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Preface

The Food and Agriculture Organization of the United Nations has estimated that by
2050, food production should increase by 70% to feed the growing population. If
we continue to produce the way we do, environmental pollution will undoubtedly
be greater. It seems a perverse contradiction that while today there are more than
800 million undernourished or malnourished people in the world, a third of all the
food produced is lost or wasted during the production process. This is by no means
the cause of food injustice, but is certainly part of the problem. It is urgent that we
rethink the way we are producing food, and especially our use of agro-industrial
by-products. Whey - a cheese by-product - contains 50% nutrients and 90% water
of original milk. However, whey is discarded as waste in most small and medium
cheese industries throughout the world. The available technologies to process
dairy industry by-products are expensive in terms of equipment acquisition and
energy cost. This results in a dilemma: is it more profitable to discard whey as an
effluent instead of elaborating it with added value. Whey - Biological Properties and
Alternative Uses proposes to break this paradigm and has invited researches com-
mitted to this problem to present their proposals and results for the use of dairy by-
products beyond the traditional ones, such as direct use for animals, dehydration,
or protein concentrate. This book is an excellent opportunity for graduate students
and researchers to become aware of the problem of the misuse of agro-industrial
by-products. Reducing food waste is everyone’s responsibility. We must stop think-
ing about agro-industrial products as waste and find production alternatives.

Dr. Isabel Gigli

Agriculture College,

National University of La Pampa,
La Pampa, Argentina
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Chapter1

Introductory Chapter: Dairy
By-Products - Why Should We
Care?

Isabel Gigli and Mario Calafat

1. Introduction

This book focuses on low investment alternative use of dairy by-products.
Whey has application in both the pharmacology and nutritional industry.
However, three main problems affront cheese makers when they try to process
whey: the short half-life, the cost of refrigerating, and transportation cost. All
these make the use of whey economically difficult for small and medium manu-
facturers. Therefore, in most cases, whey ends up as agro-industrial waste. This
represents a loss of valuable opportunities and also, as explained below, represents
a high environmental impact. In the different chapters, the authors offer alterna-
tive biotechnology processes (Figure 1). The ultimate goal of the book is to break
the paradigm of considering milk by-product as a waste. This introductory chapter
provides the global context in which the book was conceived: starts with a histori-
cal and current perspective of the consumption of dairy products, continues with
the composition of the by-products, followed by our experience of using whey as
culture media to produce mineral organic supplement and then isotonic lactose-
free beverage, and closes with a general conclusion.

whey GMP buttermilk
- |sotonic + Heallh promoling - Biofilm
|actose-free activities g
beverage T bevelrage
g » Food Industry N
v Culture media + Additive
rnicrobialo
» Vodka t

Figure 1.
Alternative use of whey and buttermilk discussed in this book.
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2. Dairy products consumption: past and present

Cow milk has been part of the human diet for 11,000 years. In the 1970s,
archeologist Peter Bogucki while excavating a Stone Age site in Poland found a
leaky clay pot. It was not until 2011 when molecular studies performed by Mélanie
Roffet-Salque identified milk fat residues [1]. The researcher, a UK geochemistry,
concluded that the container constituted evidence that prehistoric farmers used
the ceramic as sieves to separate milk solids from whey. This pot is the oldest
known evidence of cheese making in the world. Cheese has been a nutritional
contribution in the diet of many cultures. Nowadays, 6 billion people around the
world consume milk and milk products [2]. In South America alone, milk produc-
tion reached 61.8 million tons in 2017 [3]. In this region, the largest producers
are Brazil, Colombia, and Peru. In Brazil, fluid milk market predominates over
manufacturing dairy products. While in Argentina, Mexico, Chile, and Colombia,
the cheese and butter markets are more important than fluid milk [4] as it is
shown in Table 1.

The need to produce safe and nutritious food without environmental impact
is a global challenge. Technology has contributed to improve agricultural and
livestock productivity, but at the same time, the increase in production has
had a negative impact, such as environmental and water pollution, deforesta-
tion, and biodiversity loss. The Food and Agriculture Organization of the
United Nations estimates that by 2050, food production should increase by
70% over current production [5]. This information together with the informa-
tion that currently a third of the global food is lost or waste [5] highlights the
importance of rethinking food production. The term food loss refers to losses
that occur during the supply chain between the producer and the market (e.g.,
during sowing, harvesting, or transporting). Food waste refers to the nonuse
or nonfood use that can be given to raw material safe and nutritious suitable to
be converted into food. The last one is the case of dairy by-products, especially
in developing countries where the energy cost for technological processes such
as drying or protein purification makes it economically difficult. While we are
being inefficient in food production, around 870 million people do not have
access to sufficient dietary energy and as a consequence suffer chronic malnu-
trition. Therefore, nothing should justify the voluntary loss of raw materials
that could be transformed into food. The nonuse of by-products that could
be transformed into food represents a waste of food and also a waste of the
resources used to produce them. This inefficiency also harms environmental
sustainability. Lactose is a strong pollutant due to its high oxygen demand. It is
important to find alternative uses of milk by-product to avoid or at least reduce
food waste.

Country Annual milk production (x10°) Milk percentage (%) destined to cheese
Argentina 11.338 41
Brazil 33.400 38
Colombia 6.772 35
Uruguay 2.100 35
Table 1.

Annual milk and cheese production in South America (2012—2013) [4].
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3. Whey

Whey is the remaining liquid that is produced after milk has been curdled and
strained during the manufacturing of hard and semihard cheese. Depending on the
process of casein precipitation, whey can be acid or sweet. Acid whey is formed when
lactic acid bacteria are added to milk, and sweet whey is formed when the coagulation
process is started by adding chymosin. Whey contains 90% of milk water and 50%
of milk nutrients (Table 2). The major whey proteins are lactoglobulin, lactalbumin,
serum albumin, immunoglobulins, and glycomacropeptide, while minor whey proteins
include lactoperoxidase and lactoferrin among other proteins (Figure 2). These globular
proteins are water soluble and contain all nine essential amino acids. Tables 2 and 3
show the composition and the vitamins present in whey, respectively. As it can see, whey
is nutritional and, in spite of that, it is rarely used as such. One problem of using whey as
afood is the high concentration of lactose that makes it difficult to digest especially for
people intolerant to this carbohydrate (lactose intolerance). For lack of alternative uses,
what happens is that it ends up being discarded as an effluent.

The amount of discarded whey is difficult to quantify for obvious reason. The
Food and Agriculture Organization (FAO) estimated that 40 x 10° I/day of whey are
produced in South America, and the largest amount is discarded. In Argentina, the
dairy industry produces around 11,338 x 10° I/year. Approximately, 41% is used for
the production of cheese. This volume is equivalent to producing 4.015 x 10° I/year
of whey. Fifty-five percent of that volume is used in part to feed animals and most
of it is discarded as waste [4].

Whey has a negative environmental impact for both soils (due to mineral con-
centration) and water (due to lactose concentration) Although this is well known,
what is observed in most cheese factories is that whey is discarded, without
treatment or with a minimum treatment that fails to reduce the chemical oxygen
demand (COD) to acceptable values (marcos murcia, personal communication).
As a way to contribute to the search of solutions to this problem, our group seeks
simple and economical alternatives to implement the use of whey. Below, two
alternatives are discussed. First, we discuss the use of whey as a culture medium
for yeast enriched in specific minerals and, second, a beverage elaboration carried
out by a group of students from an agricultural school under our direction. This
last experience, we believe, is important to visualize the problem and promote the
local production.

3.1 Whey as a culture media to obtain selenium-enriched yeast

The concentration of minerals present in the soil varies according to the
geographical area. When a mineral is deficient in soils, livestock needs to be

Composition %
Fat 0.7
Total protein 09
Lactose 4.5
Total solid 6.7
No fat solid 6.1

Table 2.

Whey composition [6].
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Figure 2.
Whey and curd protein composition.
Amino acid %
Thiamine 0.3
Folic acid 07
Niacin 1.2
Riboflavin 0.2
Choline 108.0
Pantothenic acid 4.0

Table 3.
Vitamin concentration in whey [7].

supplemented. In the semiarid region, for example, a low concentration of selenium
is observed [8]. Selenium is a cofactor of different enzymes such as glutathione
peroxidase, which is involved in the antioxidant systems [9]. Also, selenium plays
an important role in thyroid hormone synthesis [10]. Although the animal require-
ment for this mineral is low (300 pg/ dry matter) [11], selenium deficiency affects
health and productivity. In cows, immunological suppression, placental retention,
and decreased milk production have been reported associated with selenium
deficient [12, 13]. In calves, diets deficient in selenium can cause a lethal condition
called white muscle [14]. In order to find an alternative use to whey and at the same
time offer a solution to the geographical areas that have selenium deficiency, we
developed an economical culture using whey for the growth of yeast expressing
lactase (Kluyveromyces DSM 11954). In this way, lactose is used to obtain selenium-
enriched biomass. The whey-based culture medium (whey, (NH,),SO, and K,PO,)
was supplemented with 20 pg/ml of Na,SeO;. At the end of the process, a total of
550 g wet cell weight (WCW) was equivalent to 85 mg/kg yeast selenium concentra-
tion. We then studied the effect of selenium-enriched yeast on calves. Six calves
received 7 g of K. marxianus daily for 10 days (0.60 mg of selenium/animal/day).
The supplement was offered individually to the animals, mixed in a small amount
of grains. The animals showed no signs of rejection of the supplement. The level
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of selenium in the blood was measured at Day 0 (before supplementation) and at
Day 10 of treatment. The animals showed a significant increase in selenium blood
(p < 0.005) (Figure 3) [6]. The use of whey as a culture medium is an inexpensive
way to produce organic mineral supplements and at the same time reduces the envi-
ronmental impact caused by the concentration of lactose in wasted milk by-product.

3.2 Whey as an isotonic, lactose-free beverage

Water footprint is the amount of direct and indirect water used to produce a
product. It is estimated that a glass of milk (200 ml) requires 250 1 of water
(1 water 1/1000 milk 1) [15]. Taking into account that whey contains 90% milk
water and is discarded without use, it is surprising that no further efforts are made
to avoid the waste of such a volume of water. In addition to water, whey—as men-
tioned above—is a source of all essential amino acids. In Chapter 2 of this book, a
fermented beverage process from whey is described. Here, whey is discussed as an
isotonic drink. Whey has been promoted to be used as a sports drink as it contains
all minerals to replace the electrolyte losses in sweat and carbohydrate [16, 17].
Table 4 shows whey and commercial sport drinks mineral concentration. Isotonic
drinks help prevent blood sodium dilution, a dangerous situation that occurs when
athletes, especially in long distance events, drink water in excess [21]. Athletes
need to replace water and minerals during and after an endurance event. Mineral
losses by sweat include sodium, potassium, magnesium, chloride, and calcium.
All of these minerals play important biochemical and physiological roles in the
body. Another nutritional advantage of whey protein is that it has a high level of
leucine (11.8% of total protein), which is important in sports supplementation
when the objectives are muscle repair and growth. For example, Hamarsland et al.
[22] reported higher blood leucine concentration and higher muscle protein rates
after exercise when athletes consumed native whey, compared to milk or WPC-80.
Reitelseder et al. [23] quantified labeled L-[1-13C] leucine in muscle and compared
two different treatments: casein and whey ingestion. The authors observed no
difference in protein muscle synthesis. These results are important because they
valorize the use of whey compared to more costly technological processes. The
point that must be emphasized is that the promotion of whey as a beverage will
help reduce environmental pollution and develop a new commercial option to use a
by-product that, otherwise, is considered a waste.

160
160
140
120
100
aa
&1l
A0
20
[

Selenium (pph)

Day 0 Day 10

Figure 3.
Selenium blood levels (ppb) in calves before (Day o) and the day after selenium-enriched yeast
supplementation (Day 10).
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Mineral Sweet whey Acid whey Gatorade Powerade
(mg/100 ml) [18] (mg/100 ml) [18] (mg/100 ml) [19] (mg/100 ml) [20]
Calcium 92.8 36.5 — —
Phosphorus 58 43 — —
Magnesium 9 6.5 — —
Potassium 58 43 45.8 104.2
Sodium 395 45.5 12.5 24.2

Concentration in whey can vary according to whey processing.

Table 4.
Mineral concentration in sweet whey, acid whey, and commercial sport drink Gatorade and Powerade.

Keeping the idea of finding alternative products for whey, the authors
of this chapter collaborated with students of Agriculture School (Escuela
Agrotécnica Victorica, La Pampa, Argentina) to produce a lactose-free bever-
age based on whey. The students developed the product as part of their labora-
tory assignment for the Nutrition course. Figure 4 shows the production flow,
and Figure 5 shows the final product. In this way, the students visualized
and understood that with a simple process, what is considered a waste can be
transformed into food.

whey

v

filtering

v

Beta Galactosidase incubation

v

addition of sugar,
preservatives and flavorings

v

mixed and homogenization

v

pasteurization

v

cooling

Figure 4.
Lactose-free whey beverage production flow.
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Figure 5.
Lactose-free whey beverage produced by students of Agriculture School Victoria (Escuela Agrotécnica
Victorica, La Pampa, Argentina).

4. Conclusion

Whey is still considered a by-product with no economical value despite its bio-
logical properties and despite all the alternative uses that have been proposed. The
uses of whey as a culture medium or as a beverage, as discussed here, are examples
of how simple processes can contribute to the development of new products and
at the same time to reduce environmental impact. We are intensifying production
systems and genetically improving livestock to produce more milk; meanwhile, we
are discarding 50% of the nutrients in milk as whey. This should be considered also
as part of lack of animal welfare. We do not need to produce super cows, with all the
metabolic stress that it causes to the animal; we need to rethink the systems of food
elaboration.

It is important to discuss the way we are producing food and the biological value
of the food we want to consume. Environmental and production policies that favor
the use of by-products are required. We need to break the paradigm of considering
milk products as waste and develop new strategies for use.
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Chapter 2

Whey to Vodka

Paul Hughes, Derrick Risner and Lisbeth Meunier Goddik

Abstract

Whey production can be an economic and environmental problem for small
creameries and acid whey producers. The fermentation and distillation of whey not
only eliminates the cost of disposing whey as waste while minimizing environmen-
tal impact but adds a revenue option through production of a value-added product.
Kluyveromyces marxianus is typically utilized to ferment the pasteurized and
pretreated whey. The fermented product contains approximately 3% ethanol v/v.
Various options for distilling may be utilized such as a simple two-pot system or a
more complex four-stage system to assure production of a neutral spirit. Quality of
the distilled spirit is impacted by whey source, whey pretreatment, fermentation
conditions, and the distilling process.

Keywords: Kluyveromyces marxianus, fermentation, distillation, spirits, ethanol,
still, Carbery method

1. Introduction

Whey processing is a mature manufacturing sector. More than 75 years have
passed since multiple effect evaporators and spray dryers were developed and
applied to whey processing [1]. Nevertheless, the technology continues to
evolve. The initial processes focused on removing water and concentrating all
solids-non-fat into dry powders. Today, membranes, ion exchange resins, and
chromatography are some of the new unit operations routinely applied in the
processing of an increasingly diverse assortment of powders originating from
whey.

This development has greatly benefitted larger cheese producers as these pow-
ders generally provide significant revenue potential. Unfortunately, smaller scale
cheese processors are rarely able to benefit from these products. Whey powder
facilities are expensive to construct and are therefore not an option for smaller
cheese companies.

Large-scale cheese makers in the US typically only produce one type of cheese
such as cheddar or mozzarella. This leads to production of large volumes of sweet
whey streams with consistent composition that are well suited for current whey
manufacturing facilities. In contrast, smaller specialty cheese producers tend to
produce multiple different cheese types and must deal with different whey streams.
While most hard renneted cheeses produce relatively similar whey streams, the
lactic cheeses such as cottage or cream cheese along with Greek yogurt create acid
whey. Acid whey primarily differs from sweet whey in mineral and acid content.
Specifically, acid whey may have twice the calcium content and more than 10 times
the lactic acid content as compared to sweet whey. The high levels of lactic acid
interfere with the drying process as it contributes to forming sticky powder
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agglomerates within dryers. Consequently, acid whey cannot be easily processed
into whey powders.

Giving these limitations, small-scale cheese processors and acid whey producers
have limited options for whey disposal. At best, they aim to dispose of whey
without a cost. This could involve using whey as an animal feed source, land
application, or disposal in farm lagoons. All of these options have potential negative
consequences. Dragone et al. suggested that 47% of whey produced in Portugal
(mostly from small scale producers) was disposed through land application or
directly into streams [2]. The environmental consequences of this can be significant
due to the high Biological Oxygen Demand (BOD) and Chemical Oxygen Demand
(COD) of whey, which are 40-60 and 50-80 g/L respectively [3]. This leads to
depletion of dissolved oxygen when disposed into lakes and streams. Whey does not
appear to negatively impact the flavor of beef from cattle fed whey [4, 5], although
some negative impacts such as acidosis and diminished carcass grade have been
noted [6]. In addition, feeding whey back to the livestock at a farmstead creamery
will likely increase the risk of phage development.

Nevertheless, self-disposal may be favorable compared to paying for disposal
through municipal wastewater treatment systems or paying others to haul the whey
away for disposal. Rates for disposal of waste through municipal water/waste treat-
ment rates are based upon the mass of BOD being removed at the treatment facility
thereby making it an expensive waste treatment option for whey. In fact, it may not
even be an option as some municipalities refuse to treat whey. A recent (2015)
unpublished survey of specialty cheesemakers in the US revealed that most of the
very small artisan cheese makers manage to dispose of whey at no cost through
feeding to own or local neighborhood animals. However, as soon as cheese produc-
tion increases above 5000 kg/year, most are obliged to pay for disposal at rates up to
$105/1000 kg of whey. This demonstrates that whey disposal can be a significant
expense for medium scale cheese processors that are too small to produce whey
powders and too large to dispose of whey through feeding or other small-scale
disposal. As profit margins for small-scale cheese makers are tight [7], whey dis-
posal costs can significantly impact business sustainability.

Due to these challenges, small-scale whey producers are continuously looking for
whey disposal options. The fermentation and distillation of whey can be done to
produce bioethanol or a potable spirit. The fermentation and distillation of whey to
produce potable spirits may be a potential value-added option for small scale cheese
makers. Not only does this allow for concentrating the initial whey stream, but it also
enables the production of an additional high-priced product. For example, if a 750 ml
bottle of vodka sells for $30 that would translate to approximately $1-1.5 per L of initial
whey. This could potentially create as much revenue as the corresponding cheese.

2. Commercial whey spirits

The concept of producing whey-based spirits is not new. This process has been
explored scientifically since the 1940s and the Carbery process was developed and
commercialized in 1978 to produce potable ethanol from whey on an industrial scale
[8, 9]. Analysis has been conducted illustrating that whey based spirits are com-
posed of volatile compounds similar to other spirits and are safe for consumption
[2]. Currently in New Zealand, potable ethanol is being produced using the Carbery
process and is exported to Asian markets [9, 10]. There are multiple examples
worldwide of commercially available whey-based spirits. All of these products
highlight the dairy/whey connection; both on the label and in product description
that emphasizes creamy flavors. They are all marketed as premium products and
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Figure 1.
Commercially available whey-based spivits: Bertha’s revenge gin, black cow vodka, Vermont white vodka, and
sheep whey vodka.

sold at high prices. This demonstrates that consumers appreciate distilled spirits
produced from dairy sources. Below is a summary of four commercial whey-based
spirits (pictured in Figure 1).

* Bertha’s Revenge and Slough Bertha are produced at Ballyvolane Guesthouse in
Ireland (https://ballyvolanespirits.ie). The product is named after Bertha, a
Droimeann cow from Sneem in Co. Kerry, who apparently lived to be 49 years
old. Although this gin is labeled as an Irish milk gin, it is produced from
fermented sweet whey. The alcoholic whey is distilled three times and flavored
with local botanicals.

* Black cow vodka is produced in England (https://www.blackcow.co.uk). This
vodka sells for a premium price. The product has significant worldwide
distribution and in deference to regulations in various countries is sold in select
countries as a spirit instead of vodka to recognize that it is not based on grains
or potatoes.

* An American version is Vermont white vodka from Vermont Spirits (http://
www.vermontspirits.com). Vermont Spirits converts multiple local
agricultural products to spirits. Tasting notes for this product describes it as: “a
traditional vodka with a bracing yet moderately light medicinal approach, then
a finish that fades into a nice and lingering sweetness. Creamy, with just a hint
of bittersweet chocolate.”

* Sheep Whey Vodka is produced at a Tasmanian artisan creamery (http://
grandvewe.com.au). This product is the only one of the four spirits that is
produced at the creamery. In appreciation of the creativity of this product, it
won Champion Vodka of Australia at the World Vodka Awards 2017 in
London, along with the 2017 award for Australian Beverage of the year.

3. Controlling the whey source

An important conclusion from a recent study by Risner et al. is that aroma
compounds within spirits differ significantly based on whey source [11]. Therefore,
it is essential to understand and control the whey source prior to starting commer-
cial fermentation and distillation of whey, composition of sweet whey depends on a
wide variety of factors. Within cheese types, milk pretreatment and cheese
processing parameters such as filtration, pasteurization, starter, rennet, and salting
will all impact whey composition [12, 13]. Among different cheese types, the
parameters listed above have even more impact with the largest differences
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associated with lactic curd cheeses such as cottage cheese. In addition, external
factors such as feed, season, and lactation influence whey composition [14]. This is
particularly important for whey from goat and sheep milk cheeses as these animals
are often on seasonal lactation schedules [15]. Small variations in compositions
likely do not greatly affect fermentation and distillation; nevertheless, this can be a
concern when striving to produce a consistent product.

4. Whey pretreatment

Although whey from different sources vary, there are tools available to pretreat
the whey prior to fermentation and distillation. Traditionally, whey clarifiers are
used to remove casein fines while whey separators are used to remove whey cream.
This leaves behind non-fermentable substrates such as whey proteins, minerals, and
acids, which do not contribute to the production of distilled beverages. Although
whey proteins are soluble, they may precipitate when exposed to heat during
pasteurization or during distillation, which could interfere with operation of the
still. Therefore, some method of protein removal, such as ultrafiltration, would be
beneficial prior to fermentation. Removal of other potentially interfering com-
pounds such as minerals and acids could be achieved through nanofiltration.
Nanofiltration has the additional advantage of concentrating lactose to increase the
concentration of fermentable substrate within whey, which would essentially
improve fermentation and distillation efficiencies. It is important to note that these
unit operations are expensive and resource intensive and therefore not likely to be
used in artisan dairy processing. Nevertheless, membrane units are utilized in some
specialty cheese facilities and could therefore be a relevant option.

5. Whey to commercial spirit

The Carbery method is the industrial method used to convert whey/whey per-
meate to ethanol [8, 9]. The method is similar to other industrial ethanol production
processes in that a microbial fermentation is performed to convert sugars within a
substrate to ethanol and an extractive distillation occurs to concentrate and separate
the ethanol from other volatile compounds. Once distillation has occurred the spirit
can be treated as any other distilled spirit for subsequent processing (Figure 2).
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Figure 2.
Process overview of spirit production via the Carbery method.

16



Whey to Vodka
DOI: http://dx.doi.org/10.5772 /intechopen.81679

There are several key differences in the Carbery method when compared to
traditional spirit production. Whey/whey permeate is readily fermentable and a
sugar conversion step such as mashing or cooking is not necessary. Whey/whey
permeate should arrive at the facility well above the optimum fermentation tem-
perature and must be cooled before inoculation. The main fermentable sugar within
whey is lactose, which cannot be utilized by Saccharomyces cerevisiae (S. cerevisiae),
the yeast generally used for ethanol production. Kluyveromyces marxianus (K.
marxianus), a lactose fermenting yeast is used to convert lactose to ethanol. The
lactose levels within raw whey only allow for the production of a “beer” or “wash”
with ethanol concentrations of 2-3% v/v. Whey permeate may be concentrated but
ethanol production is limited by the sensitivity of K. marxianus to increased solute
concentrations and ethanol. This low concentration of ethanol will increase the
energy requirements during the distillation process. A beer still, extractive distilla-
tion unit and a rectifier are used during the extractive distillation process. A
demethylizer is not employed during the extractive distillation process [8, 9] as
very little methanol is formed during the fermentation process. The dilution, filtra-
tion, flavor additions, packaging, and distribution occur in a manner comparable to
other spirits produced in a traditional manner.

6. Conversion of lactose to ethanol

Lactose [O-B-D-galactopyranosyl-(1—4)-D-glucopyranose] is a reducing
sugar and disaccharide composed of $-1,4 glycosidically bonded galactose and
glucose residues. Lactose is the primary carbohydrate constituent of whey and
whey permeate [16, 17]. The conversion of lactose to ethanol is a two-step
process. First, lactose must be hydrolyzed to galactose and glucose and then
alcoholic fermentation occurs to produce ethanol.

6.1 Methods of lactose hydrolysis

The enzymatic hydrolysis of lactose is the most common method of lactose
hydrolysis (Figure 3) and can be achieved in several ways. The common industrial
conversion of lactose to ethanol uses an ethanol producing microbe, K. marxianus
which enzymatically hydrolyzes lactose [8, 9]. Whey or whey permeate is cooled to
the microbe’s optimum fermentation temperature and then inoculated. Hydrolysis
of lactose is achieved intracellularly via p-galactosidase and the organism subse-
quently metabolizes the constituents to produce ethanol [18]. It should be noted
that the traditional brewing and distilling yeast used to produce ethanol, S. cerevisiae
does not express the genes necessary to produce p-galactosidase, as an alternative a
p-galactosidase producing yeast, K. marxianus is used. Genetic engineering of
S. cerevisiae to produce p-galactosidase has been explored on an experimental scale
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Figure 3.
Engzymatic hydrolysis of lactose.
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for bioethanol production, but to the authors’ knowledge this is not being used in
beverage production [19-21].

A common method of lactose hydrolysis in dairy product production is the
addition of lactase, an exogenous enzyme belonging to the $-galactosidases family
[22-24]. The addition of this enzyme requires no additional processing equipment
and lactase is widely available. Using lactase to hydrolyze lactose allows for the use
of microbes, which do not produce f-galactosidase, to be used in the fermentation.
This approach has been explored and documented on an experimental scale for
bioethanol production [25, 26].

Other methods of hydrolysis of lactose include the use of immobilized enzyme
systems, membrane reactor processes used to recover enzymes/cells and acid
hydrolysis [24, 27]. Immobilized enzyme and membrane reactor systems could help
reduce cost because both are enzyme conservation processes, but they require
additional processing technology and are not widely implemented commercially.
Acid hydrolysis requires the use of ultrafiltration because the whey permeate
stream must be free of protein. The process involves the acidification and short heat
treatment ranging from approximately 100-150°C. This treatment causes a brown
discoloration in serum which requires color removal and purification steps [24, 27].
The color removal process would not be necessary during ethanol production.
While these technologies and processes are currently not used in the commercial
conversion of whey to ethanol, some have been explored to increase production
efficiency [26, 28-30].

6.2 Fermentation after lactose hydrolysis

Alcoholic fermentation is a form of anaerobic energy production commonly
used by plants, yeast and other microbes [31]. This metabolic pathway has been
exploited by humans for food and beverage production for several millennia. Dur-
ing industrial production of ethanol from whey, an ethanol-fermenting strain of K.
marxianus is used to convert lactose into ethanol. This strain of K. marxianus is used
because it can intracellularly hydrolyze lactose and efficiently produce ethanol.

Alcoholic fermentation has two distinct phases. The first phase is glycolysis
which converts glucose to pyruvate. The glycolytic pathway is common to nearly all
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Figure 4.

Alcoholic fermentation after lactose hydrolysis.
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cells and generates adenosine triphosphate (ATP) which is used for intracellular
energy transfer. Galactose is enzymatically converted to glucose 6-phosphate, an
intermediate product of glycolysis (Figure 4). The conversion of galactose to glu-
cose 6-phosphate is a four step process; however, the cellular energetic cost is the
same as the phosphorylation of glucose. The outcome of this glycolysis process is
net production of 4 ATP, the conversion of glucose and galactose to 4 pyruvate
molecules and the reduction of NAD"* to NADH.

The second phase of alcoholic fermentation converts pyruvate into ethanol to
regenerate NAD" used during glycolysis. Pyruvate is decarboxylated enzymatically
which results in the production of CO, and the formation of acetaldehyde. The
reduction of acetaldehyde to ethanol is catalyzed by alcohol dehydrogenase and
NAD" is replenished in the process [31]. Ethanol is then passively diffused from the
cell into the fermentation substrate.

7. Fermentation organisms

There are few yeast species which assimilate lactose to produce ethanol [32]. K.
marxianus is the microorganism widely used in industrial lactose to ethanol con-
version. Other microorganisms used in industrial food and beverage manufacture
have been examined at an experimental scale for their suitability for lactose to
bioethanol conversion. These organisms include K. lactis, S. cerevisiae and
Escherichia coli. Use of genetically engineered organisms for alcoholic beverage
manufacture is currently not a common commercial practice. This is likely due to
perceived consumer concerns about the consumption of genetically modified
organisms.

7.1 K. mavrxianus and considerations for lactose to ethanol conversion

K. marxianus ability to convert lactose to ethanol is widely reported in scientific
studies concerning bioethanol production. K. marxianus is the fermentative organism
used for large scale manufacture of potable spirits and bioethanol produced from
whey/whey permeate [8, 9]. Scientific studies often reference K. fragilis as a lactose-
fermenter; however, it is currently synonymous with K. marxianus [33]. Several
studies have investigated the use of Candida pseudotropicalis as the fermentative
organism for lactose to ethanol conversion [10]. C. pseudotropicalis, also referred to
as Candida kefir, is the anamorph (asexual reproductive stage) of K. marxianus [33].
The species K. marxianus have a high degree of genetic variation and each strain’s
ability to produce ethanol can vary widely [34-36]. This is likely due to the species
being present in a wide range of habitats [35]. K. marxianus is widely considered to be
a Crabtree-negative organism, meaning the organism will preferentially respire
instead of ferment when oxygen and glucose are abundant [37]. K. marxianus
carries the genes necessary for fermentation and strains have been reported as
Crabtree-positive (preferentially ferments in presence of oxygen and an abundance
of glucose) [37, 38]. The ethanol tolerance of K. marxianus is lower than S. cerevisiae
and can limit ethanol production [39]. Inhibition of ethanol production can occur at
ethanol concentrations as low as 45-52 g/l or approximately 5.5-6.5% v/v [40].
Supplementation or concentration lactose within whey or whey permeate can cause
substrate inhibition and limit ethanol production. This trait appears to be strain
specific with reports varying of ethanol production inhibition at lactose concentration
of 108-200 g/1 [41, 42]. This wide variation in reported ranges highlights the impor-
tance of purchasing the proper fermentative strain of K. marxianus to meet each
lactose to ethanol producer’s requirements.
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K. marxianus is generally recognized as safe (designated GRAS), which is
advantageous for potable spirit producers because the yeast biomass can be further
processed for livestock or human consumption. It has been reported that the
fermentation process can reduce the biological oxygen demand of whey or whey
permeate by 75% [43] and aerobic cultivation has reduced BOD by 90-95% [35].

7.2 Environmental considerations and fermentation parameters for K.
marxianus

Several adjustable factors can influence the rate and quality of fermentation by
K. marxianus. These factors include the presence of oxygen, nutrient supplementa-
tion, substrate, pH and fermentation temperature. In general, hypoxic and anoxic
environments favor K. marxianus’s fermentative metabolism, and ethanol yields are
greater than in an aerobic environment [10, 43]. Aerobic conditions favor the
building of cell density and are commercially applied for cell propagation in vessels
called “Donas” [9]. The doubling time of K. marxianus is approximately 70 min, and
it has one of the fastest growth rates of any eukaryote [37].

Nutrients are not added to the whey/whey permeate during commercial fer-
mentations [9]. Additional supplementation of nitrogen and phosphorus to whey/
whey permeate was shown not to affect ethanol production during fermentation
[44]. It has been illustrated experimentally that supplementation of concentrated
whey (200 g/l lactose) with bacto-peptone, ergosterol and linoleic acid reduced
fermentation time from over 90 to less 60 h [10]. This is a substantial decrease in
fermentation time, however large-scale commercial lactose to ethanol fermenta-
tions range from 12 to 24 h [8, 9].

K. marxianus is a thermotolerant yeast with reported maximum growth temper-
atures ranging from 47 to 52°C [10, 35]. Ethanol production has been reported at
temperatures as high as 45°C [45] and, other studies indicate that the optimum
fermentation temperature is lower. Studies indicate the optimal fermentation tem-
perature range to be 30-40°C [36, 39, 41, 42, 46-48]. This wide range of reported
temperatures can likely be attributed to the genetic diversity of K. marxianus strains
and differences in experimental design. A pH of approximately 5 is widely reported
as the optimum fermentation pH value [36, 39, 42, 46-48]. Agitation of fermenting
whey/whey permeate occurs in industrial lactose to ethanol conversion and has
been incorporated experimentally [8, 9, 47, 49]. To the authors’ knowledge, the
effects of the rate of agitation on fermentation efficiency of K. marxianus have not
been examined.

Large scale lactose to ethanol production facilities will adjust fermentation time,
temperature, tank pressure, and agitation rate to meet production goals [8, 9].

K. marxianus strain UFV-3 may have potential for potable ethanol production.
K. marxianus strain UFV-3 was able to produce ethanol at yields 90% of the
theoretical maximum with fermentation temperatures between 33.3 and 38.5°C,
pH 4.7-5.7 and lactose concentrations between 50 and 108 g/1 [42].

7.3 Other fermentation organisms

K. lactis is used to produce lactase and recombinant bovine chymosin on an
industrial scale. It is the sister organism to K. marxianus that is more widely studied.
K. lactis synthesizes p-galactosidase much like K. marxianus and most strains of K.
lactis are considered Crabtree-negative [50]. A small number of isolate have been
used by researchers working with K. lactis and it is ubiquitous to fewer environ-
ments than K. marxianus [10, 32]. This has led to less genetic variation than within
in the species than K. marxianus. Some strains of K. lactis exhibit Crabtree-positive
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metabolic characteristics [51, 52] and have been genetically engineered for lactose to
bioethanol conversion [53]; however, they have not been adopted on a commercial
level for lactose to ethanol conversion.

S. cerevisiae is the microorganism widely used in alcoholic beverage and
bioethanol production. S. cerevisiae is used for traditional potable spirit production
for several reasons including its fermentative capacity and ethanol tolerance, being
considered Crabtree-positive (preferentially ferments in presence of oxygen and an
abundance of glucose), and it’s GRAS designation [10]. S. cerevisiae is ill-suited for
the conversion of lactose to potable ethanol because wild S. cerevisiae does not
express the genes necessary to produce B-galactosidase. This requires the lactose
within whey/whey permeate to be pre-hydrolyzed or S. cerevisiae to be genetically
engineered to produce B-galactosidase. While pre-hydrolysis of lactose has been
explored on an experimental scale for bioethanol production, it would require an
additional input (enzymes) and/or additional processing equipment. S. cerevisiae
preferentially uptakes glucose after lactose hydrolysis and the presence of glucose
causes the catabolic repression of enzymes necessary to uptake galactose [54]. The
enzymes necessary to uptake galactose will only be synthesized after the glucose has
been depleted. This repression causes an increase in fermentation time due to a
diauxic lag [10, 55]. While S. cerevisiae has been genetically engineered to synthesize
p-galactosidase and to reduce catabolic repression, genetically engineered yeast are
not commonly used for beverage production [19, 21, 56].

E. coli has been genetically altered to produce ethanol since 1987 [57]. In 2010,
E. coli was genetically modified to express the Vitreoscilla hemoglobin for direct
fermentation of sugar to ethanol [58]. This technology has been experimentally
developed for the efficient fermentation of whey and other organic by-products.
Recently, microbial immobilization has been experimentally applied to E. coli
expressing Vitreoscilla hemoglobin and has shown an increase in lactose to
bioethanol production efficiency without producing the microbial biomass associ-
ated with the traditional fermentation process [59, 60].

The use of genetically modified organisms for the conversion of whey to potable
spirit has the potential to increase production efficiency and reduce operating costs.
The use of these organisms will require consumer acceptance of potable spirits
produced from this technology.

8. Industrial whey fermentation process and technology for potable
spirits

The fermentation process and technology used for the Carbery process are
identical for potable spirits and bioethanol production [8, 9]. The Carbery process
(Figure 5) is used for the industrial conversion of whey to potable spirits. Differ-
ences in the process occur during the distillation and during post-distillation
processing. Whey/whey permeate is received at the facility and must be cooled to
the specified fermentation temperature. Once cooled, the whey is pumped into
fermentation tanks and inoculated with K. marxianus. The common inoculation rate
for commerecial spirit production is 1-5 x 107 cells/ml [61]. K. marxianus is grown in
yeast propagation vessels referred to as “Donas”. These yeast propagation vessels
are aerobic and pumped with filtered air to promote yeast growth. This allows yeast
to be maintained in growth phase which increases their ability to produce alcohol
and reduces lag time when inoculated in whey [61]. The fermentation tanks are
cylindroconical vessels jacketed with ethylene glycol or other coolant for tempera-
ture control. The quantity and size of the fermentation tanks vary based upon the
production facility capacity. Compressed air is used for agitation during
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Figure 5.

Ex%zl:nplg of industrial (Carbery process) whey to potable ethanol fermentation process flow.

fermentation. The fermenting whey is pumped from vessel to vessel with monitor-
ing of the specific gravity occurring throughout the process. The specific gravity of
whey starts at approximately 1.022 g/cm® and drops to 1.008 g/cm? during fermen-
tation. This drop in specific gravity is due the lactose within whey being converted
to ethanol and CO,. The specific gravity measurement is used to determine the
process flow rate. Fermentation time ranges between 12 and 24 h [8, 9]. Once the
designated specific gravity has been reached, the fermented whey is separated from
the yeast via gravity (yeast falling out of solution) and/or through separation tech-
nology, such as centrifugation. The yeast can potentially be recycled for later
batches or further processed for human or animal consumption. The fermented
whey, now called a “beer” is held in a holding tank until distillation [8, 9].

9. Distillation

Once the whey sugars, primarily lactose and its monosaccharide constituents
galactose and glucose, have been converted into ethanol, there is a need to concen-
trate the alcohol up to a strength that is appropriate for a spirituous product.
Broadly speaking the ethanol yield from a whey fermentation will be typically
2-5% v/v, depending on the fermentation procedures and any preconcentration
applied. The fermented feed though can contain significant levels of other whey
constituents such as calcium salts and proteins. Depending on the process design,
the whey may be pretreated to remove proteins and salts.

The requirements of the distillation operation are straight-forward, at least in
principle. The fermented whey is to a first approximation a dilute solution of
ethanol in water, and this ethanol needs to be concentrated by around an order of
magnitude to generate the basis of an alcoholic spirit. However, other volatile
components present, either from the parent whey or produced during fermentation
as secondary metabolites, also termed congeners. Whilst these compounds are
present in relatively low concentrations they can contribute to the flavor of the
distilled spirit and the distiller needs to make a decision as to how much of these
flavors should be retained in the resulting spirit.
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In any case, the distillation process consists of three distinct activities: heating, to
create vapor from the still feed, condensation, to convert vapor into the liquid
spirit, and collection of the spirit. Each of these activities can be achieved using
equipment of widely varying complexity and broadly speaking the higher the purity
of the alcohol the more complex the equipment needs to be. For the distillation of
fermented whey the common primary aim is to create “neutral alcohol” (i.e. alcohol
that has no extraneous color or flavor) and so both the concentration of ethanol and
removal of flavor-active components is usually required. To achieve this the ratio of
surface area to volume in the still is a key design consideration. Generally, the
introduction of more surface area tends to enhance the separation of ethanol and
congeners, resulting in a cleaner, more neutral spirit. With the rapid development
of the craft spirits industry, especially since the turn of the century, there has been a
plethora of new still designs and fabricators available to the nascent distiller. To
remove any congeners present is usually achieved by multiple distillations, the
introduction of “plates” into a still or both.

Whilst the distilled spirit is the primary product from distillation, it is a rela-
tively minor proportion of the still output. If the alcohol is around 3% v/v and the
output is, say, 70% v/v, then the spirit fraction is only about 5% of the total feed
volume, with the remaining 95% as “waste”. However the removal of BOD (mainly
present in whey as lactose) and the distillation of ethanol from the fermented whey,
means that the BOD is substantially reduced, which in turn reduces effluent costs. If
protein is removed prior to distillation and utilized elsewhere, then the resulting
still waste stream is amenable to further treatment, for instance by anaerobic
digestion. In any case, the distillation operation results in a significant waste stream
in itself that must be considered in any process design.

The scale of the fermentation and distillation facilities is straight-forward to
estimate. For a cheese plant that produces 5000 kg cheese per year, around 45,000 1
of whey will be produced. On a weekly basis this is around 100 kg of cheese and
900 I of whey. If the lactose content is 5% w/v and the sugars are completely
fermented (for instance using yeasts such as K. marxianus), the ethanol yield will be
up to around 3% v/v. Allowing 5 days for a fermentation to complete, two fermen-
ters of 1000 I will be required, and a still of 300-1000 1 capacity. The exact capacity
depends on how often the distilling operation is performed per week.

10. Still configuration

The recent growth of the craft spirits industry has spawned a wide range of still
configurations, many of which focus on flexibility for different feeds. Such stills are
referred to as hybrids. As mentioned above, ethanol is only part of the composition
of the distilled spirit. A range of other compounds, especially a plethora of esters,
short-chain fatty acids and methyl ketones are common secondary metabolites of
whey fermentations. Their presence affects the final sensory performance of the
spirit and therefore should be under control, either by fermentation management or
by judicious distillation.

In principle, most “contaminating” secondary metabolites can be removed by
employing four distillation approaches in sequence: stripping, rectification, hydro-
extractive distillation and another rectification step. A distiller may not want to
remove all the additional flavor-active components. Using a simple pot still, the
fermented whey will distil to yield a product of around 15-20% v/v ethanol,
depending on the initial ethanol concentration. This ethanol concentration can be
increased up to around 70% v/v with a second pot still. This approach will yield a
spirit that will retain significant levels of flavor compounds and so will be most
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“whey-like”. If a “cleaner” spirit is required more complexity is required in the
distillation set-up.

At the other extreme to the two-pot system is the four-stage system indicated
above. Stripping is followed by rectification, a process that typically employs a
column of plates to enhance the separation of ethanol from the stripped feed. This
should yield an output of close to 96% v/v, close to the maximum concentration of
ethanol possible at atmospheric conditions from an aqueous ethanol system (the
“azeotropic limit”). But this ostensibly clean spirit still retains flavor from the initial
stripping feed and needs further processing to clean up the final spirit. To do this,
water is perversely added back to the rectifier column output. This has the effect of
increasing the volatility of the secondary metabolites, so that they are more easily
separated from the distilling ethanol. The output of this column is still relatively
water-rich so an additional rectification stage is the final part of the distillation
process to elevate the ethanol concentration toward the azeotropic limit of around
96% v/v.

As mentioned above, there is an option of applying a demethylizer as a final
column stage. This is an essential operation for pectin-rich distillation feeds
such as those from stone fruits and potatoes. The pectin content of whey is
negligible so this is unnecessary. One point to note concerning the use of a
demethylizer is that it is most effective at low water concentrations (in contrast
to hydro-extractive distillation) and so it is best employed after the second
rectification step.

For a plant that only distils whey fermentations, the four-column process has
most to commend it, as it will yield spirit that is relatively clean or “neutral”. From a
craft perspective this is a relatively complex distilling operation (with associated
fabrication costs), so novel still configurations are becoming increasingly common.
From a customer perspective there are three points to keep in mind when seeking
distillation equipment:

* What quality of the final spirit is required in terms of ethanol concentration
and levels of secondary metabolites?

* What is the expected range of initial feed ethanol concentration?
* What is the solids content of the original fermented whey feed?

The two former points help to define the distillation stages and the columns
that may or may not be required (columns add significant cost to still fabrica-
tion). The latter is an important consideration when considering heat source.
Direct heating such as electrical elements can be problematic if heating causes
precipitation (e.g. of proteins) as they can congeal on to the heating surfaces
and can cause heat transfer and burn-on issues for the spirit. The latter in
particular can give rise to burnt-on flavors that are difficult to remove from the
spirit despite repeated distillations.

11. Use of spirit

A spirit can be used in a range of final distilled spirits. Most commonly,
these are vodka, gin and liqueur/cordial products. The specifications for spirit
used for vodka production are usually the most exacting. Usually the final
product has to be essentially neutral, so that the concentrations of secondary
metabolites should be minimal. Typically, spirit for vodka has specifications for
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total terpenoids, acetic acid, ethyl acetate and methanol. Spirit used for gin
must also be neutral, but the use of botanicals to flavor the resulting spirit can
help to mask any minor flavor deviations. Liqueurs and cordials based on
neutral alcohol are often relatively strong in flavor. In principle a spirit that is
less neutralized can be used with relative comfort.

One other aspect to bear in mind is that the addition of sugar, usually as syrups,
can help to smooth out any “edges” to the mouthfeel of the spirit. Most liqueurs
require significant levels of sugar addition during production, whilst for gin and
vodka, only the London dry gin style has proscriptive sugar levels. Returning to the
design of the still layout, the decisions there can be steered by the expected uses that
the spirit will be put to, with vodka requiring the most tightly defined quality
criteria. In any case, though the spirits produced for whatever duty should be of
consistent quality.

One other option is to use the spirit for non-potable uses such as fuel. Gener-
ally, though the value of a non-potable alcohol product is substantially less than
potable alternatives so there is less financial imperative for producing, say, fuel
alcohol.

12. Reactive distillation

A relatively recent development in distillation development is the concept of
reactive distillation, pioneered by Berglund at Michigan State University. Here the
concept is to encourage reactivity between spirit components to alter the sensory
attributes of the spirit. This has significant potential value for whey distillates as
one demonstrated option is to induce fatty acids to react with ethanol to create
esters, mediated by a solid-state acid catalyst. From a whey distillate perspective,
this can in principle help to reduce the levels of short-chain fatty acids in spirit
(with typical flavor descriptors such as cheesy, rancid) and convert them into
fruit-flavored esters. Whilst this has yet to be demonstrated specifically for whey
this approach offers a tantalizing option for enhancing the neutrality of whey-
derived spirits.

13. Product quality

Spirit quality can be influenced by several factors including source of the
whey, fermentation parameters, still configuration and post- distillation product
treatment. Congeners, minor volatile constituents of a spirit influence it’s the
organoleptic qualities. The perception of congeners is considered a flaw in
vodka. Congeners are present in raw whey and are formed as secondary
metabolites during the fermentation process. Congeners within whey can be
carried over during the distillation process and are similar to congeners in other
spirits [2].

The source of whey and fermentation parameters can influence the composition
of congeners in fermented whey. The composition of the volatile aroma compounds
within milk and other dairy products can vary depending upon the source of the
milk [62]. The milk producer’s diet and geographic location can be attributed to the
presence volatile compounds such as terpenes and terpenoids [63, 64]. The cheese
production process can also influence volatile compound composition of whey,
particularly the application of heat and exposure to microorganisms. Exposure to
heat can create thermal artifacts and influence chemical reaction rates within whey.
The exposure of milk or whey to microbes can influence the volatile compounds
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present in whey. The metabolites produced by microbes can include alcohols alde-
hydes, esters and ketones, all which can influence organoleptic quality. The micro-
bial populations can differ per facility and geographic location [62]. Each cheese
production facility can potentially produce wheys with different volatile compound
compositions. The source of whey can influence the composition of volatile com-
pounds present in a spirit [11].

Fermentation conditions can influence the production of secondary metabo-
lites of K. marxianus [65, 66]. Traditional industrial ethanol production facilities
take a laissez faire approach to fermentation conditions related to congeners pro-
duction. These facilities’ chief concern is maximizing ethanol production. A sim-
ilar approach is taken at industrial whey to ethanol production facilities. The
extractive distillation process is used to separate ethanol from congeners and
produce a neutral spirit. It should be noted that congeners with a similar volatility
as ethanol may be more difficult to separate. Diacetyl is difficult to remove via
extractive distillation and can impart rancid butter or butterscotch aromas to a
spirit [67]. Spirit quality is influenced by the number of plates used to separate the
ethanol from the other volatile compounds. A greater number of plates allow for
greater separation volatiles reducing the presence of congeners within the final
spirit. The use of copper plates or other components which have contact with the
spirit during the distillation process can influence the organoleptic qualities of the
final product. Copper contact during distillation reduces sulfur aromas in spirits
and can reduce concentration of sulfur containing compounds in the final spirit
[68]. Post- distillation of filtration of the spirit can reduce the presence of conge-
ners in the final product. Filtration with activated carbon can reduce the conge-
ners in spirits and which can have a perceivable impact on the organoleptic
qualities of the spirit [69].

If the spirit is to be sold as a vodka it should have a clean taste with no
perceivable aroma. These requirements may not be as stringent if the product is
to be sold as flavored spirit or mixed with other ingredients to produce a
beverage such as Irish cream. Flavorings may mask presence of congeners or
congeners with positive organoleptic qualities may enhance the final product.

For cheese makers with no prior knowledge of distillation, this entire process
may appear intimidating. Fortunately, assistance is available for people entering
into the distillation business [70].

14. Environmental implications of whey spirit production

The production of potable spirits from whey has the potential to reduce
environmental impacts of cheese and spirit production [71]. The fermentation
process reduces the environmental impact of whey. The conversion of lactose to
CO, and ethanol can reduce the BOD of whey by 75% [43] and aerobic cultiva-
tion can reduce BOD levels up to 95% [35]. The volume reduction during
distillation and reduction of BOD during fermentation indicate that processing
spent wash would be less economically and environmentally impactful than raw
whey. K. marxianus is classified as GRAS and can be used as feed for livestock.
It has also illustrated that production of a spirit from whey destined to be land
spread instead of a similar grain-based spirit can reduce net CO,-equivalent
emissions [71]. This 2018 study also indicated that the production of a whey-
based spirit required less water than a grain-based spirit [71]. These factors
indicate that the production of a spirit from whey may be beneficial to the
whey producer, distiller and the environment.
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15. Conclusion

Whey production can be an economic and environmental problem for small
creameries and acid whey producers. The production of potable ethanol from whey
is currently occurring on an industrial scale and it may be a strategy worth pursing
for smaller producers.
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Abstract

Glycomacropeptide (GMP) is a milk-derived bioactive peptide that comprises
15-20% of proteins present in whey, being the third most abundant. It is released
from k-casein by enzymatic digestion, either physiologically or in industry during
cheese making process. GMP has many biological activities that are of particular
interest for the manufacture of novel functional foods. Specifically, health promot-
ing activities of this whey peptide are related to: antimicrobial, anticariogenic,
gastric acid inhibitory, cholecystokinin releasing, prebiotic, and immune modula-
tory. GMP is also a peptide with promising use in food industry, due to its nutri-
tional value and its emulsifying, foaming, and gelling properties. Besides, GMP
has received much attention due to its use as an indicator of milk adulteration with
cheese whey. This chapter summarizes the current knowledge about biological
activities of GMP, going in-depth in immune regulatory properties, exposes the
potential uses of GMP in industry, and finally reviews different methods used to
detect GMP as adulteration index with cheese whey.

Keywords: glycomacropeptide, bioactive peptide, health promoting activities,
whey component, milk adulteration

1. Introduction

As already mentioned in other chapters, milk whey is a liquid by-product
generated after obtaining cottage cheese or curd (proteins coagulated by acid and
heat), also known as cheese whey, that for many years has been considered a waste
product, and sent to bodies of water, soil, and sewage systems. However, currently
it is used due to its multiple nutritional and functional properties [1].

In Mexico, the production of whey in 2016 was estimated at 1,010,000 tons, 47% of
which was discharged to soil, drains, and bodies of water. Despite the fact that multiple
uses have been found to cheese whey, this has become a serious environmental problem
[2]. This by-product is composed of water, lactose, proteins, peptides, fat, and mineral
salts [3]. One of the peptides of interest is glycomacropeptide (GMP), which is obtained
after the coagulation of milk k-casein during cheese production and represents 15-20%
(w/w) of the total proteins contained in milk whey [4].

GMP is the C-terminal fragment released by the proteolytic action of the
endopeptidase chymosin (renin) on k-casein during the initial stages of cheese
making, or by the action of pepsin during the gastric digestion. k-casein is
hydrolyzed at phenylalaninel05-methioninel06 bond, forming two very different
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polypeptides. One is called para-k-casein (residues 1-105), and it is slightly
cationic at pH 6.6, hydrophobic and poorly soluble, which remains in cheese curd;
and the other is GMP (residues 106-169), that is strongly polar so diffuses into
the aqueous phase, being eliminated during the draining with the cheese whey (as
reviewed in [5]).

2. Chemical properties and molecular structure of GMP

GMP has 64 amino acid residues, with an isoelectric point (pI) between 4
and 5. Fifty percent of GMP is deglycosylated and is known as caseinomacropep-
tide (CMP) [5]. However, milk GMP can present different types of carbohydrates,
such as: sialic acid, galactosyl, and N-acetylgalactosamine, which generate dif-
ferent glycosylated forms of the molecule. GMP is rich in amino acids such as
proline, glutamine, serine, and threonine, but deficient in tryptophan, tyrosine,
phenylalanine, and cysteine. The absence of aromatic amino acids in its primary
structure causes that GMP does not present absorption at the wavelength of
280 nm. However, GMP can be detected at wavelengths between 205 and 226 nm
and absorption differences between 210 and 280 nm are used for the character-
ization of GMP (as reviewed in [5]). The composition of GMP can be variable
and depends on the source of serum and the fractionation technology used in its
isolation [3] (Figure1).

Asreviewed by Neelima [7], the three-dimensional structure of GMP can-
not be evaluated due to its crystallization which is not possible, so it can only be
seen from a purely theoretical approach. GMP is a peptide that does not possess
defined secondary and tertiary structure. However, three-dimensional structure
of GMP has been predicted by means of protein modeling and shows that a large
part of the peptide has a strong negative charge, whereas there are three small
domains with a positive charge at the N-terminal end. At pH 7.0, its mean value
of the hydropathy is —0.322, and GMP is more hydrophilic than hydrophobic.
The hydropathy value decreases when glycosylation of GMP increases, due to the
greater amount of sialic acid residues.

101 H.Met—Ala = [l — Pro=Pro = Lys —Lys=— Asn—Gln=—Asp—Lys = Thr —Glu — [le — Pro
L [Wariant B)
L] r L] L ] L ]
121 The— He = Asn—The = Ile — Ala=— Ser —Gly=— Gluw—Pro — The = Ser — The =—Fro— Thy = The — Glu=—Ala — Val —Ghs
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L] &
141  Ser=Thr — Val=—Ala— Thr = Leu—Gha=—Thr — 5er = Pro =i — Vil = lle— Gl 5er — Fro=—Fro—Glu — e —Asn

L ]
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Figure 1.
Primary structure of bovine GMP variant A and B, where ® indicates its three phosphorylation sites and A the
most important glycosylation sites. Modified from Thomd-Worringer et al. [6].

3. Biological activities of GMP

The use of GMP is growing, since it is a bioactive peptide with unique nutritional
and nutraceutical properties. Many biological activities of GMP have been reported,
highlighting antimicrobial, anticariogenic, gastric acid inhibitory, cholecystokinin
(CCK) releasing, prebiotic, and immune modulatory. Of particular interest is
GMP’s capacity to modulate the immune response, due to its potential use in treat-
ment or prevention of different immunopathologies.
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One of the first antimicrobial effects observed in GMP was due to its ability
to bind cholera toxin and Escherichia coli enterotoxins. Chinese hamster ovary
(CHO)-K1 cells undergo morphological changes in presence of cholera toxin and
GMP at 20, 100, and 1000 pg/mL was able to suppress this morphological change
by more than 70%. Treatment of GMP with proteinases lowered this activity,
but removal of sialic acid abolished it [8]. Curiously, as GMP doses increased the
inhibitory effect decreased. Authors demonstrated that sialic acid is mediating this
inhibitory activity, so it could be inferred that GMP at high doses has less sialic acid
available probably as consequence of its aggregation into polymers. Likewise, GMP
has showed inhibitory activity on CHO-K1 cells morphological change induced by
E. coli thermolabile enterotoxins [9]. Later, the binding ability of GMP to intestinal
pathogenic bacteria was evidenced, mainly to entherohemorragic E. coli (EHEC
0157). This activity decreased when the peptide was desialylated and peroxidated,
showing that sialic acid is essential to GMP attachment. Besides, GMP prevented in
a dose-dependent manner the adhesion of EHEC 0157 to Caco-2 cells and when it
was conjugated with xylooligosaccharide or carboxymethyldextran, the release of
IL-8 by Caco-2 was also suppressed [10]. The same inhibitory effect on pathogenic
bacteria adhesion to Caco-2 cells was corroborated with 3[H] thymidine-labeled
enterophatogenic E. coli (EPEC) Salmonella typhimurium or Shigella flexneri [11].
Besides, it has been reported that GMP generates dose-dependent inhibition of
enterotoxigenic E. coli (ETEC) K88 adhesion to ileal mucosa iz vitro [12]. Finally, a
recent report showed that GMP also prevents the attachment of several strains of
EHEC and EPEC to Caco-2 and HT-29 mammalian cells [13]. In this study, it was
demonstrated that GMP, beyond inhibiting bacterial adhesion, is able to maintain
the structural integrity of tight junctions on Caco-2 monolayers, thus delaying the
paracellular translocations of EPEC. However, it is important to clarify that authors
did not measure the expression level of proteins associated with these junctions.

There are several i vivo assays that show a probable protective effect of GMP against
pathogenic bacteria. GMP has been reported to neutralize in 80% the rate of incidence
of diarrhea induced by cholera enterotoxins LT-1 in mice, and abolished that induced
by LT-2 [9]. On the other hand, the addition of GMP into diets of piglets diminished
the bacterial count in mucosal scrapping and abated the attachment of ETEC K88 to
the intestine, mainly on the ileal mucosa where the receptor for E. coli is located [12].
Moreover, a diet supplemented with 1% GMP protected weaning piglets from damage
caused by E. coli infection, and prevented the reduction of growth, morphological dam-
age, and the increase in intestinal permeability associated to infection [14].

In association with this antimicrobial effect, an anticariogenic activity to
GMP has been demonstrated. Firstly, in vitro assays using different products that
contain GMP as an active principle showed that it could inhibit the adhesion of
bacteria inducing dental plaque and carious in oral cavity to surface plastic, such
as Streptococcus mutans, S. sanguis, and Actinomyces viscosus [15]. Later assays
corroborated these results, as the incorporation of GMP with or without caseino-
phosphopeptide to salivary films modified the adhesion capacity of S. sobrinus and
S. mutans to bovine enamel discs [16]. This antimicrobial effect was linked to a
remineralization activity of GMP, as demonstrated later through an experimental
protocol in human that showed that GMP alone or combined with xylitol promotes
more remineralization than commercial fluoride toothpaste [17]. The anticariogenic
and remineralization activity of GMP have been claimed in several patents [15, 17].

Several studies have related GMP with the inhibition of gastric secretion. First
ones were mostly developed using dogs by a group of Russian researchers. The first
evidence that GMP inhibits gastric secretion was showed by Shlygin and co-workers
[18] using gastrin to evoke it. Subsequent works demonstrated similar effect using
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different gastric secretion stimulants [19]. Some years later, it was proposed that
this inhibitory effect was caused by a GMP fragment rather than the whole molecule
[20, 21]. Later, injecting dogs with a protein fraction obtained from the gastric
content of unweaned rats, it was observed an inhibition in dog gastric secretion
to a food stimulus [22]. This inhibitory action was similar to that induced by GMP
in dogs. GMP was also demonstrated to inhibit gastric motility after its intrave-
nous injection in dogs [23]. All these experiments point out that at physiological
conditions GMP may be playing a crucial role in the preservation of active milk
proteins in newborn animal during natural breast feeding. In addition to dogs, other
experimental models such as rats, pigs, and calves and also isolated organs were
used to demonstrate that GMP induces gastric secretion inhibition in association
with a decrease in blood of some regulatory digestive hormones, as gastrin and CCK
(asreviewed in [24]). However, variations in used gastric stimuli, GMP dose, and
origin, via of administration and experimental approach may be the cause of the
differences in the reported intensity to this GMP activity.

Related with the effect of this bioactive peptide on digestive hormones, GMP has
also been associated with appetite control. Several iz situ studies with Wistar rats
have suggested that glycosylated forms of GMP A variant could regulate food intake
through CCK secretion, a hormone involved in satiety, as GMP stimulate its release
[25, 26]. Nevertheless, in studies in human, GMP had no effect in the regulation of
food intake over a short-term period [27], neither in the loss of body weight after
12 months of sustained consumption [28]. Likewise, GMP with different degree of
glycosylation does not modify the concentration of CCK in human plasma [29]. As
other authors have pointed out [27], these inconsistencies related to GMP’s effect on
CCK release are probably due to dose changes in both animal models and human trials.

For many years, the prebiotic properties of GMP have been discussed. The first
evidence that GMP might possess prebiotic activity arose with the bifidobacterial
growth promoting effect of human’s colostrums and milk by iz vitro assays [30].
In an attempt to discern the component of the milk responsible for this activity,
an important role of N-acetyl-glucosamine (GlcNAc) and oligosaccharides with
GlcNAc [31] was pointed out. Subsequent investigations were quite contradictory,
until the prebiotic activity of GMP was demonstrated for the first time in 1984
[32]. This work showed that human GMP is a promoter of bifidobacterial growth,
although the effect was lost when it was hydrolyzed, as well as when bovine GMP
was used, showing the importance of the GMP peptide chain to function as a pre-
biotic. Eight years later, it was reasserted that peptide fraction was decisive for the
prebiotic effects on bifidus [33]; while other researchers leaned by sialic acid as the
inductor of the effect [34]. Following this line, the supplementation of milk with
2% GMP increased the in vitro growth of Bifidobacterium lactis [35]. Besides, the
addition of 2 mg/mL of cow GMP to the growth medium, promoted the growth of
Lactobacillus vhamnosus and Bifidobacterium thermophilum, and apparently glycosyl-
ation was not an essential factor to carry out this function [36]. On the other hand,
using an artificial colon model to simulate colonic fermentation, GMP was shown
to modulate the gut microbiota of elderly subjects by promoting the growth of
several health-relevant taxa, like Coprococcus and Dorea, both related to resistance to
pathobiont colonization [37]. Finally, a recent iz vitro research has shown that GMP
promotes the growth of Bifidobacterium longum ssp. infantis in a dose-dependent
manner and modulates its genes expression. Again, they found that the effect was
lost with periodate GMP, suggesting that its activity is due to the oligosaccharides
present in the molecule [38].

In the last years, several research groups have demonstrated that oral treatment
with GMP modifies iz vivo the microbiota in gut using different experimental
approaches. First works were developed in mice, and showed that after 15 days of
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GMP treatment, there was a significant increase in Lactobacillus and Bifidobacteria
in fecal samples, at the same time the number of Enterobacteriaceae and coliforms
decreased [39]. Feeding mice for 8 weeks with a GMP-enriched diet reduced
Desulfovibrio bacteria in normal and phenylketonuric mice; a bacteria that is
associated with the pathogenesis of inflammatory bowel disease (IBD). Likewise,
normal mice increased Firmicutes and phenylketonuric ones Bacteroidetes;
specifically, the genus Allobaculum (associated with body weight loss [40]) and
Bacteroidales, respectively [41]. In this case, the prebiotic property of GMP was
associated with an increase in short chain fatty acid production, mainly acetate and
propionate, that may has an important role in the regulation of immune response.
So, although the prebiotic activity of GMP has been demonstrated, more research
is needed to clarify whether the peptidic or carbohydrate fraction or both are
involved in this bioactivity.

3.1 The immunomodulatory properties of GMP

GMP has been shown to modulate the immune response in a number of differ-
ent ways. First, we summarize literature reports about regulatory activity of GMP
on immune cells demonstrated by iz vitro assays, and later, we will focus on those
studies in which the regulatory effect of GMP on immune response was analyzed in
animal models.

In relation to the immunomodulatory effects of GMP on immune cells, different in
vitro approaches have corroborated the inhibitory action of GMP on splenocyte prolif-
erative response to mitogens, and have shown that both sialic acid residues and poly-
peptide portions of GMP are essential in this inhibitory effect. In 1992, it was showed
that the GMP fraction obtained from k-casein inhibited proliferation of mouse spleno-
cytes induced by Salmonella typhimurium lipopolysaccharide (LPS) [42]. Furthermore,
GMP displayed an inhibitory activity on the proliferative response induced by con-
canavalin A (Con A) and phytohemagglutinin (PHA) [42, 43]. Initially, it was found
that sialic acid was the key in this inhibitory activity, as it was lost after digestion with
neuraminidase [44]. However, the inhibitory effect of GMP was increased after diges-
tion with trypsin and pronase, which suggests that the peptidic chain is also involved in
this immunomodulatory activity. In this regard, the same working group showed that
the inhibitory effect on PHA-induced proliferative response is higher when the number
of sialic acid residues is increased and that on LPS-induced proliferation is highest
with a GMP fraction containing two sialic acid residues [45]. Both inhibitory effects
decreased significantly after neuraminidase digestion. They also suggested that phos-
phate group at serine-149 plays a role in GMP binding to the mitogen receptor, as they
observed a reduced inhibitory activity after GMP chymotrypsin digestion. Regarding
to the associated mechanism to GMP inhibitory effect on splenocyte proliferation, it
was showed that GMP stimulates the synthesis of a soluble inhibitory component, an
interleukin (IL-1) receptor antagonist or IL-1ra [46, 47]. Moreover, GMP was able to
bind to mouse CD4+ helper T cells and to suppress the expression of the IL-2 receptor
on the cell membrane, inhibiting the PHA-induced proliferation of mouse splenocytes
[48]. Subsequently, the inhibitory action of GMP on LPS-induced cellular proliferation
was confirmed in mouse splenocytes, although they did not report any effect on PHA-
or Con A-stimulated cells [49]. But later, controversy about the effect of GMP on the in
vitro proliferation of spleen cells was generated, as it was reported that GMP increases
the proliferation response of lymphocytes stimulated by Con A [50]. In this study,
an increase in Foxp-3 and IL-10 expression was also demonstrated. Besides, authors
showed an inhibition on secretion of IFN-y and TNF-« and on STAT4 activation when
cells were stimulated by Con A in presence of GMP. The same team studied the action
of GMP on monocyte cell line THP-1 and they found that GMP increases the secretion
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of TNF, IL-1p, and IL-8 by THP-1 cells, and this effect is mediated via MAP kinase and
NF-kB pathways [51].

On the other hand, GMP is also able to downregulate dendritic cell response to
LPS by inducing a slight but significant decrease in the production of IL-6, IL-1f, and
TNF-a, but without changing the production of IL-12 and IL-10 [49]. Strikingly, the
regulatory effect of GMP on neutrophils is the opposite, as it improves proliferation
and phagocytic activity of the human macrophage like cells U937 [52]. However,
the observation that both polypeptide and carbohydrate portions are essential for
GMP biological effects is reinforced in this study, as peptides of pepsin-digested
GMP and sialic acid-rich GMP fractions significantly enhanced cell proliferation and
phagocytic activities stimulated by non-digested or asialo-GMP on U937 cell. Also,
an upregulatory effect of GMP on production of IgA by LPS-stimulated splenocytes
has been reported, being correlated with an increase in the population of IgA positive
cells [53].

There are several studies that analyze the immunomodulatory activity of GMP
on immune response when it is orally administered to experimental animals. In the
context of splenocytes response to mitogens, two iz vivo studies were carried out to
analyze the possible immunomodulatory activity of GMP. First one was developed
in 1998 and demonstrated that mice fed with a GMP-supplemented diet show an
enhanced proliferative response of spleen cells to Con A, without generating signifi-
cant changes in the response to LPS or PHA [54]. Later in 2012, it was showed that
oral intake of GMP by rats reduces the proliferative response of splenocytes induced
by Con A [55]. In both iz vivo studies, animals were antigen-immunized because
antibody response was also measured. All together in vitro plus in vivo studies, point
out the inhibitory effect of GMP on splenocyte proliferation to mitogens. The oppo-
site response reported by one in vitro [50] and in vivo [54] assay was quite possibly
due to concentration-dependent effects or assay-used conditions.

The effect of orally administered GMP on humoral immunity has also been
studied. Mice fed with GMP have shown suppressed levels of specific IgG to dietary
and injected antigens, with no change in IgM, IgA, and IgE antibody response
[54]. In this regard, a recent study showed that oral administration of GMP to mice
resulted in a greater number of IgA positive plasma cells in the intestinal lamina
propria [56]. All these results [54, 56] plus iz vitro ones [53] about Igs production fit
together, suggesting an immuno-suppressing activity of GMP on systemic humoral
response, but an immuno-stimulating activity on humoral mucosal immunity.

Martinez-Augustin and co-workers [57, 58] have studied the immunomodula-
tory action of GMP in experimental models of intestinal inflammation. They have
demonstrated that GMP administered orally to rats exerts an anti-inflammatory
effect in ileitis and colitis induced with trinitrobenzenesulfonic acid (TNBS); said
anti-inflammatory effect shows a degree of efficacy similar to that of sulfasala-
zine, a drug widely used in the treatment of inflammatory bowel disease. GMP
was shown to protect rats from TNBS-induced colonic and ileal inflammatory
damage, by reducing the damage score and the extent of necrosis, and also by
diminishing the increased alkaline phosphatase colonic activity and inducible
oxide nitric synthase expression. IL-1f and IL-1ra messenger RNA levels were
significantly decreased in colon as a consequence of GMP administration; and
myeloperoxidase activity and levels of IL-1p and IL-17 were decreased in ileum.
Initially, the authors assumed that the action mechanism of GMP was not related
to anti-oxidative activity or to regulatory cell induction, as glutathione or TGF-f
levels in colon and Foxp-3 in ileum were not affected [57, 58]. However, when GMP
was orally administered to rats, an increase on Foxp3 expression in spleen cells was
observed, although secretion of cytokines by ex vivo Con A-stimulated splenocytes
did not change [50]. Putting together these results with the regulatory activity of
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GMP on monocytes (THP-1) and splenocytes cytokine response obtained by the
same working group and previously mentioned in this review [50, 51], authors
concluded that the intestinal anti-inflammatory action of GMP is likely to be
mediated by the direct modulation of monocyte or splenocyte activity, especially
by hampering the activation of Th1 cells while favoring the differentiation of Treg
cells [50].

In recent years, a Mexican laboratory led by Salinas [55, 59-61] has focused on the
study of the immunomodulatory activity of GMP in experimental allergy models.
They found that oral administration of GMP to rats before and during sensitization
with allergen significantly reduces the level of allergen-specific IgE in serum, and
also decreases the proliferative response and the production of IL-13 by splenocytes
stimulated by the allergen [55]. Treatment of animals with GMP also protected them
from systemic anaphylaxis as GMP administration increased survival rates and less-
ened signs of severity of anaphylactic shock. Moreover, GMP reduced the intensity
of urticarial inflammatory reaction when sensitized animals were intradermically
challenged with the allergen [55]. With these results, it was demonstrated the
immunomodulatory properties of GMP on allergic sensitization and its beneficial
effect on clinical signs associated to early-phase allergic reaction. Then, they inves-
tigated whether GMP may impact on late-phase and chronic inflammatory allergic
reactions, using two experimental models that after repetitive exposure to allergens
displayed local recruitment and activation of immune cells with persistent produc-
tion of inflammatory mediators in affected tissues, together with substantial changes
in the extracellular matrix and alterations in structural cells [62]. Specifically, they
used experimental models of asthma and atopic dermatitis prophylactically admin-
istered with GMP, that is to say, prior to and during pathology establishment. As
expected, GMP intake resulted in reduction of IgE titers in serum. In addition to this,
in asthma model, GMP substantially decreased blood eosinophilia and suppressed
the recruitment of inflammatory cells to the bronchoalveolar compartment. GMP
also inhibited eosinophils infiltration, goblet cells hyperplasia, and collagen deposit
in lung tissue [59]. Equivalent results were obtained in allergen-induced atopic
dermatitis model, where GMP reduced the intensity of cutaneous inflammatory
process and edema, abolished pruritus, and reduced eosinophils recruitment and
mast cells hyperplasia in dermis [60]. In both models, expression of IL-5 and IL-13
was markedly inhibited in lung and skin, while expression of IL-10 was increased.
Their research then turned to the mechanism by which GMP modulates the allergic
response. They demonstrated that GMP administration increases the amount of
Lactobacillus and Bifidobacterium present in gut of allergen-sensitized animals
after 3 days of oral treatment, and that of Bacteroides after 17 days. Interestingly,
this intestinal microbiota is associated with protection in allergy. GMP intake also
increased the production of TGF-f by splenocytes of sensitized animals in response
to allergen and impacted mast cell function, inhibiting their activation and also the
release of histamine in response to allergens. No change in tissue mast cell number
was found [61]. These results obtained in experimental allergy models again show a
double way by means GMP exerts its control on inflammation; on one hand, through
a direct modulation of immune cells activity involved in the process, and on other
side by potentiating a regulatory microenvironment against the Th2-inflammatory
one. More studies are needed to understand which immune cell receptors recognize
GMP and which intracellular signals activate or inhibit.

Finally, there are few studies that analyze the role of GMP on cancer. In a rat model
of pharmacological-induced colorectal cancer, oral administration of 100 mg/kg of
GMP decreased the number of aberrant crypt foci although no effect was observed at
doses of 10 and 50 mg/kg. On the other hand, there was no change in methylation and
expression level of p16 and MUC2, two tumor suppressor genes [63]. Additionally,
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through an in vitro assay GMP was showed to inhibit the expression of p65 NF-kB in
human colorectal tumor HT-29 cells activated with LPS, key element in colorectal
cancer induced by inflammatory bowel diseases [64].

Although more studies are needed in relation to some biological activities, cur-
rent results propose GMP as a good candidate to be used as a functional ingredient
in food industry.

4, Potential uses of GMP

Today, one of the objectives of the food industry is the development of novel
food products with beneficial properties for health. For its different health benefits,
GMP can be used in therapeutic and dietary foods, or as a functional ingredient in
various special products, like oral care products.

4.1 Therapeutic and nutritional applications

It is crucial to demonstrate that GMP is hypoallergenic to be used in food compo-
sitions. In this regard, Takahashi and collaborators patented a food composition
that contained GMP and a mixture of free amino acids (leucine, lysine, methionine,
cysteine, phenylalanine, tyrosine, tryptophan, arginine, histidine, and glycine)
[65]. The composition presented good taste, good absorption and digestion proper-
ties, and a high nutritional value. They demonstrated that this composition was
hypoallergenic, as after repeated injections of the GMP composition together with
an adjuvant used to induce experimental allergy in mice, no antibody against GMP
was detected in serum by Ouchterlony. Although this method is not very accurate,
GMP hypoallergenicity was later corroborated by Milkkelsen and collaborators
using ELISA test to show absence of specific antibodies in mice after being sensi-
tized both systemically or orally with GMP [66].

Due to the particular amino acid composition of GMP, devoid of aromatics
amino acids (phenylalanine, tryptophan, and tyrosine), it can be used for special
diets of people suffering from phenylketonuria (PKU), being an adequate choice as
a source of proteins [67]. On the other hand, GMP has low amount of methionine
but high amount of branched chain amino acids (valine and isoleucine), which
makes this peptide an excellent candidate to be used for the control of liver diseases,
as this type of amino acids are good as caloric sources [68]. There is a patent to use
of GMP to improve female’s health [69]. The inventors claim that administration of
a composition comprising GMP can improve the health of the females. They used
murine models fed with GMP composition and showed that females decreased
final fat mass and percent body fat, when comparing with females that received a
diet based on caseins or free amino acids as source of proteins. In relation to bone
characteristics, femur length was larger in GMP administered mice, although
only females showed less femoral weakness and greater bone mineral content and
density as compared to those fed with amino acids or casein diets, respectively.

4.2 Dietary supplementation

As previously mentioned, research results suggest that GMP has an effect on the
feeling of fullness but this does not translate into a lower food intake [27, 28]. For an
application in food intake regulation and in potentially body weight management,
more work is required. Understanding dose, timing, and delivery mode, including
food form and composition, in relation to the pattern of release of CCK, is needed
for the use of GMP as appetite suppressant [70].
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4.3 Food additive

GMP has physicochemical properties that make it attractive for use as an addi-
tive in food products. According to studies on the functional properties of GMP, it
can act as an emulsifier, foaming, and gelling agent.

GMP as an emulsifier presents stability to pH variations, which is attractive
for foods that undergo pH changes during their process, such as the case of fer-
mented milk products [71]. The best emulsifying capacity was obtained at alkaline
pH. However, it has been observed that emulsions with GMP as emulsifying agent
are not stable during storage when they have received thermal treatment [72].
Besides, GMP modified covalently with disaccharides or fatty acids can present an
improved function and even increase its biological activity [73, 74]. Therefore, in
order to modify the emulsification activity of GMP, this peptide has been conju-
gated with other molecules such as lactose [73] and fatty acids [74]. The conjugation
of GMP with lactose was carried out through the reaction of Maillard, and this
conjugate showed a better emulsifying capacity without significantly reducing the
solubility of GMP [73].

Currently, foams have many industrial uses of great importance in the production
of beer, soaps, whipped cream, shaving cream, aerosols, etc. The formation of a foam
requires the participation of a surfactant capable of diffusing to the air/water interface
to lower the surface tension. GMP complies with this property, although the foams
formed with GMP are stronger or more stable when combined with other foaming
proteins [75, 76]. In order to improve the foam properties of the proteins, synergistic
mixtures of biopolymers and pH variations have been made that can modify their
charge and, consequently, their foam ability. In relation to this, by combining sodium
caseinate with GMP, synergistic interactions take place between these molecules on
foaming and on stability at pH 5.5 [77]. Non-glycosylated GMP has better foaming
properties than glycosylated GMP [78]. This is due to the glycosidic structures favor
a combination of hydrophilic and electrostatic effects, which prevents an orderly
adsorption of the glycosylated GMP molecules at the air/water interface; whereas,
non-glycosylated GMP forms a very stable network at the interface.

On the other hand, gels are semi-solid systems that consist of a network of
solids (three-dimensional network of polymers) with an inside trapped-liquid.
They are of great importance in food and pharmaceutical industry as many gelled
products are manufactured throughout the world (gummies, gelatins, jelly jams,
bakery fillings, and therapeutic or cleaning agents). Generally, gelling agents
are proteins and polysaccharides. Gelling properties of GMP has been studied
and it is known that its gelation depends on pH and temperature, reporting that
even aqueous solutions with low GMP amounts can be gelled at pH below 4 [79].
Besides, GMP can potentiate gellying capacity of other substances. Thus, by
fermenting goat milk to which GMP was added, a more ordered and structured gel
was obtained, in addition to obtaining a better elasticity in it, as compared to that
obtained when whey protein concentrate was added [80]. The influence of GMP
on the gelation made by gelatin has also been studied and when these two com-
pounds are mixed, lower concentration of both substances are need to get a gel as
compared with the ones need when they are used separately [81]. This synergistic
effect in gelation is very important in the food industry for the preparation of
desserts and foods based on gels.

4.4 Oral care products

Dental caries is one of the chronic diseases that most often affect humans. Due
to the anticariogenic and remineralization properties demonstrated to GMP and
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previously reviewed in biological activities section, nowadays GMP is being incor-
porated to some oral care products [15-17].

5. GMP as an indicator of milk adulteration with cheese whey

One of the problems presented by the dairy industry is the adulteration of milk
with whey cheese, which is very cheap and not detected by sensorial tests. Cheese
whey does not cause harm to health, however, it affects milk-derived products manu-
facturers financially and can affect the consumers nutritionally, so the addition of
cheese whey is considered a fraud. Due to GMP present in cheese whey, the detection
of this peptide may indicate the addition of cheese whey to milk. Some of the methods
that detect GMP as an indicator of the presence of cheese whey are described below.

5.1 Electrophoretic methods

Sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE): This method was
standardized to analyze pasteurized milk and milk powder. Samples has to be previ-
ously treated with 24% trichloroacetic acid (TCA) to eliminate interfering k-casein
and later with 50% TCA to precipitate GMP, which is resuspended in Tris-buffer
0.05M HCl, 1 mM EDTA, pH 7.2 [82]. Analyzing under these conditions cheese
whey and milk added with cheese whey, a protein fraction of 20.8 kDa is identified
corresponding to GMP that allowed to detect adulteration with whey up to 1%.

This protein fraction is not detected in samples of acid whey or in raw milk. This
technique had been previously used to analyze milk drinks that were distributed in
schools as part of a program of the Brazilian government [83]. However, the method
showed sensitivity to detect 5% of added whey, probably because they did not treat
the sample with TCA. In later works, it was able to detect 40 and 20 pg of GMP in
samples analyzed by electrophoresis in SDS-PAGE and in cellulose acetate strips,
respectively, due to the use of thiobarbituric acid and malachite green dye reactions
instead of Coomassie blue as developing agents [84].

Capillary electrophoresis (CE): A variant of electrophoresis is CE, a technique that
has the advantage of allowing a rapid detection of GMP. This method has been used
to identify GMP as an indicator of the presence of cheese whey in buttermilk powder
and skim milk. An advantage of this method is that it is usually reproducible, repeat-
able and sensitive; however, the interpretation of the results is difficult [85].

5.2 Chromatographic method

High performance liquid chromatography (HPLC) has been widely used to iden-
tify GMP as indicative of milk adulteration with cheese whey. In order to carry out
the analysis, it is necessary to pre-treat the samples with TCA to precipitate proteins
that can interfere (k-casein) and to concentrate GMP [86]. Similarly, a rapid and
sensitive HPLC method on a gel permeation column was developed to detect GMP
to follow the hydrolysis of k-casein by chymosin in milk [87]. The only pretreat-
ment given to samples was addition of TCA (final concentration 8%) to precipitate
the interfering caseins and whey proteins. This method was widely used by several
researchers to analyze different samples, such as skimmed milk powder [88].
Cation-exchange chromatography has also been used to detect GMP, previously
removing caseins from whey samples by precipitation with HCl at pH 4.6, neutral-
izing with TCA at 2-8% and analyzing supernatants [89]. On the other hand, a
Reversed-Phase HPLC (RP-HPLC) method was developed and validated to separate
and quantify GMP and was demonstrated to be precise, sensitive, and reliable [90].
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The determinations were performed in the linear range of 15-200 pg/mL

and the detection limit was 2 pg/mL. The method was applied to the analysis of
rennet and acid whey, whey protein concentrates produced by the dairy industry,
and also for the detection of rennet whey in powdered milks.

The European Commission uses two methods to detect the presence of cheese
whey in milk: a gel permeation chromatography and subsequently a RP-HPLC as
a confirmatory test [91]. However, it has been shown that the sensitivity of this
method is affected by the presence of acidified rennet whey, which makes it dif-
ficult to detect the addition of whey [92]. Besides, the HPLC methodology used to
analyze compounds like GMP in dairy products usually includes extractions with
solvents, sample’s preparation require a lot of time and reactives, the equipment is
very sophisticated and demands trained personal.

5.3 Spectroscopy methods

Spectroscopy has also been used to detect GMP. The medium infrared spectros-
copy (MIR) was used to analyze milk powder in order to detect GMP as adulteration
parameter. Although this method is fast, it is not widely used because derived
spectra are not very easy to interpret, in addition to its high cost [93]. On the other
hand, by liquid chromatography/electrospray coupled to mass spectrometry, milk
products were analyzed and it was able to quantify GMP from concentration of
10 pmol, although the method was not used to detect milk adulteration [94].

5.4 Immunochemical methods

Immunoassays are analytical methods of great application in the food area,
and have the advantages that they are quick, sensitive, and that the sample to be
analyzed requires little or no treatment. Several immunochemical methods have
been developed in order to identify and quantify GMP in milk. Firstly, it is neces-
sary to produce antibodies against GMP and later, these antibodies can be used for
the development of the different immunochemical methods that detect it. Some of
these assays are described below:

Enzyme-linked immunosorbent assay (ELISA): It is an immunoassay widely used
to analyze foods. It has the advantage that is simple, sensitive, and fast, in addition
to being inexpensive. Two main ELISA assays has been developed to detect GMP in
milk samples. An inhibition ELISA method was performed to detect bovine rennet
whey solids in skim milk powders that presented a detection limit of 0.1% (w/w)
and used enzyme-labeled monoclonal antibodies against bovine k-casein [95]. On
the other hand, Chavez and co-workers [96] developed a sandwich ELISA using
polyclonal antibodies against GMP, that showed a limit of detection of 0.047%
(wiw).

Western blot assay: As ELISA, this technique is an immunoassay designed to detect
proteins in complex samples and also has great specificity. Using the same polyclonal
antibodies against GMP previously mentioned, Chavez and co-workers developed a
western blot system to detect GMP [97]. When analyzing cheese whey, this antibody
recognized three protein fractions of 20.1, 14, and 45 kDa. The detection limit of the
test was 0.5% (v/v) to liquid cheese whey and 0.001% (w/w) to whey powder.

Immunochromatographic lateval-flow assay: The development of immunochro-
matographic systems for quality control is a relatively new field of research and has
been applied to milk. There are commercial immunochromatographic sticks which
contain monoclonal antibodies specific to GMP labeled with colloidal particles that
present a limit detection of 4% (v/v) of milk whey. Using these immunosticks, it
has been possible to identify GMP in different samples of commercial milks [98].
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Besides, it has been developed an immunochromatographic lateral-flow test that
used two specific anti-bovine k-casein monoclonal antibodies, with a detection
limit of 15 ng/ml of GMP and 1% (v/v) of cheese whey [99].

In summary, different techniques and methods have been developed and used to
detect GMP as an index of adulteration of milk with cheese whey. Some of them can
also be used to quantify GMP in food products. The aim of this area of research is to
achieve one that bring together being cheap, fast, easy to develop, and to interpret
the results, with high sensitivity and a limited sample processing. These characteris-
tics will allow people to use them at the time and place of milk reception.

6. Conclusions

GMP possesses several nutritional and health promoting properties. Among
them, it exerts important modulatory effects on the immune system that are
beneficial in a number of different inflammatory conditions. GMP immune
response mechanism of action might be mediated by increasing healthy intestinal
microbiota, by inhibiting splenocyte proliferation, by promoting both local and
systemic regulatory environment, and also by directly modulating immune cell
functions. More research is needed to support these findings, as we cannot exclude a
possible effect of products derived from GMP digestion on iz vivo immunomodula-
tory activity. Besides, GMP is a peptide of promising industrial potential. It hasa
unique heat stability and solubility under acidic conditions that may suggest several
uses in food. Studies on the functional properties of GMP may indicate new possible
uses as a food additive. On the other hand, several methods have been developed
and applied to detect GMP as an indicator of milk adulteration with cheese whey;
however, none of them has been established as an international official method.
Rapid, reliable, and inexpensive tests to detect GMP should be worked out to readily
detect those cases of adulteration.
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Abstract

Buttermilk is a by-product obtained from the batting insertion in the process of
obtaining cream and butter and it is constituted by fat globules which are sur-
rounded by milk fat globule membranes (MFGMs). During the stirring process, the
membrane is ruptured and the various components present therein are released.
Because it has a high nutritional content and low cost, buttermilk has drawn
attention in the prospect of new forms of application. In addition, its disposal is
expensive and not biologically viable. The objective of this work is to present a
compilation of the technological and biological activities of buttermilk. Among the
technological properties, it is worth mentioning its application as in the produc-
tion of functional foods, a conduit for the incorporation of probiotics, inhibition
of bacterial adherence on industrial surfaces, as well as the encapsulation of easily
degraded activities and fermentative processes. Among the biological properties,
its antioxidant, hypocholesterolemic, antimicrobial, and anticancer activities stand
out. In conclusion, the reuse of buttermilk is economically and sustainably viable
and encourages increasing research related to its use.

Keywords: buttermilk, technological properties, biological properties, butter,
milk fat globule membranes

1. Introduction

From the batting inserted in the manufacturing process of the cream of fresh
milk and butter, it is possible to obtain a by-product derived from the aqueous
phase, called buttermilk [1, 2]. Buttermilk is made up of fat globules which are
surrounded by membranes called milk fat globule membranes (MFGMs). Such
membranes avoid its coalescence and its enzymatic degradation [1, 3]. During agita-
tion, the fat globules are disrupted releasing various components dispersed into the
aqueous medium such as polar lipids and fragments of MFGMs, which are possess-
ing high functional potential due to their nutritional and technological characteris-
tics [1, 2]. Exact quantity of production of buttermilk is not assessed; however, the
quantity of production of buttermilk can be predicted on the basis of production
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of butter. Approximately 6.5-7.0% of total milk produced worldwide is used for the
preparation of butter that yields high bulks of buttermilk as a by-product (around
3.2 million tons/annum) [4].

MFGM is rich in polar and neutral lipids, phospho- and sphingolipids, as well as
mono-, di-, and triglycerides, as well as cholesterol [1]. Due to their technological and
biological properties, the search has been increased by methods that concentrate and
isolate MFGM [1, 3].

The use of buttermilk is justified due to its high nutritional value and low cost of
obtaining it [5]. Its disposal in wastewater is uneconomical because it results in high
BOD value (biochemical oxygen demand) [6]. Moreover, the lack of opportunities
by not using this by-product in other industrial segments forces the dairy producers
to continually invest in new technology for an environmentally correct disposal for
this waste such as bioremediation [7].

On this front, the dairy industry is increasingly interested in using its by-
products in new applications. The application of buttermilk is facilitated by the
application of techniques such as pasteurization, concentration, and spray drying.
Considering these aspects, the objective of the work was to gather studies that pres-
ent the technological and biological properties of buttermilk.

2. Extraction, concentration, and analysis of phospholipids from the
MFGM of buttermilk

Dairy glycerophospholipids, phosphatidylcholine, phosphatidylethanolamine,
and phosphatidylinositol are the phospholipids commonly found in buttermilk. Of
the class of sphingolipids, the main ones, found in buttermilk, are sphingomyelin,
glucosylceramide, and lactosylceramide. The most commonly used phospholipid
concentration processes are microfiltration (MF) and ultrafiltration (UF) [8]. The
importance of extracting and concentrating these phospholipids is summarized by
their bioactivity and their ability to act as emulsifiers.

MF has some limitations due to the size of casein fragments and MFGM phospho-
lipids, which are very similar. Regarding the optimization of UF, studies performed
pretreatments for the elimination of casein, predicting UF, precipitating it with acid,
as well as the addition of agents that dissociate casein micelles such as citrate [8].

Isolation of MFGM has been hampered by the interaction of its components
with other proteins during processing. The formation of the aggregates begins by
ionic attraction between positively charged amino acid residues of the protein and
the polar grouping of the lipids [9]. Researchers found that spraying, aiming at
the drying of buttermilk, may induce the formation of MFGM protein and phos-
pholipid complexes, making extraction of phospholipids difficult. It was further
verified that in pasteurized buttermilk, there was an almost three times increase
in the amount of MFGM-bound proteins compared to raw buttermilk. In addition,
there was a high incorporation of p-lactoglobulin (B-LG) in MFGM isolated after
heat treatment, and p-LG constitutes the major MFGM protein separated from
pasteurized cream [10].

According to previous studies, the whey proteins of cheese may undergo
thermal aggregation in the presence of concentrated buttermilk. In conclusion, its
study showed that the phospholipids of the buttermilk membrane contributed to
the formation of heat-induced aggregates with whey proteins [9]. Other analyzes
have reported that most mechanisms of protein aggregation depend on nucleation
and, as a consequence, the onset is done through the formation of an aggregation
nucleus. These protein aggregates can be used as fat mimics in low-fat cheese or as
yoghurt texture modifiers [11].
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A study developed a gradient solvent system for high-performance liquid
chromatography (HPLC) coupled to the ELSD detector (evaporative detector with
light scattering) to separate the lipids present in buttermilk. The ELSD detector is
sensitive only to the mass of the vaporized analyte, not being limited by solvent flow
or ambient temperature, thus allowing better analysis time and adequate level of
sensitivity. Among the standards used for analysis in HPLC were cholesterol, mono-
stearin, diolein, phosphatidylcholine, phosphatidylinositol, phosphatidylserine,
phosphatidylethanolamine, sphingomyelin, and other neutral lipids. In this study,
separation with high reproducibility and accuracy of all classes of lipids present
in buttermilk powder, including phospholipids, was observed, with no previous
fractionation stage. The total concentration of polar lipids found in buttermilk was
about 30%, the predominant phospholipid being phosphatidylcholine, followed by
phosphatidine ethanolamine and phosphatidylserine, and with a lower concentration
of sphingomyelin [12].

3. Technological properties of buttermilk
3.1 Biofilm formation

The incorporation, using different proportions of corn starch and buttermilk
to obtain biopolymers, as well as the influence of temperature on the polymeric
structure, is reported in the literature [13]. The study was justified by the applica-
tion of the biopolymer in sustainable packaging, replacing polymers derived from
petroleum, and reusing the by-product of the manufacture of butter. To obtain
the biofilm, the author incorporated the phospholipids present in the milk deriva-
tive into polytetrafluoroethylene. The plates, containing the polymers, were dried
during the minimum period of 24 hours in two different temperatures at 2% relative
humidity. The thickness of the biofilms was monitored, which remained as a surface
density of 55 g/m” The samples remained in desiccators under temperature control.
The results indicated that in the polymers in which the buttermilk was incorporated,
there was initially a separation of the phases, resulting from a certain incompat-
ibility between buttermilk and starch, which significantly affected the modulus
elasticity and tensile strength. The heating of the films, added with buttermilk,
promoted a positive impact in relation to the resistance, which is justified by the gel
formation that, during drying of the film, reduces the critical concentration for its
formation. The permeability to water was not altered by the addition of up to 50% of
buttermilk. Under heating, there was a decrease in the mass transport property due
to the greater adhesion of the components of the polymer mesh. Finally, the rheo-
logical study classified the polymer as Newtonian, in addition to having antioxidant
properties when subjected to heat treatment by the release of active peptides, and
without antimicrobial activity under Listeria innocua [13]. In general, buttermilk,
rich in proteins, has good film-forming ability by having plasticizers such as lactose.

3.2 Beverage production

A study investigated the use of buttermilk from fresh buffalo milk for the produc-
tion of carbonated beverages flavored with fresh mango, orange, and pineapple fruit,
varying the fruit juice concentration between 18, 20, 22, and 24% v/v of sugar between
8,10, 12, and 14% m/v. The buttermilk used was 0.8% acidity, being first prefiltered
to remove casein clots, and then filtered in millipore systems to obtain ultrafiltered
buttermilk. Fresh fruit juices were also filtered to remove possible fibers. After the
filtration processes, the buttermilk acquired low viscosity, since a large fraction of
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the proteins and lipids were removed from it. Among the analyzed flavors, the drink
with 24% v/v of fruit juice flavored pineapple and 12% of sugar was the most accepted
during sensory analysis, possibly due to the smaller amount of total solids in relation
to the others. However, the higher the total solids content, the lower the solubilization
of CO,, which made the carbonation process difficult. The use of the fruit juice in the
formulation helped to mask the astringent, sweet, and/or sour taste of buttermilk
color, taste, aroma, and palate, as well as the overall appearance and acceptability of
the product. The beverage produced had a higher concentration of proteins, vitamins,
and minerals than market samples, as well as better physicochemical properties, and
therefore had a better nutritional quality than the other samples analyzed [6].

3.3 Buttermilk asan additive in the composition of culture media for fermentative
processes

Acidic bacteria (AB) are widely used in the production of fermented products. The
use of buttermilk as a growth medium for probiotic lactobacilli has been reported.
Probiotic foods are those that have probiotic bacteria in their formulation which,
when given in sufficient quantities, promote health benefits for the user [5, 14].

The benefits are related to both the direct effect of probiotics and active metabolites
produced during the fermentation process. These products should have between 106
and 107 CFU/mL of probiotics, being Lactobacillus and Bifidobacterium the most
commonly used probiotics [14].

Although buttermilk presents a carbon source, there is a lack of nitrogen, which
is necessary for the growth of AB. In this regard, an investigation used yeast extract
as a source of nitrogen and obtained a good performance of the three strains tested
in a medium containing buttermilk and yeast extract [15]. Another study, with a
small concentration of yeast extract (0.3%), also perceived a good performance in
the growth of Lactobacillus in buttermilk [16].

3.4 Application of buttermilk in the treatment of industrial surfaces

The procedures for controlling bacterial adhesion on industrial surfaces are of
extreme importance, since a short time of contact with the surface is enough for
the bacteria to begin biofilm formation. In this sense, buttermilk may aid in the
inhibition of the formation of bacterial biofilms on industrial surfaces due to the
high concentration of MFGM, which possesses polar lipids, which in turn affect
the adhesion of bacteria on the industrial surface, preventing the formation of bac-
terial biofilms [17]. Studies indicated that buttermilk inhibited the adherence of
microorganisms—Lactococcus lactis, Leuconostoc cremoris, and Lactobacillus casei—
on stainless steel surfaces for 720 minutes, while other products, such as skim milk,
were able to reduce bacterial adherence for about 30 minutes of exposure, which is
considered a short time for the function [17].

3.5 Buttermilk encapsulation properties

A research examined the property of encapsulation of buttermilk in order to
entrap omega-3 and thus be able to stabilize O/W emulsions. Omega-3 is a fatty
acid with high demand due to its functional properties. A problem in their manu-
facture is their sensitivity to oxidation that hinders the delivery process to their
place of absorption. Therefore, one of the strategies used to maintain its stability is
encapsulation, causing its components to be confined within a matrix or within a
small capsule, keeping them isolated from the external environment until, through
an external stimulus, being released. In addition, buttermilk has emulsifying
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properties that aid in encapsulation. This emulsifying property is due to the pres-
ence of, for example, phospholipids and proteins, and other components such as
liposomes that can be obtained from MFGM from buttermilk [18].

Buttermilk is still a good carrier of curcuminoid substances due to the pres-
ence of proteins and lipids in its composition, including phospholipids from
MFGM. Curcuminoids are polyphenols from turmeric (Curcuma longa), which contain
about 70-80% curcumin, 15-25% desmethoxycurcumin, and 3-10% bisdemetoxyc-
curcumine, with anti-inflammatory, antioxidant, anti-HIV and as they are protectors
against Alzheimer’s disease, cystic fibrosis, and colon cancer [19]. A difficulty found
in its clinical use is its low bioavailability, since it is poorly absorbed by the intestine
because it has low aqueous solubility and low stability in pH near the neutral, present in
the intestine, causing its hydrolysis to occur in smaller compounds [19, 20]. Curcumin
has the ability to interact with MFGM lipids and proteins [19]. Some authors studied
the influence of the use of buttermilk as a carrier for the curcuminoids. During stor-
age of the curcuminoid with buttermilk and with buffer solution only, there was less
degradation of the curcuminoids that were stored with buttermilk [19, 20]. This can
be explained by the interaction of the same with the hydrophobic region of buttermilk
that prevents its hydrolysis in aqueous environment. The encapsulation of actives has
emerged as suitable vehicle for overcoming pharmacokinetic limitations associated with
conventional drug formulations. Oftentimes, these features include incorporation of
active targeting moieties for enhanced uptake in specific cells or constituent components
for stimulus-responsive release (e.g., pH-sensitive, thermosensitive and ultrasound).
Considering the contents discussed in topic (Buttermilk encapsulation properties).

Like curcuminoids, transresveratrol is a bioactive compound found mainly in
strawberry, red grape, and wine, but it has limitations on its clinical application
due to its low solubility and stability in aqueous environment. Among its benefits,
antioxidant, cardioprotective, anticancer, and anti-inflammatory activities are
mentioned. The solubility of resveratrol in aqueous phase is 13.6 pg/g in phosphate
buffer (pH 7.4), considered low, and a higher solubility in oils, 179.8 ng/g. Therefore,
the association of transresveratrol with lipids, such as those of MFGM, as well as
proteins present in buttermilk, helps in increasing their bioavailability [21].

4. Biological properties
Among the biological properties found in buttermilk, some are as follows:
4.1 Antioxidant activity

Peptides released during the enzymatic or thermal hydrolysis of buttermilk
proteins have known antioxidant properties. An investigation studied samples of
biofilms, with antioxidant potential, produced from buttermilk. The results were
expressed as trolox equivalent antioxidant capacity (TEAC), that is, the concentra-
tion of buttermilk in g/L that produces the same inhibition of a Trolox solution
(analogous solution of vitamin E) at 1 mmol/L. When analyzing the antioxidant
character of the biofilms, it was observed that the effect was only noticed in the
samples that went through heating, which was justified by the release of the pep-
tides during the heat treatment of the biofilms [13].

4.2 Hypocholesterolemic activity

The pathophysiology of coronary diseases is well established in the literature and
is related, among other factors, to high cholesterol and low-density lipoprotein (LDL).
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Considering the importance of the control of serum levels for greater clinical benefit,
different studies have been looking for nonpharmacological measures in patients of
low risk, among them the consumption of buttermilk [22, 23]. The hypocholester-
olemic action of buttermilk was studied using different methodologies that demon-
strated a reduction in total cholesterol and other variables with consumption of the
dairy derivative in the short term [22-24]. The effect is explained by phospholipids
present in buttermilk that may be responsible for the hypocholesterolemic effect. The
effect occurs through an intervention in the pathway of cholesterol synthesis, as well
as in the intestinal absorption of cholesterol, lowering their blood levels. A study con-
ducted a double-blind, randomized, placebo-controlled study. Volunteers between 18
and 65 years and body mass index (BMI) of 35 kg/ m? were submitted to two consecu-
tive treatments of 4 weeks each, in random order. Participants should maintain their
diet, medication, weight, alcohol consumption, and smoking habits normally, with
the exception of the days before blood sampling for the exams. Vitamins and food
supplementation products were banned from interfering with the research. The for-
mulations tested and ingested by participants contained 22.5 g buttermilk or placebo,
which should be mixed with 250 mL water and sucralose in a shaker provided to the
participants. The placebo contained varied dairy ingredients; however, such ingre-
dients do not have in their MFGM composition present in the milk fluid. The usual
food intake was evaluated through a specific questionnaire for dairy foods in three
moments: at the beginning, after the first treatment, and after the second treatment.
After the blood draw procedure volunteers, tests of total cholesterol, triglycerides and
serum concentrations of LDL and HDL, C-reactive protein, latosterol, p-sitosterol,
campesterol and plasma levels of PCSK9, also called convertase 1, an enzyme that
interacts directly with LDL receptors, decreasing its metabolism [25]. In conclusion,
consumption of short-term buttermilk significantly reduced total serum cholesterol
and triglyceride concentrations.

A manuscript evaluated 100 participants aged from 18 to 65 years regarding the
lipid profile of individuals who ingested buttermilk. The study was randomized and
placebo-controlled for a period of 12 weeks. The buttermilk drink was traditionally
prepared with increments such as vanilla sugar in order to increase the acceptability
of the dairy product. Participants were instructed not to change their usual diet,
level of physical activity, and alcohol use. Total cholesterol, HDL, LDL, triglycer-
ides, liver, and kidney function parameters, as well as cholesterol precursors, were
quantified using HPLC. The author also noted a reduction in cholesterol and LDL
levels [23].

4.3 Antimicrobial action

According to the World Health Organization (WHO), 30% of the population
of industrialized countries in 2007 suffered from foodborne intestinal infections
transmitted by food, creating, consequently, a public health problem. Due to the
increased resistance of pathogenic organisms to antibiotics, new methods for
gastrointestinal prevention and control are under investigation [26]. An investiga-
tion conducted an iz vivo mouse study of the anti-infective effect of MFGM on
Salmonella enteritidis and Listeria monocytogenes, a Gram-negative and a Gram-
positive pathogen, respectively. The study demonstrated that ingestion of MFGM-
rich buttermilk powder increased resistance to L. monocytogenes compared to skim
milk with low amount of MFGM. This increase of resistance can be explained by
the products of the phosphoglyceride and sphingolipid digestion, which showed
to have antimicrobial activity in vitro. Another likely mechanism for resistance
to L. monocytogenes colonization is that MFGM proteins promote inhibition of
pathogen adhesion in the intestinal mucosa [26].
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4.4 Anticancer action

Some authors studied the antiproliferative effect of several isolated fractions of
buttermilk obtained from food and nonfood solvents on some types of human can-
cer cells. Fractions, rich in phospho- and sphingolipids, have strong antiprolifera-
tive action on colon and ovary cancer cells. These observations allow to hypothesize
the use of these phospho- and sphingolipids as functional food additives [27].

5. Conclusion

A wide variety of applicability for buttermilk can be found in literature. Once
obtained during the production process of the butter, it can be reused in differ-
ent ways with technological or biological approaches. Its technological properties
focus on the food and pharmaceutical industry as production of functional foods,
avehicle for the incorporation of probiotics, inhibition of bacteria adherence on
industrial surfaces, as well as the encapsulation of easily degraded activities and
fermentation processes. The biological properties focus on antioxidant, hypocholes-
terolemic, antimicrobial, and anticancer action. Thus, the wide variety of research
presented, in different areas, stimulates new research related to this by-product.
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