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The complexity of the eukaryotic glycosylation machinery
hinders the development of cell-free protein glycosylation since
in vitro methods struggle to simulate the natural environment of
the glycosylation machinery. Microfluidic technologies have the
potential to address this limitation due to their ability to control
glycosylation parameters, enzyme/substrate
concentrations and fluxes, in a rapid and precise manner.
However, due to the complexity and sensitivity of the numerous
components of the glycosylation machinery, very
“glycobiology-on-a-chip” systems have been proposed or
reported in the literature. Herein, we describe the design,
fabrication and proof-of-concept of a droplet-based microfluidic
platform able to mimic N-linked glycan processing along the
secretory pathway. Within a single microfluidic device,
glycoproteins and glycosylation enzymes are encapsulated and
incubated in water-in-oil droplets. Additional glycosylation
enzymes are subsequently supplied to these droplets via
picoinjection, allowing further glycoprotein processing in a user-
defined manner. After system validation, the platform is used to
perform two spatiotemporally separated consecutive enzymatic
N-glycan modifications, mirroring the transition between the
endoplasmic reticulum and early Golgi.
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1. Introduction

Protein glycosylation occurs in all domains of life, with N-linked
glycosylation being the most abundant type of glycosylation in
eukaryotes."> Such post-translational modifications on the
surface of proteins are intimately involved in various processes,
including protein folding and its quality control, cell-cell
recognition or antibody binding/recognition.”® In eukaryotic
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cells, protein glycosylation is initiated in the endoplasmic
reticulum (ER) by oligosaccharyltransferase (OST) transferring a
pre-assembled oligosaccharide, GlcNAc,ManoGle;, onto an
asparagine residue of the Asn-X-Ser/Thr amino acid sequon of
nascent polypeptides.'®'" This N-glycan chain is subsequently
used and trimmed in the ER during protein quality control.>® In
the Golgi, further saccharide modifications lead to a variety of
different glycan structures covalently linked to proteins.*'>"?
These modifications are dependent on parameters such as
substrate and enzyme concentrations, their fluxes through the
glycosylation compartments as well as the protein’s structure.''*
The influence of protein structure leads to further complexity if
multiple glycosylation sites exist. Here, the type and degree of the
processing may vary between each site. The resulting site-specific
heterogeneity requires the use of bespoke mass spectrometry
methods for a detailed characterisation.">'*">

Since the glycosylation patterns of glycoproteins serve many
functions in vivo, they are highly important in therapeutics.
Specific forms of glycosylation have been shown to influence
and control the effects of therapeutic proteins.®™® Indeed,
chemoenzymatic approaches have been developed to
“glycoengineer” monoclonal antibodies towards more desirable
glycan forms, with a focus on achieving homogeneous
glycosylation patterns.”*>* For example, N-linked glycans have
been enzymatically hydrolyzed and a drug-glycan conjugate
subsequently attached.>* Nevertheless, substrate specificities of
processing enzymes are not universal, and the aforementioned
approaches primarily address homogeneous IgG glycosylation
for antibody-drug conjugations. However, the presence of
heterogeneous glycosylation patterns may be advantageous in
certain applications, such as the development of glycoprotein or
bioconjugate vaccines.'®*>?® Accordingly, and to better control
glycosylation heterogeneity and thus leverage it in therapeutic
applications a better understanding of the wunderlying
mechanisms must be developed.

The traditional approach to controlling glycosylation
heterogeneity involves genetic glycoengineering. However,
this normally requires extensive cell-line engineering and is
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limited since such alterations may have unfavourable effects
on the cell due to the importance of glycosylation in
eukaryotic processes.'®>>?® In parallel, the complexity of the
glycosylation =~ machinery makes  predictive  network
engineering demanding and the study of competing
glycosylation reactions remains far from trivial. In both
genetic and  chemoenzymatic  glycoengineering, an
understanding of the glycosylation machinery and the
enzyme kinetics involved is key to understanding and further
developing approaches to yield glycoproteins with desired
glycosylation patterns. To this end, alternative approaches
and techniques able to investigate the processes and effects
of glycosylation are required.'®>*

In vivo glycosylation parameters, such as protein, saccharide
and enzyme concentrations, their availabilities due to
competing reactions, and the spatial and temporal separation
of reactions between ER and different Golgi cisternae are
difficult to control using conventional or “bulk” approaches.
Microfluidic technologies, however, allow for the efficient
control over reagent (protein and buffer) concentrations,
facilitate reaction compartmentalization and enable control over
fluxes between user-defined compartments.”” These features
make microfluidic systems particularly interesting as tools to
mimic the glycosylation machinery in vitro. Indeed, microfluidic
technologies have previously been used to synthesize a variety
of biomolecules including oligosaccharides and proteins.***

The earliest example of the use of microfluidics to mimic
aspects of the Golgi apparatus was reported by Linhardt and co-
workers in 2009.*> Using a digital microfluidic platform,
heparin was enzymatically sulfonated by merging two reactant-
containing source droplets. Unfortunately, the low throughput
nature and structural complexity of digital microfluidic systems
severely limited its application and adoption by others.
Additionally, separation of the product from the reaction
mixture was achieved by immobilizing the substrate (heparan
sulfate) onto  streptavidin  functionalized = magnetic
nanoparticles. Although successful, immobilization of the
reaction substrate significantly increased the complexity of the
workflow. More recently, DeLisa and co-workers presented a
continuous flow microfluidic system capable of performing cell-
free protein synthesis of superfolder green fluorescent protein
(sfGFP) and its subsequent glycosylation.*® In a first module,
sfGFP was synthesized from plasmid DNA (encoding the
acceptor protein) mixed with a crude yeast cell extract. The
reaction product was then delivered to a second module,
containing the bacterial OST enzyme, C. jejuni PgIB, linked to
the surface of the microfluidic channel. Here, a heptasaccharide
is transferred from an undecaprenol-pyrophosphate-linked
heptasaccharide glycan donor. A final module was then used to
isolate the protein product via metal affinity capture. Whilst this
study established the feasibility of glycosylation-on-a-chip
(transferring an initial glycan to yield a glycoprotein) it should
be noted that microfluidic systems have yet to be used to
modify the glycosylation profile of glycoproteins. This is in large
part due to a number of practical considerations. Of particular
importance is the nature of the material used to form the
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microfluidic device itself. The most common material used to
make microfluidic systems is polydimethylsiloxane (PDMS).
Unfortunately, PDMS absorbs/adsorbs a wide range of chemical
and biological molecules, including proteins.”” ™! This is highly
problematic when performing complex reactions or assays since
macromolecular concentrations will vary in an uncontrollable
manner in both space and time. The extent of biofouling within
microfluidic systems is (macro)molecule-specific, posing a
challenge when creating surface modification chemistries that
can be “universally” employed to prevent biofouling.”” !
Indeed, since PDMS-based microfluidic systems are applied to a
wide range of chemical/biological problems, involving a variety
of small molecules and macromolecules, surface modification
chemistries must be tailored on case by basis. To address this
issue and create a robust and configurable platform for chip-
based glycosylations, we describe the fabrication and testing of
a PTFE-based microfluidic platform that employs ER and Golgi
resident glycoenzymes to alter glycan structures of a model
glycoprotein and generate distinct glycosylation patterns. Our
microfluidic approach aims to control key parameters
associated with the glycosylation machinery, including enzyme
and substrate concentrations, temperature and retention times
inside defined compartments. Specifically, enzymatic reactions
are compartmentalized in water-in-oil droplets that can be
incubated at elevated temperatures for defined periods of time.
Passive mixing structures ensure proper mixing of the droplet
contents, whilst the geometry of the incubation chambers used
ensures a stable and uniform flow of droplets through the
system. Additionally, by using picoinjectors, additional enzymes
or reactants can be added to pre-formed droplets and
subsequently incubated “on chip”. To demonstrate the efficacy
of our platform for chip-based glycosylations, we enzymatically
modify N-linked ManoeGlcNac, glycosylated yeast protein
disulfide isomerase (PDI) by the glycosylation enzymes ER
mannosidase I (ERMan I) and Golgi mannosidase I (GM I).
Glycosylation patterns are then analyzed using tandem mass
spectrometry (MS/MS), building on previous work by Hang
et al.™® and Mathew et al.'* on the kinetics for these enzymes,
we mimic the initial steps of mammalian glycosylation
modifications between the ER and Golgi apparatus and use our
microfluidic system to study the kinetics of the glycosylation
machinery network.

2. Materials & methods

Recombinant protein and enzyme production and
purification

The recombinant glycoprotein protein disulfide isomerase
(PDI) and glycoenzymes ERMan I and GM I were constructed,
produced and purified as described in previously.'*'* Briefly,
secreted PDI was transformed into DH10Bac E. coli cells
(#10359016, Thermo Fisher Scientific, Switzerland) for
bacmid expression. After isolation of bacmid DNA, sf21 cells
(#11497013, Thermo Fisher Scientific, Switzerland) were
transfected using Cellfectin™ II (Thermo Fisher Scientific,
Switzerland) and the baculovirus stock harvested from the

This journal is © The Royal Society of Chemistry 2025
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supernatant after 72 hours. Baculovirus stocks of
N-terminally  Hisg-tagged, secreted human glycoside

hydrolases ERMan I (MAN1B1) and GM 1 (MAN1A2) were
obtained from the glycoenzyme repository."*** Baculovirus
stocks were amplified in sf21 cells to ensure high titers of
infectious virus particles.

Protein expression of PDI, ERMan I and GM I was
achieved by infecting High-Five™ cells (#B855-02, Thermo
Fisher Scientific, Switzerland) through the addition of 1:100
v/v of the respective virus stock to the cell culture. 10 uM of
the a-1,2-mannosidase inhibitor kifunensine (Sigma-Aldrich,
Switzerland) was added during initial infection of High-
Five™ cells with PDI baculovirus to yield a homogeneous
PDI glycosylation pattern. Cells were pelleted after 48 hours
and then flash-frozen using liquid nitrogen. After cell lysis,
with 1% TritonX-100 (Carl Roth, Germany) in phosphate
buffered saline solution (PBS, 135 mM NacCl, 2.5 mM KCl, 10
mM Na,HPO,, 1.75 mM KH,PO,, pH = 7.4), the His10-tagged
PDI was purified using Protino® Ni-NTA agarose affinity
chromatography (Machery-Nagel, Germany) (Fig. S1f)."*
Following purification, PDI was immediately buffer
exchanged to PBS (pH = 7.4). Protein concentration was
determined using a Nano-Drop Spectrophotometer (Thermo
Fisher Scientific, Switzerland). PDI was flash-frozen in liquid
nitrogen and stored at —80 °C.

The secreted glycosylation enzymes ERMan I and GM I
were harvested from the infected High-Five™ supernatant
after 72 hours and centrifuged for 10 minutes at 3500 rcf.
The supernatant was then filtered using sterile 0.22 pm filters
(TPP Techno Plastic Products, Switzerland) and incubated
with 2% v/v Ni-NTA beads (Machery-Nagel, Germany) for 3
hours at 4 °C. As with PDI, glycosylation enzymes were
purified over their His10-tag using identical Ni-NTA affinity
chromatography protocols (Fig. S2t). After purification,
ERMan I and GM I were immediately buffer exchanged to
their respective activity buffers (Table S1f). Protein
concentrations were determined using a Nano-Drop
Spectrophotometer (Thermo Fisher Scientific, Switzerland).
The purified glycosylation enzymes were diluted with glycerol
(Sigma-Aldrich, Switzerland) (25% v/v final concentration),
flash-frozen in liquid nitrogen and stored at —80 °C.

Microfluidic platform design considerations

As described previously, the microfluidic platform comprises
four functional modules that allow the encapsulation,
mixing, reaction and incubation of substrate glycoprotein
and glycosylation enzymes, and the controlled addition of
secondary enzymes/reagents after user-defined time periods.
Droplets are formed at a flow focusing geometry having a
nozzle width of 30 pm and a height of 40 um. Droplet
reaction/incubation times are then defined using a series of
constrictions and chambers that redistribute droplets
repeatedly as they move along the flow path. This process
results in droplet shuffling and provides for control of
droplet incubation times without significant incubation time

This journal is © The Royal Society of Chemistry 2025
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distributions.*® The developed platform contains two droplet
incubation modules containing either 117 or 286 170 pm-
high chambers in series. The first incubation module has a
total volume of 23 ul, whereas the second incubation module
has a volume of 60 pl. Introduction of additional enzymes or
reagents into preformed droplets is achieved using a
picoinjector that incorporates 1 M saltwater electrodes. The
height of the picoinjection channel was set equal to the
height of the droplet generation module (40 um) to prevent
backflow into the injection channel. Features in the rest of
the picoinjection module were made to be 80 um high, so as
to limit any backpressure generated in the module.

Microfluidic platform fabrication

Channel patterns were designed using AutoCAD® 2018
software (Autodesk, USA). Master molds were fabricated
using a previously described protocol.** Briefly, SU-8
photoresist layers (GM1070, Gersteltec, Switzerland) of
variable thickness were spin coated on a single silicon wafer
(Siegert Wafer, Germany). The layer for inlet channels was 40
pm thick, picoinjection layer 80 pm and the droplet
incubation and inlet holes were 170 um thick. Alignment of
different layers was performed using a UV-KUB3 mask aligner
(Kloe, France). After master mold fabrication, the entire wafer
exposed to chlorotrimethylsilane (Sigma-Aldrich,
Switzerland) vapour for at least 1 hour to aid the removal of
PDMS later in the fabrication process. PDMS microfluidic
devices were fabricated using standard soft-lithographic
techniques.**** Briefly, this involved casting a PDMS mixture
made using a 10:1 w/w ratio of base to curing agent
(Elastosil RT 601 A/B, Ameba, Switzerland) onto the patterned
silicon wafer and curing for at least 1 hour at 70 °C. The
cured PDMS was then peeled off the mold, and individual
devices were formed by dicing. 0.76 mm diameter inlet and
outlet ports were created using a Shaft 20 catheter punch
(Syneo, USA). The PDMS replicas were then plasma bonded
onto 76 x 26 mm glass slides (Menzel-Glaser, Germany) using
a Zepto air plasma (Diener electronic, Germany) and a 120 °C
post-bake for 4 hours. Immediately after bonding,
microfluidic channels were filled and incubated with
tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane  (abcr,
Germany) in HFE 7500 Novec oil (Interelec, Switzerland) for 5
minutes and then post-baked at 120 °C for at least 5 hours.
PTFE microfluidic devices were fabricated by adapting a
previously described protocols.***” First, an uncured PDMS
mixture (13:1 w/w base to curing agent) containing 40 ul
saturated (200 mg ml™ in EtOH) Pluronic F127 (Sigma-
Aldrich, Switzerland) per 10 grams PDMS mixture was cast
onto the SU-8 master mold. The PDMS-Pluronic mixture was
then cured for at least 1 hour at 70 °C and then removed
from the master mold. The cured PDMS replica was then
heated for 2 minutes in a microwave oven at 700 W.
Subsequently, a double-negative PDMS mold was fabricated
by casting uncured PDMS (13:1 w/w base to curing agent)
containing 40 pl saturated Pluronic™ F127 per 10 grams

was
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PDMS onto the initial Pluronic-containing PDMS block. This
double-negative PDMS mold was cured for 90 minutes,
cooled to room temperature over 30 minutes and
subsequently removed from the initial PDMS negative mold.
Embedding Pluronic™ F127 within the PDMS passivates the
PDMS surfaces and reduces polymer movement from one
PDMS mold into the double-negative mold during curing.
This improves the subsequent separation of the two PDMS
blocks. Such a strategy allowed the fabrication of microfluidic
channel structures with low width to height ratios. Inlet and
outlet ports were created in the double-negative PDMS mold
using a Shaft 20 catheter punch (Syneo, USA). Metal pins
were inserted into these holes and THV 500GZ PTFE pellets
(3 M, Germany) melted onto the double-negative PDMS mold
overnight in a Vacucenter VC50 vacuum oven (SalvisLab,
Switzerland) at 200 °C. Next, the molten PTFE block was
cooled to room temperature and the metal pins removed
using household pliers. The PTFE block was then placed face
down onto a flat THV 500GZ sheet that was spin coated from
a 5% THV 221GZ PTFE solution in acetone (3 M, Germany).
The two parts were pressed together with minimal pressure
using a custom-made bonding device based on Ren et al.*’
but with metal instead of glass plates. The complete PTFE
device was thermally bonded at 115 °C for at least 2 hours.
After bonding, hollow metal connections (Chuang Mei Wei
Technology, China) having an outer diameter of 0.76 mm
were connected to 0.56 mm ID PTFE tubing (Rotima,
Switzerland) and inserted into the fully bonded PTFE device.

Microfluidic platform characterization

Operational testing of the microfluidic system was performed
using an Eclipse Ti-E inverted microscope (Nikon,
Switzerland) equipped with a Plan Fluor 4x/0.13 objective
(Nikon, Switzerland) or a Plan Fluor 10x/0.3 objective (Nikon,
Switzerland) and a MotionPro Y5 high-speed camera (IDT
Vision, USA). A Dino-Lite digital microscope (AnMo
Electronics, Taiwan) was used to monitor droplets during
enzymatic assays.

Enzymatic reactions

All enzymatic assays were performed at 42 °C by placing the
entire microfluidic device on a hot plate. Prior to use, the
respective glycosylation enzymes ERMan I and/or GM I were
diluted to 22.5 pg ml™" in the respective enzyme activity
buffer (Table S11) and 2.25 % v/v glycerol. PDI (1 mg ml ™)
and ERMan T (22.5 pug ml™) and/or GM T (22.5 ug ml™") were
taken up in 0.56 mm ID PTFE tubing (Rotima AG,
Switzerland) connected to 1 mL Hamilton glass syringes
(Sigma-Aldrich, Switzerland) containing water (MicroPure™
UV/UF 0.2 pm, Thermo Scientific, Germany) as a supporting
fluid. An air bubble between the sample and the supporting
fluid in the PTFE tubing prevented contamination and
dilution of the sample by the supporting fluid whilst allowing
for complete sample consumption. For experiments involving
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only one glycosylation enzyme, an equivalent blank buffer
solution was prepared accordingly.

The oil phase, consisting of 1:1 mixture of droplet
generation oil (Bio-Rad Laboratories, Switzerland) and HFE
7500 Novec oil, was taken up in a 1 mL Hamilton glass
syringe. Precision neMESYS syringe pumps (CETONI,
Germany) were used to move all fluids and provide for a
stable flow rate of 0.8 pl min™" for each fluid. This resulted
in an overall flowrate through the incubation chambers of
2.4 pl min™' prior picoinjection and 3.2 ul min™' post
picoinjection. For picoinjection, a voltage of 60 V at 1 kHz
was applied to the saltwater electrodes. Droplets were
collected in 40 ul 100% trichloroacetic acid (500 ug in 227 ul
H,O0, Sigma-Aldrich, Switzerland) and 60 ul PBS. The aqueous
phase was isolated from the oil phase using 1H,1H,2H,2H-
perfluorooctanol (Apollo Scientific Ltd, UK). The recovered
protein solution was precipitated in 15% v/v trichloroacetic
acid for 10 minutes and pelleted for 5 minutes at 20’000 rcf
and 4 °C. The resulting protein pellet was washed 3 times
with acetone, air dried and stored at 20 °C as previously
described.™

Mass spectrometry measurements and glycoform
quantification

For MS analysis, precipitated protein pellets were resuspended
in 400 pl of 8 M urea (Sigma-Aldrich, Switzerland). Sample was
then processed according to a previously described protocol.™*
Briefly, proteins were first reduced in 50 mM dithiothreitol
(Sigma-Aldrich, Switzerland) followed by alkylation in 130 mM
iodoacetic acid (Sigma-Aldrich, Switzerland) and 50 mM
ammonium bicarbonate (Sigma-Aldrich, Switzerland) for 30
minutes at 37 °C to facilitate trypsin digestion using a 1:80
trypsin (Promega, Switzerland) to PDI weight ratio (overnight at
37 °C). Following tryptic digestion, the resulting peptides were
desalted with 0.6 pL of Zip-Tip C18 resin (Milipore, Ireland) and
dried until use. MS/MS measurements were performed using a
calibrated Q Exactive mass spectrometer (Thermo Fisher
Scientific, Switzerland) coupled to a Acquity UPLC M-Class
system (Waters AG, Switzerland) with a PV-500 Picoview
nanospray source (Sciex, USA).

MS/MS data were analyzed using Xcalibur 4.0 software
(Thermo Fisher Sceintific, Switzerland) as described
previously.'>"> Spectral peak areas were defined manually and
integrated. For simplicity, only the relative amounts of
glycoforms on the glycosylation site 2 peptide are investigated
in the current study. Additional information regarding the
investigated glycosylation site 2 peptide is provided in Table S2}
and in Mathew et al.'*

Assessment of protein adsorption “on-chip”

For experiments in PDMS and Teflon-based microfluidic
devices PDI was expressed in High-Five™ cells using a
baculovirus expression system described above. For the
adsorption experiments PDI was not co-expressed with the

This journal is © The Royal Society of Chemistry 2025
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o-1,2-mannosidase inhibitor
Switzerland).

Recombinant PDI and commercially available bovine serum
albumin (Sigma-Aldrich, Switzerland) were fluorescently
labelled by incubating 15.9 uM PDI or BSA in PBS (pH = 7.4)
with 100 molar equivalents of NHS modified Atto 488 in DMSO
(ATTO-TEC, Germany) at 37 °C for 4 hours followed by four
buffer exchanges to PBS (pH = 7.4).

For protein adsorption experiments, 50 pm wide and 40
pm high microfluidic channels were initially flushed with
PBS (pH 7.4). This was then replaced by a previously prepared
fluorescent protein solutions and incubated for five minutes.
Subsequently, channels were flushed with 10 ul PBS (pH 7.4).
Residual fluorescence originating from microchannels after
flushing was quantified and compared to the pre-incubation
background measurement. Fluorescence detection was
performed using an Eclipse Ti-E inverted microscope (Nikon,
Switzerland). Fluorescence emission was collected using a
Plan Fluor 10x/0.3 objective (Nikon, Switzerland), filtered
through 469/35 excitation and 525/39 emission filters (IDEX
Health & Science, USA). Fluorescence emission was detected
using an ORCA-flash 4.0 CMOS camera (Hamamatsu,
Solothurn, Switzerland). nManager 1.4 software was used to
control and automate fluorescence collection, while Image]
software (National Institutes of Health, USA) was used for
image processing and analysis.

kifunensine (Sigma-Aldrich,

3. Results

Microfluidic substrate

As discussed previously, the microfluidic platform aims to
enable spatiotemporal control over protein concentrations by
compartmentalizing enzymatic reactions in droplets and
employing picoinjection to add additional enzymes,
reactants, substrates, or buffers. A basic consideration in this
regard is the choice of substrate material. Despite the
widespread adoption of PDMS by the microfluidics
community, biofouling of microfluidic channel surfaces will
severely compromise the study of biochemical reaction
networks. As expected, the use of PDMS-based microfluidic
devices in preliminary experiments was characterized by the
depletion (adsorption/absorption) of enzyme prior to droplet
formation at the flow focusing geometry. Such biofouling
impaired downstream enzymatic reactions in droplets (Fig.
S3B-DT). To assess the likelihood and/or magnitude of
biofouling, 15.9 uM fluorescently labelled protein disulfide
isomerase (PDI) and bovine serum albumin (BSA) solutions
were separately incubated in 50 um x 40 um cross-section
microfluidic channels within PDMS and PTFE substrates for
5 minutes. Subsequently, channels were flushed with 10 pl
PBS and residual fluorescence measured. As shown in
Fig. 1A and C, Atto-488-labelled BSA remains on or in the
microfluidic substrate after washing for PDMS (top) but not
for PTFE (bottom). In contrast, only a slight increase in
fluorescence after incubation with Atto-488-labelled PDI (and
washing) was seen for the PDMS substrate (top), and even

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

After
incubation

Before
A incubation

PDMS

PTFE

PTFE

50

u PDI

S
(=]

BSA

N3 w
(=] (=]

PDMS

—
(=]

fluorescence intensity increase (%)

. -

(=]

PDMS PTFE

Fig. 1 Adsorption/absorption of Atto 488-labelled BSA and Atto 488-
labelled PDI to the walls of a 50 um x 40 pm cross-section microfluidic
channel. (A) PDMS and PTFE channels before and after incubation with
Atto-488-labelled BSA and subsequent flushing with PBS. All four images
are shown with the same contrast settings. (B) PDMS and PTFE channels
before and after incubation with Atto-488 labelled PDI and subsequent
flushing with PBS. All four images are shown with the same contrast
settings. Scale bars are 200 microns. (C) Percentage increase in time-
integrated fluorescence intensity reporting the adsorption/absorption of
Atto 488-labelled BSA and Atto 488-labelled PDI to the walls of a 50 um x
40 pm cross-section microfluidic channel. Fluorescence originating from
PDMS increased significantly after incubation with Atto-labelled BSA, with
a more moderate increase observed for PDI. In comparison, a negligible
increase in fluorescence is observed when PDMS is replaced by PTFE.
Error bars represent one standard deviation for triplicate measurements.
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less for the PTFE substrate, indicating reduced biofouling
(Fig. 1B and C).

Microfluidic platform

Inside a microfluidic chip, substrate glycoprotein and
glycosylation enzymes were co-encapsulated and subsequently
incubated “on-chip” for an extended period of time of up to 30
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minutes. As glycan hydrolysis is rarely a terminal reaction and
further glycan processing by the same enzyme may occur over
time, “off-chip” storage of reaction intermediates was limited.
The addition of subsequent reaction mixtures was therefore
implemented within the same microfluidic chip. A schematic of
the entire microfluidic platform is presented in Fig. 2. It
comprises four adaptable modules. In the first, droplets are
generated at a flow focusing geometry with substrate and

A

|

7

gt J s g
=
g
B C D oM E
ERMI
8.3 2
I |* t
‘=;~‘ TBEe ¥
= N~
PDI
ManyGIcNAc,

droplet generation

enzyme addition 2nd droplet incubation

Fig. 2 A microfluidic platform for performing enzymatic glycosylation reactions on protein-linked glycans. (A) Schematic of the entire PTFE
microfluidic device integrating four droplet processing. (B) Schematic and brightfield image of the flow focusing geometry used to form droplets
and coencapsulate the glycoprotein substrate and glycosylation enzyme. (C) Schematic and brightfield image of two chambers within the first
incubation module. Incubation times of up to 10 minutes can be realised using the structure shown. (D) Schematic and brightfield image of the
picoinjector used to deliver additional enzyme, substrate, and buffer into pre-formed droplets; (E) schematic and brightfield image of two
chambers in the second incubation module. Incubation times of up to 20 minutes can be realised using the structure shown. Scale bars are 300
microns.
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enzyme being co-encapsulated and passively mixed by chaotic
advection within a winding channel section.*>*® Each reagent
flux can be independently controlled by the user to regulate
droplet payloads. The second module integrates a series of
incubation chambers that ensures a stable flow of droplets over
an extended incubation period. The average residence time of
droplets in this incubation module is controlled by the inlet
flow rates and the number of incubation chambers.*® In the
current study, the total residence time of droplets in the
incubation module was approximately 10 minutes. The third
module contains a picoinjector and allows the controlled
addition of small volumes of additional enzyme, substrate, or
buffer to the droplets emerging from the first incubation
module.*>* Picoinjection works by flowing droplets past a
channel containing a pressurized reagent stream. If a droplet is
enveloped by a surfactant layer, this fluid stream will normally
not enter the droplet. However, application of an electric field
can be used to destabilize and breach the surfactant layer,
allowing the reagent stream to enter the droplet over a short
period of time. The process is highly robust and allows
controlled addition of femtolitre-picolitre volumes at kilohertz
rates. To reduce the probability of droplet fusion during
picoinjection, a grounding electrode that acts as a shielding
electrode is employed.”™" The final module has a similar
structure to the second module and provides for the
controllable incubation of droplets for periods up to 20 minutes
after picoinjection.

Biosynthetic system

To prove principle, we focused our attention on glycan
processing enzymes of the ER and early Golgi glycosylation
machinery. While ERMan I hydrolyses one terminal Mannose
on the N-linked glycan ManyGlcNAc, down to MangGlcNac,,
GM I can hydrolyse the glycan further to yield Mans-

o
GM I ...
°
ERM1I GM 1

Asn ; Asn Asn
& . O -i- I>&)
PDI PDI PDI
ManyGIcNAc, MangGIcNAc, Man;GIcNAc,

® GIcNAc @ Man é"& Glycoprotein

Fig. 3 Enzymatic reactions of the biosynthetic system studied. The
ER-resident mannosidase ERMan | preferentially hydrolyses a terminal
mannose on the substrate MangGlcNAc, yielding MangGlcNAc,. In
contrast, the Golgi mannosidase | (GM 1) is able to hydrolyse Mang-
GlcNAc, to MansGlcNAc,, but with a slow hydrolysis of the first
terminal mannose.
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GlcNAc,,"** as shown in Fig. 3. Due to the fact that the ER
and Golgi are separated in living systems, a combined mode
of action is possible where ERMan I cleaves off a first
mannose in the ER, with GM I subsequently trimming the
glycan further within the Golgi apparatus. Additionally, it
should be noted that prolonged incubation of MangGlcNAc,
with ERMan I can lead to further mannose trimming
in vitro.**

First, the glycoprotein substrate (PDI) was expressed in
presence of the o-1,2-mannosidase inhibitor (kifunensine) to
yield homogeneously glycosylated PDI bearing the N-linked
ManyGlcNAc, structure. For simplicity, we focused our
analysis on glycosylation site 2 of PDI. Enzymatic assays were
performed entirely within the microfluidic device and
followed by droplet collection and protein precipitation off-
chip. Glycosylation patterns were then analysed by tandem
mass spectrometry (MS/MS).

Microfluidic mimicking of the glycosylation machinery

As described, we first validated our microfluidic platform by
performing the enzymatic reactions shown in Fig. 3 within a
first-generation microfluidic device shown in Fig. S4.} First,
PDI was co-encapsulated with either ERMan I or GM I at the
flow focusing geometry, while a blank buffer solution was
used in the picoinjector leading to a total incubation time of
18 minutes. The resulting glycosylation patterns for
glycosylation site 2 of PDI are shown in Fig. 4A. As expected,
incubating PDI with ERMan I inside droplets yielded Mang-
GIcNAc, as the dominant N-linked glycan. The incubation of
PDI and GM I yielded a more heterogeneous glycosylation
pattern, with a slow trimming of the first mannose, but
accelerated trimming of further mannoses. As a control and
to exclude any effects that picoinjection may have on enzyme
reactivity, droplets containing the PDI substrate without
glycosylation enzymes were picoinjected with ERMan I and
GM 1. The resulting glycosylation pattern shown in
Fig. 4B(left) indicates that picoinjection has a negligible
effect on enzyme activity. The slightly reduced processing of
ManyGlcNAc, by ERMan I can be explained by the shorter
incubation time of 8 minutes due to the absence of enzyme
in the droplets during the first incubation module. We
subsequently used the final microfluidic device shown in
Fig. 2 to mimic the early steps of N-linked glycan processing
by the glycosylation machinery. In this proof-of-concept, we
investigated the sequential actions of ERMan I and the Golgi
resident GM 1. Compartmentalization inside droplets ensured
their spatial and temporal separation, with droplets
containing the PDI substrate and ERMan I being initially
incubated on-chip for 10 minutes. The subsequent addition
of GM I being achieved by picoinjection was followed by the
second incubation for 20 minutes. As shown in Fig. 4C, the
combined and sequential action of the two glycosylation
enzymes greatly enhances the hydrolysis of MangGlcNAc,,
with MangGlcNAc, and Man;sGlcNAc, being the dominant
hydrolysis products. These findings suggest increased

Lab Chip, 2025, 25,1907-1917 | 1913
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Fig. 4 Protein glycosylation patterns after glycosylation reactions on-
chip. (A) Co-encapsulation of the glycoprotein substrate PDI-Mang-
GlcNAc, (PDI reference) with glycosylation enzymes ERMan | and GM
I. (B) Picoinjection of ERMan | or GM | into droplets containing PDI
instead of initial co-encapsulation of enzyme with PDI. (C) Mimicking
in vitro the in vivo glycosylation pathways by co-encapsulation and
incubation of PDI with ERMan | followed by picoinjection of GM | and
subsequent incubation. As a negative control the glycosylation of PDI
after co-encapsulation and incubation of PDI with ERMan | and
subsequent picoinjection of blank enzyme buffer is shown.

reaction kinetics of GM I for the conversion of Man,GlcNAc,
to MangGlcNAc, and MansGlcNAc,, which is in good
agreement with recent investigations into the reaction
kinetics of the employed glycosylation enzymes.

4. Discussion

In the current study, we have presented a droplet-based
microfluidic platform able to mimic the transition between the
ER and early Golgi by controlling the spatiotemporal separation
of enzymatic reactions with ER and Golgi resident
mannosidases. When mimicking mammalian glycosylation, it
is important to consider that glycosylation enzymes are sensitive

1914 | Lab Chip, 2025, 25,1907-1917
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to environmental conditions and produced at relatively low
concentrations in cell culture. This dictates that enzymes should
only minimally interact with substrate material of the
microfluidic device to avoid their depletion. Any biofouling
alters reaction composition in the microfluidic system, which in
turn alters or prevents enzymatic reactions. The use of droplet-
based microfluidics addresses this issue in part by
encapsulating enzymatic reactions and minimizing the
interaction between enzyme and microfluidic channel surfaces.
However, prior to droplet formation both enzyme and substrate
contact the microfluidic channel walls. Such residual biofouling
can have severe effects, especially or when processing sensitive
enzymes or working with low enzyme concentrations.
Accordingly, PDMS is poorly suited for wuse in such
investigations due to its propensity to biofoul. Instead, we
fabricated of PTFE-based microfluidic devices, provides access
to a far wider range of glycosylation reactions. Although the
developed microfluidic platform is able to mimic aspects of the
early Golgi-linked glycosylation machinery, the capacity to
control molecular fluxes spatially and temporally, means that it
can be easily adapted to investigate other parts of the
glycosylation machinery and more complex enzymatic networks.
For example, the current platform could be extended to
incorporate further enzymatic reactions such as those involving
glycosyl transferases. Picoinjection could be used to supply
reaction droplets with glycosyl transferase (GnT I) and its
corresponding saccharide substrate (UDP-GIcNAc). Here, the
attachment of a first GIcNAc to the N-linked glycan is crucial in
forming hybrid and complex N-linked glycans.”*~>* Picoinjection
of kifunensine at varying concentrations could then be used to
inhibit glycan trimming by preceding a-1,2-mannosidases.
Additionally, enzymes could be removed from droplets using
the enzyme's Strep II tag, available in the employed expression
system of the glycoenzyme repository.”> Here, magnetic
nanoparticles functionalized to bind the Strep II tag could be
picoinjected into the droplets, with enzyme-nanoparticle
complexes subsequently being removed through the use of
magnetic fields and asymmetric droplet splitting as described
by Choi and co-workers.>® Alternatively, enzyme nanoparticle
conjugations could be used to perform glycosylation reactions.
From an analytical standpoint, further insight would be gained
through expanding the analyzed glycosylation patterns to other
glycosylation sites. In the current study, we focused our analysis
on glycosylation site 2 of PDI. Extension to the other four
glycosylation sites of PDI would likely yield additional
information about surface-specific enzyme-protein
interactions. Finally, our work can also be seen in light of
recent advances where microfluidic systems have been used to
synthesize glycoproteins.*® For example, by combining our work
with such advances, one could possibly synthesize glycoproteins
in vitro and subsequently study their processing within an
integrated microfluidic platform. Finally, enzyme-functionalized
magnetic nanoparticles could be co-encapsulated with the
reactants in our microfluidic platform. Using asymmetric
droplet splitting, one could then also regenerate the precious
enzymes for further experiments.

12,14
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Abbreviations

Asn Asparagine

BSA Bovine serum albumin

ER Endoplasmic reticulum
ERMan I ER mannosidase I

Gle Glucose

GIcNAc  N-Acetylglucosamine

GM 1 Golgi mannosidase I

Man Mannose

MS Mass spectrometry

MS/MS  Tandem mass spectrometry
OSsT Oligosaccharyltransferase
PBS Phosphate buffered saline
PDI Protein disulfide isomerase
PDMS Polydimethylsiloxane

PTFE Polytetrafluorethylene

Ser Serine

sfGFP Superfolder green fluorescent protein
Thr Threonine
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