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Abstract
On-chip glycan biosynthesis is an effective strategy for preparing useful complex glycan sources and for
preparing glycan-involved applications simultaneously. However, current methods have some limitations
when analyzing biosynthesized glycans and optimizing enzymatic reactions, which could result in
undefined glycan structures on a surface, leading to unequal and unreliable results. In this work, a novel
glycan chip was developed by introducing a pH-responsive i-motif DNA linker to control the
immobilization and isolation of glycans on chip surfaces in a pH-dependent manner. On-chip enzymatic
glycosylations were optimized for uniform biosynthesis of cancer-associated Globo H hexasaccharide
and its related complex glycans through stepwise quantitative analyses of isolated products from the
surface. Successful interaction analyses of the anti-Globo H antibody and MCF-7 breast cancer cells with
on-chip biosynthesized Globo H-related glycans demonstrated the feasibility of the structure-switchable
DNA linker-based glycan chip platform for on-chip complex glycan biosynthesis and glycan-involved
applications.

Introduction
Reagents
Reagents
- Poly(ethylene glycol) methyl ether thiol (Sigma-Aldrich, cat. no. 729108)
- 1,4-dithiothreitol (Roche, cat. no. DTT-RO)
- 4-(dimethylamino)pyridine (Sigma-Aldrich, cat. no. 107700)
- 2,2-dimethyoxy-2-phenylacetophenone (Sigma-Aldrich, cat. no. 196118)
- Uridine 5’-diphospho-N-acetylgalactosamine disodium salt (Sigma-Aldrich, cat. no. U5252)
- Uridine 5’-diphosphogalactose disodium salt (Sigma-Aldrich, cat. no. U4500)
- Biotinylated Griffonia simplicifolia isolectin B4 (Sigma-Aldrich, cat. no. L2140)
- Sodium phosphate (Sigma-Aldrich, cat. no. 342483)
- Deuterium oxide (Sigma-Aldrich, cat. no. 151882)
- Sodium chloride (Sigma-Aldrich, cat. no. S9888)
- Triethylamine (Sigma-Aldrich, cat. no. 8.08352)
- Sodium hydroxide solution (50% w/w/Certified) (Fisher Chemical, cat. no. SS254)
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- Acetonitrile (HPLC) (J. T. Baker, cat. no. 9017-03)
- Water (HPLC) (J. T. Baker, cat. no. 4218-03)
- Acetic acid, glacial (J. T. Baker, cat. no. 9515-03)
- Thiol-modified oligonucleotides (Integrated DNA Technologies, custom order)
- Cytidine-5’-monophospho-N-acetylneuraminic acid sodium salt (GeneChem, cat. no. GCBN0016)
- Pasteurella multocida α-2,3-sialyltransferase (GeneChem, cat. no. GCBE0150)
- Guanosine 5’-diphospho-β-L-fucose disodium salt (Chemily Glycoscience, cat. no. SN02002)
- E. coli recombinant β-1,3-N-acetyl-galactosaminyltransferase from Neisseria meningitides (Chemily
Glycoscience, cat. no. EN01031)
- E. coli recombinant α-1,4-galactosyltransferase from Neisseria meningitides (Chemily Glycoscience, cat.
no. EN01006)
- E. coli recombinant α-1,2-fucosyltransferase from Helicobacter mustelae (Chemily Glycoscience, cat. no.
EN01023)
- 1-O-Allyl-D-lactose (Carbosynth, cat. no. OL46564)
- Ricinus communis agglutinin I (RCA120), Biotinylated (Vector laboratories, cat. no. B-1085-5)
- Soybean Agglutinin (SBA), Biotinylated (Vector laboratories, cat. no. B-1015-5)
- Lotus tetragonolobus Lectin (LTL), Biotinylated (Vector laboratories, cat. no. B-1325-2)
- Maackia Amurensis Lectin II (MAL II), Biotinylated (Vector laboratories, cat. no. B-1265-1)
- Alexa Fluor® 647 conjugated streptavidin (ThermoFisher, cat. no. A16791)
- Calcein AM (Thermo Fisher Scientific, cat. no. A36092)
- SSEA3 Monoclonal Antibody, DyLight 650 (Invitrogen, ThermoFisher, cat. no. MA1-020-D650)
- SSEA4 Monoclonal Antibody, DyLight 650 (Invitrogen, ThermoFisher, cat. no. MA1-021-D650)
- Globo H Monoclonal Antibody (VK9) (Invitrogen, ThermoFisher, cat. no. 14-9700-37)
- Anti-Gb3 Monoclonal Antibody (Tokyo Chemical Industry, cat. no. A2506)
- Goat Anti-Mouse IgG H&L (Alexa Fluor® 647) (abcam, cat. no. ab150115)
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- MCF7 (ATCC, cat. no. ATCC®HTB-22)
- MCF 10A (ATCC, cat. no. ATCC®CRL-10317)
- HyClone™ fetal bovine serum (FBS) (GE Healthcare Life Sciences, cat. no. SH30919.03)
- HyClone™ penicillin streptomycin 100X solution (GE Healthcare Life Sciences, cat. no. SV30010)
- HyClone™ Trypsin 0.25 % (1X) solution (GE Healthcare Life Sciences, cat. no. SH30028.02)
- HyClone™ Dulbecco's phosphate buffered saline (DPBS), modified (GE Healthcare Life Sciences, cat. no.
SH30042.01)
- HyClone™ Dulbecco's modified Eagle’s medium (DMEM), high glucose (GE Healthcare Life Sciences, cat.
no. SH30243.01)
- MEGMTM Mammary Epithelial Cell Growth Medium BulletKitTM (Lonza, cat. no. CC-3150)

Reagent setup
- Phosphate-buffered saline (PBS) buffers (pH 4.5 and pH 9.0):
o Dissolve 100 mM sodium phosphate and 1 M NaCl in ultrapure water and adjust pH to 4.5 and 9.0.
- Blocking solution:
o Dissolve 1 mM poly(ethylene glycol)methyl ether thiol in PBS buffer (pH 4.5).
- Hybridization solution:
o Dissolve 1 mM poly(ethylene glycol)methyl ether thiol in PBS buffer (pH 9.0).
- 1X saline-sodium citrate (SSC) solution:
o Dissolve 150 mM NaCl and 15 mM sodium citrate in ultrapure water and adjust pH to 7.0.
- Washing buffer I:
o Dissolve 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, and 0.5% (v/v) Tween 20 in
ultrapure water and adjust pH to 7.5.
- Washing buffer II:
o Dissolve 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4 in ultrapure water and
adjust pH to 7.5.
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- 1 M Triethylammonium acetate:
o Add 139.4 mL trimethylamine in 800 mL ultrapure water and stir in ice bath.
o Add 57.2 mL glacial acetic acid and stir for several hours.
o Adjust pH to 7.01 with acetic acid and store in refrigerator.

Equipment
- Supelclean ENVI-Carb SPE Tube (Sigma-Aldrich, cat. no. 57109-U)
- Gene Frame, 25 uL (1.0 x 1.0 cm) (ThermoFisher, cat. no. AB0576)
- Illustra™ NAP-10 Column (GE Healthcare, cat. no. 45-000-153)
- UVP Blak-Ray® XX-15 L UV bench lamp (Analytik Jena, cat. no. 95-0042-07)
- Falcon® 75cm² Rectangular Canted Neck Cell Culture Flask with Vented Cap (CORNING, cat. no.
353136)
- 96 Well Cell Culture Plate (Non-treated) (SPL, cat. no. 32096)

Procedure
Synthesis of glycan-oligonucleotide conjugate
1. Pretreat thiol-modified single-stranded oligonucleotides with 1,4-dithiothreitol.
2. Mix single-stranded oligonucleotides (100 nmol, 1 equiv.), 1-O-allyl-D-lactose (100 nmol, 1 equiv.), and
photoinitiator (10 nmol, DMPA) in 1 mL of deionized water.
3. Stir the mixture under UV light (365 nm) using UVP Blak-Ray® XX-15 L UV bench lamp for 2 h.
4. Purify the mixture by normal-phase high-performance liquid chromatography (HPLC; Gilson) with an
LC-321 and OD-300 column (4.6 mm × 250 mm; PerkinElmer) using a linear gradient of acetonitrile (25100% (v/v)) in 0.1 M triethylammonium acetate (pH 7.0).

Fabrication of DNA-based glycan chip platform
1. Dissolve single-stranded i-motif DNA in printing buffer (PBS buffer, 10% (v/v) N,N-dimethylformamide;
pH 4.5) to a final concentration of 70 μM.
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2. Spot the i-motif DNA solution on gold-coated glass slide using a Microssys 5100 microarrayer
(Cartesian Technologies) with a Chip Maker 2 pin.
3. Incubate the slide for 12 h under 75% humidity.
4. Treat the slide with blocking solution.
5. Rinse the slide twice with PBS buffer (pH 4.5) and once deionized water.
6. Dry the slide by centrifugation at 213 × g for 3 min.
7. Treat i-motif DNA-immobilized chip with 40 μL of hybridization solution (pH 9.0) containing 1 nmol
lactose-oligonucleotide conjugates and agitate gently the slide for 3 h.
7. Wash the slide with 1X SSC solution with 0.2% (w/v) sodium dodecyl sulfate (SDS), 0.1X SSC solution
with 0.2% (w/v) SDS, 0.1X SSC solution, and deionized water for 1 min each.
8. Dry the slide by centrifugation at 213 × g for 3 min.

Condition optimization for on-chip enzymatic synthesis of Globo H series
1. Prepare lactose disaccharide-immobilized slides as described above.
2. Divide lactose disaccharide-immobilized surface into several blocks using Gene Frame.
3. Drop solution of enzymes (4 mU) and nucleotide donors (10 mM) into all blocks to synthesize Globo H
series from surface-immobilized lactose disaccharide in consecutive order.
4. Incubate each slide at 37 °C for 12 h, 24 h, 48 h, and 72 h in a humidified chamber.
5. Wash the slide once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
6. Drop PBS buffer (pH 4.5) onto the chip where enzymatic glycosylation was carried out.
7. Incubate at room temperature for 2 h.
8. Collect the solutions and desalt them using an NAP-10 column.
9. Evaporate the eluted products.
10. Analyze the products by liquid chromatography with a CarboPac PA100 column and an Ag/AgCl
reference electrode using isocratic elution mode with 100 mM sodium hydroxide.
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11. Place the Envi-Carb SPE column in a 15 mL conical tube to purify the eluted sample by solid-phase
extraction chromatography.
12. Equilibrate the Envi-Carb column using 80% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid and
ultrapure water.
13. Spin at 60 × g for 50 s.
14. Add a 1 mL sample to the Envi-Carb column.
15. Wash the column with 2 mL of ultrapure water, 2 mL of 25% (v/v) acetonitrile, 1 mL of ultrapure water,
and 2 mL of 10 mM triethylammonium acetate (pH 7.0) sequentially.
16. Elute the final product with 2 mL of 25% (v/v) acetonitrile in 50 mM triethylammonium acetate (pH
7.0) and collect the product.
17. Dry the product to remove the solvent.
18. Dissolve the product in D 2O and measure nuclear magnetic resonance (NMR).

Assessment of enzymatic glycosylation using sugar-specific binding lectins.
1. Prepare the slides in which enzymatic glycosylations are sequentially completed.
2. Incubate the slides for 1 h with complexes of biotinylated GS-IB4, RCA120, SBA, LTL, and MAL II labeled
by streptavidin-Alexa Fluor® 647 to assess the products of enzymatic reactions.
3. Wash the slides once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
4. Scan the slides using laser scanner for image acquisition.

Determination of enzyme glycosylation using sugar-specific binding antibodies
1. Prepare the slides in which enzymatic glycosylations are sequentially completed under optimized
reaction conditions.
2. Incubate the slides for 1 h with DyLight 650-conjugated anti-Gb5 monoclonal antibody, DyLight 650conjugated anti-SSEA-4 monoclonal antibody and complexes of anti-Globo H monoclonal antibody (VK9)
and anti-Gb3 monoclonal antibody labeled by goat anti-mouse IgG H&L-Alexa Fluor® 647 to determine
whether there were unreacted starting glycans on the chip after each enzymatic reaction.
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3. Wash the slides once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
4. Scan the slides using laser scanner for image acquisition.

On-chip enzymatic synthesis of Globo H hexasaccharide series from surface-immobilized lactose
1. Divide lactose disaccharide-immobilized surface into five different blocks using Gene Frame.
2. Drop a 25 μL solution of LgtC (4 mU), UDP-Gal (10 mM), Tris-HCl (100 mM; pH 7.0), and MgCl2 (10
mM) into all five blocks.
3. Incubate at 37 °C for 48 h in a humidified chamber.
4. Wash the slide once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
5. Drop a 25 μL solution of LgtD (4 mU), UDP-GalNAc (10 mM), Tris-HCl (100 mM; pH 7.0), and MgCl2 (10
mM) into four blocks of Gb3 trisaccharide-synthesized five blocks.
6. Incubate at 37 °C for 48 h in a humidified chamber.
7. Wash the slide once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
8. Drop a 25 μL solution of LgtD (4 mU), UDP-Gal (10 mM), Tris-HCl (100 mM; pH 7.0), and MgCl2 (10
mM) into three of four Gb4 tetrasaccharide-synthesized blocks.
9. Incubate at 37 °C for 72 h in a humidified chamber.
10. Wash the slide once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
11. Drop a 25 μL solution of α1,2-FucT (4 mU), GDP-Fucose (10 mM), Tris-HCl (100 mM; pH 7.0), and
MgCl2 (10 mM) into one of three Gb5 pentasaccharide-synthesized blocks and a 25 μL solution of α2,3SialT (4 mU), CMP-Neu5Ac (10 mM), Tris-HCl (100 mM; pH 7.5), and MgCl2 (20 mM) into one of three Gb5
pentasaccharide-synthesized blocks.
12. Incubate at 37 °C for 48 h in a humidified chamber.
13. Wash the slide once with washing buffer I and twice with washing buffer II and dry the slide by
centrifugation at 213 × g for 3 min.
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Fluorescence-activated cell sorting (FACS) analysis
1. Warm the following reagents at 37 °C.
a. Dulbecco's Modified Eagle Medium (high glucose) supplemented with 10% (v/v) heat-inactivated FBS,
100 U/mL penicillin, and 100 μg/mL streptomycin.
b. Mammary Epithelial Basal Medium, which contains bovine pituitary extract, hydrocortisone, human
epidermal growth factor, insulin, gentamicin, and amphotericin-B.
2. Seed MCF-7 breast cancer cells in 75 cm² culture flask filled with DMEM culture medium and MCF-10A
normal breast cells in 75 cm² culture flask filled with MEBM culture medium.
3. Incubate both cell lines at 37 °C in a humidified atmosphere of 5% CO2 and 95% air and subculture
them every 3 days.
4. Detached and centrifuge the cells.
5. Prepare dye-conjugated Globo H hexasaccharide
a. Mix Alexa Fluor® 488 hydrazide (1.75 μmol, 1 equiv.) and Globo H hexasaccharide (0.88 μmol, 0.5
equiv.) in 1 mL of 100 mM PBS buffer (pH 7.0).
b. Incubate the mixture at 37 °C for 6 h in a humidity chamber.
c. Measure liquid chromatography-mass spectrometry to confirm the reaction product.
6. Treat collected both cell lines with Alexa Fluor® 488-conjugated Globo H hexasaccharide in culture
medium at 37 °C for 1 h in a humidified atmosphere of 5% CO2 and 95% air.
7. Centrifuge each solution and remove the supernatant solution.
8. Wash the cells carefully with culture medium and DPBS.
9. Resuspend glycan-treated and nontreated cells in DPBS.
10. Place these cells into the wells of a noncoated 96-well plate.
11. Sort by FACS.

Interaction analysis of MCF-7 breast cancer and MCF-10A normal breast cells on the chip
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1. Culture MCF-7 breast cancer and MCF-10A normal breast cells as described above.
2. Treat both cell lines (4 ´ 105 cell/mL) with 4 nM calcein-AM in DPBS for 15 min.
3. Centrifuge each solution and remove the supernatant solution.
4. Wash the cells carefully with DPBS and culture medium.
5. Resuspend dye-treated cells in cell culture medium and apply these solutions onto the glycan chip at
37 °C for 1 h in a humidified atmosphere of 5% CO2 and 95% air.
6. Wash the chip carefully once with cell culture medium and twice with DPBS.
7. Scan the chip using laser scanner.

Quantitative analysis of the binding of MCF-7 cancer cells to Globo H hexasaccharide on the glycan chip
1. Prepare calcein-AM-treated MCF-7 and MCF-10A cells as described above.
2. Resuspend dye-treated cells in cell culture medium.
3. Mix these cells in three ratios (MCF-7 cells accounted for 100%, 50%, and 10%) and apply them onto
the glycan chip.
4. Wash the cells carefully with culture medium and DPBS.
5. Scan the chip using laser scanner.
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