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oenzymatic modular synthesis of
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microfluidic platform†
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Eika W. Qian, d Yuguang Du*ab and Jian-Jun Li *ab

Glycans, along with proteins, nucleic acids, and lipids, constitute the four fundamental classes of

biomacromolecules found in living organisms. Generally, glycans are attached to proteins or lipids to

form glycoconjugates that perform critical roles in various biological processes. Automatic synthesis of

glycans is essential for investigation into structure–function relationships of glycans. In this study, we

presented a method that integrated magnetic bead-based manipulation and modular chemoenzymatic

synthesis of human milk oligosaccharides (HMOs), on a DMF (Digital Microfluidics) platform. On the DMF

platform, enzymatic modular reactions were conducted in solution, and purification of products or

intermediates was achieved by using DEAE magnetic beads, circumventing the intricate steps required

for traditional solid-phase synthesis. With this approach, we have successfully synthesized eleven HMOs

with highest yields of up to >90% on the DMF platform. This study would not only lay the foundation for

OPME synthesis of glycans on the DMF platform, but also set the stage for developing automated

enzymatic glycan synthesizers based on the DMF platform.
1 Introduction

Glycans, along with oligonucleotides, oligopeptides, and lipids,
are recognized as the four fundamental biomacromolecules of
life, with glycans being the most abundant biopolymers in
nature.1 As signicant biological macromolecules, glycans are
ubiquitous in all living organisms, encompassing animals,
plants, and microorganisms.2 It is now well established that
glycans play important roles in a variety of physiological and
pathological processes, including cell growth and proliferation,
immune responses, angiogenesis and tumor cell metastasis,
toxin interaction, protein folding and degradation, cell–cell
communications, and cell–pathogen interactions. Human milk
oligosaccharides (HMOs), important components in human
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milk, have been found to be present in colostrum at concen-
trations as high as 20 g L−1.3 In fact, as early as in the late 19th
century, HMOs were recognized for their signicant impact on
infant survival.4–6 As research into HMOs has progressed over
time, structures of more than 200 HMOs have been determined.
HMOs are generally classied as fucosylated, sialylated or acidic
oligosaccharides, as well as non-fucosylated neutral oligosac-
charides. The proportions of fucosylated, sialylated, and non-
fucosylated neutral HMOs in term breast milk are
approximately 35–50%, 12–14%, and 42–55%, respectively.7 A
range of biological functions of HMOs have been investigated.
For example, HMOs can act as soluble decoy receptors to
prevent pathogenic attachment, reducing the risk of infection,
promoting brain development in infants, serving as metabolic
substrates for infant gut microbes to promote healthy gastro-
intestinal function, and so on.8–10 Being almost the sole prebi-
otic source for breastfed infants, HMOs shape the gut ora and
stimulate bidobacteria growth. In fact, some HMOs have been
added commercially to infant formula. However, so far the exact
roles of many single HMOs are still unknown due to unavail-
ability, necessitating the need to explore their structure–func-
tion relationship by using pure single HMO isomers.
Unfortunately, the low abundance of HMOs in milk makes their
isolation and purication exceedingly challenging and almost
impossible. Thus, synthesis remains the optimal route to obtain
structurally well-dened HMOs for functional studies.11

In recent years, an array of synthetic strategies have been
explored for the assembly of HMOs, including chemical
RSC Adv., 2024, 14, 17397–17405 | 17397
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Fig. 1 Digital Microfluidics (DMF) platform. (A) DMF chip (B) DMF
schematic.
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View Article Online
approach, chemo-enzymatic one, whole-cell fermentation or
cell factory, and enzymatic synthesis. Pure chemical synthesis
has been used to prepare structurally well-dened HMOs, such
as lacto-N-tetraose (LNT), lacto-N-neohexaose (LNnT), and 20-FL
(20-fucosyllactose).12 Notably, Glycom A/S has even established
a chemical approach to obtaining kilogram-scale 20-FL with
high purity.13,14 However, the chemical synthetic route generally
requires multi-step protection and deprotection steps, and
reaction conditions are signicantly more demanding,
including high or low temperatures, toxic metal-based catalysts,
special reaction equipment, and organic solvents, etc. Instead,
the whole-cell fermentation approach offers the advantage of
non-toxicity and low cost, and can achieve large-scale produc-
tion. For instance, synthetic biology techniques utilizing E. coli
as the microorganism chassis have facilitated the industrial-
scale production of 20-FL, 60-sialyllactose (60-SL), 30-sia-
lyllactose (30-SL), and LNnT, etc.15–17 However, the technical
barriers of whole-cell fermentation are typically high due to the
complicated anabolism steps, the challenging coordination of
multi-step metabolism, the regulation of metabolic ow, and
select of appropriate transporters. Furthermore, this method is
limited in its ability to produce more complex and branched
HMOs, which need special transporters for product export15. In
comparison, glycosyltransferase-based enzymatic synthesis is
highly efficient and specic, making it the optimal choice for
synthesizing HMOs. To streamline the process of enzymatic
synthesis, the one-pot multi-enzyme (OPME) method,
combining the biosynthetic process of sugar nucleotides with
glycosyltransferase-catalyzed reactions, was developed for the
efficient synthesis of oligosaccharides,18 which used specied
enzymatic modules to extend specic monosaccharides with
specic congurations and glycosidic linkages.

However, it is slow, laborious work to manually synthesize
oligosaccharide at any scale, and labour-intensive and time-
consuming purication protocols have still been an impedi-
ment for the implementation of these approaches. Automated
enzymatic synthesis of oligosaccharides is, therefore, an
emerging and still developing technology. In 2010, Nishimura
and co-workers developed an articial Golgi apparatus that
utilized high-performance liquid chromatography for the fully
automated synthesis of oligosaccharides.19 More innovatively,
in 2018 Wang et al. realized machine-driven enzymatic oligo-
saccharide synthesis by modifying a commercially available
peptide synthesizer.20 In 2019, Li et al. created an easy-to-install
sulfonate tag to establish an automated platform for enzyme-
mediated oligosaccharide synthesis based on catch and
release of tagged oligosaccharides on diethylaminoethyl (DEAE)
resin by using a liquid handling system. Each strategy has its
own pros and cons as discussed recently.21

Recently, digital microuidics (DMF) has emerged as a new
portable droplet processing platform that employs electrode
arrays to maneuver discrete pico-to micro-liters of droplets
(Fig. 1).22 On a DMF platform, droplets can be manipulated to
move, dispense, mix, separate, and merge. Compared to bulkly
systems, microuidics technology offers numerous benets,
including rapid mass and heat transport, low reagent
consumption, easy automation, and precise manipulation of
17398 | RSC Adv., 2024, 14, 17397–17405
uids at the microscale.23,24 DMF has been widely utilized in
biomedical analysis, chemical synthesis and preparation of
biochemical materials, such as for PCR (Polymerase Chain
Reaction), single-cell analysis, immunoassay, chemical
synthesis of a pentapeptide25 and macrocyclic peptides,26

preparation of microbers with core–shell structures27 and
multi-component particles of various structures,28 etc. In 2009,
the Linhardt group reported that heparan sulfate immobilized
on magnetic nanoparticle was enzymatically modied in a DMF
device by recombinant D-glucosaminyl 3-O-sulfotransferase
with a yield of∼5%, highlighting the challenge in enzymatically
modifying immobilized saccharide chains.29 However, until
now enzymatic synthesis of HMOs on the DMF platform hasn't
been reported.

Since magnetic carriers can simplify the implementation of
automated processes, thus allowing the automation of complex
multistep enzymatic cascade reaction. In this study, we reported
on the integration of a digital microuidic platform and
magnetic beads-based purication with a one-pot multi-enzyme
strategy to automatically synthesize various human milk oligo-
saccharides, including fucosylated, sialylated ones, as well as
non-fucosylated neutral ones. This study would set the foun-
dation for the creation of modular (chemo)enzymatic glycan
synthesizers based on the DMF platform in future.
2 Materials and methods
2.1 Reagents and chemicals

Unless specied, all chemicals were of analytical grade and
purchased from Sigma (St. Louis, Missouri, USA), Beijing Bio-
Dee (Beijing, China), Sinopharm (Shanghai, China), Aladdin
(Shanghai, China) or Beijing Solarbio Science & Technology Co.
Ltd (Beijing, China). Tag (7-(2-(2-(N-methyl-aminooxy)ethoxy)
ethoxy)naphthalene-1,3-disulfonic acid) was synthesized by
Shanghai Nafu Biotechnology Co. Ltd according to the pub-
lished procedure (Shanghai, China).21 In addition, all solutions
were prepared with double-distilled water.
2.2 Establishment of the DMF device

On the two-plate DMF device used for enzymatic reactions, 32
actuation electrodes were fabricated on the bottom plate, which
were covered with 8 mm thick SU-8 as the dielectric layer to
prevent hydrolysis of the electrodes and 50 nm thick Teon to
render hydrophobility and smooth actuation of droplets, while
the top plate was also covered with the same hydrophobic layer.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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One square hole and seven smaller through holes were fabri-
cated on the top plate via laser scribing for droplet loading and
collecting (or sampling) with a pipette. The device was assem-
bled by adhering the top and bottom plate with a spacer formed
by adhesive double-side tape with a thickness of 0.15 mm
approximately. Accordingly, the volume of one droplet on one
electrode is around 2–2.5 mL.

2.3 Enzymes

All enzymatic modules were constructed, expressed and puri-
ed following the published procedures. Enzyme abbreviations:
BiNahK, Bidobacterium infantis N-acetylhexosamine-1-kinase;30

PmGlmU, Pasteurella multocida N-acetylglucosamine 1-phos-
phate uridylyltransferase;31 NmLgtA, Neisseria meningitidis b1,3
N-acetylglucosaminyltransferase;32 BLUSP: Bidobacterium lon-
gum UDP-sugar pyrophosphorylase;33 BfFKP, a bifunctional
enzyme from Bacteroides fragilis that has both L-fucokinase and
GDP-fucose pyrophosphorylase activities;34 Hp1,3FT, Heli-
cobacter pylori a1,3-fucosyltransferase;35 Hp1,2FT, Helicobacter
pylori a1,2-fucosyltransferase;36 Pd2,6ST, Photobacterium dam-
selae a2,6-sialyltransferase;37 GalK, galactokinase from E. coli;38

b1,3GalT, b1,3-galactosyltransferase from;39 NmLgtB, Neisseria
meningitidis b1,4-galactosyltransferase;40 NmCSS, Neisseria
meningitidis CMP-sialic acid synthetase;41 PmST1 (M144D),
Pasteurella multocida 2,3-sialyltransferase;42 PpA, Escherichia coli
pyrophosphatase.43

2.4 Droplet operation on the DMF device

The droplets were actuated with an alternative wave generator
in a sinusoid waveform (150 V RMS with a frequency of 1 kHz)
and loaded onto the DMF device by a micropump. The actua-
tion of droplets started from loading deionized water to test the
actuation versatility of the DMF device. The reagents used on
the DMF device included saccharides, salts, enzymes and
magnetic beads. For saccharides, 10 mM glucose, 10 mM
galactose, 10 mM lactose and 5 mg mL−1 lacto-N-tetraose were
tested respectively. For salts, 50 mM NaAc pH = 5.5 buffer,
60 mM NH4HCO3, 1 M Tris–HCl pH = 8 buffer and 100 mM
MgCl2 were tested respectively. For enzymes, each enzyme
mentioned above was tested respectively. Before loading, Plur-
onic F127 surfactant was added at a concentration of 0.05% (w/
v) to prevent biofouling caused by non-specic adsorption of
proteins on the surface of DMF chips.

2.5 General procedure for automatic enzymatic synthesis of
tagged HMOs on the DMF device

The movement of droplets and addition of all reagents were
automatically manipulated by a predened program which had
been scripted by a computer. Droplets were manually removed
from the DMF platform by pipette and the magnet bar was also
maneuvered manually.

① Lactose or GlcNAc modied at the reducing end with the
tag at a concentration of 3 mM was loaded in the rst droplet
and transferred onto the DMF device by a micropump. Enzy-
matic module, 10 mM MgCl2, 50 mM NH4HCO3, 3 mM mono-
sacharide, 3.6 mM CTP or 3.6 mM ATP and 3.6 mM UTP/GTP
© 2024 The Author(s). Published by the Royal Society of Chemistry
were loaded in another droplet and transferred onto the DMF
device by a micropump controlled by a program.

② On the DMF platform, two droplets were mixed evenly by
applying power to the electrodes below two droplets and le for
1 h for enzymatic synthesis.

③ The reaction mixture was mixed with DEAE magnetic
beads in one droplet by applying power to the electrodes below
specied droplets. The DEAE magnetic beads were suspended
in the droplet to capture products modied with tag.

④ DEAE magnetic beads and supernatants were separated
by a magnet controlled manually, and the supernatant
including enzymes, excess (sugar) nucleotides, MgCl2 and
NH4HCO3 was taken out and discarded.

⑤ DEAE magnetic beads were washed with water.
⑥ DEAE magnetic beads were washed with 60 mM

NH4HCO3.
⑦ Captured products with tag on DEAEmagnetic beads were

released by washing with 0.3 M NH4HCO3, and the eluent ob-
tained was mixed evenly with the third droplet and le for 1
hour for the next enzymatic synthesis reaction. Like the rst
cycle, DEAE magnetic beads were used for capturing synthe-
sized products. Finally, the eluent washed by 0.3 M NH4HCO3

was transferred by a pipette and characterized by MS.

2.6 Removal of sulfonate tag aer enzymatic synthesis on
the DMF device

The eluent containing product modied at the reducing end
with the tag was mixed with a droplet (2 mL) of triuoroacetic
acid (0.25%, v/v) on the DMF platform. The reaction mixture
was agitated by applying power to the electrode below droplet at
room temperature for 2 h.21 Aer the reaction, the product was
mixed with a droplet of 50 mM NH4HCO3 to adjust pH. Then,
DEAE magnetic beads were used for capturing sulfonate tags
removed from products, and the supernatant including target
oligosaccharides was taken out by a pipette and characterized
by MS.

2.7 MS analysis of products in droplets

Analysis of products was performed on UltiMate-3000-ISQ-EM
(ThermoFisher Scientic). The m/z scanning range was set to
150 to 1200. MS was performed in positive and negative mode.
The droplets were diluted to 100 mL before analysis. Samples
were loaded directly without columns. The mobile phase was
water and the ow rate was 0.1 mL min−1.

Since it's not possible and realistic to purify the synthesized
oligosaccharides from a droplet of 2 mL and traditional methods
such as HPLC (high performance liquid chromatography) or
NMR (nuclear magnetic resonance) are not suitable for quan-
tication, the yields of enzymatic synthesis of oligosaccharides
on the DMF platform were determined as follows. It is worth
pointing out that capture of tagged substrates or products by
the magnetic beads reached >90% according to our experi-
mental results (data not shown). Since the staring substrate and
the nal product contain the same tag which could be captured
by magnetic beads, in theory their probabilities captured by
magnetic beads are very close. In addition, considering the fact
RSC Adv., 2024, 14, 17397–17405 | 17399
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Fig. 2 Strategies for enzymatic modular synthesis of oligosaccharide
synthesis on DMF platforms.
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that tagged oligosaccharides can be easily ionized and give
strong MS signals, when the samples were analyzed by MS, ion
peaks corresponding to molecular weights of tagged starting
materials or expected products were rst searched. If only ion
peaks corresponding to molecular weights of tagged expected
products were observed and no ion peaks corresponding to
molecular weights of tagged starting materials were found, we
roughly assumed that the yields of expected products were
>90%. If ion peaks corresponding to molecular weights of both
tagged starting materials and expected products were observed
simultaneously, the yields of expected products were estimated
based on their relative abundance. In addition, it has been
demonstrated the TFA (triuoroacetic acid)-cleavage step is
nearly 100%.21 Therefore, if the tagged starting substrate wasn't
completely converted into the tagged product, both untagged
starting substrate and product cleaved off by TFA could be
detected by MS. Since saccharides have close ionization capa-
bilities in the process of MS analysis, the relative MS signal
intensities of substrates and/or products were roughly used to
dene yield.

3 Results
3.1 Establishment and operation of digital microuidic
device

Based on previous research, a microuidic device was set up
(Fig. 1).44 The DMF chip includes two functional plates: a teon-
coated ITO glass as the top plate and a serrated square electrode
array as the bottom plate, which drove droplets to move, as
depicted in Fig. 1. The top plate was a perforated ITO conductive
glass that acted as a ground electrode.45 The holes present in the
top plate were utilized for introducing or removing droplets on
the DMF device. The bottom plate housed 32 control electrodes
that were responsible for manipulating droplets. The dielectric
layer, covering the base plate, created an interfacial force in
electrowetting-on-dielectrics necessary for liquid manipulation.
Both top and bottom plates were uniformly coated with
a hydrophobic material, facilitating direct contact with the
reagents. This hydrophobic layer was crucial in addressing
issues such as electrode surface contamination and sample
loss. Additionally, to ensure smooth movement of droplets and
minimize evaporation of droplets, the top and bottom electrode
plates were bonded and the space between them was lled with
silicone oil to further assist droplet transportation.

Initially, different droplets were maneuvered on the DMF
platform to test the feasibility of enzymatic synthesis of oligo-
saccharides, including saccharides, enzymes, buffers, metal
ions, etc., involved in HMOs synthesis. The results proved that
droplets containing salts (50 mM NaAc pH 5.5 buffer, 60 mM
NH4HCO3 and 1 M Tris-HCl pH 8.0 buffer) or saccharides
(10 mM glucose, 10 mM galactose, 10 mM lactose, 5 mg mL−1

lacto-N-tetraose, etc.) can be actuated smoothly in both air and
silicone oil (cSt 1.5). However, those containing enzymes such
as b1,3 N-acetylglucosaminyltransferase can only be actuated in
silicone oil even aer being doped with 0.05% (w/v) pluronic
F127. Our experimental results also demonstrated that enzy-
matic activities were not notably affected by the presence of
17400 | RSC Adv., 2024, 14, 17397–17405
0.05% pluronic F127 and silicone oil (data not shown). There-
fore, in consideration of compatibility with the DMF platform,
the droplets for enzymatic reactions were conducted in the
presence of 0.05% pluronic F127 in silicone oil in the following
experiments, unless indicated otherwise.

3.2 Design and validation of the strategy for enzymatic
synthesis and magnetic bead-based purication of HMOs

In order to achieve automatic synthesis of HMOs, a strategy
integrating enzymatic modular assembly and magnetic beads-
based purication aer enzymatic reactions on the DMF plat-
form was designed (Fig. 2). The sulfonate tags bearing two
sulfonate groups, which can be attached to the reducing ends of
starting saccharides, were captured onto anion (DEAE)
exchange resin, and released by 0.3 M NH4HCO3.21 The
sulfonated tags have been demonstrated not to interfere with
enzymatic reactions.21

Starting from the monosaccharides or cheap and commer-
cially available disaccharides such as lactose, the sulfonate tag
was attached to the reducing end of the rst monosaccharide or
disaccharide by a simple and successful chemical coupling
reaction as a starting material for oligosaccharide synthesis
(Fig. 3).21 Aer the enzymatic glycosylation reaction catalyzed by
one enzyme module, the disaccharide or trisaccharide-tag was
generated. Then DEAE magnetic beads were introduced to
capture the disaccharide or trisaccharide product with the
sulfonate tag by charge interaction between tag and DEAE. With
the help of a magnet, the impurities including buffer and other
components which couldn't be captured onto the DEAE
magnetic beads were washed off in turn with water and 60 mM
NH4HCO3 solution. Finally the product was released from DEAE
magnetic beads with 0.3 M NH4HCO3 solution, which was used
as the acceptor for the next enzymatic glycosylation step. The pH
value of the oligosaccharide solution was adjusted and the
reaction was continued with the addition of new reaction
components required for the next glycosylation reaction cata-
lyzed by another enzyme module to produce the trisaccharide or
tetrasaccharide-tag, followed by capture-release process on the
DEAE magnetic beads. In a similar fashion, different enzyme
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic processes of enzymatic synthesis and purification by DEAEmagnetic beads. (b) General procedure for automatic enzymatic
synthesis of tagged HMOs on the DMF device. Refer to 2.5 in the Materials and methods for the details.
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modules were used to produce different tagged oligosaccharides
depending on the target oligosaccharide structure to be synthe-
sized. Finally, since low concentration and short duration of
triuoroacetic acid (TFA) treatment have no signicant effects on
the oligosacharide structure, fucosylated and sialylzted oligo-
saccharides in particular, the tag was removed using low
concentration of TFA21 and the target oligosaccharides were ob-
tained. The capture and release of the tagged product by DEAE
magnetic beads ensures the homogeneous synthesis of the
oligosaccharides in solution and quick separation and purica-
tion (several minutes), while separation and purication steps of
traditional oligosaccharide synthesis need several hours.

Based on structural characteristics of HMOs, we constructed
7 enzymatic modules for synthesis of them. Because lactose is
inexpensive and abundant in nature, it can be used as a starting
material to synthesize HMOs by using different enzymatic
modules (Table 1). For each step, the enzymes in the current
study which were commonly used and worked best in published
studies were chosen (Table 1).

To validate the feasibility of above strategy, modular enzy-
matic synthesis and magnetic bead-based purication of Lacto-
© 2024 The Author(s). Published by the Royal Society of Chemistry
N-triose II (LNT II) starting from lactose was used as an example.
The lactose-tag was synthesized following the published
procedure.21 An enzymatic module 6 (b1,3 N-acetylglucosami-
nylation) was used to convert lactose-tag into LNT II-Tag on the
DMF platform. One droplet containing Lac-tag, ATP and UTP
and another one containing enzymatic module 6 (including
NahK, GlmU, LgtA, PpA), MgCl2, buffer and GlcNAc were mixed
and incubated for 1 h. Then, lacto-N-triose II-tag (LNT II-tag),
the formed product with the sulfonate Tag was quantitatively
captured onto DEAE magnetic beads and the rest reaction
components including enzymes and excess monosaccharides,
NTPs, etc. were separated with magnetic beads by a magnet bar.
Then, the captured intermediate was washed in turn with H2O
and 60 mM NH4HCO3, and was nally released by washing with
0.3 M NH4HCO3. The product LNT II-tag was characterized by
MS. LNT II-tag was clearly observed (Fig. S3†). Finally, the tag
was removed under mild acidic condition to give LNT II as the
nal product having a free reducing end, which was conrmed
by MS (Fig. S4†). The results proved that LNT II was successfully
synthesized on the DMF platform through an automatic
process.
RSC Adv., 2024, 14, 17397–17405 | 17401
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Table 1 Enzymatic modules used in the current study

Module Name References

(1) b-1,4-gal glycosylation Escherichia coli galactose kinase (GalK) 38
Bidobacterium longum UDP-sugar synthase (BLUSP) 33
Neisseria meningitidis b1,4-galactosyltransferase (NmLgtB) 40
Escherichia coli pyrophosphatase (PpA) 43

(2) a-2,6-sialyltransferase Neisseria meningitidis CMP-sialic acid synthetase (NmCSS) 41
Photobacterium damselae a2,6-sialyltransferase (Pd2,6ST) 37
Escherichia coli pyrophosphatase (PpA) 43

(3) a-2,3-sialylation Neisseria meningitidis CMP-sialic acid synthetase (NmCSS) 41
Pasteurella multocida a2,3-sialyltransferase M144D mutant (PmST1) 42
Escherichia coli pyrophosphatase (PpA) 43

(4) a-1,3-fucosylation Bacteroides fragilis both L-fucokinase and GDP-fucose pyrophosphorylase (BfFKP) 34
Helicobacter pylori a1,3FucT (Hp1,3FT) 35
Escherichia coli pyrophosphatase (PpA) 43

(5) a-1,2-fucosylation Bacteroides fragilis both L-fucokinase and GDP-fucose pyrophosphorylase BfFKP) 34
Helicobacter pylori a1,2FucT (Hp1,2FT) 36
Escherichia coli pyrophosphatase (PpA) 43

(6) b-1,3 N-acetylglucosaminylation Bidobacterium infantis N-acetylhexosamine-1-kinase (BiNahK) 30
Pasteurella multocida N-acetylglucosamine 1-phosphate uridylyltransferase (PmGlmU) 31
Neisseria meningitidis b1,3 N-acetylglucosaminyltransferase (LgtA) 32
Escherichia coli pyrophosphatase (PpA) 43

(7) b-1,3-gal glycosylation Escherichia coli K-12 galactose kinase (GalK) 38
Bidobacterium longum UDP-sugar synthase (BLUSP) 33
Campylobacter jejuni b1,3-galactosyltransferase (WbgO) (b1,3GalT) 39
Escherichia coli pyrophosphatase (PpA) 43
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3.3 Enymatic modular synthesis of HMOs on the DMF
platform

Encouraged by the above results, to test robustness of the
technology, chemoenzymatic module-catalyzed synthesis of
other HMOs on the DMF platform was also attempted,
including neutral non-fucosylated oligosaccharides: LNT,
LNnT, fucosylated HMOs: 20-FL, 3-FL (3-fucosyllactose), lacto-N-
fucopentaose III (LNFP III), sialylated HMOs: 60-SL, 30-SL, 60-
sialyl-N-acetyllactosamine (60-SLN), 30-sialyl-N-acetyllactos-
amine (30-SLN), sialyllacto-N-tetraose a (LSTa), and Lewis X
antigen triaose (LeX triaose).

Neutral non-fucose-based HMOs serve as the core structure
or backbone for all HMOs, such as LNT and LNnT. It has been
Fig. 4 Chemoenzymatic modular synthesis of LNT and LNnT.

17402 | RSC Adv., 2024, 14, 17397–17405
reported that LNT is a carbon source by most bidobacteria,
and can reduce the cytotoxicity of protozoan parasites in
tissues.46 LNnT is utilized as a carbon source for certain bi-
dobacteria and has been shown to possess immunosuppressive
and inammation-reducing effects in humans.47,48 Some
studies have reported that higher LNnT concentrations in the
milk of HIV-infected individuals are associated with reduced
postnatal transmission through breastfeeding,49 making LNnT
a potential target for the development of prebiotic and infec-
tious therapies. LNT-tag and LNnT-tag were prepared from LNT
II-tag by module 7 and module 1 following the synthetic
procedure of LNT II-tag on the DMF platform with the yields of
>81% (Fig. 4). Synthesis of LNT-tag and LNnT-tag was conrmed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chemoenzymatic modular synthesis of fucosylated HMOs.
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by MS. Finally, the tag was removed by 0.25% TFA (Fig. 4), and
the nal product was proved by MS.

The main chain structures of HMOs can be fucosylated
through a1,2-, a1,3- or a1,4 glycosidic bonds 20-FL is the most
abundant HMO in human milk. 20-FL and 3-FL were shown to
selectively promote the growth of bidobacteria, and high levels
of 20-FL in mother's milk corresponded to lower occurrences of
campylobacter diarrhea of the infants.50 In addition, in the rat
brain, 20-FL induces long-term enhancement involved in
learning and memory.51 The immunomodulating function of
Fig. 6 Chemoenzymatic modular synthesis of sialylated HMOs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
fucosylated HMOs was represented by LewisX-type LNFP III,
which was shown to have immunosuppressive functions. 20-FL
and 3-FL were synthesized from Lac-tag by module 5 and
module 4 and followed by treatment with 0.25% TFA on the
DMF platform (Fig. 5). For 3-FL, the total yield was >90%. In the
case of 20-FL, since Lac-tag was detected in MS of 20-FL-tag, the
total yield of 20-FL was around 63%. LeX tiraose was prepared
from GlcNAc-tag through sequential module 1 and module 4,
and followed by 0.25% TFA treatment with yield of >81%
(Fig. 5). In the case of LNFP III,52 it was assembled from Lac-tag
RSC Adv., 2024, 14, 17397–17405 | 17403
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by sequential module 6, module 1 and 4, and followed by 0.25%
TFA treatment (Fig. 5). The peak corresponding to m/z [LNnT-
tag]2- was observed (Fig. S15†). Combined with enzymatic
synthesis of LNnT-tag, this result indicated that in the three-
step consecutive reactions of Lac-tag / LNFP III-tag on the
DMF platform, the conversion rate of Lac-tag / LNT II-tag /

LNnT-tag exceeded 90%, while the conversion rate from LNnT-
tag to LNFP III-tag was approximately 70%. Thus the total yield
of LNFP III was 51%.

Sialic acid can modify the main chain structure of HMOs with
a2,6 and a2,3- glycosidic bonds to form sialylated HMOs. The
prebiotic, antiadhesive antimicrobial, and immunomodulating
activities of sialylated HMOs, as well as their nutritional value for
infant brain development, have been demonstrated. One study
found53 that sialylated HMOs such as 30-SL (∼23%), 60-SL (∼3%),
30-SLN (∼14%) and 60-SLN (∼23%) in the plasma of partially
breastfed infants were in greater amounts than in formula-only
fed infants. These ndings support the hypothesis that sialy-
lated HMOs are transported to the small intestinal or colonic
lumen of newborns and infants and then absorbed into the
plasma.53 60-SL and 30-SL were synthesized from Lac-tag by
module 2 and module 3 and followed by treatment with 0.25%
TFA on the DMF platformwith the total yields of >90% (Fig. 6). 60-
SLN and 30-SLN were prepared from GlcNAc-tag through
sequential module 1 and module 2/3, and followed by 0.25% TFA
treatment with yields of >81% respectively. LSTa was assembled
fromLac-tag by sequential module 6, module 7 andmodule 3 and
followed by 0.25% TFA treatment the total yield of >72.9% (Fig. 6).

4 Discussion

Reliable and rapid access to oligonucleotides and oligopeptides
by commercial automated synthesizers has greatly altered bio-
logical research. In recent years, many oligosaccharides have
been successfully prepared by automated chemical synthe-
sizers. However, the application of automated chemical
synthesis of oligosaccharides has been hindered by some limi-
tations, such as tedious protection/deprotectionmanipulations,
control of regio- and stereo-specicity, etc.

Glycosyltransferases-based oligosaccharide synthesis provides
an attractive alternative to chemical synthesis. However, labour-
intensive and time-consuming purication procedures of inter-
mediates are the main limitation for the preparation of large
collections of glycans by enzymatic approaches. The current
automation platform could greatly speed up glycan preparation
by removing tedious purication procedures.

A key feature of the current study is to integrate modular
chemoenzymatic assembly of oligosaacharide, DEAE magnetic
beads-based purication and DMF. In our protocol, DEAE-
modied resins, which were typically used for the purpose of
product purication in synthesis of oligosaccharides,21 were
replaced by magnetic beads, which promoted automation level
when combined with programmed actuation of droplets in
DMF chips. Besides, compared with other automatic platforms
for enzymatic synthesis of oligosaccharides, the DMF platform
demonstrated the following advantages as shown in this study,
including simple-to-implement programmability, free bacterial
17404 | RSC Adv., 2024, 14, 17397–17405
enzymes and free substrates used for glycan synthesis, which
can make sure that all substrates can be enzymatically trans-
formed into products. The main limitation of the DMF platform
is that reactions can only be carried out in droplets of 2 mL,
which can be addressed by multiple parallel reactions in greater
number of droplets on high-throughput platform in the future,
such as active matrix engaged DMF devices.25,54

We believe that the scope of the current methodology can be
expanded to prepare highly complex and structurally differing
oligosaccharides such as gangliosides, blood group O, A, and B
antigens, poly-LacNAc, and N-linked glycans.

In conclusion, we proposed a strategy for the synthesis of
HMOs based on the DMF platform and DEAE magnetic beads-
based purication. We successfully achieved the chemo-
enzymatic modular sequential synthesis of HMOs on the DMF
platform incorporating DEAE magnetic beads-based purica-
tion. A total of eleven HMOs were synthesized in a maximum of
four sequential steps with highest yields up to >90%. The
current methodology would be extended to synthesize other
oligosaccharides. This study represents a proof-of-concept
demonstration that modular chemoenzymatic synthesis of
HMOs can be achieved in an automated manner by integrating
DEAE-based magnetic beads on a DMF platform. This work will
enable the development of (chemo)enzymatic module-based
glycan synthesizers in the future.
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