
A Rapid Array-based Approach to N-glycan Profiling of Cultured 
Cells

Peggi M. Angel1,*, Janet Saunders1, Cassandra L. Clift1, Shai White-Gilbertson2, Christina 
Voelkel-Johnson2, Elizabeth Yeh1, Anand Mehta1, Richard R. Drake1

1,Department of Cell and Molecular Pharmacology & Experimental Therapeutics, Medical 
University of South Carolina, Charleston, SC

2,Department of Microbiology and Immunology, Medical University of South Carolina, Charleston, 
SC

Abstract

Typically, N-glycosylation studies done on cultured cells require up to millions of cells followed 

by lengthy preparation to release, isolate, and profile N-glycans. To overcome these limitations, 

we report a rapid array-based workflow for profiling N-glycan signatures from cells, adapted from 

imaging mass spectrometry (IMS) used for on-tissue N-glycan profiling. Using this approach, N-

glycan profiles from a low-density array of 8 cell chambers could be reported within four hours of 

completing cell culture. Approaches are demonstrated that account for background N-glycans due 

to serum media. Normalization procedures are shown. The method is robust and reproducible, 

requiring as few as 3,000 cells per replicate with 3–20% coefficient of variation to capture label-

free profiles of N-glycans. Quantification by stable isotopic labeling of N-glycans in cell culture is 

demonstrated and adds no additional time to preparation. Utility of the method is demonstrated by 

measurement of N-glycan turnover rates due to induction of oxidative stress in human primary 

aortic endothelial cells. The developed method and ancillary tools serve as a foundational 

launching point for rapid profiling of N-glycans ranging from high-density arrays down to single 

cells in culture.
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Introduction

N-glycosylation is a complex carbohydrate post-translational modification that modulates 

protein function, alters cell signaling, influences cell-cell and cell-extracellular matrix 

activity1–3. The process of N-glycosylation is a dynamic process involving metabolic, 

transcriptional and translational events, allowing for exquisite control of biological status3. 

More than half of the human proteome may be N-glycosylated based on the presence of the 
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N-glycan consensus sequence N-X-S/T≠P4; the consensus site may or may not be occupied 

dependent on the biology4–6. The presence or absence of specific N-glycoforms results in 

profound effects on cellular processes of invasion, metastasis, immune modulation, and 

differentiation7–9.

Within the past decade, imaging mass spectrometry (IMS) has been developed as a 

technique to understand N-glycan regulation in tissue10, 11. These studies have demonstrated 

that N-glycoforms may be used for prognostic and diagnostic markers of disease changing 

with cell status, disease progression, and useful for prediction of survival status10–18. 

However, once a distinct N-glycan has been identified as a biomarker or is modulated by 

specific biology or drug, there are limited approaches to understanding the cellular 

mechanisms of a target N-glycan. A main approach to N-glycan profiling of cells utilizes 

liquid chromatography coupled to mass spectrometry (LC-MS)19–21. A problem is that even 

for a simple profiling experiment, sample processing for LC-MS can be lengthy, requiring 

significant hands-on time and may require large numbers of cells. Alternatively, matrix-

assisted laser desorption/ionization (MALDI) mass spectrometry approaches to profiling N-

glycans mix the released N-glycans with matrix in solution, then spot onto a target for 

MALDI MS analysis. However, this approach still requires significant time for isolation of 

N-glycans and results in large variation in signal due to heterogeneous matrix-analyte 

crystallization. In cases where the research necessitates a survey of multiple cell 

experiments, the resources and time required can become restrictive. Efficiently and 

reproducibly defining the complexity of N-glycan synthesis, regulation, and function in 

cultured cells remains an ongoing analytical challenge in glycomics.

Here, we report a simple array-based method for N-glycan profiling of cultured cells that is 

adapted from imaging mass spectrometry workflows. Cells are cultured on a low density 

chamber slide array with 8 wells, followed by simple steps of fixation and delipidation. 

Deglycosylation is done by spraying PNGase F onto the cells, followed by N-glycan 

profiling using a MALDI imaging mass spectrometry platform. The method is robust and 

reproducible, requiring as few as 3,000 human cells per replicate to capture quantitative 

profiles of N-glycans. Supporting approaches are demonstrated that account for serum media 

contributions and allow normalization based on protein binding stains. We further show that 

the method is useful for stable isotopic labeling of N-glycans in cell culture. Utility of the 

method is demonstrated by measurement of N-glycan turnover due to oxidative stress in 

primary human aortic endothelial cells. It is anticipated that this method serves as a 

foundational launching point for high density array-based N-glycan profiling of cultured 

cells, useful for studies in basic, translational and pharmaceutical investigations on 

mechanisms of N-glycan function and regulation in cultured cells.

Methods

Cell culture.

All cells were cultivated on sterile 8-well Lab-Tek ® II Chamber Slide System (Electron 

microscopy, Hatfield, PA) according to manufacturer’s protocols (Supplemental Data 1). 

Cell types were human aortic endothelial cells (HAEC) derived from a 40-year-old male, 

HepG2/C3A cells, a clonal derivative of HepG2 cells derived from HepG2 hepatoblastoma 
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cells22, primary prostate adenocarcinoma (PPC1), Polynuclear Giant Cancer Cells (PGCCs) 

derived from PPC123, and the mouse 4T1 model stage IV human breast cancer cell line. For 

each cell type, cells were plated onto 8-well array, and allowed to adhere overnight at 

minimum prior to analysis. For 15N labeling of HAEC N-glycans, L-glutamine (Amide-15N, 

98%+, Cambridge Isotope Laboratories, Inc) was substituted for 14N glutamine in complete 

media. For 15N labeling under oxidative stress, cells were plated into cell chambers, allowed 

to adhere overnight, followed by cultivating for up to one week in 15N media spiked with 50 

μM H2O2 or in 15N media untreated. Media was changed daily.

Imaging Mass Spectrometry Sample Preparation of Cultured Cells

Cell media was removed from the array, cells were washed three times in cold PBS and 

fixed in neutral buffered formalin for 20 minutes. Cell chambers were removed and arrays 

incubated in Carnoy’s Solution (10% glacial acetic acid, 30% chloroform, 60% 200 proof 

ethanol) for three minutes without mixing or agitating the array. Arrays were removed from 

the solution, placed flat on the benchtop and allowed to air dry, typically taking 3 minutes to 

dry in a standard laboratory benchtop hood. Carnoy’s Solution wash was repeated a total of 

three times, air-drying in between each wash. Arrays were either stored in a desiccator, 

freezer, or immediately deglycosylated. Microscopy imaging was done using an EVOS 

imaging system (Fisher Scientific).

Deglycosylation was done by spraying each array with PNGase F Prime (Bulldog Bio) using 

an M3 TM-Sprayer (HTX Technologies) with 10 passes at 25 μL/min, 1200 mm/s, 45°C, 3 

mm spacing between passes with 10 psi nitrogen gas and incubated for 2 hours at 37°C and 

≥80% relative humidity. MALDI matrix α-cyano-4-hydroxycinnamic acid (CHCA, Sigma; 

50% acetonitrile/0.1% trifluoroacetic acid) was sprayed onto the cells with an M3 TM-

Sprayer (HTX Technologies) using 10 passes at 70 μL/min, 1300 mm/s, 79°C, 2.5 mm 

spacing between passes and 10 psi nitrogen gas. Two passes of ammonium phosphate 

monobasic (5 mM) were applied to limit matrix cluster formation that suppressed signal. 

This was done at 70 μL/min, 1300 mm/s, 60°C, 3 mm spacing between passes and 10 psi 

nitrogen gas.

Normalization was done post-acquisition using an approach developed in the current study 

towards protein quantification on a solid surface. Briefly, MALDI matrix was removed after 

data acquisition by incubating 1 minute in 100 % ethanol, repeating once. The arrays were 

washed four times with PBS, gently tapping excess liquid off between each wash. A rapid 

dip (<1 second) in HPLC-grade H2O was required remove salts, followed by air-drying. 

Arrays were placed in a microscope slide mailer filled 80% with Simply Blue Stain (Thermo 

Fisher Scientific) and incubated for 1 hour. Arrays were rinsed twice with PBS and stored in 

PBS until imaging. Brightfield slide scanning was used to capture stained images of cells 

using a Nanozoomer slide scanner at 20X (Hamamatsu). Quantitative densitometry was 

done using an Odyssey Imaging system (Li-Cor Biosciences) to scan slides at 700 nm with 

an 84 μm scan line resolution. Images were analyzed using Image Studio (Li-Cor 

Biosciences) or ImageJ software24.

Angel et al. Page 3

J Proteome Res. Author manuscript; available in PMC 2020 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mass Spectrometry Profiling

N-glycans were profiled as image data of array chambers using a Fourier Transform Ion 

Cyclotron Resonance Mass Spectrometer (FT-ICR; 7 Tesla solariX™, Bruker Scientific, 

LLC) equipped with a MALDI source. Transients of 512 kiloword were acquired in 

broadband positive ion mode over m/z 500–5,000, with a calculated on-tissue mass 

resolution at full width half maximum of 81,000 at m/z 1400. Data for each pixel was 

collected with a total of 300 laser shots rastered over a 300 μm diameter area. Mass accuracy 

during acquisition was maintained at 10 ppm by lockmass on primary N-glycan peak m/z 

1663.5814 (composition Hex5HexNAc4 + 1Na).

Data Analysis

Image data was uploaded into SCiLS 2019c Pro (Bruker Scientific, LLC). Recalibrated 

peaks (DataAnalysis 5.0, Bruker Scientific, LLC) were matched within ± 3 ppm to an in-

house database of N-glycoforms and exported as peak areas. Extracted peak areas were 

visualized after natural log transformation with MultiExperiment Viewer (http://

www.tm4.org/).25 Serum media profiles were subtracted from cell profiles using mMass26 or 

DataAnalysis 5.0 (Bruker Scientific, LLC). Serum media profiles were also segmented out 

by hierarchical clustering based on spatial localization to the media blank well using SCiLS 

2019c Pro (Bruker Scientific, LLC). Extracted data as peak areas or intensities were further 

analyzed using GraphPad 8.0, comparing significance in expression levels by Mann-

Whitney exact p-values corrected for multiple comparisons using the method of Benjamini, 

and Hochberg27.

Results

A rapid array-based workflow for N-glycan profiling from cultured cells.

A method was developed for array-based N-glycan profiling of cultured cells, adapted from 

tools and protocols used for N-glycan profiling on tissue sections. Human aortic endothelial 

cells (HAEC) were used for initial method development, grown at 5,000 cells in monolayer 

to 45–60% cell confluency on chambered slides (Fig. 1A). Cells were fixed in place on the 

8-well array to minimize loss of cells during subsequent preparation steps. Delipidation by 

static incubation of the slide in Carnoy’s solution was a critical factor to detecting N-glycan 

signal. Cell morphology remained intact after dilipidation (Fig. 1B, C). Enzyme and matrix 

application used an automated sprayer. A total of 0.0069 mg/cm2 PNGAse F sprayed onto 

cells produced optimal N-glycan signal, a decrease of 33% compared to the 0.0104 mg/cm2 

required for tissue spraying10, 28. A 20% decrease of MALDI matrix from 2.585 mg/cm2, to 

1.508 mg/cm2 MALDI matrix produced optimal N-glycan signal from cells compared to on-

tissue application for N-glycans at 2.585 mg/cm2. Sensitivity of N-glycan detection was 

increased by applying a buffer solution of ammonium phosphate monobasic (AP) onto the 

matrix-coated slide to reduce matrix-cluster formation. Dipping the array into the AP 

solution resulted in the hydrophilic N-glycan signal observed outside of chambered wells, 

thus the automated sprayer was also used to apply AP onto the slides. N-glycans could be 

analyzed immediately after spraying AP or the prepared array could be stored for up to 7 

days in a vacuum desiccator. Overall, the general workflow took approximately 5 hours for 

four arrays containing 8 chambers each, effectively 32 experiments per 4 arrays, including 
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one hour of MS analysis. Not counting automated spraying time, incubation and MS 

analysis, hands-on time was approximately 1.5 hours. It is feasible to accomplish N-glycan 

analysis of 88 cell chambers (11 arrays/8 chambered wells each) in one day with overnight 

MS analysis.

Media N-glycan measurements are reproducible and allow determination of media 
contribution to cell N-glycan profiles.

Cell culture typically uses animal sera, e.g., fetal bovine serum (FBS), which contains 

proteins that are also N-glycosylated. All analyses on cells cultured with serum included a 

well that was a serum media blank to aid in determining serum contributions. Testing of 

serum media blanks produced reproducible N-glycan signal, which could be used to account 

for N-glycan contributions from serum media (Fig. 2A). Interestingly, the contribution of 

serum media was not removed during washing using aqueous or organic based solutions; 

this may be dependent on the soda lime (CaHNaO2) surface chemistry of the array. Serum 

media measurements were highly reproducible (≤3% CV, Fig. 2B) regardless of different 

amounts of media placed in each chamber, suggesting that serum media glycoproteins were 

binding to the surface of the slide. Two ways to differentiate serum N-glycans from cellular 

N-glycans were assessed. First, since serum media measurements were highly reproducible, 

media contributions could be accounted for by subtracting of the media as a background 

signal (Fig 2C, D). A second approach for serum media contribution leveraged the image 

aspect of the data. Hierarchical spectral clustering was used to calculate peaks localizing 

only to serum media blanks (Fig 2E-H). Peaks detected only in serum media blanks formed 

unique spectral signatures that could be subtracted from cells upon exporting peak area or 

intensity. The use of high mannose Man5–9 N-glycans was helpful in assessing subtraction 

or data integrity of the hierarchical clustering. Overall, serum N-glycans were detected as a 

reproducible and constant background from sera containing media and this is what allows a 

serum media background to be accounted for during N-glycan profiling of cells.

Normalization by staining of cellular proteins.

Protein regulation may occur independent of N-glycan regulation and thus N-glycomic 

studies normalize to protein expression. We investigated approaches for normalization 

(Figure 3) that incorporated protein-binding stains. Coomassie G-250 stain (abbreviated as 

Coomassie), a stain known for decades as quantitative with protein expression and used for 

proteomic studies29, 30, was determined to be a quantitative and reproducible normalization 

approach. Cells in the array were stained with Coomassie after MS data acquisition. Amount 

of protein stain could be detected using an infrared (IR) imaging system or brightfield 

microscopy (Fig. 3B-D). IR signal due to Coomassie protein binding was linear with cell 

densities of 1.5 – 6.1 cells/mm2 (R2=0.9950) (Fig. 3E, F). Normalization was assessed using 

IR data that showed normal variation due to cell growth conditions varying by 2,500 to 

5,000 cells (Fig. 3G). A normalization factor of IR signal multiplied by number of spectral 

counts per well was found to reduce variability up to 12% CV based on evaluation of high 

mannose N-glycans (Fig. 3E). We observed that regardless of normalization factor used, 

some data demonstrated a very small increase in variation (see Man6, Fig. 3G). This was 

determined to be due to variability at lower peak areas correlating with lower cell density 

and could not be excluded as outlier data. To summarize, array detection of Coomassie 
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protein binding staining applied post-acquisition provides an accessible normalization factor 

from the same cells that are profiled for N-glycan signal that is quantitative down to cell 

densities of 1.5 cell/mm2 and may be used to minimize variability.

N-glycan profiling of different cultured cell types.

N-glycan profiling tested across cell types grown as 8-chamber arrays demonstrated unique 

and complex N-glycan profiles per cell type (Fig. 4). Initial N-glycan profiling of 5,000 

HAEC at approximately 45% confluency illustrated abundant signal from branched N-

glycans (3.08 cells/ mm2) (Fig. 4A, B). N-glycan profiles were reproducible, the majority of 

which were ≤10% CV (Figure 4B,D).Tests measuring N-glycan signal with increasing 

HAEC cell numbers demonstrated that numbers of cells beyond 10,000 in the 0.7 × 0.7 cm2 

chambers resulted in apparent suppression of N-glycan signal (Supplemental Figure 1). N-

glycan profiling of other cell types included human and mouse cells grown with serum-

containing media and one cell line grown at endpoint in serum-free media (HepC3A) (Fig. 

5E–G). Significantly, N-glycan profiles from different cell types were collected at their 

normal confluency required for biological studies. Plated cell counts ranged from 3,000–

10,000 cells per well. A total of 70 N-glycoforms were detected in common after serum 

media subtraction from cell types including the mannose series Man5-Man9, bi-tri- and 

tetra-antennary, with variations on fucose and sialic acid residues (Supplemental Table 1). 

Overall, the approach allowed rapid detection and measurement of complex N-glycan 

profiles across species, cell types, and culture conditions without change to normal 

conditions required for cell culture.

Stable isotopic labeling of N-glycans by Isotopic Detection of Aminosugars With 
Glutamine (IDAWG).

As further proof of concept for detection of cellular patterns of N-glycosylation, the stable 

isotopic labeling by amino acids in cell culture (SILAC) was tested by incorporating 15N 

into N-glycan structures using the Isotopic Detection of Aminosugars With Glutamine 

(IDAWG) labeling approach31, 32. In the IDAWG approach, the 15N stable isotope is 

localized to the amide in the essential nutrient glutamine. The use of 15N-amide glutamine in 

cell media thus incorporates a 15N label into all N-acetylglucosamine, N-

acetylgalactosamine, and N-acetyl-neuraminic acids. IDAWG applied for one week to 

10,000 HAEC in cell culture with a confluency of around 55% demonstrated >95% 

incorporation of the 15N label into the N-glycan m/z 1809.6393 (composition 

Hex5dHexHexNAc4 + 1Na) (Fig. 5A-D). The IDAWG tag was detected well above noise in 

single pixels, suggesting that it may be possible to measure N-glycan turnover of single cell 

types (Fig. 5E). Importantly, the use of the IDAWG tag did not add to the sample preparation 

time required for mass spectrometry. A generalized conclusion was that stable isotopic 

labeling could be easily detected by mass spectrometry profiling of cells down to single 

spectra without altering normal cell culture conditions.

Measurement of N-glycan turnover rates due to oxidative stress using IDAWG labeling.

One advantage of the developed approach was that cellular incorporation of the IDAWG 

label was measured independently, contrasting with conventional SILAC LC-MS methods 

that typically mix equal ratios of labeled cells. We hypothesized that the independent 
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collection of stable isotopic label incorporation would facilitate array-based measurement of 

N-glycan turnover rates since the rate of 15N incorporation to a single N-glycan corresponds 

to synthesis of a new 15N labeled N-glycan. As proof of principle, IDAWG was used to 

measure the N-glycan turnover due to oxidative stress conditions applied to HAEC in 

culture. Oxidative stress (OS) was induced over a time course using 50 μM hydrogen 

peroxide in cell culture media compared to an untreated control group that was also 15N 

labeled (Fig. 6). Higher levels of hydrogen peroxide (≥75 μm) produced significant levels of 

cell death. Initial low levels of 15N incorporation (7% 15N) showed up to 20% CV, which 

dropped to around 10% when measuring incorporation of 32% or more 15N label (Fig. 6A, 

B). This was consistent with label free measurements where low abundant peaks showed 

higher variability. Array-based data of the time course illustrates the dramatic differences in 
15N incorporation due to oxidative stress conditions (Fig. 6C). High mannose N-glycans 

showed four times faster turnover rates compared to untreated cells at 15 hours of treatment 

and complete turnover (e.g., incorporation of ≥90% of the 15N label) by 4 days of oxidative 

stress. Interestingly, Man9-Man7 N-glycans were detected with significantly higher rates of 
15N incorporation than untreated HAEC. At the same time, Man6 and Man5 demonstrated 

equalization of mannose trimming between untreated and the oxidative stress condition. We 

suggest that these differences in rates may reflect a higher unfolded protein response due to 

OS treatment, with proteins that are incorrectly folded being shunted off for degradation. 

Indeed, transcription levels of CHOP increased in the OS treated cells compared to the 

untreated cells, along with increases in TGFβ1 and COL1A1 that suggested processes of 

differentiation were occurring (Supplemental Figure 2). Additionally, we found that array-

based N-glycan profiling could detect the emergence of new N-glycan synthesis due to OS 

(Fig. 7). A peak consistent with seven 15N labels on m/z 2830.999 (abbreviated m/z 2830) 

tetra-antennary, fucosylated and sialylated N-glycan increased 1.7-fold in expression level 

(p-value 3.0E-3) by 35 hours of OS treatment compared to the untreated cells (Fig. 7A, B). 

Over the time course of 95 hours, expression levels of m/z 2830 remained constant at a 10% 

incorporation of 15N7 (Fig. 7B) while OS treated HAEC demonstrated a 2.7-fold increase in 

the same N-glycan (p-value 2.0E-4). Additional investigation reported 14 N-glycoforms 

significantly increased by OS treatment at 35 hours (Supplemental Table 2). A point should 

be made that the preparation of 11 arrays with 8 wells each took around 6 hours and MS 

profiling was done overnight. In conclusion, IDAWG labeling combined with the array-

based approach allows rapid measurement of N-glycan turnover rates during biological 

studies.

Discussion

Analysis of changes in N-glycans in tissues associated with disease progression is an 

evolving area10–18. However, tools for investigating cellular mechanisms of a particular N-

glycan are limited, requiring a significant amount of processing time and large numbers of 

cells. In the current study, we establish foundational rapid array-based workflows for N-

glycan profiling of cultured cells. The approach was created by adapting tools used by 

imaging mass spectrometry workflows to use in MS scanning of cultured cells grown in 

arrays. A total of four laboratories provided cells in amounts from 2,500 to 10,000 for 

testing throughout the study, demonstrating robustness in the approach. We found that most 
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laboratories used a common source for low-density arrays of 8 cell chambers; this lower 

density array was used for method development. We expect that the approach will be readily 

adaptable to higher well density arrays with even lower cell numbers. Preparation techniques 

of delipidation (Fig. 1B,C) and deglycosylation (Fig. 4B) maintained cell morphology, 

supporting that high spatial resolution, high speed scanning imaging type instruments (≤1 

μm)33, 34 could be used to increase both spatial resolution and acquisition speed of single 

cell N-glycan profiles. The approach also stands to be highly automatable as the major 

portions of the workflow, spraying of enzyme, spraying of matrix, incubation for 

deglycosylation, and MS profiling are already automated and do not require significant 

hands-on interaction.

Several challenges were addressed during development of the method. First, the single cell 

layers presented a low amount of biological material that required unique approaches to 

increase sensitivity. For N-glycan profiling of cells, less enzyme (−33%) and less MALDI 

matrix (−20%) were used compared to what is used for tissue imaging of N-glycans10, 11. 

Second, for low abundant analytes matrix-cluster formation plays a known role in limiting 

analyte detection due to ion suppression35, 36. Ammonium phosphate monobasic (AP) has 

been used to reduce matrix cluster formation and improve detection of very low molecular 

amounts of peptides 36–38. Here, AP was applied as a spray to limited overwhelming matrix 

cluster formation without delocalization of N-glycans from chambered wells. Another 

challenge was determination of a way to differentiate serum media N-glycans from cellular 

N-glycans. We found that the constant serum media background could be subtracted using 

current software programs. Imaging mass spectrometry software could be used to determine 

serum media contributions by statistically clustering acquired spectra as derived from media 

or from cells. Imaging data was also useful as through array visualization, it allowed rapid 

assessment of whether or not a peak was also present in the media blank. A conclusion was 

that a serum media blank must be part of the array-based N-glycan profiling in order to 

account for serum media contributions. During the course of investigating ways to handle 

serum media contributions, we also found that serum media N-glycan profiles were highly 

reproducible. We therefore suggest that the adapted IMS approach may be useful as a quality 

control check on N-glycans derived from sera used in cell culture 39. The use of other types 

of solid surfaces compatible with cell growing, mass spectrometry high vacuum and without 

leachable chemicals could be options to limit media binding to the surface and minimize 

serum media signal. Finally, the last challenge was that even growth of the same cell type in 

different chambers could result in variability that affected analytical analyses. Here, we 

developed an approach to normalization that accounted for that variability. Normalization 

utilized data derived from a common protein binding dye, Coomassie blue G-250, which has 

been used for decades to quantify proteins for proteomic studies. The developed ancillary 

test for normalization was quantitative down to a cell density of 1.5 cells/mm2 and could be 

performed after the array had been scanned by mass spectrometry. Normalization reduced 

variability over 10% for measurements on cell densities ranging from 1.5–6.1 cells/mm2. In 

total, the approach allowed reproducible profiling of 70 N-glycoforms from our in-house 

database of 154 N-glycoforms across cell types derived from primary human sources or 

mouse models. Although we did not attempt to define N-glycan structure, it is anticipated 

that tandem mass spectrometry experiments could be done directly off the array as has been 
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done in multiple tissue imaging experiments11, 40. We expect that high-speed scanning 

instruments capable of tandem mass spectrometry could be used to monitor for specific N-

glycoforms in the arrays41. Furthermore, the use of post-ionization separation by ion 

mobility is expected to increase both the number and sensitivity of the analysis by defining 

N-glycoform variation42, 43.

The ability to rapidly quantify N-glycan profiles from cells on arrays is a significant 

advancement. The developed approach allows quantitation by both label-free and stable 

isotopic labeling of cells in culture. This will facilitate detailed studies on specific N-glycans 

involved in cell signaling mechanisms. We also demonstrated that combining the new 

method with IDAWG allowed measurements of N-glycan turnover rates. The ability to 

rapidly detect turnover rate of a single N-glycan due to cell manipulation is a powerful 

advancement to understanding regulation of biomaker N-glycans as it allows direct 

assessment of changes in levels of N-glycans that influence cell signaling. Here, primary 

human aortic endothelial cells derived from a 40 year old male were highly sensitive to 

oxidative stress, altering N-glycan turnover within 15 hours of exposure. Induction of 

significantly different N-glycans was observed over four days of oxidative stress exposure. 

We anticipate that the ability to easily profile small cell populations on high density arrays 

will be useful for drug screening. Such an approach could be used at a patient specific level 

to determine if a patients N-glycan biomarker is responsive to drug treatment.

Conclusions

To summarize, we have established foundational workflows for rapid array-based 

acquisition of complex N-glycan profiles from cultured cells. Cells are maintained in the 

same wells used during culture and do not lose morphology during preparation. This 

strategy so far has been useful on all tested cultured cell types with minimal to no variation 

in mass spectrometry sample preparation. Workflows are already partially automated and we 

expect that the same method will be applicable to fully automated high-speed acquisition of 

N-glycan profiles in high-density arrays. Quantification can be done as label-free approaches 

and with SILAC approaches, demonstrated using IDAWG labeling. We anticipate that the 

combination of cell profiling and metabolic labeling will be useful to many applications 

investigating target N-glycans, e.g., drug screening, congenital defects of glycosylation in 

cells, cell differentiation, and cell-cell recognition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Workflow for N-glycan profiling from a low-density array of cultured cells. A) Cells are 

cultured on chambered microscope slides. Media blanks are necessary to account for media 

contributions. Neutral buffered formalin is used to fix cells to the slide. Carnoy’s solution 

delipidates the cells and is critical for sensitive detection of N-glycans. Air drying ensures 

that cells remain adhered to the slide. Both PNGase F and matrix application are applied at 

less volume per area than for tissue sections. Rapid acquisition of N-glycan profiles is done 

by MALDI MS. B) Cell morphology prior to incubation in Carnoy’s solution; C) Cell 
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morphology remains intact after incubation Carnoy’s solution, shown prior to spraying 

PNGase F onto the cells.
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Figure 2. 
Media contribution of N-glycans. A) Major peaks with putative N-glycoform structures 

detected in HAEC media blanks, illustrating the need to account for background N-glycans 

due to media when measuring cellular profiles of N-glycans. B) Media measurements are 

reproducible with 3.1% coefficient of variation. This allows media to be accounted for as a 

background measurement in cells grown with serum. C) Example background subtraction 

with major peaks annotated by putative N-glycoform structure. Top half of the spectrum is 

cells only; bottom half is media only. Subtracted media spectrum contains peaks that are 

NeuGc only (Hex4HexNAc5NeuGc1 + 1Na and Hex5HexNAc4NeuGc2 + 1Na). D-E) 

Example evaluation of media subtraction. (D) shows original overlap in spectra from media 

(blue) and cells (Red). E) Subtraction of media from cells retains Man9 intensity values 

while minimizing media contributions (bottom half of spectrum). F-I) A second approach to 

accounting for media contributions uses the image data to determine media contribution 

based on spatially oriented hierarchical clustering, shown on 4T1 mouse breast tumor cells. 

E) Schematic of array layout, M= media blank, C= cells. F) Hierarchical clustering of image 

spectra. Spectra are clustered based on localization to chamber and intensity. Each 

hierarchical cluster region is colorized for visualization showing cells as red, media as blue 

and MALDI matrix as yellow. G) Man9 signal from hierarchical cluster correlating to cells 

only (red) overlaid with media hierarchical cluster (blue). H) Man9 viewed as a heatmap 

image array. * = isobaric masses from N-glycan configurations that could contain either 

Neu5Ac and/or NeuGc. r.int. - relative intensity; a.i. – absolute intensity.
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Figure 3. 
Normalization of data from array-based N-glycan profiling of cells. Normalization strategy 

using a protein-binding stain, Coomassie brilliant blue staining G-250. This workflow can be 

done after mass spectrometry profiling. A) Workflow for the method. B) Coomassie blue 

staining visualized by brightfield. One cell chamber is shown. C) 20X magnification 

demonstrates staining of individual cells. D) Infrared imaging of Coomassie blue stain at 

700 nm. Same cell chamber is shown. Example scan of stain applied to differing cell 

amounts detected by Odyssey Imaging System, scanning at 700 nm with 84 μm line width. 

E) Infrared signal detects down to 2,500 cells. F) Calibration curve based on infrared signal 

from the Coomassie stain detected at 700 nm is linear with cell numbers. G) Infrared 

detection of cells from normal cell plating at 5,000 cells. Adherent cells varied from ~2,500 

to 5,000. H) Use of infrared data as a normalization factor demonstrated on Man9 from well 

#1 and well #4. I) Overall changes in %CV due to normalization by cell number and protein 

signal. Normalization using Signal @ 700 nm multiplied by number of spectra collected per 

chamber minimizes overall variation in measurement. Signal = Intensity –(Background x 

Area) where Intensity = ∑i = 1
n Ii,  background = (∑ j = 1

m I j)/m, Ii= signal intensity of ith pixel 

within region, Ij = signal intensity of jth pixel within region, area = n = number pixels within 

region, m = number of pixels in the background area. Bar - 500 μm.
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Figure 4. 
N-glycan profiles from cells in culture. Major N-glycan peaks are annotated by putative 

structure. Cells were grown at normal confluency levels prior to N-glycoform profiling 

experiments and intensity levels vary per cell type. A) Human aortic endothelial cells 

(HAEC) showing N-glycan profiles by peak intensity. B) Photomicrograph of HAEC 

showing cell confluency at ~65%. C) Label free quantification of HAEC by peak area, n=8. 

D) Reproducibility of HAEC was mostly <10% CV. E-F, major N-glycoforms from different 

cell lines with examples of cell morphology to the right of N-glycan profiles. E) HepC3A 
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cells grown in animal free serum. F) mouse 4T1 animal stage IV human breast cancer. G) 

PPC-1 cells demonstrating signal detection from small parental cells with low cell density. 

H) PGCC derived from PPC1 cells by radiation stress. * = matrix peak. a.i. – absolute 

intensity.
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Figure 5. 
Detection of stable isotopic labeling in cell culture (SILAC) using Isotopic Detection of 

Aminosugars With Glutamine (IDAWG) labeling. A) Representative image of human aortic 

endothelial cells plated at 5,000 cells and cultured for 96 hours with 15N glutamine. 15N 

incorporates into GlcNac, GalNAc, and sialic acids. B) 15N incorporated into 4 GlcNAc 

residues of Hex5dhex1HexNac4 bi-antennary N-glycan resulting in a mass shift of 3.986 

Da. C) 15N incorporated into 2 GlcNAc residues of Man9, resulting in a 1.9941 Da shift; D) 
15N is incorporated into 5 GlcNAc residues of a Hex6dHexHexNAc5 tri-antennary N-glycan 
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resulting in a 4.9852 Da shift. * indicates 15N incorporation. F) Example single spectra from 

HAEC 14N compared to single spectra of HAEC with 15N labeling. r.int. - relative intensity; 

a.i. – absolute intensity.
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Figure 6. 
Stable isotopic labeling in cell culture (SILAC) used to measure N-glycan turnover due to 

oxidative stress. Oxidative stress conditions were 50 μM H2O2 over a time course of 95 

hours. Rate is reported as percent incorporated between 0–15 hours and 15–35 hours. A) 

Example, Man7 15N label (Glutamine with 15N at the amide residue) incorporation has the 

highest turnover rate between 15 and 30 hours of oxidative stress. B) Comparison of 15N 

label and % coefficient of variation (% CV), n=8 per timepoint. Low abundant levels of 

incorporation showed higher variability. C) Visualization of Man7 15N exchange in array 
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format, colorized by green as the 14N red and red as the 15N. D) Evaluation of N-glycan 

turnover in Man9-Man5 as measured by % incorporation of 15N under oxidative stress 

conditions. Man9–7 levels are significantly higher in oxidative stress conditions, but 

normalize to levels of untreated cells by Man5. This data suggests that 50 μM H2O2 may 

increase initial rates of N-glycosylation of proteins that is normalized by protein degradation 

mechanisms. This data further demonstrates high reproducibility of individual N-glycan 

measurement under differing biological conditions.
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Figure 7. 
Oxidative stress applied to primary human aortic endothelial cells may induce significant N-

glycan variation. Oxidative stress conditions are 50 μM H2O2 applied with 15N isotopic 

labeling using Glutamine with 15N at the amide residue. A) Example turnover rate of a tetra-

antennary, fucose and NeuAc containing N-glycan at m/z 2830.9991 (abbreviated m/z 2830) 

with seven 15N labels. Data visualized in array format demonstrates clear emergences of the 
15N labeled structure due OS-mediated turnover. The media only blank is critical for 

accurate interpretation of data. B) Rate of 15N incorporation for m/z 2830 increases steadily 

under oxidative stress conditions while remaining constant in untreated conditions. * on N-

glycan structure indicates 15N label.
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