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Research Article

Development of a high-throughput
glycoanalysis method for the
characterization of oligosaccharides in
human milk utilizing multiplexed capillary
gel electrophoresis with laser-induced
fluorescence detection

During the last decade, enormous progress regarding knowledge about composition and
properties of human milk (HM) has been made. Besides nutrition, the three macro-
nutrients: proteins, lipids, and carbohydrates combine a large variety of properties and
functions. Especially, complex oligosaccharides emerge as important dietary factors dur-
ing early life with multiple functions. The characterization of these HM oligosaccha-
rides (HMOS) within the total carbohydrate fraction is prerequisite to understand the
relationship between milk composition and biological effects. Therefore, extended stud-
ies of large donor cohorts and thus, new high-throughput glycoanalytical methods
are needed. The developed method comprises sample preparation, as well as analy-
sis of HMOS by multiplexed CGE with LIF detection (xCGE-LIF). Via a respective
database the generated “fingerprints” (normalized electropherograms) could be used
for structural elucidation of HMOS. The method was tested on HM samples from five
different donors, partly sampled as a series of lactation time points. HMOS could be easily
identified and quantified. Consequently, secretor and Lewis status of the donors could
be determined, milk typing could be performed and quantitative changes could be moni-
tored along lactation time course. The developed xCGE-LIF based “real” high-throughput
HMOS analysis method enables qualitative and quantitative high-performance profiling
of the total carbohydrate fraction composition of large sets of samples.
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lactose; aHMOS, total acidic HMOS; APTS, 8-aminopyrene-
1,3,6-trisulfonic acid; FucT-II and III, fucosyltransferase II and
III; GlcNAc, N-acetylglucosamine; GPC, gel permeation chro-
matography; HM, human milk; HMOS, human milk oligosac-
charides; HP, high-performance; HPAEC-PAD, high-pH anion
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tion; HT, high-throughput; Le, Lewis gene; LNDH I–II, Lacto-N-
difuco-hexaose I–II; LNFP I–III and V, Lacto-N-fuco-pentaose
I–III and V; LTP, lactation time point; MSn, multistage MS;
nHMOS, total neutral HMOS; OS, oligosaccharides; PHP, peak
height proportions; PN, peak numbers; RFU, relative fluores-
cence units; Se, secretor gene; TCF, total carbohydrate frac-
tion; tmig, migration time; tmig

′, normalized migration time;
UF, ultrafiltration; xCGE-LIF, multiplexed CGE with LIF detec-
tion

1 Introduction

From various points of view, like evolutionary, nutritional,
and economical, human milk (HM) is ideal for infant nu-
trition for the first months of life, and thus it has been rec-
ommended by the WHO [1]. Despite the steps that already
have been taken regarding knowledge about composition and
properties, the functionality of HM in its complexity is still not
fully understood [2–6]. Besides water, the three macronutri-
ents of HM are proteins, lipids, and carbohydrates [7–9]. They
combine a large variety of properties and functions, which
were closely surveyed in several studies. It could be shown
that during breastfeeding, antibodies pass from mother to
child [10, 11], and that HM contains several antiinfective
factors such as lactoferrin [4, 6] and immunoglobulin A,
protecting against pathogenic microorganisms [12–14]. All

Colour Online: See the article online to view Figs. 3 and 4 in colour, and
Tables 2 and 4.
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this supports the development of the newborns immune sys-
tem [15–17], e.g. by lowering the risk of infections like otitis
media [18] and urinary tract infections [19]. Besides these im-
portant factors within the protein fraction of HM, also the total
carbohydrate fraction (TCF) is known to contain compounds
bearing a variety of complex and important functions be-
yond simple energy delivery to the infants [14, 20, 21]. The
composition of the HM oligosaccharide (HMOS) pool, i.e.
the HM-TCF differs, comparing milks from different moth-
ers or from different lactation time points (LTP). In the
past, most studies concerning HM and breastfeeding were
looking at HM on its whole and the studies, focusing on
the HM-TCF, were analyzing just small donor cohorts (e.g.
[2, 6, 21–41]) that can only provide limited information. The
HMOS pool mainly consists of lactose (70–85% of the HM-
TCF [31]) and a large variety of neutral and acidic oligosac-
charides (OS). Until now, more than 1000 of these HMOS
have been detected/identified via different low- and medium-
throughput techniques like chromatography (e.g. paper chro-
matography [41–45], HPLC [25, 46–48], high-pH anion ex-
change chromatography with pulsed amperometric detection
(HPAEC-PAD) [26, 49–54] or hydrophilic interaction chro-
matography [55]), MS [56] (e.g. using infrared laser des-
orption MS [57], fast atom bombardment ionization com-
bined with MS/MS, [58] MALDI-MS/MS [23, 24, 59–65],
(nano) ESI (multistage) MS ((nano)ESI-MS(n)) [66–69] or
using a high-resolving Fourier transform ion cyclotron res-
onance MS [70]), LC coupled online with (multistage) MS
(LC-MS(n)) [71–79], NMR spectroscopy [80, 81] or single CE
with LIF detection [82, 83], sometimes additionally coupled
online with MS [84–86]. But, as the characterization of HMOS
within the HM-TCF is prerequisite to understand the com-
plex relationship between their structures and their biological
effects [28], there is a need for high-performance (HP) analyt-
ical methods that combine high sensitivity, high selectivity,
and high resolution with robustness, reliability, and repro-
ducibility in a high-throughput (HT) manner [83].

Consequently, our work is focusing on the development
and establishment of an HP glycoanalytical technique, based
on multiplexed CGE with LIF detection (xCGE-LIF) that al-
lows in-depth characterization of the HM-TCF composition
in large numbers of individual (human) milk samples. The
presented method comprises sample preparation, as well as
xCGE-LIF analysis of HMOS, both ready for “real” HT. First
neat HMOS were isolated out of the HM-TCF. These neat
compounds (HMOS standards) were then used for method
development and reproducibility testing. Following on that,
we initiated a database (containing said HMOS standards
and their normalized migration times (tmig

′)), for a later on
fast and easy identification of HMOS beyond peaks of “fin-
gerprints” (normalized electropherograms) generated from
real HM samples. To approve the methods capability for
monitoring TCF compositions of larger cohorts of individ-
ual HM samples in future, we tested the developed method
with the HM-TCF of four different donors (representing the
four known HM types, according to Thurl et al. [87]), as well
as a series of eight HM samples of one donor from different

Table 1. Samples and lactation time points

LTP 1 2 3 4 5 6 7 8 Pool
(days postpartum) (1–3) (4) (8) (15) (22) (30) (60) (90)

HM I Yes
HM II Yes
HM III Yes
HM IV Yes
HM V Yes
HM VI x x x x x x x x No

time-points along the lactation time course. It turned out that
this xCGE-LIF based “real” HT technique represents a valu-
able alternative to existing glycoanalysis tools that are more
time, lab space, and manpower consuming. This technique
will enable unequivocal qualitative and quantitative HP pro-
filing of the HM-TCF (i.e. the HMOS pool) composition of
large cohorts.

2 Materials and methods

2.1 Samples

All HM samples (Table 1) were provided from healthy
volunteers; Caucasian women living in the regions of
Dresden (Germany) and Frankfurt/Main (Germany) (previ-
ously used by Thurl et al. [27, 87], see also for further sample
details). The HM samples were immediately frozen after de-
livery and stored at −20�C until analysis. Pooled sample HM I
was used for the isolation of neat HMOS. Samples HM II–V
were used for HM type determination of their donors. The
series of eight HM samples of one donor from different time-
points (HM VI) was taken to demonstrate the methods capa-
bility for monitoring HM-TCF composition along the lacta-
tion time course.

2.2 Sample preparation and analysis workflow for

HMOS profiling via xCGE-LIF

Figure 1 shows the HMOS sample preparation and analy-
sis workflow. Briefly, all samples were heated for 30 min at
70�C according to [88] (pasteurization) to inactivate pathogens
and to prevent degradation of HM. In the following, pro-
teins and lipids were separated from carbohydrates either via
ultrafiltration (UF) (Fig. 1, left branch) or via a two-step
purification, with first skimming via centrifugation and sec-
ond deproteinization via UF (Fig. 1, right branch), resulting
in the isolated HM-TCF. Subsequently, the HM-TCF could
be analyzed directly or optionally further fractionated by chro-
matographic steps (Fig. 1, right branch) to generate HMOS
fractions and neat HMOS thereof. To unravel and detect the
extracted HMOS using xCGE-LIF, they were fluorescently
labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS).
Sulfonated aromatic amines, like 8-aminonaphthalene-1,3,-
disulfonic acid, 8-aminonaphthalene-1,3,6-trisulfonic acid
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Figure 1. Workflow of xCGE-LIF based OS analysis from HM (left branch) and isolation/verification of the HMOS standards (right branch).

(ANTS), and APTS are common fluorescent derivatives
widely used in the field of electrokinetic separation tech-
niques [89–91]. Due to the utilization of an argon-ion laser
inside the xCGE-LIF system with an excitation wavelength of
488 nm and a band filter at 524 nm, APTS (with a �exc_max of
455 nm and a �em_max of 512 nm) was chosen as fluorescent
tag, perfectly fitting the requirements. For postlabeling purifi-
cation, the mixture of excess APTS and APTS-labeled HMOS
was fractionated via SEC according to Schwarzer et al. [92].
Following this postlabeling and clean-up step, the HMOS
containing fractions were identified, pooled, and analyzed
using xCGE-LIF according to [92–94].

2.2.1 Sample preparation of the pooled HM samples

HM II-V

Lipid and protein contents were reduced by centrifuga-
tion and UF at 2000 × g and 6�C using the Centrifree
micropartition system (centrifugal filter devices, 30 MWCO,
regenerated cellulose, 1 mL, 4104, Amicon, Germany) using
an Avanti J-26 XP centrifuge (with JS-7.5 rotor, Beckman
Coulter, USA) according to [88]. By gel permeation chro-
matography (GPC), the remaining aqueous UF-permeate
(crude TCF) was separated into monosaccharides, lactose, the
total acidic HMOS fraction (aHMOS) and the total neu-
tral HMOS fraction (nHMOS), as described in detail by
Thurl et al. [88]. Briefly, the separations were performed
on a semipreparative LC system (pump P-500 (GE, Nether-
lands); 3-canal-degaser (ERC, Germany); two serially con-
nected, thermo jacket (4.0 × 110 cm) glass columns (Kro-
nlab, Germany), packed with Toyopearl HW 40 (S) (14681,
Tosoh Bioscience, Japan); column temperature: 60�C, via col-

umn heating bath RK 8 KS (Lauda, Germany) connected
to thermo jacket of the glass columns; refractive index (RI)
detector LKB Bromma 2142 differential refractometer (GE);
fractionator (SuperFrac, GE); recorder SE 120 (BBC Goerz
Metrawatt, Germany), and software AI–450 (Version 3.1,
Dionex, USA)). The eluent was MilliQTM water + 2% v/v
2-propanol (278 475, Sigma Aldrich, Germany); packing flow
rate was 1.7 mL/min; separation flow rate was 1.3 mL/min;
injected sample weight/volume was 1 g/5 mL. The aHMOS
and nHMOS fractions were dried by lyophilization using the
Alpha I-12 lyophilisator (Christ, Germany) with RC-5 pump
(VacuuBrand, Germany) (temperature: −20�C and pressure:
20 mbar (�p 3 mbar)) and then redissolved in 1 mL or 0.5 mL
of MilliQTM water, respectively.

2.2.2 Sample preparation of HM samples HM VI

(lactation time course series)

Here the starting point was 1 mL of HM already mixed
with 0.1 mL of an aqueous solution containing stachyose
(400 mg/100 mL) and galacturonic acid (80 mg/100 mL),
which were added as internal standards in previous studies
[26, 27]. Again first, lipid and protein contents were reduced,
as described above. The remaining crude HM-TCF was frac-
tionated by GPC, dried, and dissolved, as described above.

2.2.3 Sample preparation for generation of HMOS

standards from pooled HM sample HM I

To generate HMOS standards and to build-up a HMOS
library and a database, neat HMOS were isolated from
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Figure 2. Scheme for fractionation of
HM-TCF into monosaccharides, lac-
tose, the neutral and the acidic HMOS
fractions, followed by further subfrac-
tionation into neat HMOS (HMOS stan-
dards for xCGE-LIF database).

HM I (pooled HM). Again first, the lipid and protein con-
tents were reduced. Therefore, a two-step method was used:
First, the HM was skimmed using an Avanti J-26 XP cen-
trifuge (15 min, 5000 rpm and 4�C, with JS-7.5 rotor, Beck-
man Coulter). The remaining aqueous solution was filtered
through glass wool (18 421, Sigma Aldrich) to totally skim
the cream. In a second step, the filtered aqueous solution
was deproteinized via UF (reservoirs: 150 L; feed flow rate:
2.4 m3/h with max. 8.5 bar; circulation flow rate: 20 m3/h).
For this purpose a 5 m2 polyethersulfone/polysulfone plate
module membrane with a molecular cut off of 30 kDa
(Lenntech, Netherlands) was used. Afterwards, the remain-
ing filtrate was spray dried. The spray dried sample was dis-
solved (1 g/5 mL) in MilliQTM water. By GPC (see Fig. 1,
right branch) and similar as described above, this crude
HM-TCF solution again was separated into monosaccha-
rides, lactose, aHMOS, and nHMOS fractions. Briefly, the
separations were performed on a semipreparative LC sys-
tem (pump LKB 2150 (GE); double jacketed (1.6 × 90 cm)
glass column (Kronlab) packed with TSK HW-40(S) (Merck,
Germany); column temperature: 60�C, via column heat-
ing bath RK 8 KS (Lauda); refractive index-detector
LKB Bromma 2142 differential refractometer (GE); frac-
tionator LKB Frac100 (GE)). The eluent was MilliQTM

water + 0.02% v/w sodium azide (71 289, Sigma
Aldrich); packing flow rate was 1.5 mL/min; separa-
tion flow rate was 1.0 mL/min; injected sample vol-
ume was 100 �L. But, this time the GPC nHMOS and
aHMOS fractions were collected as subfractions (nHMOS
1-7 and aHMOS 1-6) (Fig. 2). Subsequently, the individual
subfractions were vacuum dried using a vacuum centrifuge
RVC 2–25 with cooling trap CT 02–50 at −50�C (Christ) and
vacuum pump MZ25 (VacuuBrand) and were stored at −20�C
until further processing.

According to Stahl et al. [60], for the purpose of HMOS
isolation, each of these nHMOS and aHMOS subfractions
were resolved in MilliQTM water, at a concentration of
50 g/L and individually reinjected and further separated and
fractionated (see also Fig. 2) on a semipreparative RP-HPLC
system, (two pumps: model 215 with 5 mL stainless-steel
pump heads (Varian, Germany); two serially connected (8.0

× 250 mm) columns with a 30 mm precolumn, packed
with NUCLEOSIL R© 100–5 C18/5 �m/100 Å (MACHEREY-
NAGEL, Germany); UV-detector UV1 (Dynamax, USA)
(195 nm); fractionator model 704 (Varian), fractionation in-
tervals: 10–30 s). Eluent: MilliQTM water; flow rate of 0.8–
1.2 mL/min (at room temperature): injected sample volume
was 25 �L; ethanol (99.8%, 34 852, Sigma Aldrich) was used
for column regeneration. To isolate the compounds, the RP-
HPLC flow rates and fractionation intervals had to be opti-
mized for each GPC fraction. If required, the RP chromato-
graphic step was repeated for the collected subfractions until
just one single HMOS structure was identified within them
(data not shown). HMOS identification and purity checking
was done either via MALDI-MS/MS, according to [60, 61],
nanoESI-MSn (where MSn is multistage MS) according to
Pfenniger et al. [66,69], ESI-LC-MSn, according to Thomsson
et al. [74], and/or HPAEC-PAD, according to Thurl et al. [26].

Differing from [60, 61] a MALDI-TOF/TOF 4800 instru-
ment (ABSciex, USA) was used and operated in positive
reflector ion-mode utilizing dried droplet preparation and
DHBS-MALDI-Matrix (20 g/L in 5% ACN (34 967, Sigma
Aldrich) with 0.1% v/v TFA (>99%, 40967, Sigma Aldrich))
as matrix, according to Karas et al. [95]. In contrast to Thoms-
son et al. [74] for ESI-LC-MSn analysis of native HMOS, we
employed an LTQ Velos linear ion trap instrument (Thermo
Scientific, USA) online coupled to an Ultimate 3000 HPLC
system (both: ThermoScientific) operated with a porous
graphitized carbon (PGC) column (1.0 × 100 mm, pack-
ing: Hypercarb, 3 �m particle size, ThermoScientific) at
room temperature and a flow rate of 20 �L/min. Further-
more, a 170 min MilliQTM water-ethanol gradient was used
instead of the original H2O-ACN gradient. Eluents were
MilliQTM water (= eluent A) and ethanol (= eluent B) (99.8%,
34 852, Sigma Aldrich), both contained 0.1% formic acid v/v
(98%, 94 318, Sigma Aldrich). Gradient profile was as follows:
0–11 min 100% A, 11–75 min 100–70% A, 75–85 min 70–
0% A, 85–125 min 0% A, 125–130 min 0–100% A, 130–
170 min 100% A. IEC-based HMOS analyses were performed
according to [26] on an HPAEC-PAD system (DX-300 BIO-
LC-system (Dionex); AS3500 autosampler (Spectra Physics,
USA); Carbo-Pac PA–100 (4.0 × 250 mm) column with
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CarboPac PA–100 (4.0 × 50 mm) precolumn (both: Dionex);
pulsed electrochemical detector PED-2 (Dionex)). Eluents
were MilliQTM water and aqueous solutions of sodium
hydroxide (NaOH, 306 576, Sigma Aldrich) and sodium ac-
etate (NaOAc, S3272, Sigma Aldrich). They were used to
generate the following gradient: 0–20 min, 30 mM NaOH;
20–34 min, 30–100 mM NaOH; 34–48 min 100 mM NaOH/
0–28 mM NaOAc; 48–55 min, 100 mM NaOH/28–200 mM
NaOAc; 55–60 min 100 mM NaOH/200 mM NaOAc; flow
rate was 1.0 mL/min (at room temperature).

With this procedure, at least 1 mg of each of the 17
neat HMOS compounds was sampled pooling the respective
fractions from several semipreparative RP-chromatographic
runs.

2.2.4 Fluorescent labeling, postlabeling clean-up,

and xCGE-LIF based HMOS analysis

After protein and lipid content of HM were reduced via UF,
the TCF was analyzed as shown in Fig. 1 (left branch of the
scheme). Therefore, the HMOS were fluorescently labeled
according to the method of Callewaert et al. [96] and modified
by Schwarzer et al. [92] with APTS (>96.0%, A7222, Sigma-
Aldrich) by reductive amination. Briefly, 2 �L 20 mM APTS
and 2 �L 1M sodium cyanoborohydride (NaCNBH3) (reagent
grade, 156 159, Sigma Aldrich) both in 15% v/v acetic acid
(99.7%, A3701, Applichem, Germany) in MilliQTM water
were added to 2 �L of the TCF. Derivatization was allowed
for 18 h at 37�C. Afterwards, the excess of APTS (not reacted)
and salt were removed using SEC. Therefore, MultiScreen
Deep Well Solvinert Filter Plates (MDRL N04, low-binding
hydrophilic PTFE, Millipore, USA) were packed with Toy-
opearl HW-40(F) (19 808, Tosoh Bioscience, Japan). Before
packing, the slurry was washed six times with MilliQTM

water in 50 mL centrifuge tubes. Then, deep well filter plates
were packed with 2 mL washed slurry and washed again
with three column volumes MilliQTM water. After sample
application, HMOS were eluted with MilliQTM water by
centrifugation (50 × g/step). Up to 25 fractions were collected
per well (each in one 96-well plate (V-bottom Polystyrene,
9292.1, Roth, Germany)) and screened for HMOS content
by analyzing the fractions with a 4-capillary DNA-sequencer
“ABI PRISM 3100-Avant Genetic Analyzer” (Applied Biosys-
tems, USA). Afterwards, HMOS containing fractions were
pooled. HMOS “fingerprints” were obtained by analyzing
the HMOS pools via xCGE-LIF according to Schwarzer et al.
[92]. Each of the four parallel capillaries had an effective
capillary length of 50 cm. Undiluted POP-6TM polymer
(4 316 357, Applied Biosystems) was used as separation
matrix. Samples were diluted 1:10 in HiDiTM-Formamide
(4 311 320, Applied Biosystems) and injected for 5 s at 15 kV.
Separation was performed for 130 min at 15 kV and 30�C.
According to Schwarzer et al. [92] internal standard was
added to the samples after diluting with HiDiTM-Formamide.
Based on this standard, a migration time normalization was
performed using the Matlab R© based program (glyXtoolTM)

[97], that enabled automated data processing and analysis.
Doing so, the migration time tmig in (data points) was
automatically normalized to tmig

′ with normalized migration
time units (MTU′).

2.2.5 Reproducibility testing and HMOS database

built-up

For reproducibility testing and to initiate a respective HMOS
database, normalized xCGE-LIF data resulting from repeated
analysis of the 17 isolated and identified neutral HMOS stan-
dards (see above) were compiled. Over a timespan of six
months, these standards were measured, at least ten times
each. Based on these repeated measurements, the mean nor-
malized migration times and the resulting RSDs were calcu-
lated (Table 2).

2.2.6 Peak identification via migration time matching

with HMOS database entries

Based on the results of the reproducibility testing (RSD < 1%,
for all isolated and tested HMOS standards), the new HMOS
database (correlating HMOS structures with their respective
tmig

′ (Table 2)) was used to assign HMOS to xCGE-LIF peaks.
Peaks with the same tmig

′ most likely represent the same
HMOS. For selected peaks/HMOS, this was cross-checked
via spiking experiments (as described below/data not shown).

2.2.7 Peak identification via spiking experiments

For spiking experiments, the isolated and labeled HMOS
standards were used. The respective HMOS standard was
added to the sample, the HiDiTM-Formamide volume to be
added was accordingly reduced. Thus, end-volume and con-
centration of the sample were the same and the run was
conducted as described above (data not shown).

2.2.8 Quantitative comparison of HMOS fingerprints

at different lactation time points via the relative

peak height proportions (PHP)

HMOS concentration changes during lactation were ana-
lyzed by calculating relative PHP (as published previously
for N-glycosylation patterns [92, 98–103]). Briefly, the same
set of 18 peaks was picked in all HMOS fingerprints
of the samples from the LTP series (peak picking crite-
ria: peaks > 200 relative fluorescence units (RFU) or al-
ready known peaks). To determine the relative PHP of the
peaks, the peak heights (intensities in RFU) of all picked
peaks were summed up to the total peak height. Then the
relative PHP of each picked peak could be determined in
percent of the total peak height, i.e. the peak height of each
picked peak was normalized to the sum of the peak heights

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Table 2. Initiated HMOS/xCGE-LIF tmig
′ database

Name HMOS Peak number
(PN)

Structure Migration time in
MTU′ (%RSD)

Lactose 22.07 (3.1) 1
3-FL 46.50 (0.2) 2

2′-FL 47.92 (0.8) 3
DFL 64.87 (0.3) 4

LNnT 87.62 (0.9) 5
LNT 90.40 (0.7) 6

LNFP II 109.88 (0.5) 7

LNFP V 111.67 (0.4) 8

LNFP I 113.03 (0.6) 9

LNFP III 115.09 (0.3) 10

LNnH 121.25 (0.6) 11

LNH 121.73 (0.6) 12

LNDH I 126.63 (0.2) 13

LNDH II 128.68 (0.2) 14

3-F-LNH 140.47 (0.6) 15

2′-F-LNH 141.72 (0.6) 16

2,3-DF-LNH 161.24 (0.5) 17

Mean and RSD values of tmig
′ were calculated from ≥10 repeated

measurements over 6 months. Schematic HMOS structures were
generated with GlycoWorkbench (EuroCarbDB) [132], according
to CFG nomenclature; N-acetylglucosamine ( ), galactose ( ),
glucose ( ), and fucose ( ). 2′–FL, 2′-fucosyllactose; 3-FL,
3-fucosyllactose; 2′–F–LNH: 2′–fucosyl-lacto-N-hexaose;
3-F-LNH: 3-fucosyl-Lacto-N-hexaose; DFL: Difucosyllactose;
LNDH I–II, Lacto-N-difuco-hexaose I–II; 2,3–DF–LNH:
2,3–difucosyl-Lacto-N-hexaose; LNFP I–III and V,
Lacto-N-fuco-pentaose I–III and V; LNH: Lacto-N-hexaose; LNnH:
Lacto-N-neo-hexaose; LNT: Lacto-N-tetraose; LNnT: Lacto-
N-neo-tetraose

Table 3. Classification of HM types based on the presence and
absence of specific HMOS fucosylation

Milk type Specific fucosylation Relative distribution (%)a)

�1-2 (Se) �1-4 (Le)

I + + 69
II − + 20
III + − 10
IV − − 1

Se–secretor gene encodes the fucosyltransferase II that catalyzes
OS epitopes with an �1-2 fucosylation at end terminal galactose;
Le–Lewis gene encodes the fucosyltransferase III that catalyzes
OS epitopes with an �1-4 fucosylation at N-acetylglucosamine
a)[87]

of all picked peaks. Despite the fact, that peaks with the same
tmig

′ most likely represent the same HMOS and thus, easily
could be assigned via tmig

′ matching with database entries –
again, all the respective peaks were verified via cross-checking
with spiking experiments (data not shown).

3 Results

3.1 Reproducibility testing and initialization of an

xCGE-LIF based HMOS database and library

In order to build up an HMOS-database, first, the repro-
ducibility of the normalized migration times of the respec-
tive HMOS standards had to be demonstrated. Therefore, a
reproducibility study was performed, periodically (N ≥ 10)
measuring these HMOS standards over a timespan of
six months. As described in Section 2 (Fig. 1), the standards
were isolated from HM via RP-HPLC after GPC-fractionation
of total HM-TFC, identified and labeled. In addition, the pu-
rity of the standards has been cross-checked via HPAEC-PAD,
MALDI-MS/MS, nanoESI-MSn, and/or ESI-LC-MSn – and
their structures were elucidated by these orthogonal meth-
ods (described in Section 2 – data not shown). Evaluating the
repeated measurements of the isolated APTS-labeled HMOS
standards (data not shown), the needed high reproducibility
of tmig

′ was approved (long-term RSD < 1%). Doing so, an
initial HMOS database could be built up, including a first set
of 17 HMOS (Table 2).

3.2 Approval of xCGE-LIF based method regarding

qualitative and quantitative analysis of real

HMOS samples

Method validation and feasibility testing was done via two
series of experiments. First, exemplary HMOS fingerprints
of four different donors were recorded via xCGE-LIF with
respect to HM typing (Table 3) and structural elucidation of
HMOS in complex mixtures. The generated individual fin-
gerprints are shown in Fig. 3, i.e. the qualitative HMOS
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Figure 3. HMOS fingerprints (normalized electropherograms) representing the four HM types. Fingerprints (relative fluorescence units
[RFU] plotted over normalized migration time units [MTU′]) of the HM-TCF generated via xCGE-LIF. Peak numbers (PN 1–17) according
to Table 2. Fingerprints of HM samples (Table 1): (A) HM II; (B) zoom-in (106–116 MTU′) of (A); (C) HM III; (D) HM IV; and (E) HM V—
representing HM type I, II, III, and IV, respectively (according to Table 3) and (F) Overlay of the HMOS fingerprints (green: HM type I (HM
II); blue: HM type II (HM III); black: HM type III (HM IV) and red: HM type IV (HM V).

composition of different HM was investigated. Second,
HMOS fingerprints of different LTP of one donor along the
lactation time course were measured in three technical repli-
cates to demonstrate methods feasibility regarding relative

quantitation. The series of generated individual fingerprints
representing the lactation time course is shown in Fig. 4A.
According to Thurl et al. [87], to determine the four different
HM types (Table 3), represented by the samples HM II-V,
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Figure 4. HMOS fingerprints from sam-
ples taken along lactation time course
and bar plot of the relative PHP of
selected peaks. (A) Shifted waterfall
overlay of HMOS fingerprints (normal-
ized electropherograms) plotted over
[MTU′] of the nHMOS fraction (HM
VI/HM type III) from eight LTP (day 1–
3, 4, 8, 15, 22, 30, 60, and 90 post-
partum) of one donor, conducted via
xCGE-LIF. For each LTP, the same 18
peaks were picked. Peak nomenclature:
St: stachyose peak, covering the fuco-
syllactoses; PN 4–17 (according to Ta-
ble 2) and U1–U9 (unknown peaks).
(B) Bar plot of the relative PHP (see Ta-
ble 4) of selected HMOS peaks (U5, PN 5,
6, 9, 12, and 17) along the lactation time
course. The chosen peaks represent rel-
atively constant HMOS (PN 5 and 12), re-
spectively, HMOS significantly changing
their concentration along the lactation
time course (� PHP � 10% of the actual
PHP: U5, PN 6, 9, and 17). [Stachyose was
added to each sample during the sam-
ple preparation (HM-TCF fractionation
via GPC) for subsequent quantification
of the HMOS components via HPAEC-
PAD analysis (according to Thurl et al.
[26]). During the CGE-LIF based OS anal-
ysis, it became clear that stachyose inter-
feres with two HMOS peaks. The migra-
tion time of stachyose is nearly the same
as for the two fucosylactoses (PN 2 and
3). In Fig. 4, this sum peak is marked with
St and is later on not considered in detail,
since there is no possibility to distinguish
between stachyose, 3-FL, and 2′-FL.]

the presence or absence of distinct HMOS had to be investi-
gated. For doing so, the peaks within the HMOS fingerprints
(Fig. 3A and C–E and peak numbers (PN) 1–17) were assigned
via normalized migration time matching with the database
entries of Table 2. In addition, this HMOS determination was
confirmed by consecutive reconducting the fingerprints, after
spiking each of the 17 isolated and labeled HMOS standards
of Table 2 to each of the four individual HM samples (i.e.
17 × 4 additional runs; data not shown). Figure 3A repre-
sents the HMOS fingerprint of HM II, in which all peaks
(PN 1–17 (Table 2)) appear. Figure 3B shows an additional
zoom into this HMOS fingerprint to reveal the ability of the
xCGE-LIF based HMOS analysis method to resolve/separate
the four isomeric Lacto-N-fuco-pentaoses (LNFP I, II, III, and
V (PN 7–10)). As a result (according to Table 3 and Thurl et al.
[87]), HM II clearly represents HM type I, which corresponds
to secretor gene (Se) as well as Lewis gene (Le) positive status
of the donor.

In Fig. 3C, the peaks PN 3, 4, 9, 13, 16, and 17 do not
appear in the HMOS fingerprint of HM III. Thus, according
to Table 3 and [87], by the lack of these peaks HM type II is

indicated for this donor. In Fig. 3D, LNFP II (PN 7) and addi-
tionally, the hexaoses LNDH I (PN 13) and LNDH II (PN 14)
are absent, i.e. according to Table 3 and [87], the HMOS fin-
gerprint of HM IV corresponds to the TCF composition of an
HM type III. Figure 3E illustrates the HMOS fingerprint of
HM V. According to Table 3 and [87], this donor could be iden-
tified to be HM type IV, as the peaks PN 3, 4, 7, 9, 13, 14, and
16 do not appear in this HMOS fingerprint. Compared to the
HM types I–III (Fig. 3A, C, and D) here the lowest number of
peaks was found. In addition, the large proportion of Lacto-N-
tetraose (PN 6) is striking in Fig. 3E, making Lacto-N-tetraose
(beside PN 1 (lactose)) to the by far most abundant HMOS
within this sample. During the examination of the HMOS
fingerprints (Fig. 3A and C–E), significant differences could
be identified and based on these differences HM typing was
easily possible. For better illustration of the differences be-
tween the four HM types, all four fingerprints are plotted
as an overlay in Fig. 3F. Via overlay, the excellent separation
performance is demonstrated and the striking reproducibility
of the developed xCGE-LIF based HMOS analysis method is
shown by the coincidence of the peaks within the overlayed
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Table 4. Summary of the relative PHP (%) of selected peaks
along lactation time course of HM VI (see Table 1)

Peak PN LTP 1 LTP 2 LTP 3 LTP 4 LTP 5 LTP 6 LTP 7 LTP 8

U1 14.95 11.03 22.71 19.64 20.08 16.43 18.53 25.90
U2 6.82 2.72 2.40 1.76 1.65 1.43 0.70 0.65
U3 1.64 0.31 0.36 0.20 0.08 0.13 0.10 0.03
U4 2.42 0.94 2.06 1.37 2.07 1.25 1.43 2.41
U5 0.82 2.89 0.18 0.09 0.03 11.37 0.09 0.05
4 1.74 0.19 1.71 0.65 1.04 0.58 0.76 0.52
5 3.17 1.87 2.30 1.55 2.92 2.01 2.36 2.32
6 1.94 2.37 2.45 5.54 12.11 7.27 5.52 6.35
U6 0.59 0.49 0.78 0.59 0.16 0.34 0.32 0.24
U7 1.11 0.56 0.29 0.09 0.03 0.05 0.06 0.08
9 29.10 17.06 16.42 19.07 20.76 17.84 22.97 24.62
10 4.35 1.78 4.45 2.60 3.96 2.95 3.96 4.97
12 3.17 4.65 3.06 3.69 3.65 3.56 3.63 2.22
U8 1.94 0.26 0.69 0.21 0.18 0.31 0.33 0.26
15 3.61 7.68 6.95 10.31 7.79 8.23 8.69 6.40
16 6.02 15.17 6.81 6.76 5.93 5.94 6.01 3.65
U9 2.77 2.19 4.42 3.14 2.01 2.90 5.91 5.88
17 13.82 27.87 21.96 22.73 15.54 17.42 18.63 13.43

PN 4–17 (according to Table 2) and U1–U9 (unknown peaks).
Color code of the comparison of the relative PHP (always
against predecessor), black: constant (change of PHP below
10% = RSDmax), red: decrease of PHP > 10%; green: increase of
PHP > 10%.

fingerprints. Second, as mentioned above, samples HM VI
of one donor (Table 1) from eight consecutive LTP were an-
alyzed in three technical replicates to prove the feasibility of
the method and to demonstrate the feature of relative quan-
titation for the purpose of monitoring lactation time courses
of larger cohorts in the future. For this series of experiments,
first, the HM-TCF of each LTP was separated into the nHMOS
fraction and the aHMOS fraction (see Section 2). In the fol-
lowing, only the nHMOS fractions were analyzed via xCGE-
LIF, shown in Fig. 4. To visualize the (quantitative) changes
along the lactation time course, the HMOS fingerprints of
these HM samples are plotted as shifted waterfall overlay
(Fig. 4A). Based on the absence of the peaks corresponding
for LNFP II (PN 7) and the LNDH I and II (PN 13 and 14)
inside the HMOS fingerprint, easily HM type III could be de-
termined for this HM. The concrete numbers of quantitative
changes of the nHMOS fraction composition, corresponding
to relative changes of single peaks along the lactation time
course, are given in Table 4 as relative PHP.

The HMOS fingerprints of the nHMOS fraction of all
eight LTP (LTP 1 (day 1–3) in black and LTP 2–8 in gray)
are shown for the normalized migration time range of 10 to
180 MTU′ in Fig. 4A. This timespan was chosen to be shown,
because all high abundant HMOS compounds as well as
the already identified HMOS migrate within this window.
Within all eight examined HMOS fingerprints of the sam-
ples taken along the lactation time course, the same 18 peaks
were selected for peak assignment and relative quantitation.
The database matching resulted in the following findings:
unfortunately 3-FL and 2′-fucosyllactose (2′-FL) were covered

by the stachyose-peak (St) (Fig. 4A), PN 4–17 could be as-
signed (according to Table 2) and the peaks U1–U9 had to be
annotated as unknown. See Table 4, which also summarizes
the relative PHP of all 18 picked peaks at all LTP. For the
three technical replicates of the samples HM VI from eight
LTP, an RSD ≤10% was found for the relative PHP values.
As a result, it was found that it is easily possible to moni-
tor quantitatively changes in HM-TCF composition during
lactation time course using the developed xCGE-LIF based
HMOS analysis method. Interestingly, the qualitative com-
position of the nHMOS fraction remains constant along the
lactation time course (all peaks could be identified at all time
points (Fig. 4 and Table 4)), while its relative quantitative com-
position changes greatly. Exemplarily, peak U5 shows large
changes within its relative PHP: there is a threefold change
from nearly 1% at the LTP 1 to almost 3% at LTP 2 and a
drop-down to about 1/15 of this value afterwards (Table 4
and Fig. 4B). In the further lactation time course, the rela-
tive PHP stays on this “very” low level, except for the LTP 6
(day 30 postpartum). Here the relative PHP of U5 reaches by
far the biggest value (>11%), and U5 is the fourth abundant
peak within the HMOS fingerprint. Another example show-
ing major changes is PN 9 (LNFP I). During the lactation
time course, its relative PHP decreases from 29% at LTP 1 to
a minimum of 16.4% at LTP 3 (Table 4 and Fig. 4B). In con-
trast to these strongly changing peaks, there are also peaks
like PN 5 or 12 that show a quite stable relative PHP during
lactation period (Table 4 and Fig. 4B).

4 Discussion

The aim of the present study was the establishment of a
fast, robust, reliable, and reproducible (i.e. high-throughput),
but also sensitive, selective, and highly resolving (i.e. high-
performance) HMOS analysis method. It should be shown
that the developed xCGE-LIF based method allows genera-
tion of HMOS fingerprints to be used for HM typing and can
be used for in-depth analysis of HMOS, i.e. structural eluci-
dation of the single compounds and their relative quantifica-
tion. Therefore first, neat HMOS compounds were isolated
out of the HM-TCF (see Section 2, Fig. 2) and were used for
method development as well as robustness/reproducibility
testing. Second, these neat HMOS were used to initiate
a respective database (HMOS structures with their associ-
ated tmig

′) for fast and easy identification of HMOS beyond
peaks of generated HMOS fingerprints from real samples via
migration time matching. Finally, for method establishment,
the HM-TCF of four different donors, representing the four
known different HM types (see Table 1 and Thurl et al. [87]),
as well as a set of eight HM samples of one donor collected
at different time-points along the lactation time course, were
analyzed repeatedly. Thus, the method could be approved to
be a valuable tool for qualitative and quantitative monitor-
ing HMOS pool composition of large HM donor cohorts in
future.
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4.1 Method development—reproducibility testing

and initialization of an xCGE-LIF based HMOS

database and library

The successful reproducibility study was prerequisite for
the unambiguous assignment of HMOS structures to
normalized xCGE-LIF migration times. Reproducibility is the
basis for the establishment of an HMOS database that com-
bines structural and tmig

′ information for each HMOS com-
pound entry. For the future, this database has to be increased
to facilitate fast and efficient analysis of the HM-TCF, but
also of other OS samples, e.g. animal milk [104,105] or plants
as sources of dietetic OS. As already demonstrated for the
human blood serum glycome [93], a respective database will
also allow the HT analysis of biotechnological HMOS [106]
or for HT glycoprofiling of bacterial HMOS consumption
[107].

The decisive reproducibility test (technical replicates and
repeated measurements along a timespan of 6 months, with
a total N ≥ 10 per HMOS) was passed successfully. The
achieved mean tmig

′ and RSD of all 17 repeatedly measured
neutral HMOS can be found in Table 2. During this long-term
study, two aspects became apparent and should be noted:
older capillary arrays lose sensitivity and overaged polymer
hampers the overall stability of the system. To avoid these
phenomena, both the capillary array and the polymer were
changed regularly. As the temperature has an effect on the
viscosity of the polymer, the observed slight fluctuations in
tmig

′ could be further reduced by air conditioning.
Having a closer look on the four isomeric fucopentaoses

(LNFP I, II, III, and V), it is obvious that their structure
has a significant influence on tmig

′. Their fucose-position
(�1-2, �1-3, or �1-4) combined with their core structure
has a significant effect on their migration behavior (Fig. 3B
and Table 2). Despite identical molecular weights, a tmig

′

difference of about 5 MTU′ can be observed between
LNFP II and LNFP III. This can be explained by the
two orthogonal separation mechanisms working together
in CGE: separation by m/z and separation by molecular
shape, i.e. all LNFP isomers have the same m/z (three neg-
ative charges from APTS and identical molecular weights)
but show different glycosidic linkages between their con-
stituent monosaccharides and therefore different molecu-
lar shapes. At present, only broad rules with respect to the
migration order can be applied (e.g. (i) larger (HM)OS
show longer tmig

′; (ii) negative charges (like additional
sialic acid) reduce tmig

′; (iii) nonfucosylated (HM)OS with
Gal�1–3 N-acetylglucosamine (GlcNAc) core structure (type
1 core) migrate slower than corresponding (HM)OS with
Gal�1–4GlcNAc neo-core-structure (type 2 core); and (iv)
fucosylated (HM)OS with a Gal�1–3GlcNAc core structure
migrate faster than corresponding (HM)OS with Gal�1–
4GlcNAc (neo)-core structure). According to Rohrer [108],
who already summarized regularities for the HPAEC-PAD-
based (HM)OS analysis, in future the increasing num-
ber of HMOS database entries and the increasing knowl-
edge regarding structure-specific CGE separation charac-

teristics will allow further preclassification or maybe even
prediction of unknown (HM)OS structures within those
fingerprints.

As a result of the performed long-term reproducibility
testing, it can be stated that the tmig

′ are quite stable. Over
the entire reproducibility study, the RSD of tmig

′ was <1%,
for all 17 isolated and tested HMOS. This result indicates
that the developed HT and HP xCGE-LIF based HMOS anal-
ysis method is appropriate to initialize a respective HMOS
database, as its migration time variance is significantly be-
low its typical peak width. The database could now be tested
regarding its feasibility to be used for structural elucidation
of peaks in real samples.

4.2 Method application—approval of xCGE-LIF

based method regarding qualitative and

quantitative analysis of real HMOS samples

After successful approval of the methods reproducibility and
the initialization of a respective HMOS database and library,
HMOS fingerprints of HM-TCF of different donors were con-
ducted via xCGE-LIF to demonstrate its performance and
applicability. This was successfully demonstrated for HM
from donors representing the four known different HM types,
as described in Thurl et al. [87] (Fig. 3) and also for HM sam-
ples of one donor from eight different LTP along the lactation
time course, as described in [27] (Fig. 4).

Figure 3A and C–E show the HMOS fingerprints of
the four HM donors with HMOS structures assigned to the
peaks. Despite the large concentration differences, structures
could be easily assigned via database matching (Table 2), e.g.
all four isomeric LNFP structures (see zoom-in, Fig. 3B). The
assignment of all entries was additionally confirmed by spik-
ing experiments with the corresponding isolated neat HMOS
compounds (data not shown). The fingerprints of HM-TCF in
Fig. 3 reveal that xCGE-LIF based HMOS analysis nicely re-
solves very complex HMOS mixtures. This complexity is due
to the possibility of different glycosidic linkages that enable a
low number of different monosaccharides to form out a broad
variety of HMOS structures [5, 28, 109–111]. At this point, it
should be noted that some of the various HMOS structures
that exist may elute closely together or even may co-elute (e.g.
the hexoses LNH (PN 12) and LNnH (PN 11) which are only
0.5 MTU′ apart, or the stachyose peak which is co-eluting
with 3-FL (PN 2) and 2′-FL (PN 3) (Fig. 4). But the major-
ity of these HMOS (including isomeric structures like LNFP
(Fig. 3B)) can be clearly separated from each other. Due to the
high resolution of the xCGE-LIF based HMOS analysis, all
four HM types could easily be determined, according to Thurl
et al. [87]. The (HM)OS that contain antigenic determinants
of the Le and/or Se [37, 41, 112–114] are synthesized by fu-
cosyltransferases that are not distributed uniformly through-
out the human population (Table 3) [28, 115–120]. The two
mentioned antigenic determinants (Se and Le) are responsi-
ble for the presence of specific fucosyltransferases (FucT-II
and III). A secretor (Se +) bears FucT-II and will build up
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(HM)OS-epitopes, such as 2′-FL, which carry a fucosylation
in �1-2 position on the terminal galactose and a nonsecre-
tors will not assemble such (HM)OS-epitopes (Table 3). Le
encodes FucT-III, which catalyzes the addition of fucose in
�1-3 and �1-4 position on the subterminal GlcNAc. Experi-
ments showed that other enzymes can compensate the �1-3
fucosylation at GlcNAc [27], but apparently only FucT-III is
able to fucosylate GlcNAc in an �1-4 position. Le-dependent
OS are normally found as components of glycosphingolipids
and glycoproteins in red blood cells and other tissues and
biological fluids such as saliva and plasma [121]. However,
HM contains these OS in a free form. Based on the presence
or absence of these specific HMOS, it is possible to classify
HM into specific groups. Table 3 lists and classifies the pos-
sible glycosidic linkages (fucosylation) based on Se and Le.
Donors classified with HM type I are Se and Le positive and
thus hold the genetic requirements for a “complete” HMOS
equipment. Donors classified with HM type IV are Se as well
as Le negative. Consequently, they do not have FucT-II and
III and do not build up the respective fucosylated HMOS
structures, i.e. HMOS with �1-2 fucosysated terminal galac-
tose or a �1-4 fucosylated GlcNAc cannot be synthesized by
donors with HM type IV. Accordingly, HMOS structures like
2′-FL (PN 3), LNFP II (PN 7), LNFP I (PN 9), LNDH I (PN
13), LNDH II (PN 14), 2′-fucosyl-Lacto-N-hexaose (PN 16),
and 2,3-difucosyl-Lacto-N-hexaose (PN 17) are missing for
HM type IV (Table 2 and Fig. 3E). Absence of the respective
fucosylated HMOS structures could also be revealed within
the HMOS fingerprints of HM type II (Fig. 3C) and III
(Fig. 3D), while all expected fucosylated HMOS were found
within the HM type I fingerprint (Fig. 3A).

Furthermore, the high concentration of lactose (PN 1)
in all four HMOS fingerprints (that can be explained by the
extremely high lactose concentration from 53–61 g/L within
the HM-TCF [122]) should be noted: by far this signal ex-
ceeds the linear dynamic range (above 9000 RFU) of the
detector and consequently the lactose peak tip appears split-
ted as can be seen in Fig. 3C and D (PN 1). But, in contrast
to chromatographic methods, for electrophoretic techniques
there is no effect whether lactose is within the sample at
high concentrations or not. Almost no peak broadening in
xCGE-LIF can be observed for the lactose peak compared
to what has to be expected for chromatographic techniques.
When using LC techniques for HMOS profiling, the lactose
content of each sample has to be reduced [26, 27, 87, 108],
to avoid column overloading leading to peak broadening
and disturbed chromatograms. This superior loading capac-
ity of electrophoretic techniques, like xCGE-LIF, is due to
the fact, that electrophoresis is a volume-based separation
technique, while adsorption/dispersion chromatography is
surface based and thus provides only limited area for the
adsorption/dispersion process. Another striking advantage
of xCGE-LIF based HMOS analysis is the possibility to si-
multaneously analyze acidic and neutral HMOS, which can
be allocated to its superior separation performance.

The comparative investigation of the TCF of different
HM types showed, that not only the qualitative HMOS pool

composition differs, but also the relative abundance of spe-
cific HMOS can do so. The possibility to measure such quan-
titative changes within the HM-TCF composition is shown
to be indispensable with respect to monitoring along the lac-
tation time course [9, 28, 32]. Therefore as the final part of
this initial work, HM samples from eight different LTP of
one donor (HM VI, see Table 1) were analyzed to demon-
strate the feasibility of this method to monitor changes within
the HMOS composition during the lactation time course.
The analyzed time points are summarized in Table 1. To
confirm the results of the xCGE-LIF based HMOS analysis,
the samples were additionally analyzed using HPAEC-PAD
according to [27, 87]. HPAEC-PAD was used to validate the
xCGE-LIF results, as this orthogonal method is the most ac-
cepted reference technique in the field of (HM)OS analy-
sis (data not shown). As HPAEC-PAD is also routinely ap-
plied to quantify HMOS, a defined amount of stachyose had
been already added to these samples before we started sam-
ple preparation (see Section 2). Stachyose is a tetraose and
within an HPAEC-PAD chromatogram and there, shows no
impact to HMOS peaks (data not shown). However, for the
xCGE-LIF based HMOS analysis of these eight samples, it
became evident that stachyose and the fucosyllactoses (PN 2
and 3) show almost identical migration times (about 47
MTU′). Thus, the sum peak of stachyose, 3-FL, and 2′-FL
as shown in Fig. 4A (marked with St) was not further consid-
ered. As depicted in Fig. 4 and listed in Table 4, the individual
changes within the HMOS pool composition along the lacta-
tion time course could easily be monitored. The relative PHP
of 18 specific peaks over the lactation period are summarized
in Table 4. Looking at this table, it is obvious that some of
the HMOS change quite strongly in their relative PHP. Large
quantitative changes can be seen, e.g. for PN 6, 9, 17 and in
particular, for U5 that showed by far the biggest changes in
its relative PHP (Fig. 4B). But there are also peaks remaining
relatively constant (e.g. PN 5 and 12 - Table 4 and Fig. 4B),
over the lactation period. At this time point, an explanation
of these changes has to wait for further investigations, as up
to now only few attempts were made to understand the quan-
titative changes of HMOS within (human) milk throughout
the lactation time course and also regarding the elucidation
of their functions. Despite the known importance of com-
plex carbohydrates (like N-glycans, O-glycans, and free OS) in
(human) milk [2, 20, 77, 83, 123–129], only a few publications
are concerning this topic and were analyzing larger donor
cohorts [22,27–32,39] therefore. One reason is probable, that
up to now, there was no “real” HT analysis method available,
that allows the measurement of thousands of samples within
a couple of days [83, 130].

Next task will be to enhance the initiated HMOS database
(starting with structural elucidation of the unknown peaks
(U1–U9)), to reach a sufficient number of entries. In combina-
tion the presented sample preparation, the HMOS database,
the software glyXtoolTM [97], and the possibility to use
instruments with up to 96 capillaries in parallel will empower
the developed xCGE-LIF based method for HMOS analysis
to conduct parallel measurements with an effective runtime
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<1 min for each sample [131]. This HP and “real” HT gly-
coanalytical technique will enable large-scale studies, which
will allow further insights into functional glycomics of free
HMOS, digging deeper into the relation of mothers geno-
type, HMOS pool composition, and HM properties/effects as
lately requested from Neville et al. [2].
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