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Abstract
Lactose obtained from cheese whey is a low value commodity despite its great potential as raw material for the production 
of bioactive compounds. Among them, prebiotics stand out as valuable ingredients to be added to food matrices to build up 
functional foods, which currently represent the most active sector within the food industry. Functional foods market has been 
growing steadily in the recent decades along with the increasing awareness of the World population about healthy nutrition, 
and this is having a strong impact on lactose-derived bioactives. Most of them are produced by enzyme biocatalysis because 
of molecular precision and environmental sustainability considerations. The current status and outlook of the production 
of lactose-derived bioactive compounds is presented with special emphasis on downstream operations which are critical 
because of the rather modest lactose conversion and product yields that are attainable. Even though some of these products 
have already an established market, there are still several challenges referring to the need of developing better catalysts and 
more cost-effective downstream operations for delivering high quality products at affordable prices. This technological push is 
expected to broaden the spectrum of lactose-derived bioactive compounds to be produced at industrial scale in the near future.

Graphical abstract

Keywords Prebiotic · Lactose · β-Galactosidase · Oligosaccharide purification

 * Carlos Vera 
 carlos.vera.v@usach.cl

Extended author information available on the last page of the article

http://orcid.org/0000-0003-2179-9467
http://crossmark.crossref.org/dialog/?doi=10.1007/s43393-021-00068-2&domain=pdf


394 Systems Microbiology and Biomanufacturing (2022) 2:393–412

1 3

Introduction

Whey upgrading

Whey (milk-whey or cheese-whey) is a major byprod-
uct from cheese manufacturing. Formerly considered as 
a waste, nowadays the situation has evolved to a point 
in which whey is considered as a relevant co-product of 
cheese manufacturing, and a platform for the upgrad-
ing of whey and its components has been proposed as a 
way of turning it from a nuisance to an asset [1]. More 
recently, a holistic approach for cheese whey utilization 
has been envisaged within integrated biorefinery and cir-
cular economy concepts [2]. Whey is conveniently frac-
tionated by membrane technology for recovering the whey 
proteins, which are now most valuable ingredients for the 
food industry [3]. After recovering whey proteins, whey 
permeate is produced, but with the increasing recovery of 
cheese whey proteins by ultrafiltration, surplus permeate 
is being produced with an estimated world production vol-
ume close to 100,000 tons of powder equivalent per year 
[4]. Lactose is the main component in cheese whey per-
meate, that can be converted into a palette of added-value 
products, mostly through bioprocesses involving whole 
cells [5] and enzymatic biotransformations [6]. Among 
the many options for whey lactose upgrading its use as 
substrate for the enzymatic production of oligosaccharides 
outstands [7].

Lactose‑derived prebiotics

Functional foods are concisely defined as foods providing 
health benefits beyond basic nutrition [8]. Undoubtedly, con-
sumers are increasingly aware of the connection between 
their eating habits and their health status [9]. Functional food 
production is considered the most dynamic sector within the 
food industry with an estimated world market over US$ 400 
billion, USA and Japan being the main producers, followed 
by some countries of the European Union [10]. Within the 
framework of functional foods, prebiotics are considered 
as important health-promoting bioactive compounds [11]. 
Several definitions of prebiotics have been proposed that 
have been evolved as more scientific information about 
their mode of action is being gathered. A currently accepted 
definition of prebiotic is: “a substrate that is selectively uti-
lized by host microorganisms conferring a health benefit” 
[12]. However, the concept is continuously being revisited 
because of its scientific, technological, commercial and legal 
implications [13].

Prebiotics can act in other body sites than the gut, such 
as the skin or the vaginal tract [12]. However, their initial 

and main application refers to the beneficial stimulation of 
the gut microbiota. In this context, in order to be consid-
ered a prebiotic, a compound must be: resistant to degra-
dation by acids and enzymes through the gastrointestinal 
passage, resistant to gastrointestinal absorption, ferment-
able by the gut microbiota, and selectively stimulate the 
growth and/or activity of the colonic bacteria associated 
with health and well-being, mainly Bifidobacteria and 
Lactobacilli. It must also withstand the harsh processing 
conditions of the food matrix that contains it, like high 
temperature, low pH and Maillard reaction conditions 
[14]. Selective fermentation in the large intestine is the 
most stringent criteria and usually the most difficult to 
meet [15]. Fermentability by the intestinal microbiota 
can be assessed both by in vitro and in vivo tests [16]. In 
principle, in vivo tests should have a better predictability; 
however, the use of in vitro simulations of human diges-
tion has become widespread, being less labor intensive, 
cheaper, faster and free from ethical restrictions [17]. 
Dynamic digestion model reactors have been proposed to 
mimic the gastrointestinal functioning [18]. Description 
of a dynamic gastrointestinal simulator can be found in 
http:// www. cial. uam- csic. es/ simgi/. This type of simula-
tors in being increasingly used for assessing the prebiotic 
potential [19, 20].

Prebiotics market has experienced a significant expansion 
along with the current trend of healthier eating habits. The 
global market for prebiotics was estimated in US$ 4.5 bil-
lion in 2020 and, despite the COVID-19 crisis, the market is 
estimated to expand to US$ 8 billion by 2026 [21]. In fact, 
an upward surge for prebiotics is expected during COVID-19 
crisis associated with the immune system stimulation that 
prebiotics confer.

Most prebiotics are non-digestible oligosaccharides 
(NDOs), even though the concept is not restricted to them. 
Most important NDOs are the fructans: inulin and fructoo-
ligosaccharides (FOS), and galactans: galactooligosaccha-
rides (GOS) [22, 23], all of them properly considered as 
prebiotics. Present FOS world market is estimated in US$ 
2.2 billion with an annual increase rate of 10% [24], while 
a inulin market of US$ 1.4 billion was estimated for 2019 
with an annual increase rate of 6.4% [25]. The present GOS 
World market is estimated close to US$ 880 million with an 
annual increase rate of 8.3% [26].

Most prominent lactose-derived prebiotic is GOS; 
however, other lactose-derived bioactive compounds 
have been considered as prebiotics or prebiotic can-
didates [27]. Lactulose (4-O-β-d-galactopyranosyl-d-
fructose), even though being used mostly as a drug for 
the treatment of hepatic encephalopathy and chronic 
constipation, is properly considered a prebiotic [28]. 
Other lactose-derived bioactive compounds that are con-
sidered as health-promoting agents are: lactosucrose 

http://www.cial.uam-csic.es/simgi/
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(O-β-d-galactopyranosyl-(1–4)-O-α-d-glucopyranosyl-
(1–2)-β-D-fructofuranoside) [29], lactitol (4-O-β-d-
galactopyranosyl-D-sorbitol) [30], lactobionic acid 
(4-O-β-galactopyranosil-d-gluconate) [31], tagatose 
(3S,4S,5R)-1,3,4,5,6-pentahydroxy-hexan-2-one) [32] and 
fructosyl-galacto-oligosaccharides (fGOS) [33].

Synthesis of lactose‑derived prebiotics

Galacto‑oligosaccharides

Galacto-oligosaccharides (GOS) are NDOs composed by a 
variable number of galactosyl units, and one terminal glu-
cose unit linked by different types of glycosidic bonds. The 
prebiotic condition of GOS has unambiguously proven. GOS 
mimic the bifidogenic effect of human milk oligosaccharides 
(HMOs) by stimulating a healthy intestinal microbiota and 
the development of the immune system in newborns [34]; 
they also improve the intestinal motility, promote vitamin 
synthesis, increase calcium absorption, reduce the levels 
of blood cholesterol and triglycerides and the risk of colon 
cancer development [35]. Chemical synthesis of GOS is 
an exceedingly complex task since each aldohexose has 
one primary and four secondary hydroxyl groups so that 
the number of possible chemical structures is extremely 
high [36]. Therefore, GOS are produced exclusively by the 
β-galactosidase catalyzed reaction of lactose transgalacto-
sylation, taking advantage of the selectivity and specificity 
that are inherent to enzymes. This is a kinetically-controlled 
reaction, in which lactose acts both as donor and acceptor 
of the galactosyl moiety, where lactose transgalactosylation 
and hydrolysis compete (see Fig. 1). Therefore, low water 
activity is required to depress the hydrolytic potential of the 
enzyme, which is obtained by working at (very) high lac-
tose concentrations and moderately high temperatures [37]. 
Despite being a well-established industrial process, there are 
still several challenges related to their production that are 
mostly referred to the optimization of the enzymatic transga-
lactosylation reaction and the improvement in downstream 
operations, since GOS yields obtained with the enzymes in 

use rarely exceed 40%, so that biocatalyst optimization is 
still a major field of research [23, 38].

Lactulose

Lactulose is a synthetic non-digestible disaccharide that is 
mainly used as a drug, but it is properly a prebiotic and being 
used as such, especially in oriental countries [39]. At present, 
most lactulose is produced by chemical synthesis by means 
of the Lobry de Bruyn-Alberda van Ekenstein arrange-
ment, where the glucose residue in lactose is isomerized 
into fructose. Environmental concern and pressure for com-
plying with the green chemistry principles have prompted 
active research on its enzymatic production [40]. A sound 
comparison between these two alternatives was presented 
by Sitanggang et al. [41]. There are two enzymatic routes 
for lactulose synthesis. The first one is the transgalactosyla-
tion of fructose with lactose catalyzed by β-galactosidase. 
This route has been thoroughly studied, having the advan-
tage of using robust and inexpensive commercial enzyme 
preparations [42], but the disadvantage of using a second 
substrate (fructose) usually in significant excess [43]. This 
is a kinetically-controlled reaction and inevitably a mixture 
of lactulose and GOS will be produced since lactose will 
compete with fructose for being transgalactosylated by the 
enzyme. This will make this strategy inadequate for pro-
ducing lactulose for medical use [44], but might be a good 
strategy for producing it for food use since both GOS and 
lactulose are prebiotics that may act synergistically [45]. A 
second enzyme route has been proposed which is based on 
the ability of the promiscuous enzyme cellobiose 2-epimer-
ase to catalyze the direct isomerization of lactose into lactu-
lose. This strategy has the obvious advantage of not requir-
ing a second substrate, but several issues remain to be solved 
before making it a viable alternative for industrial lactulose 
production. The most promising enzyme is the one from 
Caldicellulosiruptor saccharolyticus, which is produced as 
a recombinant protein in an Escherichia coli host. Acting on 
lactose, the enzyme will catalyze both its isomerization and 
epimerization yielding a mixture of lactulose and epilactose 

Fig. 1  Enzymatic synthesis of 
GOS. A Simplified scheme of 
reaction mechanism. B Products 
concentration during enzymatic 
synthesis
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[46], so the enzyme has been engineered for increasing its 
activity and selectivity [47, 48]. The enzyme is not available 
commercially and its production in a GRAS host is a prereq-
uisite for its use in the food and pharmaceutical industries, 
but the forecast is that it will turn into the technology for 
lactulose industrial production in the forthcoming years [49].

Other lactose‑derived health promoting bioactive 
compounds

Even though not properly considered as prebiotics, several 
lactose-derived compounds are considered as health promot-
ing agents.

Epilactose: is a C2 epimer of lactose (4-O-β-d-
galactopyranosyl-d-mannose), which is formed through a 2,3 
enediol rearrangement of lactose (Lobry de Bruyn-Alberda 
van Ekenstein transformation). Epilactose was detected for 
the first time, in small concentrations, in thermally treated 
milk [50]. It is also found in low amounts in lactulose prepa-
rations obtained by alkaline isomerization of lactose. Despite 
studies have shown that epilactose is a potential prebiotic 
compound [51], the complexity of its synthesis and the very 
low reaction yield attained, discouraged the early epilactose 
development. However, the recent discovery of cellobiose 
2-epimerase offers an attractive route for epilactose synthe-
sis [52], so it is expected a boost on this field in the next 
years. For instance, Krewinkel et al.[53] reported that cel-
lobiose 2-epimerase from the mesophiles Flavobacterium 
johnsoniae and Pedobacter heparinus are able to catalyze 
the synthesis of epilactose with a reaction yield around 33%, 
without formation of side product. More recently, Chen et al. 
[54] produced epilactose from cheese whey (300 g/L) using 
the cellobiose 2-epimerase from Thermoanaerobacterium 
saccharolyticum expressed in Bacillus subtilis. Then, they 
hydrolyzed the remaining lactose with the β-galactosidase 
form Bifidobacterium bifidum and removed the monosac-
charides using selective fermentation with Saccharomyces 
cerevisiae. Finally, the GOS, and the residual monosaccha-
rides were separated using cation exchange chromatography; 
obtaining epilactose with a purity higher than 98% and a 
24% yield.

Lactosucrose: is a mildly sweet synthetic trisaccharide 
composed of galactose, glucose, and fructose. It can be pro-
duced by transfructosylation of lactose with sucrose using 
β-fructofuranosidases, or by transgalactosylation of sucrose 
with lactose using β-galactosidases. Both are kinetically con-
trolled reactions, where transglycosylation and hydrolysis 
reactions compete. It is considered a potential prebiotic and 
it is used as a health promoting compound in several func-
tional foods in Japan, where it is labeled as FOSHU (food 
for specific health use) [55]. Enzymes are customary used in 
free form, but immobilization has been proposed as a way of 
reducing the impact of catalyst cost on production cost [56].

Lactitol: is a non-natural sugar alcohol produced from 
lactose by hydrogenation with metal catalysts. It shares some 
of the properties of NDOs and as such has been used within 
the food sector as a low-calorie sweetener and also as a mild 
laxative, and has been proposed as adequate for consumption 
by diabetic patients. In the medical field, it has been used 
in the treatment of hepatic encephalopathy as an alternative 
to lactulose; also several non-food applications have been 
claimed for lactitol [30, 57].

Lactobionic acid: is a lactose-derived polyhydroxy acid 
[31]. Lactobionic acid is chemically produced by oxidation 
of the aldehyde group of the glucose moiety of lactose in an 
energy intensive process [58], so that the enzymatic synthe-
sis with  NADP+-dependent glucose–fructose oxidoreductase 
[59], the cellobiose dehydrogenase/3-HAA-laccase system 
[60] and the whole cell biosynthesis with Pseudomonas 
taetrolens [61] have been proposed as more ecofriendly 
alternatives. Lactobionic acid has several applications in 
the biomedical field (drug delivery, tissue engineering, 
organ transplantation) in cosmetics (anti-aging and regen-
erative skin products), in the chemical industry (surfactant 
and cobuilder in biodegradable detergents), and in the food 
sector as a food additive in several products as antioxidant, 
stabilizer, acidifier, antistaling, mineral absorption enhancer 
and gelling agent [58]. Beyond this, lactobionic acid share 
some of the properties of prebiotics by promoting a healthy 
gut microbiota. Recently, lactobionic acid has emerged as 
a key molecule for developing nanoparticle platforms and 
biomaterials for therapeutic applications [62].

Tagatose: is a galactose isomer and a fructose epimer; 
it is considered a rare sugar because it is scarcely found in 
nature. Being produced from galactose, it can be consid-
ered a lactose-derived substance in the sense that galactose 
will come from lactose hydrolysis. Originally produced 
by chemical synthesis [63], nowadays it is produced by 
biocatalysis because of environmental and technical rea-
sons [64]. Biological production of tagatose was initially 
based on the oxidation of dulcitol (galactitol) by Arthro-
bacter globiformis [65]. Later on, the bioconversion of 
psicose to tagatose (and talitol) [66] and the oxidation 
of galactitol with galactitol 2-dehydrogenase [67] were 
evaluated. However, these routes proved be technologi-
cally inviable because the enzyme is  NAD+-dependent 
and the substrates are costly. A major breakthrough was 
the discovery that the enzyme arabinose isomerase (EC 
5.3.1.4) that catalyzes the reversible isomerization of ara-
binose into ribulose could also catalyze the isomerization 
of galactose into tagatose, although with a lower affinity 
and reactivity for galactose than for arabinose [68]. There-
fore, considerable effort has been made in the last dec-
ade to engineer this enzyme for tagatose production [69], 
including genetic engineering [70], protein engineering 
[71] and biocatalyst engineering strategies [72], both with 
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isolated arabinose isomerase [72] and whole-cells contain-
ing it [73]. The industrial production of tagatose considers 
lactose hydrolysis, either chemically with mineral acids or 
enzymatically with β-galactosidase, followed by isomeri-
zation with arabinose isomerase [74]. The synthesis of 
tagatose has been performed with different immobilized 
arabinose isomerases [75]. A quite interesting trienzymatic 
system has been proposed for tagatose production from 
lactose, composed by Bacillus circulans β-galactosidase, 
Streptomyces rubiginosus glucose isomerase and Entero-
coccus faecium arabinose isomerase, immobilized sepa-
rately in Eupergit to produce a mixture of tagatose and 
fructose [76]. Later on the same authors reported the one-
pot operation with the enzymes immobilized separately 
and coimmobilized in commercial Eupergit supports, the 
latter being more efficient [77]. The most important appli-
cation of tagatose is as a hypocaloric and non-cariogenic 
substitute of sucrose in their multiple food uses [78]. Taga-
tose was awarded GRAS status in 2000 and it is being 
evaluated as a possible antidiabetic agent [79]. Beyond 
its use as a low-calorie sweetener, its excellent functional 
properties open up applications in multiple directions: 
as a health promoting agent in functional foods, in oral 
hygiene, as a drug for the treatment of obesity, anemia and 
hemophilia and as antioxidant in organ preservation [80].

More recently, several efforts have been done to develop 
a route for the production of tagatose from fructose [81], 
being the Korean company CJ CheilJedang Corp involved in 
the development such technology [82, 83]. Two alternative 
biocatalysts have been constructed by a protein engineering 
approach: one based on a class II 1,6-bisphosphate aldolase 
and the other based on the tagaturonate 3-epimerase [81, 
83].

Fructosyl-galacto-oligosaccharides (fGOS), also called 
lactulose-derived oligosaccharides, are NDOs indirectly pro-
duced from lactose, since they are synthesized from lactulose 
in a way similar than the production of GOS from lactose. 
The reaction is catalyzed by β-galactosidase that accepts lact-
ulose as donor and acceptor of the transgalactosylated galac-
tose residue [84]. The difference with GOS is that fGOS have 
a terminal fructose instead of glucose unit, which is a subtle 
difference, so that it has been proposed that the prebiotic 
condition of GOS should be extended to fGOS [85]. fGOS 
have been synthesized with β-galactosidases from K. lactis 
[86], B. circulans and Aspergillus oryzae, the latter being by 
far the best in terms of fGOS productivity [33]. fGOS derive 
from lactulose, which is both a prebiotic and a drug, so that 
fGOS are likely to have functionalities in both directions. 
Actually, fGOS have revealed interesting prebiotic features 
producing a significant reduction in gut populations of pro-
inflammatory bacteria and a significant increase in beneficial 
populations, such as Bifidobacteria, and also reduction of 
colorectal cancer in model animals [87].

Manufacturing technologies for lactose‑derived 
prebiotics

Most of the large-scale manufacturing processes for lactose 
derivatives start from pure lactose as raw material, because 
it facilitates product purification. Purification may represent 
up to 50–60% of the producing cost [38], so the use of pure 
lactose instead of whey or whey permeate may reduce the 
cost of manufacture. Also, at some scales of operation, the 
cost of purchasing lactose is less than the cost of condition-
ing the whey or whey permeate [88]. However, there are 
some exceptions: for instance, Nestlé has proposed a process 
to produce GOS from demineralized whey permeate (see 
Fig. 2A). Therefore, it should be emphasized that the choice 
of raw material will always depend on a rigorous techno-
economic analysis. Indeed, the use of whey or whey perme-
ate can be attractive from a circular economy perspective.

Independent on the raw material and the product, the 
upstream processing involves relatively simple operations, 
which are devoted to substrate conditioning, e.g., dissolu-
tion, addition of metal cofactors, lactose hydrolysis if cor-
responding, pH and temperature regulation (see Fig. 2). 
Afterward, the properly conditioned substrate is chemi-
cally transformed. If the conversion of the substrate does 
not require a regio- or stereoselective catalysis, such as in 
the case of lactobionic acid and lactitol, chemical route is 
preferred [89]. Conversely, biocatalysis has a prominent role 
when regio- or stereoselectivity are mandatory. For instance, 
the ability of GOS to resist the hydrolysis by the intesti-
nal enzymes is due to the β-glycosidic linkage between the 
monosaccharide units [27]. Chemical synthesis of oligosac-
charides having β-glycosidic linkages is quite challenging 
and laborious [90]. Furthermore, the regioselectivity of the 
chemical synthesis is hard to control since each monosac-
charide unit has several hydroxyl-groups available [91]. 
Hence, GOS are synthetized using β-galactosidases as these 
enzymes catalyze transgalactosylation reaction retaining the 
β-glycosidic configuration of the galactose moiety in lactose 
[27].

During the past three decades, huge advances were 
reached on the synthesis and upstream operations in the 
manufacturing of bioactive carbohydrates, being the down-
stream operations currently the more challenging [38]. On a 
large scale, the purification of lactose-derived prebiotics is 
similar to sugar refining processes, being the major stages: 
fractionation, discoloration, demineralization, protein and 
microorganisms removal, and concentration and/or spray 
drying [23, 88]. Among all the steps comprising the down-
stream processing of GOS, research has been mainly focused 
on carbohydrate fractionation [38, 92], because it is the most 
expensive and technologically challenging unit operation 
[38]. Undesired carbohydrates, typically glucose, galactose 
and the unreacted lactose, are partially removed as they add 
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sweetness, increase the calorie content of the product, are 
cariogenic and non-prebiotic [38, 92]. However, to keep the 
manufacturing cost at an acceptable level, the content of 
unwanted carbohydrates is typically around 40% of the total 
carbohydrates in the final product [38].

Downstream processing of lactose‑derived 
prebiotics

The design of the downstream processing requires the record 
(or determination) of the physicochemical properties of the 

Fig. 2  Manufacturing process 
for lactose-derived prebiotics. 
a GOS production by Nestle, 
adapted from GRAS notice 620 
[104]. b GOS production by 
Yakult Pharmaceutical Industry 
Co., Ltd., adapted from GRAS 
notice 334 [102]. c Tagatose 
production proposed by CJ 
Cheiljedang, adapted from 
GRAS notice 352 [136]
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product of interest and the main impurities present in the 
product stream, the determination of the operational stability 
of the product, the knowledge of the available technologies 
and the corresponding sanitary regulations, the determina-
tion of the critical control points and the validation of the 
process [93]. Having all this information, the engineers 
should tackle the design of the purification operations to 
reach the final product specifications and accomplish the 
legal regulations, minimizing the cost associated to down-
stream processing. The design of downstream operations is 
complex and the experience of the designer is critical. The 
simplest way to go about is to adapt a similar process that 
has already proven successful. A more elaborated strategy 
is based on the heuristic rules to guide the selection of the 
unit operations required and their sequence with the purpose 
of reducing downstream costs. A third strategy, even more 
complex and time consuming, consists in a rigorous analysis 
of the purification strategy based on the experimentation, 
modeling, simulation and computational optimization [93, 
94]. Since downstream processing is currently the most chal-
lenging stage in the manufacture of lactose-derived prebiot-
ics, the main advances on carbohydrate fractioning tech-
nologies will be reviewed in detail in the following sections. 
Conventional downstream operations, whose design, and 
operation is well stablished, e.g., evaporation, heat exchange, 

demineralization, decolorization and centrifugation, will not 
be considered in this review. The main technologies used 
for lactose-derived prebiotics purification are presented in 
Fig. 3. These include membrane separation, chromatogra-
phy, adsorption, solvent precipitation, microbial selective 
fermentation and enzyme-assisted purification. All these 
technologies are thoroughly reviewed in the next sections, 
providing examples of their application in the purification 
of lactose-derived prebiotics.

Membrane separations processes

Membrane separation processes (MSP) have been key unit 
operations in the food industry since the 1960’s, allowing 
concentration and fractionation in a single operation con-
ducted in aqueous media without altering the physicochemi-
cal properties of the components of the system [95, 96]. 
In simple terms, MSP consist in passing under pressure a 
feed stream containing a mixture of compounds through a 
semipermeable membrane, obtaining a stream enriched in 
the rejected compounds (retentate) and a stream enriched in 
those compounds passing through the membrane (perme-
ate) [93–95]. MSP can operate on a dead-end mode where 
the feed stream is forced at high pressure against the mem-
brane, or in cross-flow mode where the feed stream runs 

Fig. 3  Common downstream 
technologies used for lactose-
derived prebiotics fractionation
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parallel to the membrane and solutes go through it thanks 
to the pressure difference on both sides of the membrane, 
the latter being the most used mode of operation [95]. The 
performance of fractionation by MSP is expressed in terms 
of the permeate flux and selectivity of the membrane, and 
strongly depends on concentration polarization and fouling 
of the membrane. Concentration polarization can be reversed 
by changing the operating conditions, while membrane foul-
ing tends to be irreversible so that membrane cleaning is a 
crucial operation [97]. MSP has several standout features: it 
allows continuous operation, no additional water is required 
to the system, it can be easily scaled up and hybrid opera-
tions can be configured [93, 96, 97]. On the other hand, 
MSP drawbacks are: reduced useful life, low selectivity and 
flux, linear scale-up, membrane fouling and concentration 
polarization [98–100].

Depending on the pore size of the membrane, MSP are 
classified as microfiltration (pore sizes between 0.1 and 
10 µm), ultrafiltration (pore sizes between 0.001 and 0.1 µm) 
and nanofiltration (pore sizes between 0.0001 and 0.001 µm) 
[95]. Microfiltration is mainly used for reducing the micro-
bial count, for the fractionation and removal of particles in 
suspension (fat particles and cell debris) and also as a pre-
treatment operation for ultrafiltration. The pressure gradient 
used as driving force in microfiltration ranges from 10 to 
200 kPa [96]. Owing to the cutoff value of most microfiltra-
tion membranes, solutes, such as proteins and carbohydrates, 
may permeate and require other operations for their removal. 
For example, Neo Cremar Co. Ltd. (Korea) reported that in 
the production of Nature’s GOS-L the reacted medium is fil-
tered in several steps through a diatomite filter aid and a car-
tridge filter with a pore size of 0.5 µm, and then microfiltered 
in membranes having pore sizes between 0.22 and 0.25 µm 
prior to evaporation [101]. Likewise, Yakult Pharmaceutical 
Industry Co., Ltd. reported a microfiltration step to further 
remove microparticles and microorganisms prior to con-
centration by evaporation, in the production of Oligomate 
55 N/55NP GOS, as shown in Fig. 2b [102]. Also, the use of 
microfiltration is amply reported as pretreatment to reduce 
the microbial count in cheese whey and also for bleaching, 
concentration and separation of macronutrients [91].

Ultrafiltration is mostly used for the removal of macro-
molecules in the range from 5000 to 100,000 Da applying 
transmembrane pressures between 100 and 500 kPa, using 
ceramic and polymeric membranes [96–103]. It is a common 
operation in the dairy industry for the separation of colloids 
and macromolecules, mostly proteins. In fact, ultrafiltra-
tion is used for the recovery of proteins from whey (casein 
micelles and serum proteins), which is a valuable asset in 
the cheese manufacturing industry [95]. Ultrafiltration is 
the most suited operation in whey fractionation since it is 
highly specific for protein removal and mild, not altering the 
properties of the compounds. Nestle Nutrition reported the 

use of ultrafiltration for producing whey permeate as a lac-
tose source used as substrate for the enzymatic synthesis of 
Nestle GOS [104]. Likewise, Clasado Inc. reported the use 
of ultrafiltration devices with spiral wound 10 KDa mem-
branes for the removal of β-galactosidase and other remnant 
proteins and peptides from the spent medium after GOS syn-
thesis in the production of Bimuno GOS [105].

All compounds involved in GOS synthesis, oligosac-
charides and sugars, are in the 180–1600 Da range [107], 
so microfiltration and ultrafiltration are no options for GOS 
purification. However, nanofiltration allows fractionat-
ing compounds in the above range [95] being in principle 
applicable for GOS synthesis. Commercial GOS prepara-
tions mainly contain di-, tri-, tetra-, penta- and hexa-saccha-
rides [101, 102, 104–106], and presumably trisaccharides 
(molecular weight 342 Da) and tetrasaccharides (molecular 
weight 504 Da) are those more relevant in terms of prebi-
otic effect [108]. Therefore, the difference in molecular mass 
with the undesired carbohydrates (lactose and the monosac-
charides) is rather small, so only a partial purification of 
GOS is attainable by nanofiltration. In this context, Goulas 
et al.[109] were the first to report the use of nanofiltration in 
cross-flow mode for GOS purification; they compare several 
membranes with respect to their performances and selected 
DS-51-HL operating at 60 °C and 13.8 bar of transmem-
brane pressure. This configuration allows them to retain 98, 
89 and 18% of the GOS, lactose and glucose in the feed 
stream, respectively. Michelon et al. [110] obtained a GOS 
purification yield of 61% (w/w) using a dead-end cell nano-
filtration unit operating with a NP30 polyethersulphone 
membrane at 35 °C and 3 MPa of transmembrane pressure, 
suggesting nanofiltration as an intermediate stage of puri-
fication. Ren et al. [111] reported the use of a continuous 
ultrafiltration membrane reactor coupled to a nanofiltration 
step for GOS purification. Ultrafiltration was conducted with 
a 50 kDa nominal molecular weight cutoff (NMWCO) UOF4 
membrane operating at 3 bar and 50 °C, while nanofiltration 
was conducted at 10 bar and 50 °C using a DL1812C-34D 
membrane with a NMWCO of 400–600 Da. This configu-
ration proved to be capable of continuously producing 80% 
(w/w) pure GOS, which is a higher GOS content than in 
regular commercial GOS preparations [101, 102, 104–106]. 
In order to reduce the microbial fouling, Pruksasri et al.[112] 
evaluated the nanofiltration of GOS using a stirred dead-
end cell at 5 and 60 °C. Best result were obtained with a 
NPO30 membrane working at 45 bar and 5 °C, obtaining 
a GOS purity of 85%. Córdova et al. [100] using a stirred 
dead-end cell evaluated the effect of the solute concentration 
in the feed stream on the performance of a nanofiltration 
unit. These authors tested solutes concentrations from 20 
to 40°Brix and transmembrane pressures from 5 to 40 bar. 
Membrane NPO10 delivered the highest flux at all opera-
tional conditions tested, with total GOS retention in highly 
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concentrated solutions (40°Brix) at 40 bar. The merit of 
these results is that they show that nanofiltration can frac-
tionate highly concentrated crude GOS solutions without a 
prior purification step despite of the adverse effect of con-
centration polarization. Also, the authors evaluated a purifi-
cation process consisting in three-stage serial nanofiltration 
units operating at critical transmembrane pressure (TMPc) 
and high solute concentration in the feed stream, obtaining a 
product stream with 55% (w/w) GOS, which is similar to the 
average composition of commercial GOS preparations [101, 
102, 104–106]. Aguirre Montesdeoca et al. [98], evaluated 
the purification of GOS in continuous mode using a cas-
cade nanofiltration membrane system and show the inverse 
relationship between purity and recovery and how can it be 
handled by an appropriate MSP design. In this line, only a 
moderate increase in GOS purity, from 40.4 to 46.7%, was 
achieved when constraining the recovery to values higher 
than 90%. At industrial level, Nestle Nutrition reported the 
use of nanofiltration for the purification of GOS, not only for 
reducing the content of unreacted lactose and monosaccha-
rides in the raw GOS, but also for increasing the efficiency of 
spray drying and reducing the mineral content [104]. Like-
wise, Clasado Inc. reported the use of nanofiltration with 
similar purposes for the production of spray-dried powder 
of Bimuno, a highly pure commercial GOS product [106].

Chromatography

This is a high-resolution operation where a mixture of 
compounds is separated according to their partition in two 
phases, one of them being stationary (sorbent) and the other 
mobile. If the mobile phase is a liquid, the operation is called 
liquid chromatography, being this the most used method for 
the large-scale fractionation of carbohydrates [113–115]. 
With respect to other classes of compounds that present dif-
ferences in their functional groups, carbohydrates are highly 
difficult to fractionate, since they mainly differ in the spatial 
orientation of their atoms [116]. Because natural (nonderi-
vatized) carbohydrates are highly polar, hydrophilic inter-
action liquid chromatography (HILIC) and normal phase 
chromatography might seem as first options for their reso-
lution [116]. HILIC uses a stationary phase functionalized 
with a polar group, e.g., amino, cyano, phenyl, amino-alkyl, 
diol, and a mobile phase containing a water miscible solvent, 
like methanol or acetonitrile, so elution time increases as 
the polarity of the compound increases [117]. On the other 
hand, normal phase chromatography employs a highly polar 
stationary phase and a less polar mobile phase, so less polar 
analytes are eluted first [118]. The latter techniques are not 
attractive for large scale operation since the mobile phase 
typically includes an organic cosolvent. Thus, the preferred 
option is ligand–exchange chromatography, which uses a 
cation–exchange resin saturated with a metal ion (e.g., of a 

transition metal) as the stationary phase and water as mobile 
phase [119]. Usually, hot water is required to improve reso-
lution and increase the peak bandwidths [120]. Also, an acid 
at a low concentration (0.1–1 mM) is generally added to the 
mobile phase to prevent the accumulation of proteins onto 
the sorbent. Nevertheless, the use of an acid promotes the 
counter-ion stripping, making necessary the cleaning and 
regeneration of the sorbent [120]. Ligand–exchange chroma-
tography allows the efficient fractionation of mono and oli-
gosaccharides, polyols and simple organic acids [113–115]. 
The counter-ions control the separation performance, being 
 H+,  Na+,  K+,  Ag+

,  Li+,  Ba2+,  Ca2+,  Sr2+,  Pb2+,  Y3+,  La3+ 
and  Pr3+ the most used [121]; however, some of them are 
excluded from food and pharmaceuticals applications 
for being toxic [120]. Despite that the sorbent is a cation 
exchanger, the separation mainly obeys to a size-exclusion 
mechanism, so that the carbohydrates eluting first are the 
ones of higher molecular mass [121]; therefore, separation 
of carbohydrates with the same molecular mass, especially 
mono and disaccharides, is considerably more complex. 
Hydroxyl groups in carbohydrates form complexes with 
metal ions, leading to several weak interactions that control 
the sorbent selectivity, e.g., electrostatic forces, hydropho-
bic interactions, steric hindrance and van der Waals forces, 
among others [120, 121]. In addition, cation-ligated zeolites 
[122, 123] and activated carbon [124] have been used as 
sorbent in liquid chromatography of carbohydrates, because 
both materials have shown to be more cost effective than 
ligand–exchange resins [38]. Particularly, zeolites have 
attractive features as they use water as mobile phase, and the 
pore size and hydrophobicity/hydrophilicity of the particles 
can be easily modulated in order to improve the selectivity 
[123]. For its part, activated carbon stands out because it is 
cheap and easy to regenerate [38]; nevertheless, activated 
carbon columns generally use water/ethanol as mobile phase 
and gradient elution [124, 125].

Chromatography has been conventionally conducted in 
batch mode (elution mode). Here, small pulses of the mix-
ture to be fractionated are introduced in the mobile phase, 
which is fed at the top of the packed column. The mixture 
elutes through the column along with the mobile phase, 
whilst the individual components of the mixture are sepa-
rated according to the intensity of their interaction with the 
sorbent [126, 127]. Batch operation has the disadvantages 
of poor productivity (low throughput capacity), high elu-
ent consumption and dilution of the purified compounds 
[126]. In order to solve those constraints, simulated mov-
ing bed (SMB) chromatography was developed during the 
last third of the past century [127, 128]. SMB is a practi-
cal implementation of a continuous and counter-current 
chromatographic process. Consequently, SMB operation 
is more efficient and productive than batch mode. Fur-
thermore, SMB operation allows obtaining pure products 
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without the complete resolution of the compounds, a part 
of the mobile phase may be recycled, the operation is easy 
to scale-up and product dilution is reduced [38, 127, 128]. 
On the other hand, SMB operation has the disadvantages 
of higher equipment cost and more complex operation. 
Thus, it uses is only economically attractive for large-scale 
processes [38]. Design, modelling and validation of chro-
matographic separation of GOS in batch mode and SMB 
has been reported in detail [113–115, 128]. For instance, 
Wisniewski et al. [114] and Müeller et al. [115] evalu-
ated at laboratory scale a SMB chromatography module 
for GOS purification, achieving a purity of over 99%. 
Dendene et al. [129] studied the separation of lactose, 
lactulose and galactose by using cationic ion-exchange res-
ins, observing that the adsorption isotherms of the studied 
carbohydrates were not independent, making the process 
modeling complex. On the same line, Kozempel et al. 
[130] reported a pilot process for the production of lactu-
lose, obtaining a fair separation by using a  Ca2+-exchange 
resin. However, the authors reported the need of an addi-
tional chromatographic step to remove the boric acid. 
More recently, Tamura et al. [131] evaluated a number 
of cation–exchange resins for the separation of galactose, 
tagatose and talose, obtaining the best result with  Na+ and 
 K+ as counterions and cross-linking of 6%. In addition, 
the purification of lactobionic acid has been studied using 
cation–exchange resins [132]. In contrast to carbohydrates 
that present a linear adsorption isotherm, lactobionic acid 
has an unfavorable anti-Langmuir isotherm [132], which 
may lead to an asymmetrical (fronting) peak. Simulated 
moving bed reactor (SMBR) consists in a SMB chroma-
tography apparatus in which a reaction occurs, being its 
use particularly appealing for reversible reactions since 
it allows the continuous removal of the product, so that 
reaction performance is improved [133]. This reactor con-
figuration has been used for the synthesis of lactosucrose, 
leading to a slight increase in reaction yield [133]. To do 
so, the authors modeled and estimated the parameters of 
the SMBR for a  Na+-exchange resin (Amberlite) as sorb-
ent [133, 134].

The inspection of the GRAS notices for GOS at the 
website of the U.S. Food and Drug Administration (FDA), 
reveals that from a total of nine GOS preparation only GTC 
Nutrition explicitly informed the use of chromatography 
for the removal of unwanted carbohydrates, reaching a 
GOS purity of 90% for its discontinued product Purimine 
GO-P90[135]. In addition, CJ Cheiljedang, Inc informed the 
use of ion-exchange chromatography for the removal of glu-
cose and galactose during the manufacturing of d-tagatose 
[136]. There, chromatography was conducted using a decol-
orized and concentrated syrup (60°Brix) as feed stream, 
resulting in an almost pure (98% d-tagatose) and diluted 
(10°Brix) stream.

Adsorption

Adsorption is a process in which one or more compounds 
(adsorbates) are transferred from a liquid or gas phase into 
a solid phase (sorbent) [137, 138]. Usually, adsorption is a 
four-stage operation: (i) the solutes are contacted with the 
sorbent, (ii) the sorbent is washed to remove the unabsorbed 
compounds, (iii) the adsorbates are desorbed using a proper 
eluent, and (iv) the sorbent is washed and regenerated [139]. 
Thus, adsorption operation only differs from adsorption 
chromatography in the manner of conducting the operation 
[140]. Adsorption occurs onto the surface of the solid phase 
because of the presence of unbalanced forces, resulting 
in the attraction of the adsorbates. In the case of physical 
adsorption, those are van der Waals forces, while chemical 
adsorption implies the formation and breakdown of chemi-
cal bonds. Physical and chemical adsorption are not isolated 
processes and often occur simultaneously [138]. Activated 
carbon is one of the preferred choices as sorbent because of 
its very large surface area, high porosity and high hydropho-
bicity. Also, zeolites, scavengers, activated alumina, lignite 
coke and bentonite are commonly used sorbent materials 
[137, 138]. In the case of reversible adsorption, the process 
is generally described using an equilibrium constant, which 
easily leads to a Langmuir or Freundlich adsorption iso-
therm [140]. Nevertheless, there are more complex adsorp-
tion isotherm patterns [141].

Fractionation of GOS [142] and fGOS [125] has been 
successfully attained by adsorption onto activated char-
coal and desorption in ethanolic solutions. The above cited 
reports show that the intensity of adsorption increases with 
the molecular weight of the oligosaccharides, a higher con-
tent of ethanol being required to desorb them [125, 142]. In 
addition, fGOS were desorbed more easily than GOS [125]. 
Also, activated charcoal adsorption is used as a standard 
procedure for the large scale polishing of lactitol [143] and 
tagatose[144]. Aside from the traditional use of adsorp-
tion for product purification, one interesting approach was 
reported by Boon et al. [145], who evaluated the use of an 
activated carbon column to reduce the content of monosac-
charides during the synthesis of GOS, since it is well-known 
that monosaccharides inhibit the transgalactosylation activ-
ity of β-galactosidases [146] and reduce the reaction yield 
[147]. The use of this strategy produced an increase of 30% 
in the reaction yield [145]. Also, the authors determined the 
Langmuir isotherms of the mono-, di- and trisaccharides and 
modeled the behavior of the adsorption column, obtaining 
good agreement with the experimental data.

Solvent precipitation

Selective precipitation of carbohydrates in the presence of an 
organic solvent (generally ethanol) is a simple methodology 
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for the purification of oligosaccharides [38, 148]. However, 
this procedure has been poorly developed because of the 
requirement of a high amount of the organic solvent and 
the need to recover it when the procedure is conducted at 
industrial level. For instance, Sen et al. [149] observed that 
a minimum ethanol concentration of 85% (v/v) was required 
to fractionate the reacted mixture of GOS synthesis (raw 
GOS) at temperatures between 10 and 40 °C; in addition, 
they suggested that optimal operation conditions for selec-
tive precipitation are the result of a careful decision-making 
process. This is because the ratio of GOS to lactose in the 
precipitate increased at lower total carbohydrate concentra-
tions, while the percentage of GOS recovery increased with 
the total carbohydrate concentration. Besides that temper-
ature had a positive effect on the GOS to lactose ratio in 
the precipitate [149]. On the other hand, most of the physi-
ochemical properties of lactose and lactulose are similar, 
so that their separation by the techniques mentioned in the 
previous sections is quite challenging. Nevertheless, their 
solubilities are much different in water [150] and even more 
so in the presence of ethanol [151]. Thus, selective precipi-
tation of lactose with ethanol appears as a sound technique 
for lactulose purification. Zanganeh and Zabet [151] using 
selective precipitation in the presence of ethanol (85% w/w) 
reported 87% of lactose removal at 37 °C. In the same line, 
most of the physiochemical properties of tagatose and its 
raw material (galactose or fructose) are similar, but their 
solubilities in alcohols are quite different (galactose < taga-
tose < fructose) [152]. Lee et al. [153] studying the synthesis 
of tagatose from fructose at laboratory scale reported that 
fractionation using ethanol as a precipitating agent allowed 
obtaining a tagatose purity of 99.9%.

Microbial selective fermentation

Selective fermentation has been proposed as a non-conven-
tional alternative for carbohydrate purification [154–156]. 
This process is based on the sequential consumption of the 
unwanted mono- and disaccharides present in the reaction 
medium by microorganisms subjected to carbon catabolic 
repression (CCR). CCR mechanisms in bacteria and yeast 
imply complex regulatory circuits for the induction and 
repression of genes, presumably related to the hierarchi-
cal consumption of the so-called “poor” carbon sources 
[157–159]. Typically, the process is conducted in such a way 
as to promote the transformation of unwanted carbohydrates 
into ethanol and carbon dioxide, which are easier to remove 
from the medium [154–156]. Thus, selective fermentation 
stands out as a simple and low-cost method for attaining high 
purity prebiotic preparations [38, 88, 160]. However, high 
biomass concentration is generally required for the effec-
tive removal of the contaminant sugars, and the generation 
of metabolites, like ethanol, glycerol, higher alcohols and 

organic acid, might make necessary to include additional 
purification steps to properly remove them [44, 160].

This strategy was first reported in the literature by 
Onishi et al. [161, 162], for the production of GOS with 
a β-galactosidase from Sterigmatomyces elviae CBS8119. 
They noted that glucose released during the synthesis of 
GOS negatively affected the transgalactosylation activity, 
resulting in decreased GOS yield. So, they carried out the 
growth of the enzyme producing strain and the synthesis 
of GOS simultaneously. This strategy allows them to reach 
GOS yields around 60% (w/w). Almost a decade after, this 
strategy was reassumed by fermenting with S. cerevisiae or 
Kluyveromyces lactis the raw GOS obtained using commer-
cial β-galactosidases as catalysts. In this case, the fermenta-
tion with K. lactis allows the almost complete depletion of 
glucose, galactose and lactose [163]. Li et al.[164] evaluated 
the purification of raw GOS by treating it with immobilized 
cells of S. cerevisiae or K. lactis. The novelty of this puri-
fication strategy was that no nutrients for cell growth were 
added, thus avoiding the introduction of more pollutants. 
Using immobilized cells of K. lactis, Li et al. [164] reached 
a purity of 98% for two successive batches. In the same line, 
Hernández et al. [165] compared the selective fermentation 
of GOS with S. cerevisiae with other purification method-
ologies. Since S. cerevisiae lacks the β-galactosidase genes, 
this yeast is only capable of consuming glucose and galac-
tose but the content of lactose remains intact. Furthermore, 
at prolonged fermentation time the formation of trehalose 
(α-d-glucopyranosyl-(1-1)-α-d-glucopyranoside) is notice-
able. Sangwan et al. [156] evaluated the raw GOS purifica-
tion by selective fermentation with three different organisms, 
contacting the raw GOS in a successive manner with cells of 
S. cerevisiae NCDC 50, K. lactis NCDC 115 and Lactobacil-
lus helveticus CDC 288, achieving a purity of 92%. Guerrero 
et al. [155] evaluated the effect of the total carbohydrate 
concentration on the purification of raw GOS by selective 
fermentation with S. cerevisiae and K. lactis. Using K. lactis 
cells a purity of 95% was obtained without diluting the raw 
GOS (50% w/w) or adding some nutrients, while, with S. 
cerevisiae cells best results were obtained by diluting the 
raw GOS to 20% (w/w), but purity was only 39%. Recently, 
Pázmándi et al. [154] evaluated the selective fermentation 
of GOS in one and two steps with Cyberlindnera jadinii 
NCAIM Y.00499, Kluyveromyces nonfermentans NCAIM 
Y.01443, Kluyveromyces marxianus DMB Km-RK and 
K. lactis DMB Kl-RK. The best results were obtained in a 
two-step process, where the monosaccharides were firstly 
depleted by C. jadinii NCAIM Y.00499, and then lactose 
was removed by K. lactis DMB Kl-RK. Under this configu-
ration, a GOS purity of 92% was obtained for a 10% w/v 
diluted raw GOS, without GOS consumption by the yeast. 
On the other hand, Santibáñez et al. [166] included a pre-
hydrolysis step with β-galactosidase to remove the unreacted 
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lactose from the raw GOS before the selective fermentation, 
so increasing the concentration of monosaccharides which 
are faster consumed by K. lactis. The use of this strategy 
allowed to reduce the fermentation time by 40% without 
affecting the GOS purity achieved (96%).

This strategy has been also used for the removal of mono-
saccharides in the synthesis of lactulose by transgalactosyla-
tion of fructose with lactose catalyzed by β-galactosidase. 
Guerrero et al. [167] evaluated the selective fermentation 
of raw lactulose with S. cerevisiae and K. marxianus cells 
reaching their total removal without adding extra nutrients. 
However, K. marxianus consumed part of the lactulose pro-
duced so this option was discarded. On the other hand, S. 
cerevisiae consumed only the monosaccharides, allowing to 
obtain a lactulose purity of 40% without diluting or nutrient 
addition to the 50% w/w raw lactulose. Similar results were 
obtained with commercial bakers’ yeast, which is readily 
available at a very low cost and the cells can be reused. 
Julio-González et al. [125] used this strategy for the selective 
removal of monosaccharides in the synthesis of fGOS from 
lactulose. The complete removal of glucose and fructose 
and 70% removal of galactose was achieved after 8 h of 
fermentation with S. cerevisiae without consumption of the 
disaccharides and oligosaccharides; after 24 h, all monosac-
charides were completely consumed.

Other authors have reported the use of this strategy not 
only to increase the purity of the reacted mixtures but also 
to decrease the enzyme inhibition caused by monosaccha-
rides. Aburto et al. [160] evaluated the synthesis of GOS 
and its simultaneous purification in one-pot mode using a 
biocatalyst made by entrapping S. cerevisiae cells and cross-
linked aggregates of A. oryzae β-galactosidases in alginate 
gels. The purpose was to assess if the continuous removal of 
the monosaccharides increased the yield and productivity of 
synthesis, as well as the purity of the product, but, contrary 
to expected, slightly lower reaction yields and purities were 
obtained than in conventional batch synthesis of GOS. These 
results were explained by the presence of internal diffusional 
restrictions and the production of ethanol within the cata-
lyst particles, which led to the formation of ethyl-galactose. 
Another example is the synthesis of lactosucrose from lac-
tose and sucrose with β-fructofuranosidase: in this case, in 
order to remove the glucose released during the reaction, the 
synthesis was conducted in the presence of cells from a S. 
cerevisiae strain incapable of assimilating sucrose; enzyme 
inhibition was reduced and purity increased up to 70% [55, 
168]. Since this strategy allows obtaining high purities at 
reasonable cost, [38, 88, 169], it has been adopted at indus-
trial level by New Francisco Biotechnology Corporation, 
which uses the selective fermentation of raw GOS with 
K. lactis and S. cerevisiae cells for the production of the 
highly pure GOS preparations King-Prebiotics® GOS700-
P, GOS-900-P or GOS-1000-P with 70, 90 and 99% GOS, 

respectively [169]. Likewise, Neo Cremar, Co. reported the 
use of S. cerevisiae cells for increasing the GOS purity from 
55 to 75% in its brand product Mother´s OLIGO [101].

Selective fermentation has also been reported for the puri-
fication of d-tagatose produced by d-galactose isomerization; 
the reacted mixture was contacted with S. cerevisiae cells for 
the removal of the unreacted galactose, which was almost 
completely consumed after 12 h of fermentation, with an 
increase in tagatose purity from 40 to 95% [170]. Wanarska 
and Kur [171] reported the production of d-tagatose from 
whey permeate. They expressed the β-galactosidase from 
Arthrobacter chlorophenolicus in Pichia pastoris. The yeast 
was cultured in whey-permeate to hydrolyze lactose into glu-
cose and galactose. During this process galactose cumulated 
in the medium, glucose was removed by fermentation. Then 
d-tagatose was produced using the l-arabinose isomerase 
from the psychrophile Arthrobacter sp. 22c, attaining a yield 
of 30%. Recently, Cervantes et al. [172] reported the use of 
microbial fermentation to produce a d-tagatose syrup from 
whey permeate. Initially, lactose was hydrolyzed using B. 
bifidum β-galactosidase, and then the glucose generated was 
removed by contacting the hydrolyzed whey-permeate with 
P. pastoris cells. The authors optimized the cells concentra-
tion and fermentation time for this process, obtaining the 
best result at 300 g/L and 3 h, respectively. Afterward, the 
free-glucose syrup obtained was used as substrate for taga-
tose production with the l-arabinose isomerase from Bacil-
lus stearothermophilus, reaching a reaction yield of 33%

Enzyme assisted purification

Enzyme-conversion of the impurities has been proposed 
for improving the performance of a number of purification 
technologies. Maischberger et al. [173] studied the enzy-
matic transformation of the unreacted lactose during GOS 
synthesis into lactobionic acid. They conducted the synthe-
sis of GOS using a recombinant β-galactosidase from Lac-
tobacillus reuteri, obtaining a product composition of 48, 
26.5 and 25.5% of monosaccharides, unreacted lactose and 
GOS, respectively. Since the removal of monosaccharides 
is easier, they successfully transformed unreacted lactose 
into lactobionic acid using the cellobiose dehydrogenases 
from Sclerotium rolfsii and Myriococcum thermophilum. 
Also, a laccase was used to reoxidize ABTS (2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid), which served as 
redox mediator. This strategy allowed the almost complete 
removal of lactose (as lactobionic acid) and monosaccha-
rides by subsequent strong ionic exchange chromatography. 
However, the complexity of this strategy makes it hardly 
scalable. Likewise, Cordova et al. [100] evaluated the selec-
tive hydrolysis of the unreacted lactose in GOS synthesis to 
enhance the performance of a nanofiltration system used to 
remove the unwanted carbohydrates. Firstly, they conducted 
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the synthesis of GOS using A. oryzae β-galactosidase, and 
then the selective hydrolysis of the unreacted lactose using 
the K. lactis β-galactosidase. The use of hydrolyzed raw 
GOS had opposite effects on nanofiltration: the permeate 
flux was increased by avoiding lactose-derived fouling, and 
reduced the GOS retention, provoking a marginal gain in 
purity. At large-scale, the Japanese manufacturer Yakult 
Pharmaceutical Industry Co., Ltd reported the use of K. 
lactis β-galactosidase to hydrolyze the unreacted lactose 
in GOS synthesis aiming to facilitate the downstream pro-
cessing and avoid lactose crystallization in the final product 
[102].

As previously mentioned, Torres and Batista-Viera [77] 
(see Sect. 1.3.3) reported the application of S. rubiginosus 
d-xylose (d-glucose) isomerase for the production of d-taga-
tose from mozzarella cheese whey. In this case, the use of 
d-xylose isomerase was intended to decrease the glucose 
concentration and in parallel reduce the inhibition caused 
on the β-galactosidase used to hydrolyze lactose, an aspect 
that becomes more relevant as the process is carried out in 

one-pot mode using individually immobilized or co-inmo-
bilized enzymes.

Taking into account the background information pre-
sented above for the fractionation technologies of lactose-
derived prebiotics, the pros and cons of these technologies 
are summarized in Table 1. Up to now, membrane separa-
tion, adsorption, selective fermentation and enzyme-assisted 
purification appear as available technologies to be used at 
large scale for the downstream processing of lactose-derived 
prebiotics. Chromatography is a mature technology for the 
purification of carbohydrates; however, it is perceived as a 
relatively expensive option, so its use in this field is infre-
quent. In the case of GOS, it is observed that the minimum 
selling price of a GOS preparation exponentially increases 
with its purity when chromatography is the key step of the 
downstream processing, being selective fermentation more 
cost effective than chromatography to obtain highly puri-
fied (> 95% purity) GOS preparations [88]. On the other 
hand, solvent precipitation is only cost-effective at labora-
tory scale, since the requirement of high amount of organic 

Table 1  Downstream technologies for lactose-derived bioactive compounds

Technology Advantages Disadvantages Remarks on prebiotic carbohydrate 
fractioning

Membrane separation Separation under mild condi-
tions

Membrane properties can be 
tunned

Easy scale-up
Flexible operation mode (con-

tinuous, batch or hybrid)

Relatively low membrane lifespan
Low selectivity and transmembrane 

flux
Linear scale-up
Presence of concentration polariza-

tion and membrane fouling

Usually used to remove proteins, parti-
cles, and microorganism

Difficult separation of mono- and 
oligosaccharides with a similar 
polymerization degree

Chromatography High purity products
High product recovery
High selectivity
Flexible operation mode (con-

tinuous, batch or hybrid)
Low eluent consumption in 

simulated moving bed mode
Wide range of sorbents and 

mobile phase

Dilute the product
Sorbent fouling
Expensive equipment and sorbent
High eluent consumption when oper-

ates in elution mode
Relatively complex scale-up

Highly resolutive, but costly, being 
infrequent at large-scale for oligosac-
charides purification

Adsorption Low cost
Easy operation
Cost-effective

Low selectivity
Waste generation (sorbent exhausted)
Sorbent preparation and regeneration 

may be expensive

Commonly used at large-scale because 
it is a cost-effective technology

Solvent precipitation Easy operation
Moderately selective (lactose)
Easy to scale

Solvent recovery is needed
Large amount of solvent is required
Costly

Very effective at lab-scale for lactose 
removal. Hardly scalable

Microbial selective fermentation Highly selective
High purity products
High product recovery

Biomass must be produced o bought
Relatively costly and time-consum-

ing
Relatively complex scale-up
Organic side-product may be gener-

ated

Used at large-scale to produce highly 
purified preparation. Multiauxic 
fermentation offers a highly selective 
procedure

Enzyme assisted purification Low cost
Highly selective
Easy to scale-up

Preparative step Chemical transformation of unwanted 
carbohydrate(s) may significantly 
improve the performance of the 
downstream processing
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solvent and the need to recover it in an industrial process, 
makes this technology hardly scalable.

Challenges and future perspective

Whey is no longer a nuisance but a valuable byproduct of 
the cheese industry. Recovery of high-quality whey proteins 
by membrane ultrafiltration is a well-established industrial 
operation and the resulting permeate is a usually underuti-
lized lactose-rich output. Lactose per se is a low value com-
modity, but a valuable raw material for the production of 
several bioactive compounds. Functional foods are a most 
dynamic sector within the food industry and lactose-derived 
bioactives are playing an increasingly important role as 
functional ingredients in dairy products. They are mostly 
enzymatically synthesized non-digestible oligosaccharides 
whose present status and projections have been reviewed. 
Synthesis by biocatalysis is an increasingly preferred option 
from an environmental perspective and metrics of sustain-
ability are in favor for replacing stoichiometric or chemically 
synthesized processes [174]. However, a limiting factor is 
the rather low reaction yields that put pressure on down-
stream operations, so particular emphasis was made on the 
different technological solutions that have been proposed to 
reduce the impact of downstream cost on processing cost. 
Among those, membrane fractionation by nanofiltration and 
selective fermentation of contaminant sugars are promising 
alternatives to replace the complex and costly chromato-
graphic operations at industrial scale. Future looks prom-
ising as the market for functional foods containing health 
promoting ingredients is steadily increasing along with the 
growing awareness of the World population about healthier 
eating habits. Lactose-derived prebiotics have the advantage 
that lactose is a low-price commodity, sometimes in sur-
plus, and are particularly suitable for their incorporation into 
dairy matrices, which seems attractive to cheese producers 
in terms of circular economy.

Despite some of these lactose-derived products have been 
in the market for some time, there is still ample room for 
improving such technologies by constructing better catalysts 
and developing low-cost downstream operations for deliv-
ering high quality products. Such advances are expected 
to broaden the spectrum of lactose-derived bioactive com-
pounds that are likely to impact the market in the forthcom-
ing decades.

Conclusions

Lactose derived from whey is a plentiful commodity usu-
ally in excess from its demand. Medium and small size 
cheese producers are usually confronted with the problem 

of proper whey management, and common practices of 
disposal without treatment and use for agricultural land 
irrigation are now being progressively banned because of 
environmental concern. Lactose, being the main compo-
nent in whey and whey permeate, is per se of limited use 
because of its physicochemical and functional properties. 
Therefore, lactose upgrading by converting it into added-
value products is of the utmost importance, not only from 
the commercial perspective of cheese producers but also 
for environmental considerations. Among the many strate-
gies for lactose upgrading, its use as raw material for the 
production of bioactive compounds stands out. In line with 
the increasing concern of the world population about health 
eating habits, prebiotics have become important components 
of functional foods. Prebiotics are mostly non-digestible oli-
gosaccharides and, among, them, those derived from lactose 
are mostly appealing form the viewpoint of sustainability 
and circular economy. Galacto-oligosaccharides, produced 
from lactose by enzymatic conversion, are well established 
prebiotic compounds being increasingly used as functional 
ingredients in foods, especially those derived from milk. 
Even though being GOS production a mature technology, 
there are important challenges remaining, that need to be 
tackled by developing enzymes better suited for performing 
the reaction of synthesis. and cost-effective downstream pro-
cessing operations. Other lactose-derived bioactives include 
lactulose, epilactose, lactitol, lactobionic acid, tagatose and 
fructosyl-galacto-oligosaccharides, with assorted application 
in the food and pharmaceutical sectors. So, a platform for the 
efficient use of lactose within a framework of sustainability 
and circular economy looks quite promising, especially for 
developing cost-effective and sustainable technologies.
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