/ /
Glikozes izomeraze
lg D-Glucose, D-Galactose,
Isomerisation / Izomerizacija wl Lactose /
42+1°C, 12 h A D-Glikoze, D-Galaktoze,
pH 7.5 10% KOH Laktoze

Fig. 2.6. Two-stage enzymatic hydrolysis by -galactosidase and glucose isomerase /
2.6. att. Divpakapju enzimatiska hidrolize ar f-galaktozidazi un glikozes izomerazi

2.7.1 Materials / Materiali

The materials used in Stage IV are listed in Table 2.11 and the equipment in Table 2.12.

Petijuma izmantoto materialu un kimisko vielu saraksts

Table 2.11./2.11. tabula
List of materials and chemicals used in the study/

Material or chemical / Materials vai kimikalija

Brand / RaZotdjs

Country / Valsts

KOH (>85%, pellets) / KOH (>85%, granulas)

H2SO4 (Sulfuric acid / Serskabe)

H,0, (Hydrogen peroxide / Udenraza peroksids)

Kjeldehl tablets / Kjeldala tabletes

NaOH (Sodium hydroxide / Natrija hidroksids)

Sigma

Germany / Vacija

Material or chemical / Materials vai kimikalija

Brand / RaZotdjs

Country / Valsts

H3BOs (Boric acid / Borskabe)

HCI (Hydrochloric acid / Salskabe)

a-Lactose monohydrate / a-Laktozes monohidrats

D-Glucose / D-Glikoze (>98%)

D-Galactose / D-Galaktoze (>98%)

Glucose isomerase / Glikozes izomeraze

D-Fructose / D-Fruktoze

Lactulose / Laktuloze

Acetonitrile / Acetonitrils (>99.93%)

1.5 mL eppendorf tubes / 1,5 ml Ependorfa megenes

1.5 mL vial / 1.5 mL pudelite

Column / Kolonna
SUPELCOSILTM LC-NH2, (250 mm x 4.6 mm X 5 um)

Sigma

Germany / Vacija

Filter paper / Filtrpapirs

000 "MEJIMOP XXTI"

Russia / Krievija

Column / Kolonna Shodex KS-802 (300 mm x 8 mm) Shodex USA /ASV
Column / Kolonna YMC polyamine 11 (250 mm x 4.6 mm) YMC Japan / Japana
50 mL tube / 50 mL mégene Sarstedt Germany / Vacija

15 mL tube / 15 mL mégene
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Table 2.12./2.12. tabula

List of equipment used in the study/ Pétijuma izmantoto iekartu saraksts

Equipment / lekarta Brand / RaZotajs Country / Valsts
o . United Kingdom / Apvienota
Evaporator / letvaicetajs Armfield FT22 Karaliste

Rotary vacuum evaporator /
Rotacijas vakuuma ietvaicétajs

Laborota 4000 efficient

Germany / Vacija

Refractometer / Refraktometrs

30GS Mettler Toledo

Switzerland / Sveice

destilacijas iekarta

HPLC / 4ESH Shimadzu LC-20 USA / ASV
HPLC / 4ESH Agilent 1100 USA / ASV
Refractive index detector /
Refrakcijas indeksa detektors RID-10A USATASV
Thermostat / Termostats Memmert IN55 Germany / Vacija
Kjeltec Distillation unit / Kjeltec FOSS Denmark / Vacija

2.7.2 Lactose hydrolysis and isomerisation / Laktozes hidrolize un izomerizacija

The hydrolysis of lactose in sweet and acid whey permeates was carried out by adding
2.5 U mL* of commercial enzymes (Ha-Lactase 5200, NOLA™Fit5500 and GODO-YNL2) to
100 mL of permeate. The permeate samples were prepared and hydrolysed as described
previously see Section 2.6.3.

After hydrolysis, the permeates were further prepared for glucose conversion into fructose
using a modified version of a method described by Gaily et al. (2010). The permeates pH was
adjusted to 7.5 by 10% (100 g L™*) KOH solution, and 1 g of glucose isomerase was added to
each permeate sample. The samples were put into the thermostat at 70 °C for 12 h. After
isomerisation, the samples were filtered.

2.7.3 Kjeldahl method / Kjeldala metode

Kjeldahl method was applied in accordance with 1SO 8968-1:2002. The total protein
equivalent including nitrogen from both protein and non-protein sources was determined in 5%
and 20% permeates before hydrolysis and then after hydrolysis and isomerisation of each
sample in both permeates. The determination was performed with 2+0.1 g of sample and in
duplicate.

The total protein (p%) calculation was done by the following equation:
p% = 1.4007X(Vs—Vp)XMx6.38X100 where: )

w
Vs —HClI titrant used for sample, mL;
Vb — HCl titrant used for blank, mL;
M — molarity of HCI solution (0.1);
6.38 — factor which express percent nitrogen on a protein basis;
W — test portion weight, mg (AOAC 991.20., 2000).

2.7.4 Synthesis of lactulose / Laktulozes sintéze

The synthesis was performed using 100 mL of sweet and acid whey permeate with solids
concentration 20% (Brix) where certain amount of fructose was added 1, 2.5, 5, 10, 20 g.
Permeates were prepared according to Seok et al. (2013) method. Afterwards,
2.5+0.1 U mL™ of commercial enzymes were added to each sample and they were placed into
the thermostat for 4 hours at a temperature of 42.5 °C.

2.7.5 Determination of lactose, glucose, galactose, fructose, and lactulose / Laktozes,
glikozes, galaktozes, fruktozes un laktulozes noteikSana

Permeate preparation was described in Ssection 2.4.5. Sugar calibration was prepared by
a mixture which contained lactose, galactose, glucose, fructose and lactulose at concentration
8 g L of each.
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Fig. 2.7. Sugar calibration chromatogram (create by author)
2.7. att. Cukuru kalibracijas hromatogramma (autora veidota)

2.7.6 Determination of galacto-oligosaccharides, glucose, galactose, and lactose /
Galakto-oligosagaridu, glikozes, galaktozes un laktozes noteikSana

GOS, glucose and galactose were determined by HPLC method (Lee et al., 2014) using
the Agilent 1100 chromatography system. Column: Shodex KS-802 (lenght 300 mm, ID 8 mm;
refractive index detector; mobile phase — H20, flow rate 0.5 ml mint).

GOS was calculated by subtracting lactose concentration from the total disaccharide
concentration, determined by Shodex KS-802.

Lactose was determined by HPLC method with the Agilent 1100 chromatography system
(column: YMC polyamine Il (lenght, 250 mm, ID 4.6 mm), refractive index detector; mobile
phase — Acetonitrile/Water 65:35, flow rate 1.0 ml min'!) and concentration was calculated by
equation (3).

2.8 Stage V of research / Piektais petijuma posms

Sensory evaluation was conducted in two stages:

1) sensory evaluation of hydrolysed sweet and acid whey permeates.

The hydrolysed sample preparation was done as describe in Section 2.7.2. In total 7
samples were evaluated — 1 commercial glucose-galactose syrup, 3 hydrolysed sweet whey
permeate samples and 3 hydrolysed acid whey permeate samples. Commercial glucose-
galactose syrup was used as a control, the solids concentration was reduced to 20% by distilled
water. The hydrolysed sweet and acid whey permeates were evaluated by 36 trained panellists
(students and staff members of the Faculty of Food Technology, Latvia University of Life
Sciences and Technologies).

2) sensory evaluation of two-stage fermented syrups.

Sensory evaluation of two-stage fermented syrups (with solids concentration of 70%) was
carried out after two-stage hydrolysis (B-galactosidase and glucose isomerase, see section
2.7.2). Commercial glucose-galactose syrup was used as a control in both stages. Isomerised
syrups were evaluated by 30 trained panellists (students and staff members of the Faculty of
Food Technology, Latvia University of Life Sciences and Technologies).

The assessment of sensory attributes was conducted according to the sensory standard
ISO 4121:2003. The intensity of sweet, sour, salty and aftertaste attributes was evaluated using
12-point unstructured line scale where 0 - not detected and 12 - extremely strong. The format
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of evaluation sheet and data collection were processed with FIZZ software (Biosystemes,
France). Warm tea without sugar was used for taste neutralisation between samples.

The solids concentration for isomerised syrups was 70%. Solids concentration was
measured with refractometer.

Sample preparation: each sample was placed into a glass beaker and placed on a tray in
two lines, but glucose-galactose syrup (control) was placed at the beginning of each line, all
samples were coded.

2.9 Statistical analysis of data / Datu statistiska analize

Results were expressed as meanzstandard deviation (SD) of three replicates for
composition and analytical measurements. Statistical analyses were carried out using Two-Way
ANOVA, One-Way ANOVA and Tukey tests. The level of significance of the obtained data is
characterized by the value of p (if p>0.05, the results do not differ significantly, if p<0.05, the
results differ significantly). All data were calculated in MS Excel 2019 software.

Sensory data were analysed using a principal component analysis (PCA), calculated with
Dimension Reduction (Factor Analysis), where the variables are sensory attributes and
enzymes, as well as the data were also assessed by a Two-Way ANOVA. These statistical
analyses were calculated with IBM SPSS 22.0 (SPSS Inc.).
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3. RESULTS AND DISCUSSION / REZULTATI UN DISKUSIJA

3.1 The study of commercial B-galactosidase properties /
Komercialas f-galaktozidazes ipaSibu izpete

The aim of this study was to investigate the physical and chemical properties of the
commercial B-galactosidases which were selected in the doctoral thesis. The results allow the
researchers to evaluate the capability and potential of each enzyme when acid whey and sweet
whey permeates will be used as a substrate.

3.1.1 Determination of p-galactosidase activity / p-Galaktozidazes aktivitates
noteiksana

In this research the relationship between the activity and concentration of
B-galactosidases was measured, and the results are shown in Figures 3.1., 3.2. and 3.3.
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Fig. 3.1. Bacillus licheniformis B-galactosidase (NOLAT™Fit5500) activity at different
dilutions / 3.1. att. Bacillus licheniformis p-galaktozidazes (NOLA™Fit5500) aktivitate
dazados atskaidijumos

Fig. 3.1. shows the effect of NOLA™Fit5500 dilution on the reaction velocity. According
to the obtained results, the effective ratio between substrate and NOLAT™Fit5500
[-galactosidase is 1:16. This shows that up to a given dilution, the enzyme is able to provide a
rapid reaction rate, but then the reaction rate slows down, indicating that the given substrate is
consumed in the mixture (Robinson, 2019).
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Fig. 3.2. Kluyveromyces lactis p-galactosidase (GODO-YNL2)
activity at different dillutions / 3.2. att. Kluyveromyces lactis f-galaktozidazes (GODO-YNL2)
aktivitate dazados atskaidijumos
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As the enzyme dilution ratio was increased above 1:8, the rate of reaction also increased
progressively. In hydrolysis at higher enzyme concentrations, the reaction will take place very
quickly, where it is less possible to analyse the reaction dynamics (Punekar, 2018). The results
(Fig. 3.2.) indicate that the highest GODO-YNL2 B-galactosidase activity was observed in
dilution of 1:8.
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Fig. 3.3. Kluyveromyces lactis B-galactosidase (Ha-Lactase 5200) activity at different
dilutions / 3.3. att. Kluyveromyces lactis iegiita f-galaktozidazes (Ha-Lactase 5200) aktivitate
dazados atSkaidijumos

The results in Fig. 3.3. show that the highest Ha-Lactase 5200 B-galactosidase activity
was observed in 1:2.

The relationship between activity and concentration is influenced by many factors such
as temperature, pH, substrate concentration, etc. The enzyme research should be designed in
such a way that the activity observed is proportional to the concentration of the enzyme
(Worthington et al., 2019). The results of each enzyme showed the most suitable dilution ratio
which will be used to study the ions effect on enzyme activity.

3.1.2 The analysis of the impact of calcium, sodium, potassium and magnesium ions
on B-galactosidase activity / Kalcija, natrija, kalija un magnija jonu ietekme uz
p-galaktozidazes aktivitati

After determination of the most effective dilution ratios of the studied B-galactosidases,
further we investigated the impact of several metal ions on enzyme activity.
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Fig. 3.4. The impact of metal ions on NOLAT™Fit5500 activity /
3.4. att. Metala jonu ietekme uz NOLA™Fit5500 aktivitati
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The effect of ions on NOLA ™ Fit5500 B-galactosidase activity is shown in Figure 3.4.
NOLAT™Fit5500 B-galactosidase was stable until the concentration of metal ions did not exceed
10 mM. Starting from the concentration of 15 mM, changes in the activity of enzyme were
observed. Enzyme started to become less active at the sodium (Na*) concentration range of 15
to 50 mM and magnesium (Mg?*) concentration range of 15 to 30 mM. Potassium (K*) and
calcium (Ca?*) at the concentration range of 0 to 50 mM did not have a significant effect on
enzyme activity. Similar research was done by Juajun et al. (2011) where it was established that
monovalent ions, such as Na* and K", showed activator effect on the hydrolysis of ONPG by
Bacillus licheniformis p-galactosidase. In contrast, the addition of Ca?* ions in the concentration
range of 1 to 10 mM slightly activated the enzyme and this finding can be beneficial for lactose
hydrolysis in milk and whey.
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Fig. 3.5. The impact of metal ions on GODO-YNLZ2 activity /
3.5. att. Metala jonu ietekme uz GODO-YNL2 aktivitati

Metal ions affected GODO-YNL2 B-galactosidase (originated from Kluyveromyces
lactis) activity differently, see in Figure 3.5. Potassium at the concentration range of 5 to 50
mM showed the highest results and was considered as an enzyme activator. In turn, Na* ions
influence on enzyme activity was gradual, the enzyme activity had increased with an increased
Na* ions concentration. In all measurements, Ca®* ions showed the lowest results which is
considered as an inactivator. The Mg?* ions also worked as an enzyme inactivator at the
concentration range of 30 to 50 mM.
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Fig. 3.6 The impact of metal ions on Ha-Lactase 5200 activity /
3.6 att. Metala jonu ietekme uz Ha-Lactase 5200 aktivitati

Ha-Lactase 5200 B-galactosidase (originated from Kluyveromyces lactis) activity is
differently affected by each metal ions. As shown in Figure 3.6., K*, Mg?*, and Na* ions in the
concentration range of 5 to 50 mM increased enzyme activity and mentioned ions were
considered as activators, whereas Ca?* concentration from 10 mM decreased enzyme activity
and started to work as an inactivator.

58



Several researches indicate that K" and Na* ions are known as activators which increase
the hydrolysis level by Kluyveromyces lactis -galactosidase (Adalberto et al., 2010; Jurado et
al., 2004; Wojciechowska et al., 2018). However, there is little information on the effect and
impact of these ions on B-galactosidase activity (Rico-Rodriguez et al., 2020).

Table 3.1./ 3.1. tabula
Content (mg kg!) of macroelements and phosphates in different solids permeates /
Makroelementu un fosfatu saturs (Mg kg2) daZada sausnas satura ultrafiltratos

_ Macroelements and phosphates / Makroelementi un fosfati
Permeates / Ultrafiltrats Car Na K+ Mg?* PO~
Sweet whey/ Siera 349+14 429+11 1480+100 57+9 275+61
stkalu, 5%
Acid whey/ Biezpiena 1322483 469+67 1636+189 123+16 736+34
stkalu, 5%
Sweet whey/ Siera 1071499 660457 2710455 260+13 1265450
stkalu, 20%
Acid whey/ Biezpiena 3400486 1100455 | 5600+140 340+18 220056
stkalu, 20%

Table 3.1 demonstrates the amount of macroroelements and phosphates at different solids
concentrations (5% and 20%) in sweet and acid whey permeates. The profile of macroelements
in permeates gives a better understanding and knowledge about their effect on enzyme activity
in the permeates based on the results described in Section 3.1.2. Potassium predominates in all
samples, confirming that the presence of other elements (which could act as inactivators) would
not affect B-galactosidase activity and that the degree of lactose hydrolysis would remain high.
Lactose hydrolysis will be discussed in more detail in Chapter 3.3.

In general, salts in milk exist in such forms as inorganic compounds, or as a part of
proteins, fats and nucleic acids (Zamberlin et al., 2012). Almost all macro- and microelements
in milk after protein coagulation are transferred to whey or whey permeate, thereby this is one
of the reasons why whey is considered as a nutritionally valuable product (Kobukowski et al.,
2006; Bologa et al., 2013; Wronkowska et al., 2015). From sensory properties that can be used
to describe whey, one is salty. The profile of macroelements presented in Table 3.1 shows that
the amount of sodium and potassium is different. Both elements in combination with chlorides
give a salty and bitter taste which is also described in the research of Chandrapala et al., (2015),
and Frankowski et al., (2014).

3.1.3 Alternative methods for the determination of [-galactosidase activity /
Alternativas metodes f-galaktozidazes aktivitates noteikSanai

The aim of this study was to experiment with four different analytical methods to measure
-galactosidase activity and lactose concentration during hydrolysis.

Table 3.2./3.2. tabula
Determination of -galactosidase activity by glucose strip test /
p-Galaktozidaze aktivitates noteikSana ar glikozimetru

Time / Laiks, min GODO-YNL2, U g¥" NOLA™Fit5500, U g*
0 0 0
1 3723+56 12103+181
2 2653+40 8586+34
4 1485+22 473771
8 1051+20 3382+50

* U = amount of enzyme required to release 1 micromole of reducing sugars min=*/ Enzima daudzums, kas
nepieciesams, lai atbrivotu 1 mikromolu reducéjoso cukuru min™

The focus of this experiment was to evaluate the sensitivity of glucose strip test, so a
short measurement time was chosen. The results summarised in Table 3.2 showed that it was
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possible to determine the glucose concentration and [-galactosidase activity by glucose strip
test. This method showed that it is possible to determine the activity of -galactosidase and to
use in food science. This method is easy to carry out, it is fast and cheap. These observations
are comparable to the research data by Hardee et al., 2011 and Heinzerling et al., 2012, where
it was suggested that the glucose strip test should be calibrated for the use with aqueous
solutions and for the measurement of B-galactosidase activity.

Table 3.3./3.3. tabula
Determination of f-galactosidase activity by spectrophotometric method /
P-Galaktozidazes aktivitates noteikSana ar spektrafotometrisko metodi

O-NPG concentration / . . "
O-NPG koncentracija, mM GODO-YNL2, U g* NOLA™Fit5500, U g*
0 0 7+1
0.5 130+3 857+13
1 27116 1335420
2.5 301+15 2656+19
3 393+20 2822+16

* U = amount of enzyme required to release 1 micromole of reducing sugars min" / Enzima daudzums, kas
nepieciesams, lai atbrivotu 1 mikromolu reducéjoso cukuru min

Spectrophotometric method is used to measure the amount of o-nitrophenol which is
necessary for the determination of B-galactosidase activity, see Table 3.3. This method is well
known and primarily used in research and food sector. It was also described in Official Methods
of Analysis of AOAC “Method 998.04 Neutral Lactase (p-Galactosidase) Activity in Industrial
Enzyme Preparations” (AOAC 998.04, 2000). To make the method faster and easier to use,
there is a B-Galactosidase Assay Kit available (www.eurogentec.com). The kit contains a 96-
well plate with chemicals, and only a certain amount of B-galactosidase needs to be added for
the analysis.

Table 3.4 / 3.4 tabula

Determination of B-galactosidase activity by HPLC method /
p-Galaktozidazes aktivitates noteikSana ar AESH metodi

Time / Laiks, min GODO-YNL2, U g NOLA™Fit5500, U g**
0 0 0
1 334122 1883124
2 1704+14 1478+18
4 1049429 1024410
8 572+13 937+£13

* U = amount of enzyme required to release 1 micromole of reducing sugars min" / Enzima daudzums, kas
nepieciesams, lai atbrivotu 1 mikromolu reducéjoso cukuru min™

The HPLC method was used to determinate lactose concentration during hydrolysis, from
which the activity of the f-galactosidase was calculated, see Table 3.4. The results showed that
the enzymes were capable to hydrolyse lactose, when reaction started GODO-YNL2
B-galactosidase activity after 8 min reduced more than 6 times but for NOLA™Fit5500
[B-galactosidase only 2 times. However, this is one of the most expensive methods in terms of
solvent, column, time consumed, and energy costs. On the other hand, this method is sensitive,
provides useful information, as well as the possibility to determine the sugar profile and to
calculate B-galactosidase activity. This observation is also supported by Yue et al. (2009)
research results.

Cryoscopy is considered to be an alternative method to control the solids concentration
of whey permeate and the hydrolysis of lactose.
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Fig. 3.7. Freezing point at certain whey permeate solids concentration /
3.7 att. SasalSanas temperatiira noteikta ultrafiltrata sausnas satura

The results presented in Fig. 3.7 demonstrate a linear relationship between the freezing
point, solids and lactose concentration. The experiment was started with an evaporated whey
permeate with an initial solids concentration of 23.2+1.2%, lactose concentration of
17+1 g L and a freezing point of -2.20 °C. During the experiment, the solids concentration
was purposefully reduced, and in total five concentrations were taken for evaluation. In general,
the range of solids concentration was from 23.2+1.2% to 5.8+0.3%, the amount of lactose from
17+1 g L to 4.2+0.2 g L* and freezing point was from -2.2+0.1 °C to -0.5+0.1 °C. This shows
a very significant linear relationship between results, i.e., freezing point changes due to the
decreasing of solids concentration. Based on these findings, it can be concluded that lactose and
solids concentration strongly affect the freezing point. The increase in salt and sugar
concentration decreases water content and thereby lowers the freezing point in the permeate
(Baer & Keating, 1987).

Nowadays, food manufacturers and laboratories are interested in using fast and
inexpensive methods to determine a parameter in a food sample. The cryoscopy method may
be one of the methods which could help determine the rate of lactose hydrolysis.

By modelling the appropriate calibration curve for each parameter required for the
calculation, it is possible to determine the amount of lactose in the evaporated whey permeate
by cryoscopy.
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Fig. 3.8. Freezing point changes during lactose hydrolysis /
3.8 att. Sasalsanas temperatiras izmainas laktozes hidrolizes laika

The results showed that lactose hydrolysis in whey permeate started at the freezing point
of -1.42+0.03 °C and after four hours it had changed and dropped to -1.97+0.04 °C. There are
various factors which affect the freezing point measurement. Firstly, it is the composition of
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the initial whey permeate. The concentration of lactose has an effect on the freezing point where
low molecular salts and sugars cause the highest impact. For that reason, if the volume of the
solution remain invariable the freezing point will be inversely related to the molecular weight
of the soluble solids (Abbasi & Saeedabadian, 2013). Secondly, enzymatic hydrolysis of lactose
increases the concentration of glucose and galactose, thus increasing the total molar
concentration of sugars in permeate, and reducing the freezing point linearly (Churakova et al.,
2019).

The obtained results indicate that the cryoscopy is a fast and suitable method for the
monitoring of lactose hydrolysis or solids concentration of whey before hydrolysis because
components are known and they are easy to calibrate.

Four methods gave comparable, highly variable results, showing the possibility with each
of them determinate hydrolyse yield and enzyme activity. Price calculation (Appendix 1 and
Appendix 3) shows that it is possible to save money on analyses where it is necessary to use
expensive laboratory instruments. Glucose strip test is a profitable method for small dairies
which cannot afford large investments for modern and expensive laboratory equipment. The
results are based on the material prices used in the experiments.

3.1.4 The study of p-galactosidase stability in GIT model in vitro / Komercialas
p-galaktozidazes stabilitates izpete KZT modelvide

The experiment was performed under in vitro digestion conditions to determine a relative
stability of the commercial 3-galactosidase used in this regard.

The importance of this study is due to the limited information available in literature on in
vitro studies of B-galactosidase, so it is important to evaluate the properties of this enzyme in
such environment.
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Fig. 3.9. Lactose hydrolysis (%) after GIT withstand B-galactosidases /

3.9 att. KZT paklautas p-galaktozidazes laktozes hidrolizes (%) pakape
The values marked with the same letter for each enzyme at different concentrations do not differ
significantly (p>0.05) / Vertibas apzimétas ar vienadu burtu katram enzimam dazadas koncentracijas bitiski
neatskiras (p>0.05)

A significant difference was observed in the result of hydrolysis, both between enzymes
(p<0.05) and between different concentrations of the same enzyme (p<0.05).

As it was shown in Fig. 3.9, Ha-Lactase 5200 (62.5+3.9 %) and NOLA™Fit5500
(57.3+4.3%) P-galactosidases at concentration 1 mL L™ showed higher yield of lactose
hydrolysis. However, GODO-YNL?2 B-galactosidase showed low hydrolysis yield at enzyme
concentration 1 and 5 mL L. These results can be explained by the temperature and pH
variation during the gastric-intestinal track. The temperature for experiment was 37 °C which
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was less effective for the GODO-YNL?2 B-galactosidase (40 °C), but for NOLA™Fit5500
(35-50 °C) and Ha-Lactase 5200 (3545 °C) B-galactosidases were within the optimal interval.
At gastric phase, the pH of the medium was 2 but at the intestinal phase pH was 7. Enzymes of
Kluyveromyces lactis origin (GODO-YNL2 and Ha-Lactase 5200) are active at pH range of 6.5
to 8.0, while the NOLA™Fit5500 B-galactosidase of Bacillus licheniformis origin is active
under slightly more acid conditions in the range of 5 to 7 pH. The research results of several
articles (Dagbagli & Goksungur, 2008; Vidya et al., 2014) showed that 3-galactosidase activity
and stability are influenced by the enzyme origin, growth conditions (temperature, pH, aeration,
agitation, incubation time) and components present in the growth medium. Moreover, Vrese et
al. (2001) concluded that the B-galactosidase combined with probiotic B-galactosidase is able
to pass through gastric phase, as well as, slower gastric process and intestinal transportation of
the product. Therefore, based on the results of the experiment, the ability of the enzymes to
retain their activity during in vitro was shown.
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Fig. 3.10. Evaluation of lactose hydrolysis products by B-galactosidase subjected to GIT /

3.10 att. KZT paklautas [-galaktozidazes laktozes hidrolizes produktu novértéjums
The marked values with the same letter within each enzyme and sugar concentration do not differ

significantly (p>0.05) / Vértibas apzimétas ar vienadu burtu katra enzima un cukura ietvaros biitiski neatskiras
(p>0.05)

The hydrolysis of lactose by Bacillus licheniformis and Kluyveromyces lactis
B-galactosidases was significantly different (p<0.05). A comparatively high hydrolysis yield
was achieved with the NOLA T™Fit5500 and Ha-Lactase 5200 p-galactosidases at a
concentration of 1 mL L. It should be emphasised that one of the factors that could affect the
degree of hydrolysis is the concentration of enzyme used.

As shown in our results in Fig. 3.10, the highest hydrolysis effect was achieved using 1
mL L of B-galactosidase concentration instead of 5 mL L. It should be noted that the study
method was based on the ratio among food, digestive enzyme and stock solution intake. The
findings show that low enzyme concentration is more likely to retain activity in the GIT
environment. It should be noted that various enzymes were added in in vitro experiments,
different environmental parameters and substance concentrations were provided, which also
have the greatest influence on the activity and behaviour of B-galactosidase.

Kotz et al. (1994) had compared B-galactosidase activity in commercial unflavoured
yoghurt and in high lactase yoghurt which was hydrolysed for 60 minutes at 37 °C and pH 3.5.
B-Galactosidase in high lactase yoghurt showed lower activity in acidic media than
[-galactosidase in commercial yoghurt, which might be explained by the potential inactivation
of B-galactosidase in GIT. The authors concluded that the high enzyme concentration and low
media pH had a significant impact on 3-galactosidase sensitivity and promoted its denaturation.
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Summary of Chapter 3.1/ 3.1. Nodalas kopsavilkums

The concentration of salts in whey permeates is different and results implies that each ion
affects B-galactosidase differently. That gives information of the impact of acid whey and sweet
whey permeates composition on enzyme action and lactose hydrolysis yield. The most
appropriate solution to ensure an optimal substrate pH for B-galactosidase activity would
comprise Na™ and/or K* ions. It is possible to use the glucose strip test for the determination of
glucose amount during lactose hydrolysis.

B-Galactosidases from Kluyveromyces lactis and Bacillus licheniformis were effective
under in vitro digestion as a strategy for improving lactose intolerance. The concentration of
[-galactosidase is one of the factors which can affect the degree of lactose hydrolysis in the
human gastrointestinal tract. The research demonstrated that [-galactosidase at high
concentrations and low pH is more sensitive to denaturation. Under in vitro conditions, the
highest yield of lactose hydrolysis showed NOLA™Fit5500 and Ha-Lactase 5200 enzymes,
which would be the most effective at mitigating lactose intolerance.

Mineralvielu saturs sitkalu ultrafiltrata ir dazads un petijuma rezultati pieradija, ka katrs
Jjons atskirigi ietekmé f-galaktozidazes aktivitati . Pétijums sniedz informdciju par biezpiena un
siera sitkalu satava iespéjamo ietekmi uz enzima darbibu un laktozes hidrolizes iznakumu. Vides
pH pielagosanai biitu ieteicams izmantot Skidumus, kas satur Na* un / vai K* jonus. Glikozes
satura noteikSanai laktozes hidrolizé ir iespéjams izmantot glikozimetru.

[-Galaktozidaze, kas iegiita no Kluyveromyces lactis un no Bacillus licheniformis,
apstiprina stabilitati KZT modelvidé un spéju istenot laktozes hidrolizi. Viens no svarigakajiem
faktoriem, kas var ietekmét laktozes hidrolizes reakciju ir pievienotdas p-galaktozidazes
daudzums. legiitie rezultdti paradija, ka, izmantojot komercialas p-galaktozidazes, ir iespéjams
samazindat laktozes nepanesibas simtomus patéréetajiem. Enzimi ar augstu koncentrdaciju un
darbibas optimimu zemakda pH ir jutigaki pret denaturdciju. In vitro apstaklos augstakie
hidrolizes rezultati bija NOLA™Fit5500 un Ha-Lactase 5200 enzimiem, tos varétu uzskatit par
sefektivakajiem laktozes nepanesibas simptomu mazinasanai.

3.2 Physical properties of dehydrated whey permeate and lactose / Dehidreéta siikalu
ultrafiltrata un laktozes fizikalas ipasibas

In this study was investigated the origin of permeates, which are present in different whey
streams, the affects on their surface and structural properties during spray drying. Ultrafiltration
was used in the study to obtain whey permeate. Fig. 3.11 represents the amount of main
components and pH of sweet and acid whey permeates.

Z Sweet whey permeate / Siera sikalu ultrafiltrats i
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Olbaltumvielas, % Kopeéja sausna, %

Fig. 3.11 Composition of permeates and pH before drying /

3.11 att. Ultrafiltratu sastavs un vides pH pirms kaltésanas
The values marked with the same letter within each component and pH do not differ significantly (p>0.05)
| Vértibas apzimétas ar vienddu burtu katras sastavdalas un pH ietvaros biitiski neatskiras (p>0.05)
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The composition of the permeate depends on the whey origin, storage conditions and
time, as well as ultrafiltration parameters (Barile et al., 2009). Overall, Fig. 3.11. shows that
permeates are high in lactose, the presence of protein is very low, and may contain salts, which
are included in the total solids matter. Permeates were stored at 4 °C temperature for no longer
than 24 h prior the experiment. This condition was sufficiently suitable for the lactose
crystalisation.

Salts play an important role where attraction to lactose affects the formation of anhydrous
lactose. The effect of salts on the crystallisation of lactose varies according to their type and
amount (Islam & Langrish, 2008). This should be taken into consideration if dehydrated lactose
and permeate powder are intended to be used in enzymatic lactose hydrolysis. Based on the
results provided in Chapter 3.1, the ionic environment affects the enzymatic activity and lactose
hydrolysis reaction (Demirhan et al., 2008). It is important to point out that the salts and proteins
in dehydrated whey permeate promote hygroscopicity of the powder (Ibach & Kind, 2007).

Optical rotation / Optiska rotacija, (°)

Acid whey permeate /
Biezpiena sitkalu ultrafiltrdts — m————|)

Sweet whey permeate /
Siera sitkalu ultrafiltrats E=iC

Dehydrated lactose from 5% a-lactose monohydrate
solution / )
Sausd laktoze iegita no 5% a-Laktozes monohidrata
Skidums
a-Lactose monohydrate / e ————| O

0 20 40 60

Fig. 3.12 Optical rotation of the a-lactose monohydrate (control) and dehydrated lactose /

3.12. att. Sausa a-laktozes monohidrata (kontrole) un sausas laktozes optiska rotacija
The values marked within the same letter do not differ significantly (p>0.05) / Vértibas apzimétas ar
vienadu burtu bitiski neatskiras (p>0.05)

o-Laktozes monohidrats

Optical rotation analysis was performed to compare permeate samples with the control
and for further studies it would provides a better understanding of the mechanism of lactose
hydrolysis. Dehydrated samples showed low optical rotation measurements comparing to
a-lactose monohydrate 52+0.1° which was used as a control. Lactose in dehydrated permeates
can be observed in several forms, such as, an amorphous glassy state or in the o and/or 3
crystalline, mainly depending on the conditions of the drying and storage for no longer than 24
hours before processing (Chandrapala & Vasiljevic, 2017). Significant difference was not
observed between dehydrated acid whey permeate 30+£3° and powder obtained from 5% a-
lactose monohydrate solution 34+1°. The optical rotation of dehydrated sweet whey permeate
was 20+3° which is the lowest result and could be affected by the concentration of solids in the
initial whey. During spray drying high inlet temperature was used which caused initial forming
of the Maillard reaction products. These products have the main influence on powder
characteristics including optical rotation (Nishanthi et al., 2017). The use of ultrafiltration for
whey was to remove all molecules except sugars and salts. It is important to note that the pore
size of the ultrafiltration membranes significantly affects the amount and types of proteins that
can be transferred to the permeate as shown in Fig. 3.11. and acknowledge by the researchers’
findings (Butylina et al., 2006; Szpendowski et al., 2006; Ma & Amamcharla, 2019). Based on
the authors’ reports, permeates have a high potential to comprise aldehydes or ketones and free
primary amine group of amino acids, peptides, proteins or any nitrogenous substances that react
with reducing sugars and can cause the Maillard reaction (Tu et al., 2015).

The powders were prepared for surface visualization and examination by microscopy.
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Fig. 3.13 Surface morphology of lactose crystals /

3.13. att. Laktozes kristalu virsmas morfologija /
a-lactose monohydrate crystals (A) and dehydrated lactose obtained from 5% a-lactose monohydrate solution (B);
dehydrated sweet whey permeate lactose (C); dehydrated acid whey permeate lactose (D). All micrographs are
shown at 5000x magnification / a-Laktozes monohidrata kristali (A) un izsmidzinasanas kalté iegiitas laktozes
kristali (iegiti no 5% a-laktozes monohidrats skiduma (B)); sausa siera stikalu ultrafiltrata laktoze (C); sausa
biezpiena sitkalu ultrafiltrata laktoze (D). Visi attéli doti 5000 %palielinajuma.

Surface morphology of the powders from 5% a-lactose monohydrate solution, sweet
whey, and acid whey permeates, as well as a-lactose monohydrate crystals have been
investigated using scanning electron microscopy, seen in Fig. 3.13. As it can be seen in Fig.
3.13. B-D dehydrated lactose and permeates have an amorphous form of lactose. Génzle et al.
(2008) reported that during the spray—drying, evaporation of water occurs very rapidly and the
viscosity of the solution increases as well, that is the reason why crystals fail to form and lactose
is remained in an amorphous form. Fig. 3.13 A shows standard crystalline form of a-lactose
monohydrate crystals which have Tomahawk crystals showing faceted structure (Wong &
Hartel, 2014). However, the micrographs of permeate powders were different. Dehydrated
lactose obtained from 5% a-lactose monohydrate solution (Fig. 3.13. B) and sweet whey
permeate (Fig. 3.13. C) had droplet surface of spherical shapes with a smooth surface, and the
size of particles were relatively similar in both images, while the morphology of dehydrated
acid whey permeate droplets in Fig. 3.13 D showed that one part of the droplets surface had a
shrunken appearance, another part has cracks or fractures and the other part was smooth. As
shown in Fig. 3.11, acid whey had pH below 6 which could be the reason for the appearance of
the droplet surface to be strongly affected. The solids concentration (fat, protein, salts, lactose)
and pH of the original product are responsible for the formation of the surface of the droplets
(Ebrahimi et al., 2015).
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Fig. 3.14 Properties of lactose crystals by X-ray diffraction /

3.14 att. Laktozes kristalu ipasibu noteikSana ar rentgenstaru difrakciju
a-lactose monohydrate crystals (D) and dehydrated lactose obtained from 5% a-lactose monohydrate solution (B);
hehydrated sweet whey permeate (A); dehydrated acid whey permeate (C) / a-laktozes monohidrata kristaliem (D)
un sausai laktozei (iegiitai no 5% a-laktozes monohidrata Skiduma (B)), siera sitkalu ultrafiltrata (4), biezpiena
sitkalu ultrafiltratam (C) paraugiem

The glass transition of samples is shown in Fig. 3.14. The a-lactose monohydrate contains
water molecule which plays an important role in structural cohesion, but in this particular
treatment, the change of forms (Garnier et al., 2002). The form in which lactose crystallises
depends on the relative humidity, water activity, and temperature conditions during
crystallisation, drying and storage (Allan et al., 2020). All dehydrated powder patterns showed
that lactose gained an amorphous form using certain spray-drying parameters. The results were
analysed by database ICDD PDF2 where the presence of potassium chloride at a diffraction
angle of 28+0.5 ° and 40+0.5 ° 26 degrees in a sample of dehydrated sweet whey permeate was
identified. This could be due to the interaction between lactose and this particular salt or organic
acids and their salts under certain conditions, such as ultrafiltration, cheese processing, the
composition and amount of ingredients in substrate, and average pH (Chen et al., 2015). The
diffraction peak of a-lactose monohydrate (Fig. 3.14 D) showed that it was possible to
determine and identify the types and forms of lactose crystals. The peak that best describes the
lactose crystals is within the relative range of 10 to 19°. The presence of a-lactose monohydrate
was found at diffraction angles 14.9° and 17.8°. This value was also reported by Nijdam et al.,
(2007) for pure a-lactose monohydrate powder. Based on the specification of a-lactose
monohydrate, the concentration of -lactose was low and this could be a cause for detection
difficulties.

To better understand the thermal processes of dehyderated powder polymorphs, such as
dehydration and melting, DSC thermogram was performed.
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Fig. 3.15. Analysis of lactose crystal properties with DSK/TGA /

3.15 att. Laktozes kristalu ipasibu analize ar DSK/TGA
DSC thermogram (B) and TGA weight loss (A) / DSK termogramma (B) un TGA masas zuduma (A) profils

Both profiles show the physical properties of each sample and the differences among
permeate powders and pure a-lactose monohydrate in Fig. 3.15. at the temperature range of 25
to 300°C. Fig. 3.15. B shows the two endothermic processes of the a-lactose monohydrate
crystals. The first process is at approximately 158+0.5°C indicating dehydration of the
crystallized water and 226+0.5°C is the melting point of a-lactose monohydrate before
decomposition, the total weight loss of the sample was 18+0.5%, see Fig. 3.15. A. The
dehydrated lactose thermogram in Fig. 3.15. B shows that the glass transition was started at
temperature 58+1°C where at that particular moment the weight loss was 2+0.5%. Afterwards,
recrystallisation appears at 183.5+0.5°C and melting at 227+0.5°C where total weight loss of
the sample was 27.5£1%, see Fig. 3.15. A. This indicates that the crystal of a-lactose
monohydrate contains about 5% water, which is less tightly bounded. The recrystallisation of
a-lactose monohydrate and dehydrated lactose (Fig. 3.15. B) was observed at 184+1°C and,
according to the reports of Badal Tejedor et al. (2018), the samples were transformed in the
same physical form that was caused by the same melting point. During heat treatment, there is
a possibility that lactose converts into a and B forms. The thermograms of dehydrated permeate
powders (Fig. 3.15. B) showed similar behaviour. The first thermal process for permeate
powder samples started in the range of 85-95°C then melting of samples took place at 202+2°C.
During the DSC analysis, the weight loss of permeate powder samples, see Fig. 3.15 A, was
observed in the interval of 40-50%.

The results indicate that the presence of other substances such as fats, proteins, salts, lactic
acid decrease the thermal resistance and hydrolyse process of lactose.
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Summary of Capter 3.2 / 3.2. Nodalas kopsavilkums

In this chapter the properties of dehydrated whey permeate were investigated in more
detail and compared with commercially available pure lactose. According to literature, lactose
IS a sensitive sugar and can be easily affected by environmental conditions. The physical
properties of dehydrated permeate powders are strongly influenced by the presence of
substances in solids. The experiments showed that all the data of permeate powders were lower
or considerably different from the results of commercial a-lactose monohydrate. According to
the research findings, permeate powders do not contain highly pure a-lactose monohydrate,
also the presence of other substances has been established, which affects the physical properties
of the powder. On the other hand, the presence of salts in the permeate powder may be
considered beneficial, if they are used as an additive to the substrate for lactose hydrolysis.

Saja nodala sikak izpétitas sauso ultrafiltratu ipasibas un salidzindtas ar tirdznieciba
pieejamo a-laktozes monohidratu. Kopuma laktoze ir loti jutigs cukurs un vides apstakli to
viegli ietekme. Siera un biezpiena siukalu ultrafiltratu laktozes fizikalas ipasibas galvenokart
ietekmé citu vielu klatbutne. Visi eksperimenta rezultati apstiprindja, ka sauso ultrafiltratu
laktozes ipasibas ievérojami atskiras no komercialas o-laktozes monohidrata ipasibam.
Petijumi pieradija, ka sauso ultrafiltratu laktoze nav ar augstu tiribas pakapi. Turklat salu
klatbiitne sausajos ultrafiltratos var biit efektiva, ja to izmantotu ka piedevu laktozes hidrolizei
noteikta substrata.

3.3 Yield of hydrolysis at various substrate solids concentrations / Hidrolizes iznakums
daZadas substrata sausnas koncentracijas

The aim of this study was to investigate [3-galactosidases capability to hydrolyse lactose
at different solids concentration of sweet and acid whey permeates and in the presence of
different amounts of enzyme units. These results provide more accurate information about the
substrate in which the commercial B-galactosidase is able to hydrolyse lactose to a maximal
extent. Comparing the results of hydrolysis yield, it is shown that all enzyme unit amounts have
a high perspective for hydrolysis at all permeate solids concentrations.

The results of hydrolysis yield (%) in both Tables 3.5. and 3.6. is also converted into
g L, see in Appendixe 2.

Table 3.5 illustrates the degree of hydrolysis in acid whey permeate, which was calculated
as the percentage of lactose that is converted into galactose and glucose or used in the
transgalactosylation reactions. The experiment was carried out using acid whey permeate with
the initial lactose concentration 195+5 g L, 274417 g L' and 391+12 g L.
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Table 3.5./ 3.5. tabula
Comparison of hydrolysis yield (%) in acid whey permeate at different concentrations of solids and enzyme units / Hidrolizes iznakuma

salidzinajums daZada sausnas satura biezpiena siukalu ultrafiltrata, pievienojot daZadas enzima aktivitates vienibas

Enzyme units / . . .
2 . NOLATMFit Ha-Lactase NOLAT™Fit Ha-Lactase NOLAT™Fijt Ha-Lactase
6nrznnliulz vienibas, 5500 5200 GODO-YNL2 5500 5200 GODO-YNL2 5500 5200 GODO-YNL2
0.5 30+1° 62142 33+1b 30+1° 37132 34412 14+1° 25412 26412
2.5 68+2° 94422 74420 81+2b 91+22 55+1°¢ 47445 93+22 4345
5 97432 97+12 82+3b 81+92 87+32 88+22 51+10°P 73+92 48+9P
20% solids /

20% sausna

30% solids /
30% sausna

40% solids /
40% sausna

The values marked with the same letter within each enzyme and dry matter concentration do not differ significantly (p>0.05) / Veértibas apzimétas ar viendadu burtu katra

enzima un sausnas koncentracijas ietvaros bitiski neatskiras (p>0.05)

Table 3.6./ 3.6. tabula
Comparison of lactose hydrolysis (%0) in sweet whey permeate at different concentrations of solids and enzyme units /

Laktozes hidrolizes salidzinajums daZada sausnas satura siera sitkalu ultrafiltrata, pievienojot daZadas enzima aktivitates vienibas

The values marked with the same letter within each enzyme and dry matter concentration do not differ significantly (p>0.05) / Veértibas apzimétas ar vienadu burtu katra
enzima un sausnas koncentracijas ietvaros butiski neatskiras (p>0.05)

20% sausna

30% sausna

40% sausha

Enzyme units / . Ha- . . Ha-
Enzima vienibas, NOE%TOMF“ Lactase | GODO-YNL2 NOEQ)TOMF“ Hag'-zi)cgase GODO-YNL2 Nog?OTOMF 1 Lactase | GODO-YNL2
UmL- 5200 5200
0.5 17+10 47452 42+12 12+1b 24432 13+1b 9+1°b 16422 10+1°
2.5 47+5°¢ 92+12 79420 31+2¢ 71+42 68+22 12+3¢ 79+12 47+2°
5 73+7P 96428 76+8° 4746 85+52 52450 39+6° 66+82 34+8°
20% solids / 30% solids / 40% solids /
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After 4 hours of hydrolysis it was found that the lactose conversion was 97+3% and
81+9%, for permeate solids concentration 20% and 30%, respectively, using
5 U mL* of NOLA™Fit5500 B-galactosidase. In addition, using the same enzyme 2.5 U mL™*
for all solids concentrations of permeate, lactose hydrolysis was within an interval from 47£4%
to 81+2%. Similar results were obtained with Ha-Lactase 5200 B-galactosidase where the
degree of lactose hydrolysis was 91+2% and 94+2% at 20% and 30% solids concentration,
respectively. Moreover, using 0.5 U mL™* of Ha-Lactase 5200 the highest hydrolysis degree at
all permeate concentrations was reached compared to other enzymes, within an interval from
25+1% to 62+4%. When using 2.5 and 5 U mL™* of GODO-YNL?2 B-galactosidase for all solids
concentrations, degree of hydrolysis was within the interval of 43+4 to 88+2%, respectively.
No significant (p>0.05) differences were observed between all enzymes using 5 U mL™ and
permeate solids concentration 30%.

The experiment was also carried out using sweet whey permeate with the initial lactose
concentration 201+8 g L, 304+27 g L and 400+17 g L. Analysing Table 3.6 data, the
tendency can be observed that the percentage of lactose hydrolysis decreases by increasing the
solids concentration of sweet whey permeate. The highest lactose hydrolysis using 2.5 and
5 U mL? of Ha-Lactase 5200 B-galactosidase for all permeate solids concentrations, was within
the interval from 66+8% to 96+2% and for GODO-YNL2 from 34+8% to 79+2%, respectively.

The results of the study were analysed taking into consideration the concentration of final
sugars. The results indicate that the highest lactose hydrolysis rate was observed at solids
concentration of 20% using 2.5 and 5 U mL™ of enzyme for both permeates. However, the
results of Ha-Lactase 5200, which showed a similar feature at all solids concentrations using
2.5 U mL! of enzyme should be highlighted.

Martinez - Villaluenga et al. (2008) reported that after 120 min lactose hydrolysis was
close to 80% using an initial lactose concentration 150 and 250 mg mL™* and
3 U mL? of Lactozym 3000 L HP G (Kluyveromyces lactis) p-galactosidase. Another study
from Rodriguez-Colinas et. al. (2014) showed that lactose hydrolysis of skimmed milk using
Kluyveromyces lactis p-galactosidase (Lactozym pure 6500 L) was able to gain high hydrolysis
results approximately 95% comparing to Aspergillus oryzae -galactosidase (Lactase F) where
hydrolysis percentage was only 43% and Bacillus circulans B-galactosidase (Biolactase NTL-
CONC) - 50%.

Moreover, the solution of 10% KOH has an important role in lactose hydrolysis reaction.
Jurado et al. (2004) reported that metal ions have an impact on [-galactosidase stability and
activity. It has been found that monovalent K* ions serve as an activator for Kluyveromyces
lactis B-galactosidase, but K* and Na* ions for Bacillus licheniformis B-galactosidase (Juajun
etal., 2011; Jurado et al., 2004). During hydrolysis 10% KOH solution was used for pH control.
It should be noted that the added volume of 10% KOH was different for each sample, but for
GODO-YNL2 B-galactosidase to adjust an optimal condition in all permeate samples more 10%
KOH was added compared to other enzymes. In the case of hydrolysis by NOLA™Fit5500
B-galactosidase the addition of 10% KOH solution promotes high results in all solids
concentrations. Therefore, it was approved that K* ions activate Bacillus licheniformis
[-galactosidase. According to European Regulation No. 231/2012 potassium hydroxide (KOH)
has also been used as a food additive E525, which is safe and can be used for lactose hydrolysis.
This implies that the composion of the permeate and the addition of the solution for pH
adjustment stimulated the enzyme of the specific species to be more active (section 3.1.).

In addition, a comparison of the hydrolysis yield (%) in permeates showed that by using
acid whey, a higher percentage of hydrolysis can be gained. Therefore, the most productive
solids concentration for lactose hydrolysis is 20% and 2.5 U mL™ of enzyme.

Tables 3.7 and 3.8 show glucose and galactose amount at different concentrations of
permeate solids and B-galactosidase units.
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vienibas

Table 3.7./ 3.7. tabula
Amount of glucose and galactose (g L) after lactose hydrolysis using different sweet whey permeate solids concentration and enzyme
units / Glikozes un galaktozes saturs (g L) péc laktozes hidrolizes, izmantojot daZada sausnas satura siera sitkalu ultrafiltratu un enzimu

20% solids /
20% sausna

30%o solids /
30% sausha

40% solids /
40% sausha

Enzyme units /

Enzfnaar:il_e_izl‘bas, NO;;‘)TOMFH Ha-5 I_Z%Cgase GODO-YNL2 NO;?OBMFlt Ha-5 Lza(l)c(;ase GODO-YNL2 NOIgEz;\OTOMFlt Ha-5 Lzaz)c(;ase GODO-YNL2
Glucose / Glikoze, g L
0.5 17132 43+3P 38+1P 11422 2545° 13+3° 6122 20+1° 7+12
2.5 62122 105+2° 92+3° 34122 92+9° 86+8° 22+2° 152420 63+7°
5 1004172 137152 92+4P 85182 107+£232 89+6°2 83+7? 192+6° 77+4°
Galactose / Galaktoze, g L™
0.5 15+12 26+1P 20+1° 11+12 33+2P 13192 13122 29+1° 12+12
2.5 19452 3330 25+1° 39+43 30+3° 25+5° 15412 40+2° 25+42
5 41442 44413 28+3P 49+152 35+162 32+132 28+62 49+9° 51+82

The values marked with the same letter within each enzyme and dry matter concentration do not differ significantly (p>0.05) / Vertibas apzimeétas ar vienadu burtu katra
enzima un sausnas koncentracijas ietvaros bitiski neatskiras (p>0.05)
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Amount of glucose and galactose (g L) after lactose hydrolysis using different acid whey permeate solids concentration and enzyme

Table 3.8./ 3.8. tabula

units / Glikozes un galaktozes saturs (g L) péc laktozes hidrolizes, izmantojot daZada sausnas satura biezpiena siikalu ultrafiltratu un
enzimu vienibas

20% solids /
20% sausna

30% solids /
30% sausha

40% solids /
40% sausna

Enzyme units /

EnZIrSan:iLe_IfbaS’ NO;;‘)TOMFH Ha-sl_zatl)cgase GODO-YNL2 NO;?OBMFlt Ha-5 Lzzz)c(';ase GODO-YNL2 NOIs?oTOMFlt Ha-5 Lzaz)c(;ase GODO-YNL2
Glucose / Glikoze, g L™
0.5 15+32 35+3P 19+1° 27+42 42+3P 25132 12+12 35420 19+2°
2.5 67+32 88+2P 56+3° 62+42 112452 92+8 1094972 208+9P 63+6°
5 87192 118462 70+62 73+12% 161452 117+3b 119478 122462 92+6P
Galactose / Galaktoze, g L*
0.5 19+11% 23+1° 11412 1712 30+2° 27+1P 17422 45+3P 32+3¢
2.5 32+28 35+22 20420 40+42 55+2b 28+2° 74162 93+6° 39+3°
5 93+122 43+4P 38+1P 112462 68+10P 54+8P 57+19° 99+6° 58+9P

The values with the same letter within each enzyme and dry matter concentration do not differ significantly (p>0.05) / Vertibas ar vienddu burtu katra enzima un sausnas
koncentracijas ietvaros biitiski neatskiras (p>0.05)
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In general, the hydrolysis of lactose and the formation of new sugars require the cleavage
of the glycosidic bond (Paterson & Kellam, 2009). The concentration and profile of
carbohydrates change over time and vary noticeably depending on the different permeate solids
and salts concentrations (Warmerdam et al., 2013). The results showed that the addition of
0.5 U mL? of enzyme to both permeates resulted in a low monosaccharide formation.
Therefore, in sweet whey permeate glucose concentration was in the range of 62 to 43£3
g L and galactose from 11+1 to 33+2 g L* but in acid whey permeate glucose from 12+1 to
42+3 g L and galactose from 11+1 to 45+3 g L. It should be emphasized that for both
permeates with solids concentration of 40% using all three-enzyme unit amounts the
concentration of galactose was higher than glucose. In many cases GODO-YNL2 -
galactosidase showed the lowest concentration of monosaccharides that leads to assume that at
these particular conditions the hydrolysis should be prolonged. Ha-Lactase 5200 B-
galactosidase showed the highest amount of monosaccharide production almost at all
concentrations in both permeates. Moreover, comparing glucose and galactose concentrations
between permeates it can be seen that by using a sweet whey permeate, the concentration of
monosaccharides is higher than in acid whey permeate. In the results reported by Bozanic et al.
(2014), acid whey has higher concentration of calcium, phosphate, lactic acid and lactate than
in sweet whey which could be indicated as the main factor that strongly affects B-galactosidase
activity and ability to hydrolyse lactose in acid whey. According to Demirhan et al. (2008),
glucose and galactose at concentrations 10 g L™ and 13 g L™, respectively, start acting as an
inhibitor slowing down lactose hydrolysis reaction. For a complete lactose hydrolysis of 20%
solids concentration permeate, time extension for the reaction would be an option.

Comparing the results and assuming the optimal conditions to obtain the glucose-
galactose syrup, the highest percentage of hydrolysis was obtained at 20% solids concentration
using 2.5 and 5 U mL™amount of enzymes. In the further work, 2.5 U mL* of enzyme was
selected based on the profitable perspective and results from other research articles (Dutra
Rosolen et al., 2015; Martinez-Villaluenga et al., 2008; Song et al., 2013).
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Fig 3.16 Sugar formation during lactose hydrolysis/ 3.16. att. Cukuru veidosanas laktozes hidrolizé
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The experiment was performed for 24 hours using sweet whey permeate with initial solids
concentration A - 5%; B — 20% and acid whey permeate C - 5%; D — 20%, enzyme units
2.5 U mL, at 42.5 °C temperature, to see the differences in sugar concentrations. Similarity
was observed at each permeate solids concentration. Using permeates with solids concentration
5% and 2.5 U mL™ of enzyme, the concentration of lactose decreases rapid for up to 2 hours
but for 20% solids permeates — 4 hours. The slowest reaction rate was observed for GODO-
YNL2 and NOLAT™Fit5500 B-galactosidases, where 24 hours should be considered for
hydrolysis of permeate. Further decrease of lactose hydrolysis was not attained or it continued
to decrease - it just became slower for the rest of the time. Complete hydrolysis of lactose by
[-galactosidase is difficult to achieve, because the presence of the components of the products
— galactose, glucose, permeate composition (salts, acids, proteins) inhibits -galactosidase
activity. Inhibition reduces the rate of hydrolysis and slows it down, which, in turn, prolongs
the hydrolysis reaction to achieve at least 80% lactose hydrolysis (Mahoney, 1997). The
hydrolysis properties of Bacillus licheniformis enzyme have been less investigated, and
therefore information is limited to better understand the obtained results. In addition, lactose
hydrolysis in sweet whey permeate resulted in higher concentration of monosaccharides
compared with acid whey permeate samples.

The results of three enzymes Fig. 3.16. B and D showed that glucose concentration was
higher than galactose during hydrolysis. After some period of time the amount of glucose and
galactose in each substrate changes and is no longer equimolar (1:1). The conversion factor for
the forming lactose into glucose and galactose ranged from 1.05 to 1.11 (Samadov et al., 2019).
Which means that the B-galactosidase starts to produce galacto-oligosaccharides under certain
conditions (Mariyani et al., 2015). This activity begins when the sugar concentration changes
and the water activity becomes more optimal for the B-galactosidase side reactions (Suérez et
al., 2018). It should be noted that the conversion factor for the conversion of lactose into glucose
and galactose ranged from 1.05 to 1.11. As the fermentation continued, glucose level decreased
due to the formation of a new oligosaccharide

Summary of chapter 3.3/ 3.3. Nodalas kopsavilkums

The data obtained from this study revealed that the highest hydrolysis yield can be
obtained at total solids concentration 20% and 2.5 U mL* of enzymes. Both substrates at certain
concentration have different physical and chemical properties which influence the profile of
final sugar outcome. Therefore, the high concentration of calcium, phosphate, lactic acid and
lactate could be indicated as the main factors which strongly affect enzyme activity and
capability of lactose hydrolyses in acid whey. The use of KOH for pH adjustement can be
evaluated positively because it works as an activator for f-galactosidase. Almost all results
showed that the dominant monosaccharide after hydrolysis of lactose is glucose. That could be
explained based on the conversion factor and activation of the side reactions. Permeates with
solids concentration of 5% absolute lactose hydrolysis can be achieved in up to 2 hours, and for
a permeate with solids concentration of 20%, the optimal hydrolysis time would be 4 hours, but
a complete process of lactose hydrolysis takes 24 hours.

St pétijuma rezultati pieradija, ka efektivaka ultrafiltrata sausnas koncentracija laktozes
hidrolizei ir 20%, izmantojot 2.5 U mL? enzima. Katram ultrafiltratam ir atskirigas fizikalas
un kimiskdas ipasibas, kas ietekmé [-galaktoziddzes aktivitati. Augsta kalcija, fosfatu,
pienskabes un laktdatu koncentracija ir faktori, kas ietekmé enzima aktivitati un to spéju
hidrolizet laktozi biezpiena siukalu ultrafiltrata. Izmantojot KOH vides pH kontrolei, var
noverot, ka tas darbojas ka enzima aktivators. Gandriz visi rezultdti paradija, ka dominéjosais
monosaharids laktozes hidrolizé ir glikoze. To varétu izskaidrot, pamatojoties uz konversijas
koeficientu un blakus reakciju aktivizésanos. Ultrafiltrata ar sausnas saturu 5% laktozes
hidrolize notiek 2 stundas, ultrafiltrata ar sausnas saturu 20% 4 stundas, bet pilnigai laktozes
hidrolizei ir nepieciesamas 24 stundas.
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3.4 Glucose isomerisation for incresing the sweetness of syrup /
Glikozes izomerizacija sirupa salduma palielinaSanai

To produce a sweeter syrup from whey permeates, first hydrolysis was performed and
second, the hydrolysed permeates were used as a feedstock for glucose isomerisation to fructose
by glucose isomerase. Following the supplier’s recommendations and ensuring all parameters
for a successful reaction, the permeate’s pH was adjusted to 7.5 using 10% KOH. In general,
the glucose isomerisation to fructose is a selective reaction which requires less energy where a
smaller amount of by-products is produced and better taste was achieved comparing to chemical
methods (Wang et al., 2012).

Nola - FITTM5500 Ha-Lactase 5200 GODO YNL2
gLt g Lt

13+
29+1
Fructose / Galactose / Glucose / Lactose /
Fruktoze Galaktoze Glikoze Laktoze

Fig. 3.17 Sugar concentration in sweet whey permeate using glucose isomerase /
3.17. att. Cukuru saturs siera sitkalu ultrafiltrata, izmantojot glikozes izomerazi

The data presented in Fig. 3.17 shows the composition of isomerised products in sweet
whey permeate samples where fructose was obtained within the range of 43+10to 48+1 g L.

Nola - FITTM5500 Ha-Lactase 5200 GODO-YNL2
g Ll g L-l
’ 1342
Fructose / Galactose / Glucose / Lactose /

Fruktoze Galaktoze " Glikoze Laktoze

Fig. 3.18 Sugar concentration in acid whey permeate using glucose isomerase /
3.18. att. Cukuru saturs biezpena sitkalu ultrafiltrata, izmantojot glikozes izomerazi

The experiment was carried out using sweet and acid whey permeate with the initial
lactose concentration 205+3 g L™ and 180+10 g L™, respectively. The data presented in Fig.
3.18 shows the concentrationt of fructose after isomerisation in acid whey permeate samples
was within the range of 1943 to 24+1 g L. The use of -galactosidase in this study was limited
because it is difficult to achieve a complete hydrolysis of lactose due to the side reactions
(Andrade et al., 2020). Whey is a complex mixture of many ingredients, each of which has a
significant effect on the hydrolysis of lactose. There are many studies (Elnashar & Yassin, 2009;
Fernandes et al., 2002; Fischer & Kleinschmidt, 2015; Pessela et al., 2003; Rico-Rodriguez et
al., 2020; Van De Voorde et al., 2014) where the rate of lactose hydrolysis was compared
between pure lactose solution and whey permeate. Studies have shown that hydrolysis of lactose
using soluble enzymes and taking into account the reaction parameters (temperature, pH,
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substrate and enzyme concentration), the substrate composition and the inhibition factors that
occur during the reaction would result in a hydrolysis range of 60 to 90%. It is reflected in our
current experiments, see Fig 3.17 and Fig. 3.18. To improve and be able to achieve almost 100%
hydrolysis of lactose, an appropriate immobilised enzyme and substrate pre-treatment can be
used as an option to reduce the development of inhibition factor.

Comparing the amount of fructose between the permeates, the results indicate that
fructose formation was observed higher in sweet whey permeate than in acid whey permeate.
The highest fructose amounts 48+1 (Fig. 3.17) and 24+1 (Fig. 3.18) g L™ were obtained in the
samples where permeates were isomerised using Ha-Lactase 5200 B-galactosidase, and 44+2
(Fig. 3.17) and 23+6 (Fig. 3.18) g L™ NOLA™Fit5500 B-galactosidases. Moreover, permeate
samples with GODO-YNL?2 B-galactosidase showed the lowest amounts of monosaccharides
but the highest of lactose.

One of the factors which could cause less formation of fructose in acid whey permeate
might be the presence of metal ions. Li et. al. (2017) study showed that the major divalent metal
ions that inhibit glucose isomerase activity even at a small concentration was Ca?*. Table 3.1
demonstrates Ca?* concentration in both permeates at solids concentration of 20% and it shows
that acid whey permeate contains three times more 3400+86 mg kg™ Ca* ions than sweet whey
permeate 1071+99 mg kg™. Acid whey is a by-product obtained from acid coagulated milk
products, including fresh cheese, Greek style yoghurt and casein. This type of whey contains
more salts because colloidal calcium and inorganic phosphate are dissolved during acidification
of milk (Tanguy et al., 2019). In addition, during processing, variations in pH and temperature
and different starting cultures can cause fluctuations in the concentration of calcium, phosphate
and lactic acid in whey (Chandrapala et al., 2015).

Another factor might be the reaction mechanism which displays that glucose-fructose
enzymatic isomerisation is reversible (Dehkordi et al., 2009). Under certain conditions fructose
can be transformed back to glucose. This shows that glucose isomerase is sensitive and can be
easily impacted and the whey substrate composition and reaction conditions are very important
for fructose formation.

Glucose isomerase from Streptomyces murinus is described as hyperthermophilic where
the optimal conditions for the reaction are pH 7.0 — 7.5 and temperature 60 — 70 °C (Bandlish
et. al., 2002). Comparing the amount of glucose and galactose obtained before glucose
isomerisation Table 3.7 and 3.8 and after Figure 3.17 and 3.18, there are noticeable changes.
There are several reasons why it had happened and the first one is that the f-galactosidases were
not inactivated. The permeate pH and temperature were changed immediately after 4 hours of
hydrolysis. During the increase in pH and temperature f3-galactosidase had time to continue
reaction. The second reason, the glucose isomerase reaction conditions can not fully inactivate
B-galactosidase activity, for example NOLA™Fit5500, therefore the enzyme was still capable
to be active. The third reason, 10% KOH addition increases the permeate’s pH till 7.5 and plays
an important role in enzyme productivity. Foda & EIl-Rahman (2000) showed that monovalent
ions such as Na" and K™ work as activators for glucose isomerase (Sweetzyme type-T originated
from Streptomyces murinus). The highest B-galactosidase activity 86.48% was reached at 0.04
M concentration of K* ions. Unfortunately, due to the increase in K™ ions concentration to 0.07
M, the enzyme activity of lactose hydrolysis was less effective -70.05%, and this is in the
agreement with our results. The added volume of 10% KOH solution for glucose isomerase
reactions to acid whey permeate was higher than for sweet whey permeate, see Table 3.9.

Hydrolysis of lactose to glucose and galactose would ultimately increase the sweetness
of the syrup, but the taste would not be very noticeable. Isomerisation of glucose to fructose
would create glucose-galactose-fructose syrup and significantly increase the sweet taste. The
two-stage fermentation of permeate have shown that reducing lactose and replacing it with other
sugars can significantly improve the sweetness and overall sensory properties of the final
product. There are several authors who consider (Araya et al., 2019; Cervantes et al., 2020;
Cheng et al., 2020; Luzzi et al., 2020) that fermentation technology allows better use of
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resources and milk waste to be transformed into a valuable food sweetener with many possible
uses.
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Fig. 3.19 Concentration of total galacto-oligosaccharides (g L) in samples /

3.19. att. Kopéjais galakto-oligosaharidu saturs (g L) paraugos
The values marked with the same letter within each enzyme do not differ significantly (p>0.05) / Vértibas
apzimétas ar vienddu burtu katra enzima ietvaros bitiski neatskiras (p>0.05)

Overall, the obtained GOS amount in hydrolysed acid whey permeate varied in the
interval of 1741 to 51+4 g L™ but in sweet whey permeate from 2742 to 66+2 g L. GOS
synthesis was considerably lower in acid whey permeate. Our experiment showed that
GODO-YNL2 p-galactosidase has the highest activity of GOS production, but
NOLA™Fit5500 B-galactosidase the least activity. The yield of GOS is highly dependent on
temperature, pH, reaction time, source of B-galactosidase, and the initial concentration of
lactose. In addition, the transgalactosylation reaction may be intensified due to low water
activity (Botvynko et al., 2019). Luzzi et al. (2020) used four commercial B-galactosidase
preparations for lactose hydrolysis as well as for GOS production, and their results indicated
that the lowest GOS yield 71 g L™ was obtained using NOLA™Fit5500 B-galactosidase which
is also in agreement with our results. In turn, Andrade et al. (2020) findings showed that, using
GODO-YNL2 B-galactosidase for GOS synthesis in goat’s milk, 5.9+1.0% GOS was obtained,
which is close to our results. Overall, these results emphasise the ability of each B-galactosidase
to form GOS with different structures and the possibility to produce GOS with potentially
different prebiotic properties (Corzo-Martinez et al., 2013). Based on the origin of B-
galactosidase, the enzyme which is obtained from Kluyveromyces lactis produces p-(1 —6)
galactooligosaccharides mainly 6’-galactosyllactose, allolactose and 1-6-B-D-galactobiose but
from Bifidobacterium bifidus primarily GOS is produced with a B-(1—3) glycosidic bond
(Génzle, 2012).

To determine the most productive B-galactosidase preparation for GOS synthesis in sweet
and acid whey permeates, each GOS amount was expressed as percentage of total amount of

GOS in sample.
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Nola - FIT 5500 m Ha-Lactase 5200 ® GODO-YNL2 Nola - FIT 5500 m Ha-Lactase 5200 ® GODO-YNL2

Fig. 3.20 Galacto-oligosaccharides concentration (%) in A — sweet whey permeate and B-
acid whey permeate samples / 3.20. att. Galakto-oligosaharidu saturs (%) A — siera sitkalu

ultrafiltrata un B — biezpiena sitkalu ultrafiltrata paraugos
The values marked with the same letter within each galacto-oligosaccharide (GOS) do not differ
significantly (p>0.05) / Vertibas apzimeétas ar vienadu burtu katra galakto-oligosaharida (GOS) ietvaros biitiski
neatskiras (p>0.05)
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As can be seen in Fig. 3.20, each enzyme has a specific transgalactolytic activity. The
GOSs are the short-chain carbohydrates that are composed of 2—20 molecules of galactose and
one molecule of glucose (TokoSova et al., 2015). All B-galactosidases produce mainly
disaccharides (GOS2) (which could be galactobiose, allolactose) and trisaccharide (GOS3)
(which could be 6’ galactosyl lactose). A small concentration of tetrasaccharides (GOS4) can
also be detected. All enzymes showed that in sweet whey permeate more GOS can be produced.
The maximum vyield of GOS2 was obtained in acid whey permeate by NOLA™Fit5500
B-galactosidase 84+1% and GOS3 by GODO-YNL2 and Ha-Lactase 5200 p-galactosidases
34+1 and 37+4%, respectively. Comparing the GOS types, enzymes showed the tendency to
produce large amount of GOS2 in each whey permeate. The lactose isomer, allolactose, is a
disaccharide that is similar to lactose, where instead of -1—6 glycosidic bond is f-1—4 bond.
The study revealed that the 3-galactosidase has an additional role in bond modification (Otieno,
2010; Osman, 2016).

Fischer & Kleinschmidt (2015) reported that the transgalactosylation behaviour of
B-galactosidase originated from Klyveromyces lactis strongly depends on the concentration of
salts which initially is in whey and their ratio. A significant effect on enzyme activity can be
observed in case of the addition of a 10% KOH solution, which was used to adjust the pH of
the substrate, thus increasing K™ concentration. The effect of metal ions on B-galactosidase
activity is based mainly on ionic radius and the enzyme structure is also affected (Rajakala &
Selvi, 2006).

The effect of added fructose on acid whey permeate hydrolysis was investigated.
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Fig. 3.21. Sugars content (g L) after sweet and acid whey permeate hydrolysis with addition of different fructose amounts /

3.21. att. Cukuru saturs (g L), hidrolizéjot siera un biezpiena sitkalu ultrafiltratu ar dazadu pievienoto fruktozes saturu

The values marked with the same letter within each sugar do not differ significantly (p>0.05) / Vertibas apzimetas ar vienadu burtu katra cukura ietvaros biitiski neatskiras
(p>0.05). Sweet whey permeate / Siera sitkalu ultrafiltrats (A- NOLATMFit5500; B- Ha-Lactase 5200; C- GODO-YNL?2). Acid whey permeate / Biezpiena siikalu ultrafiltrats (D-
NOLAT™Fit5500; E- Ha-Lactase 5200; F - Ha-Lactase 5200).
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The experiment was carried out using acid whey permeate with the initial lactose
concentration 1667 g L. Fig.3.21. (D; E; F) summarizes the amount of sugars (g L™) after 4
hours of permeate hydrolysis with solids concentration of 20%. All enzymes showed the
following trend — the higher amount of fructose was added, the higher amount of lactulose was
formed. The synthesis of lactulose by NOLA™Fit5500 B-galactosidase (D) was within the
range of 1+0.1 to 2+0.1 g L™, Ha-Lactase 5200 (E) within the range of 1+0.2to 17+1 g L™ and
GODO-YNL2 (F) within the range of 1+0.1 to 3+0.1 g L. It was observed that in almost every
sample there was no significant difference between the amount of glucose and galactose. The
concentration of these two monosaccharides is quite close. This study suggests that the presence
of fructose affects f-galactosidase, making it more active and stable during the lactose
hydrolysis to lactulose than the transition to the transgalactosylation reactions. In general, the
results show that Kluyveromyces lactis f-galactosidase is capable to synthesize higher amounts
of lactulose in acid whey permeate compared to Bacillus licheniformis B-galactosidase.

Fig. 3.21. also summarises the amount of sugars (g L™?) after 4 hours of sweet whey
permeate hydrolysis (A; B; C) with solids concentration of 20%. The experiment was carried
out using permeate with the initial lactose concentration 172+5 g L. The results showed that
synthesis of lactulose by NOLA™Fit5500 (A) was within the range of 3+0.3 to 54+2 g L™,
Ha-Lactase 5200 (B) within the range of 1+0.2 to 13+1 g L™* and GODO-YNL2 (C) within the
range of 2.57+0.26 to 26.82+2.68 g L. This indicates that it is possible to synthesize more
lactulose using sweet whey permeate than acid whey permeate. The amounts of galactose and
glucose differ from acid whey permeate. Almost all samples had higher levelsof galactose than
glucose, indicating that sweet whey permeate is a valuable substrate for higher lactulose
synthesis.

Both experiments showed that the concentration of lactulose depends on the amount of
added fructose. This observation is consistent with Seok et al. (2013) a report where it was
found that fructose concentration strongly influenced lactulose synthesis. In addition, the
authors pointed out that glucose and galactose concentrations serve as [3-galactosidase inhibitors
and small amounts of lactulose can be obtained. Fig. 3.21. (A; B; C) shows that glucose and
galactose concentrations are higher than it was presented in the results shown in Fig. 3.21. (D;
E; F), but lactulose concentration was lower in acid whey permeate samples (D; E; F) (Vera et
al., 2011) indicated that galactose is a competitive inhibitor and inhibits the activity of enzyme.

3.4.1 The effect of the pH on permeate properties / Vides pH ietekme uz ultrafiltrata
ipasibam
During the two-stage fermentation, it was important to observe any changes in whey

permeates. Permeate is a medium that contains several components, each of which affects the
hydroly3|s and |somer|sat|on reactlons )

Fig. 3 22 Hydrolysed sweet — A and acid — B whey permeates /
3.22. att. Hidrolizétie siera — A un biezpiena — B sikalu ultrafiltrati

It was observed that increasing the 10% KOH amount in permeates, they began to lose
their clarity obtaining higher turbidity (Fig. 3.22), the cause of that being higher electrostatic
repulsive forces between protein particles (Rasouli et al., 2020). The samples showed that the
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more 10% KOH is added the whiter the permeate becomes and it also showed higher stickiness.
Similar observations were made by Vargas-Diaz et al. (2019) where authors concluded that if
there was variation with sweetened condensed milk pH, samples with different texture was
obtained. The variation with pH spread the electric charge of the proteins and improved the
interaction between them. The degree of ionization of amino groups (-NH2) and carboxyl
groups (-COOH) of the protein molecules depend on the pH and ionic strength of the
surrounding aqueous phase (Sriprablom et al., 2019). The volume of added 10% KOH
significantly affects the characteristics of permeates.

Table 3.9/ 3.9. tabula
Summary of added 10% KOH volume (mL) for the adjustment of sample pH /
Kopsavilkums par pievienota 10% KOH daudzumu (mL), parauga vides pH

standartizeSanai
Added 10% KOH, mL to 100 K (potassium)
Permeate / Ultrafiltrats Enzyme / Enzims mLpermeate / Pievienotais 10% /K (kalijs)
KOH, mL 100 mL" ultrafiltrata Us) @
For hydrolysis / Hidrolizei
Nola™FIT 5500 0.0+0.0 0.0+0.0
Sweet / Siera Ha-Lactase 5200 3.3+0.1 0.3+0.1
GODO-YNL2 5.1+0.7 0.4+0.1
Nola™FIT 5500 0.0+0.0 0.0+0.0
Acid / Biezpiena Ha-Lactase 5200 6.6+0.2 0.5£0.1
GODO-YNL2 8.3+1.1 0.6+0.1
For isomerisation / Izomerizacijai
Nola™FIT 5500 4.7+0.3 0.3+0.2
Sweet / Siera Ha-Lactase 5200 1.940.2 0.1+0.1
GODO-YNL2 0.0+0.0 0.0+0.0
Nola™FIT 5500 7.840.2 0.6+0.1
Acid / Biezpiena Ha-Lactase 5200 3.1£0.1 0.2£0.1
GODO-YNL2 0.0+0.0 0.0+0.0

Table 3.9 represents the volume (mL) of 10% KOH and as well as added potassium (K)
amount (g) was calculated which was added to samples before reaction. One of the main reasons
for adding specific volumes of 10% KOH was the buffering capacity of the whey. Whey
permeate contains some proteins with good buffering capacity that can capture free hydroxyl
ions in positively charged amino groups (Aider & Gimenez-Vidal, 2012). Another reason is the
presence of lactic acid, where it is more noticeable for acid permeate than for sweet permeate
(Panesar et al., 2007).

The presence of brown colour Fig. 3.23 B and C indicated that during the isomerisation
the Mailard reaction was activated, where the sugar reacted with the amine group as a result of
a feedback reaction to form Amadori compounds, which are responsible for food flavor and
aroma (Coté et al., 2004). The peculiarity of glucose isomerase reaction was the temperature of
70° C where there is a high possibility that monosaccharides would start to caramelise and it is
also an impact factor of sample browning (Ajandouz et al., 2008).
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Fig. 3.23 Acid whey permeate processing; into GGS; A — after hydrolysis; B — after
isomerisation; C — after filtration; D - sediments in filtration / 3.23. att. Biezpiena ultrafiltrata
parstrade GGS; A - péc hidrolizes; B - péc izomerizacijas, C - péc filtrésanas; D — nogulsnes

In Fig 3.23 D the sediments are shown after isomerisation, where the black spots are
glucose isomerases and light brown spots are B-galactosidase biomass and denatured whey
proteins.

The total protein concentration increased during the two-stage fermentation. Whey
permeates are chemically complex compounds and even during the ultrafiltration process most
of the proteins were removed, some nitrogen, typically 0.7%, wt wt'2, on a solid basis, is present
as protein and non protein nitrogen compounds (Coté et al., 2004). Suitable ultrafiltration
membranes with a smaller pore sizes or nanofiltration should be used to maximally remove
protein and non proterin nitrogen compounds.

It is important to notice these changes during the two-stage fermentation, as this shows
that it is possible to increase the nutritional value and sweetness of GGS.

Summary of Chapter 3.4 / 3.4. Nodalas kopsavilkums

The data from this study showed that comparing the amount of fructose between
permeates, the results indicate that by using sweet whey permeate, higher fructose yield can be
obtained than using acid whey permeate. The glucose isomerase is sensitive and can be easily
affected by the conditions of the reaction, so the substrate composition and the conditions of
the reaction are very important for the formation of fructose. In terms of GOS production, all
enzymes showed that higher amounts of GOSs could be produced in sweet whey permeate, and
GODO-YNL2 has the highest GOS formation activity but NOLA™Fit5500 B-galactosidase the
lowest. The origin of B-galactosidases plays a key role in the production of GOSs, since it
affects the reaction conditions and the mechanism of the reaction. The results of lactulose
production showed that sweet whey permeate is a valuable substrate for higher lactulose
synthesis. In order to increase the purity of GGS, suitable ultrafiltration or nanofiltration
membranes should be used to avoid the turbidity and browning of the substrate.

Salidzinot fruktozes saturu starp ultrafiltratiem, rezultati norada, ka, izmantojot siera
sitkalu ultrafiltratu, fruktozi var iegiit vairak neka no biezpiena sitkalu ultrafiltrata. Glikozes
izomeraze ir jutiga un reakcijas apstakli to var viegli ietekmet, tadejadi substrata sastavs ir loti
nozimigs fruktozes veidosanai. Sintezéjot GOS, visi enzimi paradija, ka, izmantojot siera siikalu

84



ultrafiltratu, var iegiit ievérojamu GOS saturu. Visaugstaka GOS veidoSands aktivitate ir
GODO-YNL2, bet mazaka aktivitate ir NOLA™Fit5500 -galaktozidazei. GOS sintézé galvena
loma ir [-galaktozidazes izcelsmes avotam, jo tas ietekmé reakcijas apstaklus un reakcijas
mehanismu. Siera sitkalu ultrafiltrats ir vertigs substrats, lai iegiitu lielaku laktulozes saturu.
Lai palielinatu GGS tiribu, jaizmanto piemérotas ultrafiltracijas vai nanofiltracijas
tehnologijas, kas palidzetu izvairities no substrata dulkainibas un brinésands iespéjas.

3.5 The sensory evaluation of syrups / Strupu sensora novértésana

The intensity of sensory attributes of hydrolysed sweet whey permeate samples and
control sample are given in Table 3.10.

Table 3.10/ 3.10 tabula
Sensory attributes intensity of hydrolysed sweet whey permeate samples /
Hidrolizeto siera siikalu ultrafiltrata paraugu sensoro ipasSibu intensitate

Attribute / Ipasiba Control NOLATMFit5500 Ha-Lactase 5200 GODO-YNL2
Sweef tastef / 7.9b 8.62 8.64 7.5
Salda garsa
Sour taste / a b a a
Skaba garsa 1.0 19 1.2 -

Salty tastg/ 1.2b 1.9 1.82 1.7

Sala garsa

ﬁft_ertastve/ 2 gb 7 9a 6.62 7.02
ecgarsa

The values marked with the same letter not differ significantly (p>0.05) / Vertibas apzimetas ar vienadu
burtu bitiski neatskiras (p>0.05)

Sweet whey permeate samples with NOLA™Fit5500 and Ha-Lactase 5200
B-galactosidases were evaluated similarly at the score 8.6 (out of 12), which were significantly
(p<0.05) sweeter compared to the control and GODO-YNL2 samples, see Table 3.10. This
indicates, that based on the obtained results the concentration of solids used and enzyme units
were effective to increase sweetness. Chromatographic results showed that the control sample
contains 73+3 g L* glucose, 59+1 g L galactose, 15+4 g L™ lactose and 27+5 g L™* GOS. In
Tables 3.7 and 3.8 it can be found that the amount of glucose in hydrolysed permeate samples
ranged from 62 to 105 g L and galactose amount 19 to 33 g L. Moreover, the sour taste
intensity differed significantly (p<0.05) for the NOLA™Fit5500 sample and was rated at 1.9
(out of 12), while the other samples ranged from 1.0 to 1.2. Salty taste intensity did not differ
significantly between hydrolysed samples (p>0.05) except for NOLA™Fit5500 sample.
Overall, the sour and salty taste intensity was scored below 2 (out of 12), indicating a weak
presence of this taste compounds in the samples. The concentration of lactic acid in sweet whey
is significantly lower compared to acid whey and the range is 0.5 to 2.0 g L™ (Panesar et al.,
2007; Fischer, Kleinschmidt, 2015; Merkel et al., 2021). The difference in aftertaste was
significant (p<0.05) and all hydrolysed samples were scored from 6.6 to 7.2 but the control 2.8.

The mean scores of hydrolysed sweet whey permeate samples and commercial syrup are
shown in Table 3.11.
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Table 3.11/3.11 tabula
Sensory attributes intensity of hydrolysed acid whey permeate samples /
Hidrolizéto biezpiena siikalu ultrafiltrata paraugu sensoro ipasibu intensitate

Attribute / Ipasiba Control NOLA™Fit5500 | Ha-Lactase 5200 GODO-YNL2
Sweet taste / 7 2 2 B¢ 4.3 3.9bc
Salda garsa
Sour taste / 1.0¢ 6.62 4.2° 4.3
Skaba garsa
Salty taste / 12b 6.22 6.5% 6.1°

Sala garsa
,;ft_ertastve / L 3.3 5.6% 6.0
ecgarsa

The values marked with the same letter not differ significantly (p>0.05) / Vertibas apzimétas ar vienadu
burtu bitiski neatskiras (p>0.05)

All samples showed significant difference (p<0.05) in sweet taste intensity where
hydrolysed samples have low scores within the range of 2.5 to 4.3 but the control has the highest
score 7.2 (out of 12). It should be indicated that NOLA™Fit5500 sample has the lowest score
(2.5) in sweet taste intensity and the highest score in sour taste intensity (6.6). The salty taste
intensity of all hydrolysed samples was not significantly different (p>0.05) and scored from 6.1
to 6.5 compared to the control 1.2 (out of 12). Aftertaste intensity showed that the control
sample and NOLA™Fit5500 sample were 2.8 and 3.3, respectively, and did not differ
significantly (p>0.05) but Ha-Lactase 5200 and GODO-YNL2 samples were 5.6 and 6.0,
respectively, and did not differ significantly as well (p>0.05).

One of the main differences between the hydrolyzed permeate samples Tables 3.10 and
3.11 is that the samples obtained from acid whey have a high salty and low sweet taste intensity.
The factors which need to be specified are — the source of whey permeate, pH and the volume
of added 10% KOH. Mainly acid whey permeate can be obtained from fermented milk products
(cottage cheese, Greek yoghurt) and after ultrafiltration, protein and fat fractions are removed
but lactic acid and salts are untouched which is the reason of low pH and salty and acidic taste
(Merkel et al., 2021; Talebi et al., 2020). The data in Table 3.5 and 3.6 show that hydrolysis
can be reached above 60% and monosaccharide level is considerable, however, the panellists
scored sweet taste intensity lower 2.5 to 4.3 than sour intensity 4.2 to 6.6 despite the fact that
the pH of the medium was close to neutral. Optimal pH for each enzyme is different. The
experiment with NOLA™Fit5500 B-galactosidase was carried out at pH 5.6+0.1 which could
explain the lowest mean score in sweet taste and the highest in sour taste intensity. Wen’s et al.
(2020) report has a summary of several researches where K" ions were described as a
contributor to the salty taste. The findings of the report explain the results of the evaluation of
salty taste of sweet and acid whey permeates.

The results of the principal component analysis (PCA) are presented in Figure 3.24 A
where the hydrolysed sweet whey permeate samples are shown, and Figure 3.24 B represents
the hydrolysed acid whey permeate samples. The KMO sampling adequacy measure for the
PCA in Figure 3.24 Awas 0.9 and for PCA in Figure 3.24 B 0.8. All correlated variables showed
a direct relationship.
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Fig. 3.24 Principal component analysis of the sensory attributes (0 sweet, ® sour, @ salty and
@ aftertaste) intensity of hydrolysed A — sweet and B — acid whey permeates samples (n = 36) /
3.24. att. Galveno komponentu analize, analizéjot hidrolizeto A - siera un B - biezpiena
sitkalu ultrafiltrata paraugu sensoro ipasibu intensitati (O salda,® skaba,® sdla un ® pécgarsa)
(n = 36)

Principal Component Analysis (PCA) in Fig. 3.24. A showed that the first two
components of the PCA analysis (PC1 and PC2) explained the 96% variation in sensory
evaluation between control and sweet whey permeate samples. The first component (PC1)
explained 94% of the data variation, showing that green-lined attribute scores of samples were
quite similar. While the second component (PC2) explained only 2%, indicating that yellow-
lined NOLA™Fit5500 and Ha-Lactase 5200 samples had the highest intensity of sweet taste.

In contrast Fig. 3.24 B results showed that the first two components of the PCA analysis
(PC1 and PC2) explained the 97% variation in sensory evaluation between control and acid
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whey permeate samples. The first component (PC1) explained 94% of the data variation,
showing that the green-lined attribute scores of samples were similar. While the second
component (PC2) explained only 3%, indicating that yellow-lined samples had the lowest
intensity of sweet taste NOLA™Fit5500 sample and salty and sour taste intensity control
sample.

After hydrolysis, samples were isomerised with glucose isomerase and evaporated till
solids concentration of up to 70%. Panellists performed evaluation according to the method
which was described in the Materials and Methods (see Section 2.8). Sensory attributes — sweet,
sour, salty taste and aftertaste — intensity of isomerised sweet whey permeate syrups are given
in Table 3.12.

Table 3.12 / 3.12 tabula
The sensory properties of sweet whey permeate syrups made in two-stage fermentation /
Divpakapju fermentacija iegiito siera sitkalu ultrafiltrata strupu sensoras ipasibas

Attribute / Ipasiba Control NOLA™Fit5500 Ha-Lactase 5200 GODO-YNL2
Sweet taste / b a a ab
Salda garsa* 7.4 9.2 9.3 8.4

Sour taste / a a a a
Skaba garsa* 12 1.9 15 14
Sally taste ] 2.4° 2.2° 2.9° 3.1°
ald garsa
éf_tertasvte / 3.7b 4.72 3.9° 3.8°
ecgarsa

The values marked with the same letter do not differ significantly (p>0.05) / Vértibas apzimétas ar vienddu
burtu bitiski neatskiras (p>0.05)

The results in Table 3.12 showed that that there were significant differences (p<0.05) in
sweet, salty taste and aftertaste intensity. The statistical difference was observed in sweet taste
intensity where GODO-YNL2 with NOLA™Fit5500 and Ha-Lactase 5200 samples were not
significantly different (p>0.05) and GODO-YNL2 with control samples were not significantly
different (p>0.05) either. In the evaluation of aftertaste intensity, NOLA™Fit5500 sample
differed significantly from all samples (p<0.05). In the evaluation of acid taste intensity, all
samples showed that the evaluation did not differ significantly (p>0.05). Isomerisation reaction
was used for the production of fructose from glucose and the final syrup was with an increased
sweet taste intensity of which is reflected in Fig. 3.17.

Table 3.13/3.13 tabula
Sugar sweetness / Cukuru salduma pakape

Sugars / Cukuri Sweetness degree / Salduma pakape References /Atsauces
Glucose / Glikoze 0.74-0.80
Galactose / Galaktoze 0.60

Evdokimov et. al, 2015;

Lactose / Laktoze 0.16
Sucrose / Saharoze 1.00 Rocha & Guerra, 2020
Fructose / Fruktoze 1.17-1.75

Table 3.13 represents the sweetness degree of each saccharide showing that fructose is
twicly sweeted than glucose approving that the developed syrups are sweeter than the control
sample.

The mean sensory data of two-stage fermentation whey permeate syrup and control
sample are presented in Table 3.14.
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Table 3.14 / 3.14 tabula
The sensory properties of acid whey permeate syrups made in two-stage fermentation /
Divpakapju fermentacija iegiito biezpiena sitkalu ultrafiltrata stirupu sensoras ipasibas

Attribute / Ipasiba Control NOLAT™Fit5500 Ha-Lactase 5200 GODO-YNL2
Sweet tastvei 7.6 4.9b 4.5° 3.4°
Salda garsa

Sour taste /. 15¢ 3.2b 3.9 5.1°
Skaba garsa
Salty tastve’/c 2 ¢ 5 50 8.72 8.12
Sala garsa
21‘_tertasvte */ 3.7¢ 8.12 8.72 5.1°
ecgarsa

The values marked with the same letter do not differ significantly (p>0.05) / Vértibas apzimétas ar vienadu
burtu bitiski neatskiras (p>0.05)

The results showed that two-stage fermentation increases sweetness of samples. The
sweet taste intensity of control sample was scored 7.60 (out of 12), which was the highest. The
sweet taste intensity of NOLA™Fit5500 and Ha-Lactase 5200 samples was not significantly
different (p>0.05) 4.2 and 4.5, respectively, and GODO-YNL2 sample was scored at least 3.4
(out of 12).

Glucose isomerise which was used in the study is active at pH 7.5, and this means that
after hydrolysis 10% KOH solution needs to be added to the samples. Therefore, the increase
in K™ ions concentration gives a stronger sour, salty taste, and aftertaste intensity. One of the
main problems for acid whey is its high acidity and for many recycling processes whey should
by neutralised. The common method is to use strong alkali solutions such as sodium hydroxide
(NaOH) or potassium hydroxide (KOH). However, this approach affects the ionic composition
of whey and neutralises desalination, making the technology, even less efficient (Kravtsov et
al., 2020). The increase in pH to 7.5 in acid whey permeate samples made a significant impact
on syrup content and sensory properties. The use of strong alkali solutions affects the reactive
groups of the amino acids, resulting in changes in the noncovalent forces that influence
bounding, such as van der Waals forces, electrostatic interactions, hydrophobic interactions,
and hydrogen bonding (Onwulata et al., 2006). This explains the appearance of white particles
and increase in non protein nitrogen concentration in the syrup.

The KMO sampling adequacy measure for the PCA in Figure 3.25 A was 0.8 and for
PCA in Figure 3.24 B 0.7. All correlated variables showed a direct relationship.
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Fig. 3.25. Principal component analysis of the sensory attributes (o sweet,® sour, @ salty
and @ aftertaste) intensity of syrups made in two-stage fermentation (A — sweet and
B — acid whey permeates) (n = 30) / 3.25. att. Galveno komponentu analize, analizéjot
divpakapju fermentacija iegito sirupu (A - siera un B - biezpiena ultrafiltratiem) sensoro
ipasibu intensitati (0 salda, @ skaba, ® sala un @ pecgarsa) (n = 30)

The PCA in Figure 3.25. A showed that the first two components (PC1 and PC2) of the
analysis explained 97% variation in the sensory properties between control and syrups obtained
from sweet whey permeate. The PC1 explained 92% of the data variation, showing that green-
lined attribute scores of samples are similar, while the PC2 explained only 4%, indicating that
yellow-lined NOLA™Fit5500 and Ha-Lactase 5200 samples had the highest sweet taste
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intensity, while the acid taste intensity of the control and GODO-YNL?2 samples was evaluated
the lowest, indicating that the acidity was practically not felt in these samples.

In contrast, PCA in Figure 3.25. B showed that the first two components (PC1 and PC2)
of the analysis explained 97% variation in the sensory evaluation between control and syrups
obtained from acid whey permeate. The PC1 explained approximate 95% of the data variation,
showing that green-lined attribute scores of samples were quite similar. While the PC2
explained only 2%, indicating that yellow-lined control sample had the lowest score in the sour
taste intensity. This shows that the permeate samples had a more notable sour taste after two-
stage fermentation.

This research showed that the sensory profile of two-stage permeate fermentation is
effective and is able to increase the sweetness of the syrup. Although isomerisation has some
side effects, additional preparations are needed to improve the clarity of the syrup, especially
in the case of acid whey syrup. The sweet taste scoring results of final syrups obtained from
sweet whey permeate suggest that this product has the potential to enter the food market as a
sweet additive. However, the sensory results of acid whey permeate syrups show that they
would be less likely as a sweet additive. Although, the most expressive salty and sour taste
makes it possible to include this syrup in culinary as one of the ingredients in sauces or as a
dressing for salads.

Summary of Chapter 3.5/ 3.5. Nodalas kopsavilkums

The syrups obtained from both permeates showed significantly different results in sensory
evaluation. The study demonstrated that two-stage fermentation can be successfully used to
develop syrups with additional sugar concentration. Sensory analysis showed that the fructose
significantly increased the sweetness of syrup and the performance was above commercial
glucose-galactose syrup. The taste characteristics of acid whey permeate syrup have proved the
importance of the results of the study and also how optimal conditions of enzyme have influence
the medium of the acid whey. However, by using some additional technological solutions it
could be possible to remove several compounds from the acid whey, so that the sweet taste of
the syrup becomes more pronounced and perceivable.

legiitie sirupi uzradija ievérojami atskirigus sensord novertéjuma rezultatus. Divpakapju
fermentdciju var veiksmigi izmantot, lai iegiitu sirupus ar dazadu salduma pakapi. Sensorais
novertejums paradija, ka fruktozes sintéze ieverojami palielina saldo garsu sirupam, kas iegiits
no siera sitkalam. Sensorie vérteSanas rezultati bija augstaki neka komercialajam glikozes-
galaktozes sirupam. Pétijuma rezultdti ir pieradijusi, ka no biezpiena sitkalu ultrafiltrata iegiita
sirupa garsas ipasibas nosaka sitkalu saastavs un enzima darbibas efektivitate sitkalu vide.
Izmantojot dazus papildu tehnologiskos risinajumus, ir iespéjams no biezpiena sitkalam atdalit
savienojumus, iegistot izteiktaku un patikamaku sirupa saldo garsu.
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10.

11.

12.

CONCLUSIONS

The results of the study confirm the proposed hypothesis: the two-stage fermentation
increases the sweetness of glucose-galactose syrup.

Permeates do not contain lactose of high purity which, in turn, influences lactose
hydrolysis reaction.

Kluyveromyces lactis B-galactosidase was more strongly inhibited by calcium ions
than Bacillus licheniformis B-galactosidase. The main activators in the substrates
were potassium and sodium ions for all enzymes.

The glucose test strip can be used as a routine device for the analysis of amount of
hydrolysed lactose in a substrate.

The study indicates that B-galactosidases originated from Kluyveromyces lactis and
Bacillus licheniformis were able to retain their activity after GIT in vitro simulation,
showing a difference in lactose hydrolysis from 57+4% (NOLA™Fit5500) to 63+4%
(Ha-Lactase 5200) with the addition of an in vitro treated [-galactosidase at
concentration 1 mL L™,

Each permeate at a certain concentration has different physical and chemical
properties which influence enzyme activity and the glucose, galactose and lactose
concentration in the hydrolysed permeates.

The most convenient hydrolysis can be obtained at total solids concentration 20% of
permeate and 2.5 U mL™* of enzymes. Both substrates at a certain concentration have
different physical and chemical properties which influence the enzyme activity and
profile of final sugar outcome.

In two-stage fermentation, more fructose is formed in the sweet whey permeate. The
highest fructose content (48+1 and 24+1 g L™ in sweet and acid whey permeates,
respectively) was obtained using Ha-Lactase 5200 [-galactosidase.

The experiments showed that the concentration of lactulose depends on the amount
of added fructose. The amount of lactulose in sweet whey permeate was within the
range of 1+0.1 to 54+2 g L* and in acid whey permeate it was 1+0.1to 17 +1 g L.
The highest activity of GOS production was shown by GODO-YNL2
B-galactosidase, where the amount of GOS in isomerised acid whey permeate varied
in the interval from 17+0.1 to 51+4 g L but in sweet whey permeate from 27+2 to
66+2 g L.

The results of the sensory evaluation showed that the sweet whey permeate samples
had a higher sweet taste intensity.

The study revealed that using two-stage fermentation is possible to increase the
sweetness intensity of glucose-galactose syrup obtained from sweet whey permeate.
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legiitie pétijuma rezultati apstiprina izvirzito hipotézi: divpakapju fermentacija
palielina glikozes-galaktozes sirupa salduma pakapi.

Ultrafiltrats nesatur augstas tiribas laktozi, kas ietekmé laktozes hidrolizes reakciju.
Kalcija joni inhibé Kluyveromyces lactis B-galaktozidazes darbibu, pret&ji Bacillus
licheniformis B-galaktozidazei. Galvenie substratu aktivatori analizétajiem enzimiem
ir kalija un natrija joni.

Glikometru var izmantot ka rutinas ierici hidrolizetas laktozes satura analizei
substrata.

Kluyveromyces lactis un Bacillus licheniformis B-galaktozidaze sp&ja saglabat
aktivitati kunga-zarnu trakta modelvidg, uzradot atSkirigu laktozes hidrolizes sp&ju
no 57+4% (NOLA ™ Fit5500) lidz 63+4 % (Ha-Lactase 5200), pievienojot in vitro
apstradatu B-galaktozidazi saturosu $kidumu 1 mL L.

Katram substratam noteikta koncentracija ir atSkirigas fizikalas un kimiskas 1pasibas,
kas ietekmé enzima aktivitati un glikozes, galaktozes un laktozes saturu.

Petijums pieradija, ka veiksmigak hidrolize Tstenojama siera un biezpiena stukalu
ultrafiltratam ar sausnu 20%, pievienojot 2.5 U ml*! enzima. Abiem substratiem ir
atSkirigas fizikalas un kimiskas 1pasibas, kas ietekm& enzima aktivitati un radusos
monosaharidu saturu.

Divpakapju fermentacija fruktozes vairak veidojas siera siikalu ultrafiltrata. Lielakais
fruktozes saturs (48+1 un 24+1 g L attiecigi siera un biezpiena siikalu ultrafiltratos)
tika iegtits, izmantojot Ha-Lactase 5200 -galaktozidazi.

Eksperimenti pieradija, ka iegutas laktulozes saturs ir atkarigs no pievienotas
fruktozes daudzuma. Noteiktais laktulozes saturs siera sikalu ultrafiltrata bija
robezas no 1£0.2 Iidz 54+2 g L un biezpiena siikalu ultrafiltrata no 1+0.1 lidz
17+1g L™

Augstako galakto-oligosaharidu producgsanas sp&ju uzrada GODO-YNL2
[-galaktozidaze. Biezpiena siikalu ultrafiltrata galakto-oligosaharidu saturs svarstijas
intervala nol7+1 Iidz 514 g L, bet siera sikalu ultrafiltrata no 27+2 lidz
66+2 g L.

Sensora noveért€juma rezultati paradija, ka siera siikalu ultrafiltrata paraugos ir
augstaka saldas garSas intensitate.

Pétijuma noskaidrots, ka, izmantojot divpakapju fermentaciju, ir iesp&jams
paaugstinat no siera siikalu ultrafiltrata iegiita glikozes-galaktozes sirupa salduma
intensitati.

93



10.

11.

12.

13.

14.

15.

16.

17.

BIBLIOGRAPHY / LITERATURAS SARAKSTS

Adalberto, P. R. R., Massabni, A. C. C., Carmona, E. C. C., Goulart, A. J. J., Marques, D.
P. P., Monti, R. (2010) Effect of divalent metal ions on the activity and stability of -
galactosidase isolated from Kluyveromyces lactis. Journal of Basic and Applied
Pharmaceutical Sciences, 31(3), p. 143-150.

Abbasi, S., Saeedabadian, A. (2013) Influencesinfluence of lactose hydrolysis of milk and
sugar reduction on some physical properties of ice cream. Journal of Food Science and
Technology, 52(1), p. 367-374.

Abd-Elhalem, B. T., EI-Sawy, M., Gamal, R. F., & Abou-Taleb, K. A. (2015) Production
of amylases from Bacillus amyloliquefaciens under submerged fermentation using some
agro-industrial by-products. Annals of Agricultural Sciences, 60(2), p. 193-202.

Aider, M., Gimenez-Vidal, M. (2012) Lactulose synthesis by electro-isomerization of
lactose: Effect of lactose concentration and electric current density. Innovative Food
Science and Emerging Technologies, 16, p. 163-170.

Ajandouz, E. H., Desseaux, V., Tazi, S., Puigserver, A. (2008) Effects of temperature and
pH on the kinetics of caramelisation, protein cross-linking and Maillard reactions in
aqueous model systems. Food Chemistry, 107(3), p. 1244-1252.

Allan, M. C., Grush, E., Mauer, L. J. (2020) RH-temperature stability diagram of a- and f-
anhydrous and monohydrate lactose crystalline forms. Food Research International,
Anand, S., Som Nath, K., Chenchaiah, M. (2013) Whey and Whey Products. In Milk and
Dairy Products in Human Nutrition, p. 477—-497.

Andrade, B. C., Timmers, L. F. S. M., Renard, G., Volpato, G., de Souza, C. F. V. (2020)
Microbial B-Galactosidases of industrial importance: Computational studies on the effects
of point mutations on the lactose hydrolysis reaction. Biotechnology Progress, 36(4), p. 1-
8.

AOAC (2000) Official method 998.04 neutral lactase (B-galactosidase) activity in industry-
Dairy products. AOAC official methods of analysis (17" ed), Association of Official
Analytical Chemists, Washington, DC, Chapter 33, p. 49-51.

AOAC (2000) Official method 991.20 Nitrogen (Total) in Milk - Kjeldahl Methods.
AOAC official methods of analysis (17" ed), Association of Official Analytical Chemists,
Washington, DC, Chapter 33, p. 12-13.

Araya, E., Urrutia, P., Romero, O., lllanes, A., Wilson, L. (2019) Design of combined
crosslinked enzyme aggregates (combi-CLEAs) of B-galactosidase and glucose isomerase
for the one-pot production of fructose syrup from lactose. Food Chemistry, 288, 102-107.
Argenta, A. B., Scheer, A. D. P. (2019) Membrane Separation Processes Applied to Whey:
A Review. Food Reviews International, p. 1-30.

Bacenetti, J., Bava, L., Schievano, A., Zucali, M. (2018) Whey protein concentrate (WPC)
production: Environmental impact assessment. Journal of Food Engineering, 224, p. 139-
147

Badal Tejedor, M., Pazesh, S., Nordgren, N., Schuleit, M., Rutland, M. W., Alderborn, G.,
Millgvist-Fureby, A. (2018) Milling induced amorphisation and recrystallization of a-
lactose monohydrate. International Journal of Pharmaceutics, 537, p. 140-147.

Baer, R. J., Keating, K. R. (1987) Determination of Ice Cream Mix Freezing Points: A
Comparison of Methods. Journal of Dairy Science, 70(3), p. 555-558.

Bandlish, R. K., Michael Hess, J., Epting, K. L., Vieille, C., Kelly, R. M. (2002) Glucose-
to-fructose conversion at high temperatures with xylose (glucose) isomerases
fromStreptomyces murinus and two hyperthermophilicThermotoga species. Biotechnology
and Bioengineering, 80(2), p. 185-194.

Bansal, N., Bhandari, B. (2016) Functional Milk Proteins: Production and Utilization—
Whey-Based Ingredients. In Advanced Dairy Chemistry-1B: Proteins: Applied Aspects 4th
ed., p. 67-98.

94



18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Baltierra-Trejo, E.; Marquez-Benavides, L.; Sanchez-Yafez, J.M. (2015) Inconsistencies
and ambiguities in calculating enzyme activity: The case of laccase. Journal of
Microbiological Methods, 119, p. 125-131

Barile, D., Tao, N., Lebrilla, C.B., Coisson, J.-D., Arlorio, M., German, J.B., (2009)
Permeate from cheese whey ultrafiltration is a source of milk oligosaccharides.
International Dairy Journal, 19, p. 524-530.

Batista, K. A,, Silva, C. N. S., Fernandes, P. M., Campos, I. T. N., Fernandes, K. F. (2017)
Development of a new bioaffinity stationary phase for lactose removal using a lactose-
binding lectin immobilized onto polyaniline. Separation and Purification Technology, 185,
p. 54-60

Bayramoglu, G., Tunali, Y., Arica, M. Y. (2007) Immobilization of B-galactosidase onto
magnetic poly(GMA-MMA) beads for hydrolysis of lactose in bed reactor. Catalysis
Communications, 8(7), p. 1094-1101.

Belitz, H. D., Grosch, W., Schieberle, P. (2009) Food Chemistry. In Food Chemistry (4th
ed.) p. 27-56.

Benavente, R, Pessela, B.C., Curiel, J.A., De las Rivas, B., Mufioz, R., Guisan, J.M.,
Manchefio, J.M., Cardelle-Cobas, A., Ruiz-Matute, A.l., Corzo, N. (2015) Improving
properties of a novel PB-galactosidase from Lactobacillus plantarum by covalent
immobilization. Molecules, 20(5), p. 7874-7889.

Bentahar, J., Doyen, A., Beaulieu, L., Deschénes, J.-S. (2019) Acid whey permeate: An
alternative growth medium for microalgae Tetradesmus obliquus and production of B-
galactosidase. Algal Research, 41, 101559.

Bologa, M. K., Vrabie, E. G., Stepurina, T. G. (2013) Features of mineralization of protein
concentrates during the electrophysical treatment of whey. Surface Engineering and
Applied Electrochemistry, 49(6), p. 504-508.

Bosso, A., Morioka, L. R. ., Santos, L. F. dos, Suguimoto, H. H. (2016) Lactose hydrolysis
potential and thermal stability of commercial B-galactosidase in UHT and skimmed milk.
Food Science and Technology, 36(1), p. 159-165.

Botvynko, A., Bednafova, A., Henke, S., Shakhno, N., Curda, L. (2019) Production of
galactooligosaccharides using various combinations of the commercial f-galactosidases.
Biochemical and Biophysical Research Communications, 517(4), p. 762-766.

Bozanic, R., Barukcic, I., Lisak, K., Jakopovic, Tratnik, L., (2014) Possibilities of whey
utilisation. Austin J. Nutr. Food Sci. 2, p. 1036-1042.

Budriene, S., Gorochovceva, N., Romaskevic, T., Yugova, L. V, Miezeliene, A., Dienys,
G., Zubriene, A. (2005) p - Galactosidase from Penicillium canescens. Properties and
immobilization. Central European Journal of Chemistry, 3(1), p. 95-105.

Butylina, S., Luque, S., Nystrom, M. (2006) Fractionation of whey-derived peptides using
a combination of ultrafiltration and nanofiltration. Journal of Membrane Science, 280(2),
p. 418-426.

Carpin, M., Bertelsen, H., Bech, J. K., Jeantet, R., Risbo, J., Schuck, P. (2016) Caking of
lactose: A critical review. Trends in Food Science & Technology, 53, p. 1-12.
Carrazco-Escalante, M., Caro-Corrales, J., Iribe-Salazar, R., Rios-Iribe, E., Vazquez-
Lopez, Y., Gutiérrez-Dorado, R., Hernandez-Calderén, O. (2019) A new approach for
describing and solving the reversible Briggs-Haldane mechanism using immobilized
enzyme. Canadian Journal of Chemical Engineering, p. 1-14.

Carvalho, F., Prazeres, A. R., Rivas, J. (2013) Cheese whey wastewater: Characterization
and treatment. Science of the Total Environment, p. 385-396.

Cataldi, T. R., Angelotti, M., D’Erchia, L., Altieri, G., Di Renzo, G. C. (2003) lon-
exchange chromatographic analysis of soluble cations, anions and sugars in milk whey.
European Food Research and Technology, 216(1), p. 75-82.

Cervantes, F. V., Neifar, S., Merdzo, Z., Vifa-Gonzalez, J., Fernandez-Arrojo, L.,
Ballesteros, A. O., Fernandez-Lobato, M., Bejar, S., Plou, F. J. (2020) A three-step process

95



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

for the bioconversion of whey permeate into a glucose D-free tagatose syrup. Catalysts,
10(6), p. 1-14.

Chandrapala, J., Duke, M. C., Gray, S. R., Zisu, B., Weeks, M., Palmer, M., Vasiljevic, T.
(2015) Properties of acid whey as a function of pH and temperature. Journal of Dairy
Science, 98(7), p. 4352-4363.

Chandrapala, J., Vasiljevic, T. (2017) Properties of spray dried lactose powders influenced
by presence of lactic acid and calcium. Journal of Food Engineering, 198, p. 63-71.
Chandrapala, J., Wijayasinghe, R., Vasiljevic, T. (2016) Lactose crystallization as affected
by presence of lactic acid and calcium in model lactose systems. Journal of Food
Engineering, 178, p. 181-1809.

Chen, J., Wang, J., Li, R., Lu, A,, Li, Y., 2015. Thermal and X-ray diffraction analysis of
lactose polymorph. Procedia Engineering, 102, p. 372-378.

Cheng, S., Hummel, M., Dahal, B., Gu, Z., Kharel, P., Martinez-Monteagudo, S. I. (2020).
A two-step process for the synthesis of sweetening syrup from aqueous lactose. LWT, 117,
108659.

Cheng, S., Martinez-Monteagudo, S. 1. (2019) Hydrogenation of lactose for the production
of lactitol. Asia-Pacific Journal of Chemical Engineering, 14(1), e2275.

Churakova, E., Peri, K., Vis, Soul, J., Smith, D. W., Beam, J. M., Vijverberg, M. P., Stor,
M., Winter, R. T. (2019) Accurate analysis of residual lactose in low-lactose milk:
Comparing a variety of analytical techniques. International Dairy Journal, 96, p. 126-131.
Corzo-Martinez, M., Copovi, P., Olano, A., Moreno, F. J., Montilla, A. (2013) Synthesis
of prebiotic carbohydrates derived from cheese whey permeate by a combined process of
isomerisation and transgalactosylation. Journal of the Science of Food and Agriculture,
93(7), p. 1591-1597.

Costa, A., Lopez-Villalobos, N., Sneddon, N. W., Shalloo, L., Franzoi, M., De Marchi, M.,
Penasa, M. (2019) Invited review: Milk lactose—Current status and future challenges in
dairy cattle. Journal of Dairy Science, 102(7), p. 5883-5898.

Coté, A., Brown, W. A., Cameron, D., van Walsum, G. P. (2004) Hydrolysis of Lactose in
Whey Permeate for Subsequent Fermentation to Ethanol. Journal of Dairy Science, 87(6),
p. 1608-1620.

Dagbagli, S., Goksungur, Y. (2008) Optimization of Pgalactosidase production using
Kluyveromyces lactis NRRL Y8279 by response surface methodology, Electronic Journal
of Biotechnology, 11, 4, p. 1-12.

Das, B., Roy, A. P., Bhattacharjee, S., Chakraborty, S., Bhattacharjee, C. (2015) Lactose
hydrolysis by B-galactosidase enzyme: Optimization using response surface methodology.
Ecotoxicology and Environmental Safety, 121, p. 244-252.

Das, R., Sen, D., Sarkar, A., Bhattacharyya, S., Bhattacharjee, C. (2011) A Comparative
Study on the Production of Galacto-oligosaccharide from Whey Permeate in Recycle
Membrane Reactor and in Enzymatic Batch Reactor. Industrial & Engineering Chemistry
Research, 50(2), p. 806-816

Dehkordi, A. M., Tehrany, M. S., Safari, I. (2009) Kinetics of glucose isomerization to
fructose by immobilized glucose isomerase (Sweetzyme IT). Industrial and Engineering
Chemistry Research, 48(7), p. 3271-3278.

Demirhan, E., Apar, D.K. & Ozbek, B. (2008). Product inhibition of whey lactose
hydrolysis. Chemical Engineering Communications, 195, p. 293-304.

Demirhan, E., Apar, D. K., Ozbek, B. (2010) A modelling study on hydrolysis of whey
lactose and stability of f-galactosidase. Korean Journal of Chemical Engineering, 27(2),
p. 536-545.

Dutra Rosolen, M., Gennari, A., Volpato, G., Volken De Souza, C. F. (2015) Lactose
Hydrolysis in Milk and Dairy Whey Using Microbial 3-Galactosidases. Enzyme Research,
2015, p. 1-7.

Ebrahimi, A., Saffari, M., Langrish, T. (2015) Spray drying and post-processing production

96



54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

of highly-porous lactose particles using sugars as templating agents. Powder Technology,
283, p. 171-177.

Elnashar, M. M. M., Yassin, M. A. (2009) Lactose hydrolysis by pB-galactosidase
covalently immobilized to thermally stable biopolymers. Applied Biochemistry and
Biotechnology, 159(2), p. 426-437.

Erich S, Kuschel B, Schwarz T, Ewert J, Bohmer N, Niehaus F, Eck J, Lutz-Wahl S,
Stressler T, Fischer L. (2015) Novel high-performance metagenome B-galactosidases for
lactose hydrolysis in the dairy industry. Journal of Biotechnology, 210, p. 27-37.

Eurostat - Data Explorer (2019) Whey, Milk collection (all milks) and dairy products
obtained - annual data [online] [viewed on 21. September 2019]. Retrieved from
https://appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do

Evdokimov, 1., Somov, V., Kurash-, Y., Perminov, S., Knyazev, S. (2015) Application of
Whey-Derived Syrups in Dairy Products. Foods and Raw Materials, 3(2), 89-95.
Fernandes, S., Geueke, B., Delgado, O., Coleman, J., Hatti-Kaul, R. (2002) B-
Galactosidase from a cold-adapted bacterium: Purification, characterization and
application for lactose hydrolysis. Applied Microbiology and Biotechnology, 58(3), 313—
321.

Fischer, C., Kleinschmidt, T. (2015) Synthesis of galactooligosaccharides using sweet and
acid whey as a substrate. International Dairy Journal, 48, 15-22.

Foda, F. F., Abd EI-Rahman, A. A. (2000) Effect of some polluted metals on the activity
and kinetics of immobilized glucose isomerase (Sweetzyme type-T) from Streptomyces
murinus. Annals of Agricultural Science, Moshtohor, 38(4), 2217-2228.

Fontes, E. A. F., Passos, F. M. L., Passos, F. J. V. (2001) A mechanistical mathematical
model to predict lactose hydrolysis by B-galactosidase in a permeabilized cell mass of
Kluyveromyces lactis: validity and sensitivity analysis. Process Biochemistry, 37(3), 267—
274.

Fox, P. F. (1997). Advanced dairy chemistry. Vol. 3, Lactose, water salts and vitamins
(Second). London: Chapman & Hall. p. 458.

Francisquini J.D., Rocha, J., Martins, E., Stephani, R., Henrique Fonseca da Silva, P.,
Toledo Renhe, LR., Tuler Perrone, I., Fernandes de Carvalho, A. (2019) 5-
Hydroxymethylfurfural formation and color change in lactose-hydrolyzed Dulce de leche.
Journal of Dairy Research, 86(4), 477-482. https://doi.org/10.1017/S0022029919000815
Frankowski, K. M., Miracle, R. E., Drake, M. A. (2014) The role of sodium in the salty
taste of permeate. Journal of Dairy Science, 97(9), 5356-5370.

Gaily, M. H., Elhassan, B. M., Abasaeed, A. E., Al-shrhan, M. (2010) Isomerization and
Kinetics of Glucose into Fructose. International Journal of Engineering & Technology,
10(3), 1-5.

Gambelli, L. (2017) Milk and Its Sugar-Lactose: A Picture of Evaluation Methodologies.
Beverages, 3(3), 20-35.

Ganzle, M. G. (2012) Enzymatic synthesis of galacto-oligosaccharides and other lactose
derivatives (hetero-oligosaccharides) from lactose. International Dairy Journal, 22(2), p.
116-122.

Garcia, H. S., Lépez-Hernandez, A., Hill, C. G. (2011) Enzyme Technology — Dairy
Industry Applications. In Comprehensive Biotechnology, 567-574.

Garnier, S., Petit, S., Coquerel, G. (2002). Dehydration mechanism and crystallisation
behaviour of lactose. Journal of Thermal Analysis and Calorimetry, 68(2), 489-502.
GDT Events Results [online] [viewed on 21. September 2019]. Retrieved from
https://www.globaldairytrade.info/en/product-results/

Gernigon, G., Schuck, P., Jeantet, R. (2010). Processing of Mozzarella cheese wheys and
stretchwaters: A preliminary review. Dairy Science & Technology, 90(1), 27—46.
Gésan—guiziou, G. (2013) 6. Integrated membrane operations in whey processing. In
Integrated Membrane Operations, p. 133-146.

97



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

Glucose Isomerase from Streptomyces murinus Product Information [online] [viewed on
27. February 2021]. Retrieved fromhttps://api.sigmaaldrich.com/
deepweb/assets/sigmaaldrich/quality/spec/144/438/G4166-BULK_SIGMA _.pdf
GODO-YNL2 Lactase Product Information [online] [viewed on 21. September 2019].
Retrieved from https://www.ulprospector.com/en/la/Food/Detail/3913/398667/GODO-
YNL2-Lactase

Gouripur, G. C., Kaliwal, B. B. (2013) Isolation and Characterization of B-Galactosidase
Producing Bacillus Subtilis from Milk. World Journal of Pharmaceutical Research, 3(1),
597-618.

Grosova, Z., Rosenberg, M., Rebros, M. (2008) Perspectives and Applications of
Immobilised B-Galactosidase in Food Industry — a Review. Czech J. Food Sci, 26(1), 1-
14,

Gutiérrez, L.-F., Hamoudi, S., Belkacemi, K. (2012) Lactobionic acid: A high value-added
lactose derivative for food and pharmaceutical applications. International Dairy Journal,
26(2), 103-111.

Ha-Lactase 5200 Product Information 2014 [online] [viewed on 21. September 2019].
Retrieved  from  https://hjemmeriet.com/no/uploads/dokumenter/PI ~_GLOB_Ha-
Lactase5200_450804 EN.pdf. Accessed 28.1.2018

Hamed, A. A., Khedr, M., Abdelraof, M. (2020) Activation of LacZ gene in Escherichia
coli DH5a via a-complementation mechanism for B-galactosidase production and its
biochemical characterizations. Journal of Genetic Engineering and Biotechnology, 18(1),
80.

Hardee, J. R., Delgado, B., Jones, W. (2011) Kinetic parameters for the noncatalyzed and
enzyme-catalyzed mutarotation of glucose using a blood glucometer. Journal of Chemical
Education, 88(6), 798-800.

Harju, M., Kallioinen, H., Tossavainen, O. (2012) Lactose hydrolysis and other
conversions in dairy products: Technological aspects. International Dairy Journal, 22(2),
104-109.

Harris, T. K., & Keshwani, M. M. (2009) Chapter 7: Measurement of Enzyme Activity.
Guide to Protein Purification, 2nd Edition, 57-71.

Hatzinikolaou, D. G., Katsifas, E., Mamma, D., Karagouni, A. D., Christakopoulos, P.,
Kekos, D. (2005) Modeling of the simultaneous hydrolysis—ultrafiltration of whey
permeate by a thermostable B-galactosidase from Aspergillus niger. Biochemical
Engineering Journal, 24(2), 161-172.

Heinzerling, P., Schrader, F., Schanze, S. (2012) Measurement of Enzyme Kinetics by Use
of a Blood Glucometer: Hydrolysis of Sucrose and Lactose. J. Chem. Educ, 89, 1582—-1586.
https://doi.org/10.1021/ed200735f

Henriques, M., Gomes, D., Pereira, C. (2013) Valorisation of whey in small and medium
dairy industries. Production and incorporation of liquid whey protein concentrates in fresh
cheeses and evaluation of the physicochemical and sensorial properties. In L. Du Vale &
H. Castelli (Eds.), Handbook on Cheese: Production, Chemistry and Sensory Properties,
p. 535-546.

Holsinger, V. H. (1988) Lactose. New York: Springer US. p. 78-79

Huppertz, T., Gazi, I. (2016) Lactose in dairy ingredients: Effect on processing and storage
stability. Journal of Dairy Science, 99(8), 6842—-6851.

Husain, Q. (2010) pB-Galactosidases and their potential applications: a review. Critical
Reviews in Biotechnology, 30(1), 41-62.

Ibach, A., Kind, M. (2007) Crystallization kinetics of amorphous lactose, whey-permeate
and whey powders. Carbohydrate Research, 342(10), 1357-1365.

Illanes, A., Wilson, L., Tomasello, G. (2000) Temperature optimization for reactor
operation with chitin-immobilized lactase under modulated inactivation. Enzyme and
Microbial Technology, 27(3-5), 270-278.

98



91. Illanes, A. (2011) Whey upgrading by enzyme biocatalysis. Electronic Journal of
Biotechnology, 717—3458.

92. Illanes, A. (2016). Lactose: Production and Upgrading. In Andrés Illanes, C. Guerrero, C.
Vera, L. Wilson, R. Conejeros, & F. Scott (Eds.), Lactose-Derived Prebiotics, p. 1-33.

93. Islam, M. I. U., & Langrish, T. (2008) The effect of the salt content on the crystallization
behaviour and sorption fingerprints of spray-dried lactose. Transactions of the Institution
of Chemical Engineers Part C: Food and Bioproducts Processing, 86(4), p. 304-311.

94. Islam, M. I. U., Langrish, T. A. G. (2010) An investigation into lactose crystallization under
high temperature conditions during spray drying. Food Research International, 43(1), 46—
56.

95. I1SO (2003) 4121:2003, Sensory analysis — Guidelines for the use of quantitative response
scales. International Organization for Standardization, Geneva, Switzerland.

96. ISO (2010) 5546:2010 Caseins and caseinates — Determination of pH (Reference
method). International Organization for Standardization, Geneva, Switzerland.

97. 1SO (2003) 2173:2003 Fruit and vegetable products — Determination of soluble solids —
Refractometric method. International Organization for Standardization, Geneva,
Switzerland.

98. ISO (2009) 5764:2009 Milk — Determination of freezing point — Thermistor cryoscope
method (Reference method). International Organization for Standardization, Geneva,
Switzerland.

99. ISO (2009) 8968-1:2002 Milk and milk products — Determination of nitrogen content —
Part 1: Kjeldahl principle and crude protein calculation. International Organization for
Standardization, Geneva, Switzerland.

100.Joesten, M. D., Wood, J. L., Castellion, M. E. (2007). The world of chemistry: essentials.,
p. 231

101.Juajun, O., Nguyen, T.-H. H., Maischberger, T., Igbal, S., Haltrich, D., Yamabhai, M.
(2011) Cloning, purification, and characterization of B-galactosidase from Bacillus
licheniformis DSM 13. Applied Microbiology and Biotechnology, 89(3), 645-654.

102.Jurado, E., Camacho, F., Luzén, G., Vicaria, J. M. (2004) Kinetic models of activity for -
galactosidases: Influence of pH, ionic concentration and temperature. Enzyme and
Microbial Technology, 34(1), 33-40.

103.Khare, S., Prakash, O. (2017) Current Developments in Biotechnology and
Bioengineering: Production, Isolation and Purification of Industrial Products. Journal of
Cleaner Production, 158, 380-381.

104.Klein, M. P., Fallavena, L. P., Schoffer, J. da N., Ayub, M. A. Z., Rodrigues, R. C., Ninow,
J. L., Hertz, P. F. (2013) High stability of immobilized [3-d-galactosidase for lactose
hydrolysis and galactooligosaccharides synthesis. Carbohydrate Polymers, 95(1), 465—
470.

105.Kobukowski, J., Szpendowski, J., Salmanowic, J. (2006) Bioavailability of Some
Macroelements from Post-Ultrafiltration Permeates and Whey. Polish Journal of Food and
Nutrition Sciences, 15(56), 95-100.

106.Koller, M., Salerno, A., Muhr, A., Reiterer, A., Chiellini, E., Casella, S., Horvat, P.,
Braunegg, G. (2012a) Whey Lactose as a Raw Material for Microbial Production of
Biodegradable Polyesters. In H. E.-D. M. Saleh (Ed.), Polyester (pp. 1-60).

107.Kotz, C. M., Furne, J. K., Savaiano, D. A., Levitt, M. D. (1994) Factors Affecting the
Ability of a High B-Galactosidase Yogurt to Enhance Lactose Absorption. Journal of Dairy
Science, 77(12), 3538-3544.

108.Kougoulos, E., Marziano, 1., Miller, P. R. (2010) Lactose particle engineering: Influence
of ultrasound and anti-solvent on crystal habit and particle size. Journal of Crystal Growth,
312(23), 3509-3520.

109.Kravtsov, V., Kulikova, I., Mikhaylin, S., Bazinet, L. (2020) Alkalinization of acid whey
by means of electrodialysis with bipolar membranes and analysis of induced membrane

99



fouling. Journal of Food Engineering, 277(December 2019).

110.Krolczyk, J. B., Dawidziuk, T., Janiszewska-Turak, E., Sotowiej, B. (2016) Use of Whey
and Whey Preparations in the Food Industry — A Review. Polish Journal of Food and
Nutrition Sciences, 66(3), p. 157-165.

111.Kuusisto, J., Tokarev, A. V., Murzina, E. V., Roslund, M. U., Mikkola, J. P., Murzin, D.
Y., Salmi, T. (2007) From renewable raw materials to high value-added fine chemicals-
Catalytic hydrogenation and oxidation of d-lactose. Catalysis Today, 121(2), p. 92-99.

112.Lee, C. H., Kim, H. T., Yun, E. J., Lee, AR, Kim, SR, Kim, J. H., Choi, I. G., Kim, K. H.
(2014) A novel agarolytic B-galactosidase acts on agarooligosaccharides for complete
hydrolysis of agarose into monomers. Applied and Environmental Microbiology, 80(19),
p. 5965-5973.

113.Lee, D. G., Choi, D. J., Park, J. K. (2015) Ketoisomeric conversion of glucose derived from
microalgal biomasses. Process Biochemistry, 50(6), p. 941-947.

114.Lima, P. C., Gazoni, l., de Carvalho, A. M. G., Bresolin, D., Cavalheiro, D., de Oliveira,
D., Rigo, E. (2021) B-galactosidase from Kluyveromyces lactis in genipin-activated
chitosan: An investigation on immobilization, stability, and application in diluted UHT
milk. Food Chemistry, 349, 129050.

115.Lindsay, M. J., Walker, T. W., Dumesic, J. A., Rankin, S. A., Huber, G. W. (2018)
Production of monosaccharides and whey protein from acid whey waste streams in the
dairy industry. Green Chemistry, 20(8), p. 1824-1834.

116.Lineweaver, H., Burk D., (1934) The determination of enzyme dissociation constants,
Journal of the American Chemical Society, 56 (3), p. 658—666.

117.Luzzi, G., Steffens, M., Clawin-Radecker, 1., Hoffmann, W., Franz, C. M. A. P., Fritsche,
J., Lorenzen, P. C. (2020) Enhancing the sweetening power of lactose by enzymatic
modification in the reformulation of dairy products. International Journal of Dairy
Technology, 73(3), p. 502-512

118.Ma, Y. B., Amamcharla, J. K. (2019) Front-face fluorescence spectroscopy combined with
chemometrics to detect high proteinaceous matter in milk and whey ultrafiltration
permeate. Journal of Dairy Science, 102(10), p. 8756-8767.

119.MacFhionnghaile, P., Svoboda, V., McGinty, J., Nordon, A., Sefcik, J. (2017)
Crystallization Diagram for Antisolvent Crystallization of Lactose: Using Design of
Experiments To Investigate Continuous Mixing-Induced Supersaturation. Crystal Growth
& Design, 17(5), p. 2611-2621.

120.Macwan, S. R., Dabhi, B. K., Parmar, S. C., Aparnathi, K. D. (2016) Whey and its
Utilization. International Journal of Current Microbiology and Applied Sciences, 5(8), p.
134-155.

121.Mahoney, R. R. (1997) Lactose: Enzymatic Modification. In Advanced Dairy Chemistry
Volume 3, p. 77-125.

122.Mariotti, M. P., Yamanaka, H., Araujo, A. R., Trevisan, H. C. (2008) Hydrolysis of whey
lactose by immobilized f-Galactosidase. Brazilian Archives of Biology and Technology,
51(6), p. 1233-1240.

123.Mariyani, N., Faridah, D. N., Khusniati, T., Lioe, H. N. (2015) Hydrolysis of UHT milk
lactose by partially purified crude enzyme of B - galactosidase obtained from Lactobacillus
plantarum B123 indigenous strain Hydrolysis of UHT milk lactose by partially purified
crude enzyme of B-galactosidase obtained from Lactobac. International Food Research
Journal, 22(6), p. 2274-2279.

124 Martinez-Monteagudo, S. I., Enteshari, M., Metzger, L. (2019) Lactitol: Production,
properties, and applications. Trends in Food Science & Technology, 83, 181-191.

125.Martinez-Villaluenga, C., Cardelle-Cobas, A., Corzo, N., Olano, A., Villamiel, M. (2008)
Optimization of conditions for galactooligosaccharide synthesis during lactose hydrolysis
by B-galactosidase from Kluyveromyces lactis (Lactozym 3000 L HP G). Food Chemistry,
107(1), p. 258-264.

100



126.McCain, H. R., Kaliappan, S., Drake, M. A. (2018). Invited review: Sugar reduction in
dairy products. Journal of Dairy Science, 101(10), p. 8619-8640.

127.McSweeney, P. L. H., & Fox, P. F. (2009). Advanced Dairy Chemistry Volume 3: Lactose,
Water, Salts and Minor Constituents. In Advanced Dairy Chemistry, Volume 3, Lactose,
Water, Salts and Minor Constituents (Third), p. 254-275.

128.Merkel, A., Voropaeva, D., Ondrusek, M. (2021) The impact of integrated nanofiltration
and electrodialytic processes on the chemical composition of sweet and acid whey streams.
Journal of Food Engineering, p. 298-304.

129.Minekus, M., Alminger, M., Alvito, P, Balance, S., Bohn, T., Bourlieu, C., Carriére, F.,
Boutrou, R., Corredig, M., Dupont, D., Dufour, C., Egger, L., Golding, M., Karakaya, S.,
Kirkhus, B., Le Feunteun, S., Lesmes, U., Macierzanka, A., Mackie, A., Marze, S.,
McClements, D.J., Ménard, O., Recio, I., Santos, C.N., Singh, R.P., Vegarud, G.E.,
Wickham, M.S., Weitschies, W. & Brodkorb, A. (2014) A standardised static in vitro
digestion method suitable for food — an international consensus. Food Funct., 5(6), p.
1113-1124.

130.Mlichova, Z., Rosenberg, M. (2006) Current trends of 3-galactosidase application in food
technology. Journal of Food and Nutrition Research, 45(2), p. 47-54.

131.Mollea, C., Marmo, L., Bosco, F. (2013). Valorisation of Cheese Whey, a By-Product from
the Dairy Industry. In Innocenzo Mazzalupo (Ed.), Food Industry, p. 549-588.

132.Mukhopadhyay, R., Talukdar, D., Chatterjee, B. P., Guha, A. K. (2003) Whey processing
with chitosan and isolation of lactose. Process Biochemistry, 39(3), p. 381-385.

133.Mufiz-Marquez, D. B., Contreras, J. C., Rodriguez, R., Mussatto, S. I., Teixeira, J. A.,
Aguilar, C. N. (2015) Biotechnological Production of Oligosaccharides: Advances and
Challenges. In Advances in Food Biotechnology, p. 381-392.

134.Nijdam, J., Ibach, A., Eichhorn, K., Kind, M. (2007) An X-ray diffraction analysis of
crystallised whey and whey-permeate powders. Carbohydrate Research, 342(16), p. 2354—
2364.

135.Nishanthi, M., Chandrapala, J., Vasiljevic, T. (2017) Compositional and structural
properties of whey proteins of sweet, acid and salty whey concentrates and their respective
spray dried powders. International Dairy Journal, 74, p. 49-56.

136.NOLA™Fit5500 Product Information 2017 [online] [viewed on 21. September 2019].
Retrieved from https://hjemmeriet.com/da/ChrHansen/Products/ NOLA-
Fit/PI_GLOB_NOLA_Fit5500_350502_EN.pdf. Accessed 28.1.2018

137.0lafadehan, O. A., Aribike, D. S., Adeyemo, A. M. (2009) Mathematical modeling and
simulation of steady state plug flow for lactose-lactase hydrolysis in fixed bed. Theoretical
Foundations of Chemical Engineering, 43(1), p. 58-609.

138.0liveira C., Guimardes, P.M.R., Domingues, L. (2011) Recombinant microbial systems for
improved B-galactosidase production and biotechnological applications. Biotechnology
Advances, 29, 6, p. 600-609.

139.0liveira, C., Domingues, L., Teixeira, J., & Dragone, G. (2015). Cheese Whey
Fermentation. In A. K. Puniya (Ed.), Fermented Milk and Dairy Products, CRC Press, p.
427-458.

140.0Onwulata, C. 1., Isobe, S., Tomasula, P. M., Cooke, P. H. (2006) Properties of Whey
Protein Isolates Extruded under Acidic and Alkaline Conditions. Journal of Dairy Science,
89(1), p. 71-81.

141.0ort, M. van. (2010) Enzymes in Food Technology - introduction. In R. J. Whitehurst &
M. van Oort (Eds.), Enzymes in Food Technology, lowa, USA: A John Wiley & Sons. p.
324-360.

142.0sman, A. (2016). Synthesis of Prebiotic Galacto-Oligosaccharides: Science and
Technology. In Probiotics, Prebiotics, and Synbiotics: Bioactive Foods in Health
Promotion, p. 135-154

143.0stoji¢, S., Pavlovi¢, M., Zivié, M., Filipovi¢, Z., Gorjanovi¢, S., Hranisavljevi¢, S.,

101



Dojéinovi¢, M. (2005) Processing of whey from dairy industry waste. Environmental
Chemistry Letters, 3(1), p. 29-32.

144.0tieno, D. O. (2010) Synthesis of B-Galactooligosaccharides from Lactose Using
Microbial B-Galactosidases. Comprehensive Reviews in Food Science and Food Safety,
9(5), p. 471-482.

145.Page, M. J., Di Cera, E. (2006) Role of Na+ and K+ in Enzyme Function. Physiological
Reviews, 86(4), 1049-1092.

146.Palai, T., Mitra, S., Bhattacharya, P. K. (2012) Kinetics and design relation for enzymatic
conversion of lactose into galacto-oligosaccharides using commercial grade J-
galactosidase. Journal of Bioscience and Bioengineering, 114(4), p. 418-423.

147.Pandalaneni, K., Amamcharla, J. K. (2018) Evaluating the crystallization of lactose at
different cooling rates from milk and whey permeates in terms of crystal yield and purity.
Journal of Dairy Science, 101(10), p. 8805-8821.

148.Panesar, P., Kennedy, J., Gandhi, D., Bunko, K. (2007). Bioutilisation of whey for lactic
acid production. Food Chemistry, 105(1), p. 1-14.

149.Panesar, P., Kumari, S. (2011) Lactulose: production, purification and potential
applications. Biotechnology Advances, 6, p. 940-948.

150.Panesar, P., Marwaha, S., Kumar, H. (2010a). Enzymes in Food Processing: Fundamentals
and Potential Applications. Enzymes in Food Processing: Fundamentals and Potential
Applications, 165.

151.Panesar, P., Kumari, S., Panesar, R. (2010b) Potential Applications of Immobilized f-
Galactosidase in Food Processing Industries. SAGE-Hindawi Access to Research Enzyme
Research, 473137(16).

152.Parker, A. M., Watson, R. R. (2017). Lactose Intolerance. In Nutrients in Dairy and their
Implications on Health and Disease,19, p. 205-211.

153.Paterson, A. H. J., Kellam, S. J. (2009). Transformation of lactose for value-added
ingredients. In Dairy-Derived Ingredients, p. 625-643.

154.Pérez, A. V, Picotto, G., Carpentieri, A. R., Rivoira, M. A., Peralta L6pez, M. E., Tolosa
de Talamoni, N. G. (2008) Minireview on Regulation of Intestinal Calcium Absorption.
Digestion, 77(1), p. 22-34

155.Pescuma, M., Font De Valdez, G., Mozzi, F. (2015) Whey-derived valuable products
obtained by microbial fermentation. Applied Microbiology and Biotechnology, 99(15), p.
6183-6196.

156.Pessela, B. C. C., Mateo, C., Fuentes, M., Vian, A., Garcia, J. L., Carrascosa, A. V.,
Guiséna, J. M., Fernandez-Lafuente, R. (2003) The immobilization of a thermophilic B-
galactosidase on Sepabeads supports decreases product inhibition: Complete hydrolysis of
lactose in dairy products. Enzyme and Microbial Technology, 33(2-3), 199-205.

157.Plou, F. J., Polaina, J., Sanz-Aparicio, J., Fernandez-Lobato, M. (2016) -Galactosidases
for lactose removal and galactooligosaccharide synthesis. In Microbial Enzyme
Technology & Food Applications, p. 121-144.

158.Polat, Z. (2009) Integrated approach to whey utilization through natural zeolite
adsorption/desorption and fermentation. Izmir Institute of Technology. p. 1-6.

159.Pulinas L, Spanu C, Idda I, Ibba I, Nieddu G, Virdis S, Scarano C, Piras F, Spano N, Sanna
G, De Santis E.P.L, (2017) Production of farmstead lactose-free Pecorino di Osilo and
ricotta cheeses from sheep’s milk. Italian Journal of Food Safety, 6(1), 6353-33.

160.Punekar, N. S. (2018) Chemical Kinetics: Fundamentals. In ENZYMES: Catalysis, Kinetics
and Mechanisms, p. 85-96.

161.Rama, G. R., Kuhn, D., Beux, S., Maciel, M. J., Volken de Souza, C. F. (2019) Potential
applications of dairy whey for the production of lactic acid bacteria cultures. International
Dairy Journal, 98, 25-37.

162.Rajakala P., Selvi, P.K. (2006) The effect of pH, temperature and alkali metal ions on the
hydrolysis of whey lactose catalysed by B-galactosidase from Kluyveromyces marxianus.

102



International Journal of Dairy Science, p. 167-172.

163.Ranken, M. D., Kill, R. C. (1993) Food Industries Manual (23rd ed.). p. 198.

164.Rasouli, M., Abbasi, S., Azarikia, F., Ettelaie, R. (2020) On the heat stability of whey
protein: Effect of sodium hexametaphosphate. International Journal of Dairy Technology,
73(1), 46-56.

165.Rastall, R. (2007) Novel enzyme technology for food applications. p. 156

166.Reddy, S., Nath, S., Reddy, P. (2016) Utilization of concentrated and lactose hydrolyzed
whey in the preparation of buns. World Journal of Pharmaceutical Research, 5805(4),
1581-1609.

167.Regulation (EU) No 1169/2011 of the European Parliament and of the Council of 25
October 2011 on the provision of food information to consumers, amending Regulations
(EC) No 1924/2006 and (EC) No 1925/2006 of the European Parliament and of the
Council, and repealing Commission Directive 87/250/EEC, Council Directive
90/496/EEC, Commission Directive 1999/10/EC, Directive 2000/13/EC of the European
Parliament and of the Council, Commission Directives 2002/67/EC and 2008/5/EC and
Commission Regulation (EC) No 608/2004 (OJ L 304, 22.11.2011, p. 18-63)

168.Regulation (EU) No 1095/2010 of the European Parliament and of the Council of 24
November 2010 establishing a European Supervisory Authority (European Securities and
Markets Authority), amending Decision No 716/2009/EC and repealing Commission
Decision 2009/77/EC (OJ L 331, 15.12.2010, p. 84-119)

169.Commission Implementing Regulation (EU) 2018/1602 of 11 October 2018 amending
Annex | to Council Regulation (EEC) No 2658/87 on the tariff and statistical nomenclature
and on the Common Customs Tariff (OJ L 273, 31.10.2018, p. 1-960)

170.Rico-Rodriguez, F., Villamiel, M., Ruiz-Aceituno, L., Serrato, J. C., Montilla, A. (2020)
Effect of the lactose source on the ultrasound-assisted enzymatic production of
galactooligosaccharides and gluconic acid. Ultrasonics Sonochemistry, 67, 104945,

171.Robinson, P. K. (2015) Enzymes: principles and biotechnological applications. Essays In
Biochemistry, 59, 1-41.

172.Robinson, P. K. (2019) Chapter 6: Enzyme Principles and Biotechnological Applications
— Chemistry. p. 247

173.Rodriguez-Colinas, B., Fernandez-Arrojo, L., Ballesteros, A. O., Plou, F. J. (2014)
Galactooligosaccharides formation during enzymatic hydrolysis of lactose: towards a
prebiotic-enriched milk. Food Chemistry, 145, p. 388-394.

174.Roy, U., Kumar, R., Kumar, S., Puniya, M., Puniya, A. K. (2015) Enzymes in Milk,
Cheese, and Associated Dairy Products. In Enzymes in Food and Beverage Processing, p.
325-337.

175.Ryan, M. P., Walsh, G. (2016) The biotechnological potential of whey. Reviews in
Environmental Science and Biotechnology, 15(September), 1-20.

176.Samadov, R.; Ciprovica, I.; Zolnere, K.; Cinkmanis, 1. (2019) The optimization of acid
whey permeate hydrolysis for glucose-galactose syrup production. In Proceedings of the
13th Baltic Conference on Food Science and Technology, Jelgava, Latvia, 2-3 May, pp.
254-257.

177.Salameh, A. K., Mauer, L. J., Taylor, L. S. (2006) Deliquescence lowering in food
ingredient mixtures. Journal of Food Science, 71(1), EI0-E16.

178.Saqib, S., Akram, A., Halim, S. A., Tassaduq, R. (2017) Sources of $-galactosidase and its
applications in food industry. 3 Biotech, 7(1), 1-7.

179.Schulz, M., & Creighton, L. (2013). Regulation of the European Parliament and of the
Council (EU) Nr. 609/2013. Official Journal of the European Union, L181, 35-56.

180.Sener, N., Kili¢ Apar, D., Ozbek, B. (2006) A modelling study on milk lactose hydrolysis
and B-galactosidase stability under sonication. Process Biochemistry, 41(7), 1493-1500.

181.SensoLyte® FDG [3-Galactosidase Assay Kit Fluorimetric - 1 kit [online] [viewed on 11.
September 2019]. Retrieved from https://www.eurogentec.com/en/catalog/sensolyte-fdg-

103



%c3%9f-galactosidase-assay-kit-fluorimetric-1-kit~0d77a5d1-4e80-4fc8-8db5-
51c9679d09eb

182.Seok, Y., Uk, H., Park, C., Wook, S. (2013) Batch and continuous synthesis of lactulose
from whey lactose by immobilized 3-galactosidase. Food Chemistry, 136, 689-694.

183.Shankar, J., Yadav, S., Yan, S., Pilli, S., Kumar, L., Tyagi, R. D., Surampalli, R. Y. (2015)
Cheese whey: A potential resource to transform into bioprotein, functional/nutritional
proteins and bioactive peptides. Biotechnology Advances, 33, 756-774.

184.Sheik Asraf, S., Gunasekaran, P., Asraf, S., Gunasekaran, P., Sheik Asraf, S., Gunasekaran,
P. (2010) Current trends of R-galactosidase research and application. In A. Méndez-Vilas
(Ed.), Current Research, Technology and Education Topics in Applied Microbiology and
Microbial Biotechnology, p. 880-890.

185.Shen, J., Chen, J., Jensen, P. R., Solem, C. (2019) Sweet As Sugar - Efficient Conversion
of Lactose into Sweet Sugars Using a Novel Whole-Cell Catalyst [Research-article].
Journal of Agricultural and Food Chemistry, 67(22), 6257—6262.

186.Shendurse, A. M., Khedkar, C. D. (2016) Lactose. Encyclopedia of Food and Health, 509—
516.

187.Simovi¢, M., Milivojevié, A., Corovi¢, M., Banjanac, K., Bezbradica, D. (2019). Whey
valorization using transgalactosylation activity of immobilized [-galactosidase.
International Journal of Food Science & Technology, 54(11), 3074-3082.

188.Smithers, G. W. (2008) Whey and whey proteins-From “gutter-to-gold.” International
Dairy Journal. 89-95.

189.Song, Y.-S., Lee, H.-U., Park, C., Kim, S.-W. (2013) Optimization of lactulose synthesis
from whey lactose by immobilized [3-galactosidase and glucose isomerase. Carbohydrate
Research, 369, 1-5.

190.Spalatelu, C. (2012) Biotechnological Valorisation of Whey. Innovative Romanian Food
Biotechnology, 10, 1-8.

191.Spohner, S. C., Schaum, V., Quitmann, H., Czermak, P. (2016). Kluyveromyces lactis: An
emerging tool in biotechnology. Journal of Biotechnology, 222, 104-116.

192.Sriprablom, J., Luangpituksa, P., Wongkongkatep, J., Pongtharangkul, T., Suphantharika,
M. (2019) Influence of pH and ionic strength on the physical and rheological properties
and stability of whey protein stabilized o/w emulsions containing xanthan gum. Journal of
Food Engineering, 242, 141-152.

193.Srivastava, A., Tripathi, R., Verma, S., Srivastava, N., Rawat, A. K. S., & Deepak, D.
(2014). A novel method for quantification of lactose in mammalian milk through HPTLC
and determination by a mass spectrometric technique. Analytical Methods, 6(18), 7268—
7276. doi:10.1039/c4ay00625a

194.Suarez, S., Guerrero, C., Vera, C., lllanes, A. (2018) Effect of particle size and enzyme
load on the simultaneous reactions of lactose hydrolysis and transgalactosylation with
glyoxyl-agarose immobilized B-galactosidase from Aspergillus oryzae. Process
Biochemistry, 73(August), 56-64.

195.Szczodrak, J. (2000) Hydrolysis of lactose in whey permeate by immobilized -
galactosidase from Kluyveromyces fragilis. Journal of Molecular Catalysis B: Enzymatic,
10(6), 631-637.

196.Szpendowski, J., Klobukowski, J., Cichosz, G., Staniewski, B. (2006) Characteristics of
nitrogen compounds and nutritive value of whey and permeate obtained in the production
of cottage cheeses. Polish Journal of Food and Nutrition Sciences, 15(1), 223.

197.Talebi, S., Suarez, F., Chen, G. Q., Chen, X., Bathurst, K., Kentish, S. E. (2020) Pilot study
on the removal of lactic acid and minerals from acid whey using membrane technology.
ACS Sustainable Chemistry and Engineering, 8(7), 2742-2752.

198.Tanguy, G., Tuler-Perrone, I., Dolivet, A., Santellani, A. C., Leduc, A., Jeantet, R.,
Gaucheron, F. (2019) Calcium citrate insolubilization drives the fouling of falling film
evaporators during the concentration of hydrochloric acid whey. Food Research

104



International, 116(April), 175-183.

199.Theoleyre, M.-A., Gula, F. (2004). Purification of food streams by combining ion exchange
and membranes technologies: application of decalcification in the whey industry.
International Conference Engineering and Food Purification, 1-6.

200.Tokosova, S., Hronska, H., Rosenberg, M. (2015) Production of galacto-oligosaccharides
by commercial preparates of fungal B-galactosidase. Acta Chimica Slovaca, 8(2), p. 101—
106.

201.Tu, Z.C., Hu, Y. M, Wang, H., Hu, X. Q., Xia, Qi, S., Niu, P. P. (2015) Microwave heating
enhances antioxidant and emulsifying activities of ovalbumin glycated with glucose in
solid-state. Journal of Food Science and Technology, 52(3), 1453-1461.

202.Ustok, F. 1. (2007). Production of B-Galactosidase Using Lactic Acid Bacteria And
Optimisation of Fermentation Parameters. School of Engineering and Science of Izmir
Institute of Technology. p. 56-65.

203.Van De Voorde, 1., Goiris, K., Syryn, E., Van Den Bussche, C., Aerts, G. (2014) Evaluation
of the cold-active Pseudoalteromonas haloplanktis -galactosidase enzyme for lactose
hydrolysis in whey permeate as primary step of d-tagatose production. Process
Biochemistry, 49(12), 2134-2140.

204.Vargas-Diaz, S., Sepulveda-V, J. U., Ciro-V, H. J., Mosquera, A. J., Bejarano, E. (2019).
Physicochemical, sensory and stability properties of a milk caramel spread sweetened with
a glucose-galactose syrup from sweet whey. Revista Facultad Nacional de Agronomia
Medellin, 72(3), 8995-9005.

205.Vasileva, N., Ivanov, Y., Damyanova, S., Kostova, I., Godjevargova, T. (2016) Hydrolysis
of whey lactose by immobilized B-galactosidase in a bioreactor with a spirally wound
membrane. International Journal of Biological Macromolecules, 82, 339-346.

206.Veldre, K., Actins, A., Eglite, Z. (2011). Flecainide Acetate Acetic Acid Solvates. Journal
of Pharmaceutical Sciences, 100(2), 604—611.

207.Vera, C., Guerrero, C., lllanes, A. (2011) Determination of the transgalactosylation activity
of Aspergillus oryzae b -galactosidase : effect of pH , temperature , and galactose and
glucose concentrations. Carbohydrate Research, 346(6), 745-752.

208.Vertzoni, M., Augustijns, P., Grimm, M., Koziolek, M., Lemmens, G., Parrott, N., Wilson,
C. G. (2019) Impact of regional differences along the gastrointestinal tract of healthy adults
on oral drug absorption: An UNGAP review. European Journal of Pharmaceutical
Sciences, 134, 153-175.

209.Vidya, B., Palaniswamy, M., Gopalakrishnan, V.K. (2014) Screening and optimization of
B-galactosidase from fungal strains by using agro residues. World Journal of Pharmacy
and Pharmaceutical Sciences, 3, p. 1809-1821.

210.Volpato, G., Morschbacher, A. P., Souza, C. F. V. de. (2016) Kluyveromyces lactis f3-
galactosidase immobilization in calcium alginate spheres and gelatin for hydrolysis of
cheese whey lactose. Ciéncia Rural, 46(5), 921-926.

211.Vrese, M., Stegelmann, A., Richter, B., Fenselau, S., Laue, C. & Schrezenmeir, J. (2001)
Probiotics compensation for lactase insufficiency. American Journal of Clinical Nutrition,
73, p. 421-429.

212.Waldron, K. (2009). Handbook of Waste Management and Co-Product Recovery in Food
Processing (Vol. 2). p. 204-211.

213.Walzem, R. L., Dilliard, C. J., German. (2002) Whey components: Millenia of evolution
create functionalities for mammalian nutrition: What we know and what we may be
overlooking. Critical Reviews in Food Science and Nutrition, 42(4), 353-375.

214.Wang, Y., Pan, Y., Zhang, Z., Sun, R., Fang, X., Yu, D. (2012). Combination use of
ultrasound irradiation and ionic liquid in enzymatic isomerization of glucose to fructose.
Process Biochemistry, 47(6), 976-982.

215.Warmerdam, A., Boom, R. M., Janssen, A. E. (2013) B-Galactosidase Stability At High
Substrate Concentrations. SpringerPlus, 2(1998), 402.

105



216.Wen, X., Chen, A., Wu, Y., Yang, Y., Xu, Y., Xia, W., Chen, S. (2020) Comparative
evaluation of proximate compositions and taste attributes of three Asian hard clams (
Meretrix meretrix ) with different shell colors. International Journal of Food Properties,
23(1), 400-411.

217.Whintaker, J. R., Voragen, A. G. J.,, & Wong, D. W. S. (2003). Handbook of Food
Enzymology. p. 128

218.Wit, J. N. (2001). Lecturer’ s Handbook on whey and whey products. The European Whey
Products Asociation., p. 91.

219.Wojciechowska, A., Klewicki, R., Séjka, M., Grzelak-Btaszczyk, K. (2018) Application of
Transgalactosylation Activity of [-Galactosidase from Kluyveromyces lactis for the
Synthesis of Ascorbic Acid Galactoside. Applied Biochemistry and Biotechnology, 184(1),
p. 386—400.

220.Wong, S. Y., Hartel, R. W. (2014). Crystallization in Lactose Refining-A Review. Journal
of Food Science, 79(3), p. 257-272.

221.Worthington, C. C., Worthington, V., Worthington, A. (2019) Introduction to Enzymes. p.
348-360

222 .Wronkowska, M., Jadacka, M., Soral-Smietana, M., Zander, L., Dajnowiec, F.,
Banaszczyk, P., Szmatowicz, B. (2015) Acid whey concentrated by ultrafiltration a tool for
modeling bread properties. LWT - Food Science and Technology, 61(1), p. 172-176.

223.Wu, L., Miao, X., Shan, Z., Huang, Y., Li, L., Pan, X., Wu, C. (2014) Studies on the spray
dried lactose as carrier for dry powder inhalation. Asian Journal of Pharmaceutical
Sciences, 9(6), p. 336-341.

224.Xu, M., Ji, D., Deng, Y., Agyei, D. (2020) Preparation and assessment of cross-linked
enzyme aggregates (CLEAs) of B-galactosidase from Lactobacillus leichmannii 313. Food
and Bioproducts Processing, 124, p. 82-96.

225.You, S., Zhang, J., Yin, Q., Qi, W., Su, R., He, Z. (2017) Development of a novel integrated
process for co-production of B-galactosidase and ethanol using lactose as substrate.
Bioresource Technology, 230, p. 15-23.

226.Yue, Q., Yang, H. J., Li, D. H., Wang, J. Q. (2009) A comparison of HPLC and
spectrophotometrical methods to determine the activity of ferulic acid esterase in
commercial enzyme products and rumen contents of steers. Animal Feed Science and
Technology, 153(3-4), p. 169-177.

227.Zadow, J. G. (1992) Lactose Hydrolysis. In J. G. Zadow (Ed.), Whey and Lactose
Processing, p. 362—-399.

228.Zamberlin, S., Antunac, N., Havranek, J., Samarzija, D., (2012) Mineral elements in milk
and dairy products. Mljekarstvo, 62, p. 111-125.

229.Zarate, G., Chaia, A. P., Gonzélez, S., Oliver, G. (2000) Viability and p-Galactosidase
Activity of Dairy Propionibacteria Subjected to Digestion by Artificial Gastric and
Intestinal Fluids. Journal of Food Protection, 63(9), p. 1214-1221.

230.Zolnere, K., Ciprovica, I. (2017) The comparison of commercially available f-
galactosidases for dairy industry : review. Research for Rural Development, 1, p. 215-222.

231.Zolnere, K., Ciprovi¢a, 1., Kirse, A., Cinkmanis, 1. (2018) A study of commercial -
galactosidase stability under simulated in vitro gastric conditions. Agronomy Research, p.
1555-1562.

232.Zolnere, K., Liepins, J., Ciprovica, I. (2017) The impact of calcium ions on commercially
available B-galactosidase. In E. Straumite (Ed.), 11th Baltic Conference on Food Science
and Technology “Food science and technology in a changing world” FOODBALT 2017
Conference, p. 27-30.

233.byraeBa A. A. (2014 Cogepuiencmeaosanue mexnono2uu npedbuomuyecKux KOHYeHmpamos
HA OCHOo6€e 6MmMOopuUdYHO2O0 MOJIOYHO2O Cblpbs C UCHOIb306AHUEM 6u0mpchqbopmauuu
naxkmoswt (No. YJIK 637.146). CraBponods, ¢. 152—-153.

106



107



APPENDIXES / PIELIKUMI

108



Glucose strip test / Glikometra tests

Appendix 1/ 1. Pielikums

A

B

Material and chemical |
Materials un kimijas

Original / Orginalais

1 test / Vienam testam

Glucose / Glikoze 36.45/100g 0.03

Glucometer / Glikometrs 0.50 -

Test strip / Testa plaksnite 10.43/50 0.21
Total / Kopa: 0.24

HPLC methode / AESH metode

A

| B

Material and chemical
Materials un kimijas

lOriginal / Orginalais

1 test / Vienam testam

Vial / Pudelite 7.7 0.14
Lid / Vacins 02.2 2.20
Acetonitril / Acetonitrils 305/2,5L 2.44
a-Lactose monohydrate / a-§49.7/1 kg 0.05
Laktozes monohidrats

Total / Kopa: 4.58

Spectrophotometric methode

| Spektrofotometriska metode

A

B

Material and chemical /Original / Orginalais 1 test / Vienam testam
Materials un kimijas
06-well plate/  96-laucinu{183/50 3.66
mikroplate
2-Nitrophenyl-galactoside / 2-49.80/1 1.00
Nitrofenil-galaktozids
(0-NPG)
Total / Kopa: /.66

Cryoscopic method / Krioskopijas metode

A

B

Material and chemical |/
Materials un kimijas

Original / Orginalais

1 test / Vienam testam

Test tube / Testa mégene 16.5/12 1.40
a-Lactose monohydrate / «a-49.70/100g 0.05
Laktozes monohidrats

Total / Kopa: 1.45
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Amount of hydrolysed lactose (g L) in acid whey permeate at different concentrations of solids and enzyme units /

Appendix 2 / 2. Pielikums

Hidrolizétas laktozes satura (g L), izmantojot biegpiena sitkalu ultrafiltratu ar daZadu sausnas saturu un atSkirigam pievienotam enzima vienibam

Enzyme units /
Enzima NOLATFit Ha-Lactase NOLAT™Fit Ha-Lactase NOLAT™Fit Ha-Lactase
vienibas, 5500 5200 GODO-YNL2 5500 5200 GODO-YNL2 5500 5200 GODO-YNL2
UmL?
0.5 61+1°¢ 121472 64+1° 81+2b 102462 94422 56+3P 99+22 101412
2.5 129+4¢ 184+42 144445 222470 2494102 151+3°¢ 18248° 362+42 167+8P
5 190+5? 190+3? 159+6° 221+17° 238+6° 241452 198+20°P 284+1° 188+1b
20% solids / 30% solids / 40% solids /
20% sausna 30% sausna 40% sausna

The values marked with the same letter within each enzyme and dry matter concentration do not differ significantly (p>0.05) / Vértibas apzimétas ar vienadu burtu katra enzima
un sausnas koncentracijas ietvaros biitiski neatskiras (p>0.05)

Comparison of hydrolysed lactose (g L) in sweet whey permeate at different concentrations of solids and enzyme units /
Hidrolizétas laktozes saturs (g L), salidzin@jums izmantojot siera ultrafiltratu ar daZadam sausnas koncentracijam un enzimu vienibam

Enzyme units / . . .
Enzﬁﬁar;fﬁl_bas, NOIgéSE):)MF1t Ha—5 I_Za(ljc(;[ase GODO-YNL2 NOE;‘E)TOMFH Ha-5 I_Z%Cgase GODO-YNL?2 NOIE:E/)\OTOMFlt Ha—5 I_Z%C(gase GODO-YNL?2
0.5 34+2P 92+62 84+3? 35+1P 73467 38+3P 35+3P 63+42 39+1°
2.5 94+8° 183+22 157+3b 88+3° 212462 197+4° 49+4° 316432 187+6°
5 146+12° 192+42 149+12° 140+10° 255492 152+6° 155+10°P 263+122 135+12°
20% solids / 30% solids / 40% solids /
20% sausna 30% sausna 40% sausna

The values marked with the same letter within each enzyme and dry matter concentration do not differ significantly (p>0.05) / Vertibas apzimeétas ar vienadu burtu katra
enzima un sausnas koncentracijas ietvaros bitiski neatskiras (p>0.05)
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Appendix 3/ 3. Pielikums

Cost of one assay for determination of -galactosidase activity /
Vienas analizes izmaksas f-galaktozidazes aktivitates noteikSanai

HPLC Glucometer test Cryoscopic method

Parameters / method / ! Spectrophotometric method / yoscopic m

. < / Glikometra L / Krioskopijas

Parametri AESH Spektrafotometriska metode

metode metode
metode

Chemicals /

Kimikalijas 2.44 0.03 1.00 0.05
Consumables / 2.39 0.21 3.66 1.40
Paligmateriali

Time / Laiks, min 20 5 10 5
Price / Cena, Euro 4.58 0.21 4.66 1.45

The price of the equipment is not included in the cost calculation / lekartas cena nav ieklauta izmaksu aprékina
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