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Introduction 

Human milk oligosaccharides (HMOs) are the third most 
abundant ingredients in human milk [1], and arecritical to child 
development [2]. Their quantities and structures differ in the 
various lactation periods of the mother and are population 
specific [3, 4]. Consequently, there is an increasing demand to 
produce suitable baby formulas [5], being addressed by both 
pharma and food manufacturing companies with the goal to 
develop natural analogue HMO based functional food additives. 
Academic institutions are also heavily investigating milk samples 
from various sources to understand the biological role of HMOs 
in child development [6-8].  
 

 
 Figure 1: In-process analytical workflow in HMO production. 

 
The building blocks of HMOs are based on lactose that is 
modified by β-N-acetyllactosamine (LacNAc) or lacto-N-biose 
(LNB) with the possible addition of fucose (Fuc) or sialic acid 
(Neu5Ac). Currently, more than 200 HMO structures are known 
[9]. Their theoretical varied linkage types significantly increase 
their complexity level, resulting in numerous isomeric structures 
[10, 11]. Therefore, there is a great demand for high 
performance analytical methods to address the challenging task 
of HMO characterization [12]. Capillary electrophoresis (CE) is 
one of the most effective glycoanalytical methods broadly used 
in the pharmaceutical, biomedical and food industries [13, 14]. 
After tagging the sugars with a fluorescent label (e.g., 
aminopyrenetrisulfonate, APTS), the sensitivity of capillary 
electrophoresis (CE) based analysis with laser-induced 
fluorescent detection (LIF) can be as low as 10-10 M. APTS also 

provides charge to the otherwise mostly neutral sugars to 
produce their electromigration. It is important to note that all 
reducing sugars are labeled at their reductive end only, making 
quantification easy due to the one APTS/sugar structure 
stoichiometry [15]. With the use of borate containing buffers 
systems, the secondary equilibrium of the borate-diol 
complexation may further improve resolving power [16]. Utilizing 
sugar and linkage specific exoglycosidase based digestions, the 
sequence of the oligosaccharide structures can aslo be 
determined [17].  

 

During fermentation and enzymatic bioprocessing of HMOs, 
rapid analytical in-process control is crucial to provide the 
necessary information for the decision maker to make the 
appropriate feedback and fine tune the bioreaction parameters. 
In this Technical Note the analysis of the ten most important 
HMOs are demonstrated utilizing the SCIEX’s Fast Glycan 
Sample Preparation and Analysis and the SDS-MW kits, this 
latter with a borate containing background electrolyte. Food 
manufacturers currently facing challenges in adopting fast 
and high-resolution separation methods to the analysis of 
human milk oligosaccharides will obtain the desired 
resolution and speed with the use of the methods described 
in the Technical Note. Figure 1 shows the suggested workflow 
of sampling from the bioreactor, rapid analysis by the PA 800 
Plus system, and immediate feedback to the bioreactor if any 
fine tuning is necessary in the fermentation parameters to obtain 
faster and more precise production of the required HMOs. 

Key Features 

 An ultrafast glycoanalytical technique to decipher the high 
complexity of HMOs during the entire bioprocessing 
workflow, including lot release  

 Provides help in faster decision making needed to make the 
appropriate feedback and fine tune the bioreaction 
parameters during fermentation and enzymatic 
bioprocessing of HMOs 

 SCIEX’s HR-NCHO and SDS-MW separations provided 
complementary resolving power for all synthetic HMOs 
analyzed 
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 Utilization of a secondary equilibrium via borate-diol 
complexation provided a significant step forward, towards 
comprehensive in-process control for HMO production  

 Fine tuning of the resolving power was possible by mixing 
the two gel formulations 

Experimental 

Chemicals 

The Fast Glycan Labeling and Analysis Kit (part # B94499PTO) 
including the separation gel-buffer system and the 8-
aminopyrene-1,3,6-trisulfonic acid tagging dye and the 
separation gel from the SDS-MW kit (part # 390953) were from 
Sciex (Brea, CA, USA). Acetic acid (glacial), tetrahydrofuran 
(THF), sodium-cyanoborohydride (1 M in THF) and water (HPLC 
grade) were from Sigma Aldrich (St. Louis, MO, USA). The HMO 
standards (Table 1) were from Glycom (Hørsholm, Denmark).  

Sample Preparation 

Two milligrams of each sugar standards were labeled by the 
addition of 18 µL of 20 mM APTS (in 20% acetic acid) and 2 µL 
of NaBH3CN (1 M in THF), followed by overnight incubation at 
37°C with the vial lid open [18]. The labeled samples were 
reconstituted in 100 µL HPLC grade water (labeled stock) and 
further diluted by 1,000x to 10,000x prior to capillary gel 
electrophoresis analysis.  
 

Capillary SDS-Gel Electrophoresis   
A PA800 Plus Pharmaceutical Analysis system (Sciex) equipped 
with a solid state laser-induced fluorescence detector (488 nm 
excitation wavelength with 520 nm emission filter) was used for 
all capillary electrophoresis separations with the HR-NCHO and 
SDS-MW separation gel buffer systems. CGE-LIF analysis of the 
APTS labeled HMOs were performed in a pre-built EZ-CE 
cartridge (part # A55625) with 20 cm effective length (30 cm total 
length), 50 µm ID bare fused silica capillary columns by applying 
1,000 V/cm electric field strengths in reversed polarity mode 
(cathode at the injection side). The electrokinetic sample 
injection protocol was as follows: 5.0 psi for 5.0 sec water pre-
injection, followed by 2.0 kV for 2.0 sec sample injection. Data 
acquisition and analysis were accomplished using the 32Karat 
(version 10.1) software package (Sciex). 
 

Results and Discussion 

Analysis of the ten most important HMO containing test mixture 
(Table 1) was accomplished by using the HR-NCHO and SDS- 
MW gels (Figures 1 and 2, respectively). Closer look at the 
electropherograms in Figures 1 and 2 exhibited remarkable 
differences.  

 
Table 1. The components of the HMO test mixture. Lac: lactose, 
2’FL: 2'-fucosyllactose, 3FL: 3-fucosyllactose, DFL: 
difucosyllactose, LNT2: lacto-N-triose, 3'SL: 3'-sialyllactose, 6'SL: 
6'-sialyllactose, LNT: lacto-N-tetraose, LNnT: lacto-N-neotetraose, 
pLNnH: para-lacto-N-neohexaose 
 
 

 
 
 
With the use of the HR-NCHO gel, the extra charge carrying 
sialylated structures migrated first (6'-sialyllactose and 3'-
sialyllactose) followed by the neutral oligosaccharides according 
to their hydrodynamic volumes since all of them carried the same 
APTS associated charges. The disaccharide lactose migrated 
after the sialylated glycans, followed by the trisaccharides. 
Foremost, the compact fucosylated ones (2'-fucosyllactose and 
3-fucosyllactose) and later the more stretched lacto-N-triose. In 
this case, due to their very similar mass to hydrodynamic volume 
ratios, the 2'-fucosyllactose and 3-fucosyllactose structures co-
migrated. All tetrasaccharides (difucosyllactose, lacto-N-tetraose 
and lacto-N-neotetraose) were well separated. Please note that 
the lacto-N-tetraose and lacto-N-neotetraose structures differed 
only by their β1-3 and β1-4 galactose linkage at the non-
reducing terminal. The large para-lacto-N-neohexaose 
hexasaccharide migrated last. With the use of this background 
electrolyte, the entire analysis took less than 3.4 minutes at the 
optimal separation temperature of 25oC.  
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Figure 1. Capillary gel electrophoresis separation of the HMO test mixture using the HR-NCHO gel. The corresponding structures are shown 
above each peak. Conditions: Bare fused silica capillary with 20 cm effective length (30 cm total length), 50 µm ID; HR-NCHO gel buffer 
system; Separation temperature: 25°C; Applied electric field strength: 1000 V/cm; Injection sequence: 1) 5.0 psi for 5.0 sec water pre-injection, 
2) 2.0 kV for 2.0 sec sample injection.
 

Figure 2. Capillary electrophoresis separation of the HMO test mixture using the SDS-MW gel. The corresponding structures are shown above 
each peak. Conditions: Bare fused silica capillary with 20 cm effective length (30 cm total length), 50 µm ID; SDS-MW gel buffer system; 
Separation temperature: 30°C; Applied electric field strength: 1000 V/cm; Injection sequence: 1) 5.0 psi for 5.0 sec water pre-injection, 2) 2.0 
kV for 2.0 sec sample injection. 
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Figure 2 depicts the separation of the HMO test mixture using 
the SDS-MW gel matrix. As one can observe, the migration order 
is different in comparison to Figure 1. The total analysis time was 
slightly longer (6.3 min) at the optimal separation temperature of 
30oC. Please note that in this instance the large amount of 
borate in the gel-buffer system had a strong tendency to complex 
with the vicinal OH groups of the human milk oligosaccharides. 
This secondary equilibrium affected the electrophoretic mobilities 
of the sample components also causing resolution alterations. 
Lactose, the smallest HMO in the mixture migrated first, faster 
than the extra charge carrying 6'-sialyllactose and 3'-
sialyllactose, probably due to the different borate complexation 
with these structures. Most notably, excellent separation of the 
positional isomer trisaccharides of 2'-fucosyllactose and 3-
fucosyllactose were obtained with this separation matrix in 
contrast to their co-migration with the use of the HR-NCHO gel-
buffer system. Actually, the separation window was so great that 
the lacto-N-triose trisaccharide migrated in between them. The 

tetrasaccharides represent the next separation block. The 
difucosyllactose structure well separated from the closely 
migrating lacto-N-tetraose and lacto-N-neotetraose 
oligosaccharides, which latter two migrated in a split peak. 
Apparently, the borate complexation very much diminished the 
hydrodynamic volume differences between the β1-3 and β1-4 
linked structures. The hexasaccharide para-lacto-N-neohexaose 
was well separated from all and migrating last. 

 
Since neither the HR-NCHO nor the SDS-MW gels offered full 
separation of all 10 important HMOs, mixing of the two gels was 
attempted. Figure 3 shows the separation of all sample 
components at 40oC by mixing the two gel formulations in a 1:1 
ratio. This example clearly demonstrated that fine tuning by 
adjusting the proportion of the two gel formulations as well as the 
separation temperature represented further options to increase 
the separation power for the sample compontents of interest in 
hand.  

 

Figure 3. Fine tuning of the resolving power by mixing the HR-NCHO and SDS-MW gels (1:1) 
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Conclusions 

In this Technical Note, two complementary separation matrices 
the HR-NCHO and SDS-MW gels were compared for ultrafast 
and high resolution analysis of human milk oligosaccharides 
(HMOs) by capillary electrophoresis with laser induced 
fluorescence detection as shown in the workflow of Figure 1. The 
2'- and 3-fucosyllactoses were co-migrating with the use of the 
HR-NCHO gel-buffer system, while well separated in the SDS-
MW gel. Conversely, the lacto-N-tetraose and lacto-N-
neotetraose, which were well separated by the HR-NCHO gel, 
resulted only in a split peak with the SDS-MW gel composition. 
Therefore, the appropriate separation matrix should be chosen to 
address adequate HMO analysis during production. In a rare 
case requiring the use of both gels for a sample mixture possibly 
containing the fucosyllactose and lactotetraose isomers, the total 
analysis time of the two runs would still be less than 10 minutes. 
Alternatively, the two gel matrices can be mixed, and the 
separation temperature can be fine-tuned to accommodate the 
actual separation problem in hand. Researchers can now 
rapidly and efficiently analyze human milk oligosaccharides 
from production batches, baby formulas or food additives 
by simply choosing any of these gel-buffer systems or a 
mixture od both to obtain the desired resolution. 

Acknowledgment 

The authors greatly acknowledge the generous provision of the 
HMO standards by Glycom (Hørsholmm, Denmark). The 
stimulating discussions with Drs Sahana Mollah and Elliott Jones 
are also highly appreciated. 

References 

1. Ballard, O. and A.L. Morrow, Human milk composition: nutrients 
and bioactive factors. Pediatr Clin North Am, 2013. 60(1): p. 49-
74. 

2. Quigley, M., N.D. Embleton, and W. McGuire, Formula versus 
donor breast milk for feeding preterm or low birth weight infants. 
Cochrane Database Syst Rev, 2019. 7: p. CD002971. 

3. Bode, L., Human milk oligosaccharides: every baby needs a sugar 
mama. Glycobiology, 2012. 22(9): p. 1147-62. 

4. Coppa, G.V., et al., Oligosaccharides in human milk during 
different phases of lactation. Acta Paediatr Suppl, 1999. 88(430): p. 
89-94. 

 

 
 
5. Liu, Z., et al., Human milk and infant formula differentially alters 

the microbiota composition and functional gene relative abundance 
in the small and large intestines in weanling rats. Eur J Nutr, 2019. 

6. Zhu, J. and K.A. Dingess, The Functional Power of the Human Milk 
Proteome. Nutrients, 2019. 11(8). 

7. Goonatilleke, E., et al., Human Milk Proteins and Their 
Glycosylation Exhibit Quantitative Dynamic Variations during 
Lactation. J Nutr, 2019. 149(8): p. 1317-1325. 

8. Breakey, A.A., et al., Illness in breastfeeding infants relates to 
concentration of lactoferrin and secretory Immunoglobulin A in 
mother's milk. Evol Med Public Health, 2015. 2015(1): p. 21-31. 

9. Ninonuevo, M.R., et al., A strategy for annotating the human milk 
glycome. J Agric Food Chem, 2006. 54(20): p. 7471-80. 

10. Kobata, A., Structures and application of oligosaccharides in 
human milk. Proc Jpn Acad Ser B Phys Biol Sci, 2010. 86(7): p. 
731-47. 

11. Grabarics, M., et al., Analytical characterization of human milk 
oligosaccharides - potential applications in pharmaceutical 
analysis. J Pharm Biomed Anal, 2017. 146: p. 168-178. 

12. Rassi, Z.E., Carbohydrate Analysis: High Performance Liquid 
Chromatography and Capillary Electrophoresis. 2012: Elsevier 
Science. 

13. Guttman, A., Capillary electrophoresis in the N-glycosylation 
analysis of biopharmaceuticals. Trends in Analytical Chemistry 
2013. 48: p. 132-143. 

14. Szilagyi, T.G., et al., Analysis of the oligosaccharide composition 
in wort samples by capillary electrophoresis with laser induced 
fluorescence detection. Food Chem, 2018. 256: p. 129-132. 

15. Guttman, A., High-resolution carbohydrate profiling by capillary 
gel electrophoresis. Nature, 1996. 380(6573): p. 461-2. 

16. Hoffstetter-Kuhn, S., G. Alt, and R. Kuhn, Profiling of 
oligosaccharide-mediated microheterogeneity of a monoclonal 
antibody by capillary electrophoresis. Electrophoresis, 1996. 17(2): 
p. 418-22. 

17. Szigeti, M. and A. Guttman, Automated N-Glycosylation 
Sequencing Of Biopharmaceuticals By Capillary Electrophoresis. 
Sci Rep, 2017. 7(1): p. 11663. 

18. Reider, B., M. Szigeti, and A. Guttman, Evaporative fluorophore 
labeling of carbohydrates via reductive amination. Talanta, 2018. 
185: p. 365-369. 

 

 

 For Research Use Only. Not for use in Diagnostic Procedures. Trademarks and/or registered trademarks mentioned herein are the property of AB Sciex Pte. Ltd., or their respective 
owners, in the United States and/or certain other countries. 

Some of the material disclosed in this document may be subject to one or more patents or pending patent applications around the world. Please see www.sciex.com/patents for select 
issued US patents. 

RUO- MKT-02-11989-B 

AB SCIEX™ is being used under license. Beckman Coulter® is being used under license. ICAT™ is a trademark of the University of Washington and is exclusively licensed to AB Sciex 
Pte. Ltd. 
© 2020 DH Tech. Dev. Pte. Ltd. 

 

  


