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Abstract: Oligosaccharides with diverse and complex structures such as milk oligosaccharides
have physiological functions including modulating intestinal microbiota or stimulating immune
cell responses. However, milk carbohydrates include about 40–50% of lactose which requires a
cost-effective method to separate. We developed a new method to purify the oligosaccharides from
carbohydrate mixtures such as human milk oligosaccharides (HMOs) and galactooligosaccharides
(GOSs) by exploiting immobilized Kluyveromyces lactis as microbial catalysts. Evaluation of media
components exhibited no significant differences in the lactose removal efficiency when nutrient-rich
media, minimal salt media, and distilled water without any media components were used. With the
immobilization on alginate beads, the lactose removal efficiency was increased 3.4 fold compared to
that of suspension culture. When the immobilized cells were reused to design a continuous process,
4 h of pre-activation enhanced the lactose eliminating performance 2.5 fold. Finally, immobilized
K. lactis was used as microbial catalysts for the biopurification of HMOs and GOSs, and lactose was
effectively removed without altering the overall distribution of oligosaccharides.

Keywords: Kluyveromyces lactis; human milk oligosaccharides; galactooligosaccharides; lactose;
immobilization; microbial catalysts

1. Introduction

Human milk oligosaccharides (HMOs) are active carbohydrates observed in human milk.
With more than a hundred different structural isomers, HMOs play critical roles in maintaining
and improving the intestinal microbiota of breast-fed infants [1]. Human milk uniquely contains
such complex oligosaccharides in high concentrations up to 20 g/L. Bovine or porcine milk has
oligosaccharides as well but only less than 1 g/L [2]. Since HMOs are hardly hydrolyzed in the
human digestive system [3,4], they can reach the small and large intestines while retaining their intact
structures. In the human gut, HMOs serve as prebiotics for promoting beneficial bacteria and soluble
decoy receptors for preventing pathogen attachment to mucosal surfaces. In addition to this, they
serve as critical factors in modulating the responses of epithelial and immune cells [5].

For the commercial use of HMOs, bovine milk oligosaccharides (BMOs) can be considered as an
alternative to HMOs [6,7]. Since whey is one of the largest byproducts of dairy products, massive
amounts of BMOs can be produced from it [8,9]. However, about 50 g/L of lactose has to be eliminated
from bovine milk for practical application of BMOs. Hence, pilot-scale filtration or chromatographic
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manners have been studied for lactose removal [10–14]. A biological method using β-galactosidase
(EC 3.2.1.23) was also studied [15].

2′-Fucosyllactose (2′-FL) is one of the simplest but most abundant oligosaccharides in human milk.
It is currently produced at an industrial scale by the recombinant yeast or bacterial system [16–19]
via two distinct pathways, the salvage pathway and de novo pathway. GDP-L-fucose is synthesized
through the engineered metabolic pathway and then transferred to a lactose backbone, which results
in the production of 2′-FL. In this process, purification of 2′-FL from the mixture of lactose and 2′-FL is
crucial for maximizing the prebiotic activity of 2′-FL.

Galactooligosaccharides (GOSs) are also non-digestible oligosaccharides used as prebiotics [20].
They have been used for the health-promoting components of infant milk formulas to mimic the
beneficial effects of HMOs [21]. Advantageous functions like anticarcinogenic effects and lowering
serum cholesterol levels have been reported, as well [22,23]. In the enzymatic synthesis of GOSs,
however, 50% of the lactose remains in its unreacted form [24,25]. This residual lactose makes it
difficult to apply to people with lactose intolerance and decreases the valuable effects of GOSs [26].

Kluyveromyces lactis, the Crabtree-negative yeast, is widely used in the food industry because it is
considered as “generally recognized as safe” (GRAS) [27]. It is extensively studied for the host system
to produce recombinant proteins. The most successful utilization of K. lactis is as the production host
for β-galactosidase. Additionally, K. lactis can assimilate lactose efficiently because it harbors the LAC4
(β-galactosidase) and LAC12 (lactose permease) genes.

In this work, we developed a biopurification system of oligosaccharides using immobilized
K. lactis. From the mixture of lactose and oligosaccharides, K. lactis selectively consumed the lactose
with high efficiency. To reduce the burden in the process, lactose removal in a nutrient-rich, minimal
salt media or distilled water was examined. The immobilized cells with high density were applied to
maximize the consumption of lactose. Then, biopurification of HMOs and GOSs was examined to
evaluate the selective removal of lactose without altering the distribution of oligosaccharides.

2. Materials and Methods

2.1. Culture Conditions for the Growth of Kluyveromyces lactis

The YPD media (10 g/L of yeast extract, 20 g/L of peptone, 20 g/L of dextrose or other carbon
sources in accordance with the purpose of experiments) and YNB media (6.7 g/L of yeast nitrogen base
with or without amino acids, 20 g/L or 40 g/L of carbon sources) were used for evaluating substrate
consumption and pre-activation of immobilized K. lactis. Cells were cultured at 30 ◦C with shaking at
200 rpm. The cell growth was determined spectrophotometrically at 600 nm.

2.2. Immobilization of K. lactis with Sodium Alginate

The K. lactis cells grown in 400 mL of YPD media for 12 h were used for immobilization. The media
was centrifuged at 4500 rpm for 15 min at 4 ◦C. The pallets were washed three times by being
resuspended with PBS and centrifuged at 4500 rpm for 15 min at 4 ◦C. The washed cells were
resuspended again in 50 ml of distilled water and mixed well with the same volume of 2.5% sodium
alginate beads. The mixtures were added drop-wise into 0.5 M CaCl2 and incubated 5–10 min to
harden in the calcium chloride solution. The immobilized cells were kept at 4 ◦C in 0.5 M CaCl2
solution for further experiments. Before use, the immobilized cells were washed with distilled water.

2.3. The Extraction of Semi-Purified Human Milk Oligosaccharides (HMOs) from Human Milk

The HMOs were extracted from human milk as described by Gnoth et al. [28], with modifications.
For lipids removal, the human milk was centrifuged at 5000 × g for 30 min at 4 ◦C. The middle layer
was collected from the sample and four volumes of an extracting solvent (chloroform:methanol = 2:1)
were added to the collected sample. The solution was centrifuged again at 5000 × g for 30 min at 4 ◦C.
Three volumes of cold (−30 ◦C) ethanol were added to the supernatants, and the solution was placed
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overnight at 4 ◦C to precipitate proteins. The mixture was then centrifuged at 5000 × g for 30 min at
4 ◦C, and the precipitated protein was discarded. Semi-purified HMOs were acquired by drying the
supernatants using centrifugal evaporation (SpeedVac EZ-2, Genevac Ltd., Ipswitch, England).

2.4. Analysis of Mono-, Di-, and Oligosaccharides

The concentrations of mono- and di-saccharides were quantified by high-performance liquid
chromatography with a refractive index detector (Agilent Technologies, Santa Clara, CA, USA).
The samples were separated by a Rezex ROA-Organic Acid H+ column (Phenomex, Torrance, CA,
USA) with 5 mM H2SO4 aqueous solution at a flow rate of 0.6 ml/min.

HMOs and GOSs were readily purified and enriched by solid-phase extraction (SPE) using a
porous graphitized carbon cartridge (PGC). Firstly, the samples were loaded onto the SPE cartridges
and washed with pure water to remove any salt and buffer residues. The oligosaccharides bound to
the cartridges were eluted through the sequential addition of 20% acetonitrile (v/v) (neutral fraction)
followed by 40% acetonitrile/0.05% trifluoroacetic acid (v/v) (acidic fraction). The samples were dried
under a vacuum prior to mass spectrometry (MS) analysis.

Enriched HMOs and GOSs were chromatographically separated and detected with an Agilent 6550
UHPLC/Q-TOF MS (Santa Clara, CA, USA). 10 fold diluted samples were injected into a Hypercarb
column (Thermo Fisher Scientific, MA, USA). After injection, the oligosaccharides were separated with
a gradient system consisting of 3.0% acetonitrile/0.1% formic acid (v/v) (A) and 90.0% acetonitrile/0.1%
formic acid (v/v) (B) at a flow rate of 0.2 mL/min: 0.0–0.5 min, 97% A, 3% B; 0.5–20.0 min, 84% A, 16% B;
20.0–30.0 min, 60% A, 40% B; 30.0–32.0 min, 40% A, 60% B; 32.0–40.0 min, 10% A, 90% B; 40.0–55.0 min,
97% A, 3% B. The mass range of detection was m/z 300–2500. The data was collected in the positive
mode. LC/MS results were exported using the Agilent’s MassHunter Qualitative Analysis software,
and then HMOs and GOSs were identified by comparing with a compound library that includes
retention time and accurate mass.

3. Results

3.1. Sugar Utilization in the Nutrient-Rich and Defined Salt Media

To reduce burdens from the biological elimination of lactose, we tried to avoid or minimize the
organic components, such as peptone, amino acids, or vitamins. Firstly, we examined the utilization of
glucose, galactose, and lactose in the nutrient-rich (YPD) and defined salt media (YNB) by K. lactis.

As shown in Table 1, the highest optical density (OD600 = 7.9) and maximum specific growth rate
(0.33 h−1) were achieved when glucose was used as a substrate for cell growth in YPD media. With the
lactose as a substrate, the growth of K. lactis was maintained at a similar level as shown in glucose.
Though maximum OD was lower (OD600 = 6.9) in YPD media with lactose, the maximum specific
growth rate (0.31 h−1) and substrate consumption (20.0 g/L) were similar to those observed in glucose.
In contrast, the substrate consumption and maximum specific growth rate were the lowest (11.0 g/L
and 0.20 h−1, respectively) when cells were cultivated on galactose as a substrate.

In YNB media with the addition of amino acids, the maximum specific growth rate was around 0.31
h−1 when cells were utilizing glucose, lactose, or even galactose as a substrate. However, the maximum
OD and substrate consumption, compared to YPD media, were decreased 26–38% and 5–38%. The
lowest decrease in substrate consumption was lactose.

We further analyzed the lactose utilization by K. lactis in YNB without amino acids. Although
the maximum specific growth rate and substrate consumption were decreased to 0.27 h−1 and 14 g/L,
the maximum OD (OD600 = 5.0) and ethanol production (9.5 g/L) were similar in comparison with cells
grown in YNB media with amino acids.

Considering the substrate consumption and ethanol production in the YPD and YNB media,
we could conclude that K. lactis uses lactose efficiently as well as glucose. In addition, we could
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determine that the addition of amino acids to the YNB media had minimal effect on the viability and
lactose consumption of K. lactis.

Table 1. Growth characteristics of Kluyveromyces lactis in different media.

Media Substrate Maximum
OD600 (AU)

µmax
(h−1)

Substrate
Consumption 1 (g/L)

Ethanol
Production 1 (g/L)

YPD
Glucose 7.9 0.33 20.0 g/L 10.0 g/L

Galactose 5.7 0.20 11.0 g/L 4.2 g/L

Lactose 6.9 0.31 20.0 g/L 12.0 g/L

YNB
(with amino

acids)

Glucose 5.4 0.31 17.0 g/L 7.3 g/L

Galactose 3.5 0.29 6.8 g/L 3.5 g/L

Lactose 5.1 0.31 19.0 g/L 9.3 g/L

YNB (without
amino acids) Lactose 5.0 0.27 14.0 g/L 9.5 g/L

1 Substrate consumption and ethanol production were determined at 15 h fermentation.

3.2. Lactose Removal on Defined Salt Media and Distilled Water

In order to simplify the purification media, the lactose removal activity was evaluated using the
distilled water without the addition of any media components. The K. lactis could not grow well
in distilled water compared to YNB without amino acids (Figure 1A). The lactose consumption and
ethanol production, on the other hand, showed comparable patterns even though a lag period (15 h)
existed when the cells were grown in distilled water (Figure 1B,C). From this, it is concluded that the
distilled water instead of YNB media could be used for lactose removal media once the low cell growth
was overcome.
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Figure 1. Lactose assimilation activity by Kluyveromyces lactis in YNB media without amino acid
(open circle) and distilled water (filled circle). Cell growth, lactose, and ethanol production in suspension
culture are shown in (A), (B), and (C). Lactose consumption and ethanol production by immobilized
cells are shown in (D) and (E), respectively. The efficiency of biopurification is presented in (F).
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3.3. Effect of Immobilization

In our preliminary data, the lactose consumption rate was proportional to the initial cell density
(data not shown). Moreover, the low cell growth needed to be solved when distilled water was used as
a simplified media. To approach these problems, we immobilized high concentrations of K. lactis so
that lactose was rapidly consumed in the media. After grown in YPD media for 12 h, the cells at the
exponential phase were immobilized with sodium alginate beads.

The YNB media without amino acids and distilled water without any media components were
evaluated for the lactose elimination. After 12 h of fermentation using immobilized cells, 40 g/L of
lactose was completely removed from both media (Figure 1D,E). Between distilled water and the YNB
media without amino acids, we could not find any differences in the lactose removal (3.33 g/L/h) and
ethanol production rates (1.25 g/L/h). As we immobilized K. lactis, whose density was already high,
we could not find any lag period during lactose elimination in distilled water. More importantly,
the efficiency of lactose elimination by immobilized K. lactis was 3.4 times higher than that of cell
suspension (Figure 1F).

3.4. Impact of Pre-Activation of Immobilized Cells

With the immobilization of concentrated K. lactis, lactose could be removed rapidly in water
without any lag period. To design a continuous process for further utilization, the reusability of
immobilized cells was evaluated. After the first-round of biopurification, immobilized cells were
stored at 4 ◦C for 48 h then reused for the next round of biopurification. One group of cells was used
after pre-activation in YNB media with 20 g/L of lactose for 4 h, and another group was used without
any pre-activation.

The immobilized cells with or without pre-activation were monitored to observe the lactose
consumption and ethanol production (Figure 2). Repeated use of immobilized cells without
pre-activation showed remarkable decreases in lactose consumption and ethanol production. Compared
to the first-round process, 48 h of storage decreased the lactose removal activity 5.6 fold. Meanwhile,
after the pre-activation of immobilized cells by 4 h of incubation restored the activity 2.5-fold higher
than that of without pre-activation. It is concluded that at least 4 h of pre-activation is necessary for the
recovery of lactose consumption efficiency for the repeated use of immobilized K. lactis.
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Figure 2. The impact of pre-activation of immobilized K. lactis. Lactose consumption (A) and ethanol
production (B) differences of immobilized K. lactis cells with or without pre-activation. Filled circle,
immobilized cells with pre-activation; open circle, immobilized cells without pre-activation.
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3.5. Lactose Removal of Human Milk Oligosaccharides (HMOs) and Galactooligosaccharides (GOSs)

Lastly, we evaluated the selective consumption of immobilized K. lactis from the semi-purified
HMOs and GOSs. HMOs and GOSs were the oligosaccharides that exhibited biological functions such
as prebiotic or bifidogenic activity. However, those beneficial effects can be maximized in the absence
of lactose, which can be utilized by most bacteria. Therefore, it is crucial to eliminate the residual
lactose from the mixture of oligosaccharides to guarantee their functionalities.

Semi-purified HMOs were prepared from human milk by the removal of lipids and proteins.
Semi-purified HMOs and GOSs were dissolved in water to a final concentration of 20 g/L,
and freshly-prepared immobilized K. lactis was added directly without the addition of any media
components. Lactose concentrations in the semi-purified HMOs and GOSs were 12 g/L and
2.5 g/L, respectively.

LC/MS analysis was performed to observe the quantitative changes of the oligosaccharides.
By considering retention time and accurate mass, biologically possible compositions of hexose (Hex),
N-acetylhexosamine (HexNAc), fucose (Fuc), and N-acetylneuraminic acid (NeuAc) were determined.
A total of 11 major HMOs and GOSs with a degree of polymerization (DP) of 3 to 6 including lactose
were monitored during the biopurification (Figure 3).
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Figure 3. The change of the peak area of lactose and the relative abundances of oligosaccharides during
the biopurification of (A) human milk oligosaccharides (HMOs) and (B) galactooligosaccharides (GOSs)
by immobilized K. lactis. Moreover, the representative total ion chromatograms of (C) HMOs and
(D) GOSs are shown. Ions in the shaded area were confirmed to be lactose. Due to the characteristics of
the porous graphitized carbon cartridge (PGC) column, oligosaccharides with aldehyde form were
separated into two peaks which indicated the α– and β– forms.

Within 8 h, lactose in the solution of semi-purified HMOs or GOSs was rapidly consumed to a
negligible amount. The overall distribution of HMOs was not changed during the lactose removal
process. In particular, fucosyllactose (2_0_1_0, Hex2Fuc1) and sialyllactose (2_0_0_1, Hex2NeuAc1),
which are the simplest structures of HMOs, were preserved during the process. In the biopurification
of GOSs, the relative concentrations of DP 4 and DP 5 decreased slightly while DP 3 increased.
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After the elimination of lactose, however, the overall distribution of oligosaccharides was not changed,
which indicated that the GOSs, except for lactose, were not consumed by immobilized K. lactis.

4. Discussion

K. lactis is well known for its distinguished activity for metabolizing lactose as a sole carbon
source. In this report, we further analyzed its lactose-metabolizing activity and utilized it to remove
lactose from the oligosaccharide mixtures, HMOs and GOSs.

We have shown that K. lactis could assimilate lactose as efficiently as glucose and maintain
cells’ viability even without the addition of a nitrogen source or other media components such as
peptone, yeast extract, or salts, which enable the biopurification to be simple. With the immobilization,
the lactose removal efficiency was increased 3.4 fold compared to that of suspension culture. For the
repeated use of immobilized cells, at least 4 h of pre-activation was necessary for the recovery of lactose
consumption efficiency. Finally, lactose was effectively removed from HMOs or GOSs without altering
the overall distribution of oligosaccharides by utilizing immobilized cells. As a result, we developed a
biopurification system for oligosaccharide mixtures using immobilized K. lactis as biocatalysts.

Lactose removal from oligosaccharides mixtures like HMOs and GOSs is a critical step for
maximizing the efficacy of oligosaccharides. Hence, pilot-scale filtration or chromatographic processes
have been studied for their industrial application [10–12]. Small-scale separation methods were also
studied for the identification of oligosaccharides [13,14]. However, these methods are expensive
and require complicated procedures to operate. Biological removal with β-galactosidase [15] is an
alternative to these, but the enzymatic degradation results in glucose and galactose that could reduce
the benefits. By utilizing our novel approach, it is possible to readily purify oligosaccharides mixtures
from lactose.
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