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Abstract

The number of therapeutic monoclonal antibodies (mAbs) is growing rapidly due to their 

widespread use for treating various diseases and health conditions. Assessing the glycosylation 

profile of mAbs during production is essential to ensure their safety and efficacy. This research 

aims to rapidly isolate and digest mAbs for LC-MS/MS identification of glycans and monitoring 

of glycosylation patterns, potentially during manufacturing. Immobilization of an Fc region-

specific ligand, oFc20, in a porous membrane enables enrichment of mAbs from cell culture 

supernatant and efficient elution with an acidic solution. Subsequent digestion of the mAb 

eluate occurs in a pepsin-modified membrane within 5 min. The procedure does not require 

alkylation and desalting, greatly shortening sample preparation time. Subsequent LC-MS/MS 

analysis identified eleven major mAb N-glycan proteoforms and assessed the relative peak areas of 

the glycosylated peptides. This approach is suitable for glycosylation profiling of various human 

IgG mAbs, including biosimilars and different IgG subclasses. The total time required for this 

workflow is less than 2 hours, whereas the conventional enzymatic release and labelling of glycans 

can take much longer. Thus, the integrated membranes are suitable for facilitating analysis of mAb 

glycosylation patterns.
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INTRODUCTION

This paper describes a convenient and broadly applicable method for assessment of 

N-glycan profiles on human IgG monoclonal antibodies (mAbs). The process includes 

selective enrichment of mAbs in an affinity membrane, elution in 3% formic acid (FA), and 

fast proteolysis in a pepsin-containing membrane to remarkably shorten sample preparation 

time and avoid the requirements of alkylation and desalting. LC-MS/MS identifies various 

mAb proteoforms and gives an estimate of the relative peak areas of N-glycosylated 

peptides. This approach could enable monitoring of mAb glycan compositions during 

fermentation.

mAbs serve as highly effective biotherapeutics for multiple diseases,1–3 and control and 

assessment of mAb compositions and post-translational modifications (PTMs) are critical 

during mAb production.4, 5 Glycosylation is one of the most important mAb critical quality 

attributes that should be monitored.6 The wide range of glycan proteoforms7 possess 

different pharmacological properties, including antibody-dependent cellular cytotoxicity 

(ADCC),8 complement-dependent cytotoxicity, immunogenicity and pharmacokinetics 

(PK).9 For example, afucosylated IgG mAbs show higher ADCC through increased IgG-

FcγRIIIa affinity.10 Different expression systems may greatly impact glycan formation. For 

example, plants, insects, or yeast6, 11 utilize different glycans compared to mammalian 

systems, which can lead to immunogenic events. Furthermore, throughout fermentation and 

scaling up of mAb synthesis, the glycosylation patterns of mAbs may depend on factors 

such as the composition of the growth media and cell densities.12 These changes can 

yield mAbs with distinct pharmacokinetic properties when compared to those tested in 

smaller-scale experiments or previous batches. Regular monitoring of glycosylation patterns 

during fermentation can facilitate early intervention to maintain the quality of the mAbs.13
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Glycans are also attractive targets for modifications.14–16 Researchers explored using N-

glycans to create antibody-drug conjugates (ADCs). Zhu et al. employed galactosidase to 

generate a uniform G0F glycan and then derivatized the N-acetylglucosamine to link the 

cytotoxic drug auristatin F to the mAb.17 Zhou et al. linked monomethylauristatin E to 

oxidized sialic acids of glycans to produce an ADC.18 Thus, understanding the glycosylation 

pattern of mAbs is vital for mAb function and derivatization.

The most common method for analyzing N-glycan compositions on mAbs includes 

cleavage of glycans from proteins using peptide N-glycosidase F (PNGase F) followed 

by fluorescently labelling released glycans.19 The labelled glycans are analyzed by high-

performance liquid chromatography with fluorescence detection. However, the glycan 

release requires mAb incubation with PNGase F for hours.20 Szigeti et al. reported 

a method to rapidly release N-glycans from proteins using a microcolumn containing 

immobilized PNGase F.21 Although the use of the microcolumn shortens the lysis time 

significantly, chemically labelling cleaved glycans with 2-aminobenzamide (2-AB) still 

takes hours, sometimes even days to finish. Agilent advertised a new approach where 

PNGase F digestion is as short as 5 min, and 2-AB labelling can be achieved within 2 

hours.22 However, the enzymatically released glycan approaches do not reveal the amount of 

aglycosylated protein or identify the glycosylation site.

Alternative methods for glycan profiling usually involve either intact protein analysis23 or 

mAb digestion through in-solution trypsin proteolysis24 followed by mass spectrometry 

analysis.25, 26 In intact protein methods, only highly abundant glycans are observable.27 

Proteolysis along with the accompanying reduction, alkylation, and desalting can require 

hours to days.28 Such methods are not ideal for rapid glycan analysis of mAbs during 

fermentation. Yang et al. proposed a workflow where mAb tryptic digestion occurs in 

an environment containing 80% acetonitrile. The resulting digest is lyophilized and then 

resuspended prior to analysis by matrix-assisted laser desorption/ionization-time of flight 

mass spectrometry (MALDI-TOF-MS).29 Although the trypsin digestion time is shorter 

than conventional conditions, the assay turnaround time is still around 1 hour. The digested 

product also requires desalting and enrichment prior to analysis, further extending its sample 

preparation time. Thus, a high-throughput workflow with short turnaround time is in high-

demand to profile N-glycan compositions during the production of mAbs.

This work aims to develop methods for rapidly isolating and digesting proteins to 

expedite LC-MS/MS assessment of glycosylation patterns when monitoring continuity in 

glycan proteoform expression. In this vein, membranes serve as a useful tool for rapid 

bioprocessing, including polishing,30 protein purification31 and clarification. Our group 

developed modified membranes for applications ranging from separation of biomolecules32–

34 to controlled proteolysis.35, 36 Short diffusion times allow rapid sorption of analytes in the 

membranes. Proteases immobilized in membranes efficiently digest proteins in seconds due 

to the high local enzyme density and small diffusion distances.37

Our prior work focused on using standalone membrane devices for either protein isolation 

and detection or protein digestion before LC-MS analysis. This work combines two 

membranes; one selectively enriches mAbs from cell culture supernatant, while the other 
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rapidly digests mAbs eluted from the former membrane. oFc20 peptide is a double cyclic 

peptide that has strong affinity towards the Fc region of human IgGs.38, 39 Protein A is 

an industrial staple for antibody purification. However, the oFc20-human IgG complex 

shows a dissociation constant (KD) of 2.5 nM,38 even lower than for the Protein A-human 

IgG complex (KD = 35 nM).40 Thus, functionalization of membranes with oFc20 peptide 

enables rapid separation of mAbs from host cell proteins and other impurities in cell culture 

supernatant.39 (Unlike human serum, the mAb should be the only IgG in the fermentation 

system.)

Using a pepsin-functionalized membrane, controlled proteolysis of eluted mAbs readily 

generates glycopeptides for assessment by LC-MS. Compared to established methods, our 

approach integrates two essential parts of N-glycan analysis for mAbs, separation and 

enzymatic digestion, whereas others only provide one part of the solution. Meanwhile, the 

turnaround time of this work, from mAb enrichment to final data acquisition by LC-MS is 

around 2 hours, and half of the time is for LC-MS. The sample processing is significantly 

shorter than conventional methods and could aid in the optimization or monitoring of mAb 

production in short times.

EXPERIMENTAL SECTION

Materials.

Glass-fiber membranes (A/C Glass Fiber 1 μm pores, 25 mm diameter, 254 μm thickness) 

and LoProdyne nylon membranes (1 μm pores, 25 mm diameter, 110 μm thickness) 

were acquired from Pall Corporation. Sodium phosphate dibasic heptahydrate, sodium 

phosphate monobasic monohydrate, sodium chloride, sodium hydroxide, polyethylenimine 

(PEI, branched, MW = 25 kDa), poly(acrylic acid) (PAA, average MW ~250 kDa, 35% 

aqueous solution), poly(sodium 4-styrenesulfonate) (PSS, MW ~ 70 kDa), pepsin (from 

porcine gastric mucosa), trypsin (from bovine pancreas, TPCK treated), 1,4-dithiothreitol, 

iodoacetamide, N-hydroxysuccinimide (NHS), tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP·HCl), and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich. 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), hydrochloric acid, 

Pierce IgG elution buffer, LC-MS grade formic acid (FA), acetonitrile (ACN), sodium 

carbonate, sodium bicarbonate and 3.5K MWCO dialysis devices were acquired from 

ThermoFisher Scientific. Protein A HP spintrap columns were purchased from Cytiva Life 

Sciences. Fc20 peptide (amino acid sequence: KGSGSCDCAWHLGELVWCTC) in reduced 

form was synthesized by Genscript with a purity of 97.5%. Trastuzumab (Herceptin from 

Genentech; Ogivri from Mylan; Kanjinti from Amgen), Bevacizumab (Avastin, Genentech), 

Rituximab (Rituxan, Genentech), Panitumumab (Vectibix, Amgen) and Nivolumab (Opdivo, 

Bristol Myers Squibb) were stored in their formulation buffers at −20 °C. Ab3022-

containing or blank CHO cell culture supernatant was prepared as described previously.39 

Solutions were prepared using analytical grade chemicals and deionized (DI) water (Milli-Q 

Type I, 18.2 MΩ·cm).
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Immobilization of Pepsin in a 2-cm Diameter Nylon Membrane.

Functionalization of membranes with pepsin occurred following a literature procedure.41 A 

25-mm diameter LoProdyne nylon membrane was cleaned in UV/O3 for 10 min (Jelight, 

Model 18 UVO-cleaner) before inserting the membrane into a customized membrane 

holder42 (an O-ring reduces its exposed diameter to 2 cm). Ten mL of 20 mM PSS 

solution (repeating unit concentration, containing 500 mM NaCl, pH 2.3) was circulated 

through the membrane for 20 min (the flow rate was 1 mL/min unless otherwise noted) 

before passing 10 mL of DI water and 10 mL of 5% (v/v) FA in water through the 

membrane. Subsequently, 1 mL of 2 mg/mL pepsin solution (dissolved in 5% FA) was 

circulated through the membrane for 1 hour before passage of 15 mL of 5% FA. The load, 

permeate and wash solutions were collected for pepsin analysis (using intrinsic tryptophan 

fluorescence) to determine the amount of immobilized pepsin.

Immobilization of oxidized Fc20 or Protein A in Glass-Fiber Membranes.

Two mg of Fc20 peptide was dissolved in 2 mL of 20 mM phosphate buffer (containing 150 

mM NaCl, pH 7.4, Buffer A) before the pH of the solution was adjusted to 9.0 using 1 M 

NaOH. The oxidized Fc20 peptide (oFc20) was generated by incubating the Fc20 peptide 

solution at room temperature overnight with the cap left ajar to allow mild oxidation. Using 

MALDI-TOF-MS, we previously confirmed that the oFc20 peptide contains two disulfide 

bonds.39

We reported the procedure for immobilizing oFc20 in a glass-fiber membrane.39 Two 

PEI/PAA bilayers were deposited before activating the -COOH groups of PAA films by 

circulating 5 mL of a 0.1 M EDC/NHS (equimolar) solution through the membrane at 1 

mL/min. Subsequently, 1 mL of 1 mg/mL oFc20 peptide solution was circulated through 

the membrane for 1 hour to allow covalent immobilization of oFc20. Finally, 5 mL of a 

solution containing 10 mM Na2CO3 and 90 mM NaHCO3 (pH 9.0, Buffer B) was circulated 

through the membrane overnight to hydrolyze excess NHS esters. Protein A immobilization 

in membranes followed the same steps, except 1 mL of 1 mg/mL Protein A (in Buffer A) 

was circulated, and no Buffer B circulation was performed.

Binding and Elution of Trastuzumab in Ligand-Modified Membranes.

After overnight Buffer B circulation, 10 mL of DI water was passed through the oFc20-

modified membrane followed by 10 mL of 20 mM sodium phosphate (containing 500 mM 

NaCl, pH 7.4, Buffer C) for equilibration. Seven mL of 0.1 mg/mL Trastuzumab (Herceptin, 

unless otherwise noted) spiked in Buffer C was passed through the membrane at 0.5 mL/

min, followed by passage of 10 mL of Buffer C and 10 mL of DI water at 1 mL/min. 

Trastuzumab concentrations in the load, permeate and wash solutions were determined by 

measuring the intrinsic tryptophan fluorescence (excitation at 280 nm, emission at 330 

nm). For Protein A-modified membranes, Trastuzumab binding was performed similarly but 

without overnight circulation of Buffer B prior to binding.

Trastuzumab elution was performed under several different conditions. For Protein A-

modified membranes, Pierce IgG elution buffer, 5% FA, and 0.1 M TCEP in 1 wt% 

SDS were investigated as eluents. For oFc20-modified membranes, we investigated elution 
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efficiency with Pierce IgG elution buffer, and 1, 3 or 5% FA as eluents. Three aliquots (0.5 

mL) of each eluent were passed through fresh Trastuzumab-loaded membranes at 0.5 mL/

min. The Trastuzumab concentrations in each eluate aliquot were determined by measuring 

intrinsic tryptophan fluorescence.

Digestion of Eluted mAb Using Pepsin-Containing Membranes.

0.3 mL of the first aliquot of Trastuzumab eluate from oFc20-modified membranes was 

mixed with 30 μL of 0.1 M TCEP and incubated at 75 °C for 15 min following a modified 

literature procedure.43 The mixture was cooled to room temperature and diluted to 1 mL 

by adding 5% FA. A 0.64-cm diameter pepsin-functionalized membrane was immobilized 

into a miniaturized inline membrane holder (Upchurch Scientific A-424), and 100 μL of 

reduced and heat-denatured Trastuzumab eluate was pushed through the pepsin membrane 

at 1.8 mL/min using a syringe pump. The holder exposes a membrane area of 0.02 cm2. 

After passing through the membrane, the digested aliquot was mixed with 100 μL of ACN 

to prevent in-solution digestion from any leached pepsin before evaporation to dryness using 

a SpeedVac concentrator. Finally, the digested product was reconstituted with 100 μL of 

a solution containing 4 vol% ACN and 0.1 vol% FA in water (Solution A). The digested 

products would not be returned to the original mAb sample.

Separation and Characterization of Digested mAb.

1 μL of reconstituted, digested Trastuzumab solution was injected into a Waters Nano 

Acquity UPLC system. The separation of peptides was performed using a Waters BEH 

C18 column (300 Å pore, 1.7 μm particle, 100 μm × 100 mm) with aqueous 0.1 % FA 

and ACN as mobile phases A (MPA) and B (MPB), respectively. The separation gradient 

went from 7 to 33% MPB in 20 min at a 0.9 μL/min flow rate with a 53 °C column 

temperature. Mass spectra were acquired using a ThermoFisher Q Exactive HF orbitrap, 

with a full MS1 spectrum with m/z from 385 to 1800. The MS2 spectra were obtained using 

a TOP17 data-dependent acquisition method, and higher-energy collisional dissociation 

(HCD) fragmentation applied.

The analysis of mAb glycan composition was performed manually by peptide mass 

fingerprinting as described previously.44 The monoisotopic mass of a glycopeptide was 

matched in the MS1 spectrum, whereas the fragments of glycopeptide were searched in the 

MS2 spectra. The glycopeptide fragments can contain either an intact peptide backbone with 

part of the glycan or a partial peptide backbone.

Glycopeptide Degradation Analysis.

Trastuzumab stock solution was first buffer exchanged into DI water using a 3.5K MWCO 

dialysis device overnight. Dialyzed Trastuzumab was spiked into 3% FA to a final 

concentration of 0.2 mg/mL. Solutions were incubated at room temperature for 0 or 60 min 

before reduction and denaturation followed by the pepsin digestion described above. The 

glycan composition was monitored by comparing the relative peak areas of glycopeptides 

with different glycan forms with or without 60-min incubation in 3% FA.
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Selective Enrichment of mAbs from Diluted Cell Culture Supernatant.

Chinese hamster ovary (CHO) cell lines are used extensively for mAb production due 

to their high yield and formation of desired PTMs. The reported titer of mAbs in CHO 

cells is as high as 10 g/L.45 To obtain relevant cell culture supernatant host cell protein 

concentrations at 0.1 mg/mL mAb levels, blank (not transfected) ExpiCHO-S cell culture 

supernatant was spiked into different mAbs in Buffer C at a volume ratio of 1:100 

(v/v). mAb solutions containing diluted cell culture supernatant were passed through oFc20-

modified membranes for enrichment before mAbs were eluted then digested and analyzed 

by LC-MS. Figure 1 schematically shows the workflow for glycan analysis of mAbs from 

cell culture supernatant.

Transfected ExpiCHO-S cells expressing Ab3022 were cultured 7 days before supernatant 

was harvested and clarified. The concentration of Ab3022 in the supernatant was determined 

as 56 μg/mL using a Human IgG (total) ELISA with purified Ab3022 as standards.39 To 

maintain a reasonable Ab3022 concentration in the feed solution, the Ab3022 supernatant 

was diluted 1:1 with Buffer C. 15 mL of the resulting solution was passed through oFc20-

modified membranes for enrichment and subsequent glycan analysis.

Data Analysis.

To confirm the identity of Trastuzumab in eluate, the raw files acquired from the orbitrap 

mass spectrometer were mapped using PEAKS with 5 and 10 ppm as precursor and 

fragment error tolerance, respectively. The fragmentation method was set as HCD, with 

a semi-specific pepsin digestion (at least one proteolysis site at the C-terminus of F, L, Y or 

W),46 and a maximum of 3 missed cleavages were applied to the search criteria.

The amino acid sequences of glycopeptides were obtained from processing raw data files 

with pGlyco3 software with the same criteria described above.47 PEAKS and pGlyco3 

search the raw data files based on both the MS1 and MS2 spectra. Peptides with low signals 

will not trigger fragmentation, thus pGlyco3 identifies only major glycopeptide sequences.

The monoisotopic m/z values of glycopeptides consisting of amino acid sequences identified 

with pGlyco3 and various glycans were searched in the MS1 spectrum manually using 

the Xcalibur browser. To confirm the identity of these glycopeptides, their MS2 spectra 

were also manually finger-printed based on the monoisotopic masses of their fragments. 

The area under the curve (AUC) of each glycosylated- or aglycosylated-peptide was used 

to determine the relative peak area, which is the AUC for a specific glycan (including all 

glycopeptides with this glycan and all of their charge states) divided by the sum of peak 

areas for all identified glycopeptides (including all charge states) and the aglycosylated 

peptide.

RESULTS AND DISCUSSION

The analytical procedure includes capture of mAbs in ligand-modified membranes or resins, 

elution of the captured mAbs with dilute formic acid, reduction, in-membrane peptic 

digestion, and determination of glycopeptide peak areas in the eluate digest. Membranes 

or resins containing either oFc20 peptide or Protein A specifically enrich mAbs to allow 
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analysis of the glycan compositions in a wide range of human IgG mAbs. This section first 

compares the mAb binding capacities of Protein A- and oFc20-modified membranes using 

Trastuzumab as a test case. Second, we optimize the elution conditions prior to digesting 

reduced mAb eluates during flow through a pepsin-containing membrane. Third, we assess 

the glycan compositions of digested antibodies using LC-MS/MS. Lastly, this work shows 

that the method applies to various Human IgG drug products, including biosimilars and 

different subclasses of human IgGs, and an in-house expressed human IgG1 antibody. These 

studies also compare analyses using tryptic and peptic digestion.

Evaluation of Binding and Elution of Trastuzumab in Ligand-Modified Membranes.

Previously, we reported immobilization capacities of 14 ± 1 mg of Protein A and 8 ± 1 mg 

of oFc20 per mL of membrane in 2-cm diameter glass-fiber membranes.39 We evaluated 

the Trastuzumab binding capacities by passing 7 mL of 0.1 mg/mL Trastuzumab in Buffer 

C through the membranes. Figure 2A shows the Trastuzumab binding capacities, which we 

calculated using mass balances obtained with analyses of Trastuzumab in feed, permeate 

and wash solutions. oFc20-modified membranes show higher Trastuzumab binding, due to a 

higher number of accessible binding sites or greater affinity towards the Fc region of Human 

IgGs.

To analyze the glycan profiles of therapeutic mAbs, including detection of glycan 

proteoforms with low peak areas, we aim to elute as much mAb as possible from the 

membranes. Thus, we examined elution efficiencies of both Protein A- and oFc20-modified 

membranes using several eluents. Figures 2B–C show the elution efficiencies, which are 

the ratios of eluted to initially bound Trastuzumab. Elution occurred in 3 consecutive 0.5 

mL aliquots. For Protein A-modified membranes, Pierce IgG elution buffer does not elute 

Trastuzumab effectively, whereas 5% FA can give ~ 40% elution recovery. Higher recoveries 

require a harsh elution condition, consisting of 0.1 M TCEP in 1 wt% SDS. The low elution 

efficiency with Protein A is unusual, as Protein A-containing resins show high elution 

efficiencies (see section S2 in the supporting information).

Similarly, Pierce IgG elution buffer shows a low elution efficiency in oFc20-modified 

membranes. However, 1% FA can elute ~ 75% of bound Trastuzumab. The elution efficiency 

increases with a higher concentration of FA, but there is no significant difference between 

using 3 or 5% FA. Thus, oFc20-modified membranes show advantages over Protein A-based 

membranes in terms of both binding capacity and elution efficiency. Below we use 3% FA 

and oFc20-modified membranes for mAb capture, elution, and glycan analysis.

Identification of Trastuzumab Glycans Using LC-MS/MS.

After elution, we reduced and denatured the Trastuzumab eluate by adding TCEP and 

heating at 75 °C for 15 min. Digestion then occurred in <5 min by passing the 

denatured eluate through a pepsin-containing membrane. The digested product was dried 

and reconstituted in Solution A before analysis by LC-MS/MS. To confirm the identity 

of Trastuzumab in the eluate, we performed peptide mapping using PEAKS software and 

achieved 100% amino acid sequence coverage for both light and heavy chains (see Figure S2 

in the supporting information).
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To identify the glycopeptides, the raw data file was searched using pGlyco3 software, which 

found only two glycopeptide amino acid sequences, YVDGVEVHNAKTKPREEQYN-

STYRVVSVL (denoted as YVDG--) and GVEVGVEVHNA-KTKPREEQYNSTYRVVSVL 

(denoted as GVEV--). Typically, the AUC of a YVDG-- peptide is about twice the AUC 

of the GVEV-- peptide with the same glycan. Perhaps other glycopeptide sequences are 

present, but their low intensity did not trigger MS/MS fragmentation. Additionally, pGlyco3 

only identified glycoforms with high peak areas: G0F, G1F, G2F, G0 and M5. YVDG-- 

and GVEV-- contain 3 and 2 missed cleavages, respectively. (We define possible missed 

cleavage sites as F, L, Y, and W.) Two of the missed cleavage sites are near the N300 

glycosylation site, which may hinder digestion. Notably, the N-terminus of GVEV-- results 

from non-specific pepsin digestion. We examined 4 IgG1 antibodies (see below), and all of 

them showed the same sequences for glycopeptides, and other subclasses of antibodies show 

related peptides. Thus, despite the promiscuity of pepsin,48 the digestion is reproducible.

Through manual searching of the mass spectra, we identified 11 major glycan forms 

in eluted Trastuzumab: G0F, G1F, G2F, G0, G1, G2, G0F-GN, G1F-GN, G0-GN, 

M5 and M6 (see Table S1 in the supporting information for their compositions). 

Figures S3A–D show the extracted ion chromatograms (XICs) of YVDG-- and GVEV-- 

glycopeptides with different glycan forms at a 5+ charge state. We also observed some 

of these glycopeptides at 4+ or 6+ charge states. Figure S3E is the XIC of a peptide, 

YVDGVEVHNAKTKPREEQYNST, with no glycan present at N300. The observed 

monoisotopic m/z values of these glycopeptides show good agreement with their theoretical 

values as shown in Figures S4A–E and Figures S5A–D. The glycan fragmentations in 

their MS2 spectra also match with the monoisotopic masses of their potential fragments as 

Figures S6A–E and S7A–D show. The fragmentation on the YVDG-- or GVEV-- peptide 

backbone further confirms the identities of these glycopeptides, see Figures S8A–B. Hence, 

both MS1 and MS2 spectra enable identification of the different glycan forms.

Glycan Relative Peak Areas in Eluted Trastuzumab.

To mimic mAb isolation from a fermentation broth, we spiked Trastuzumab into a 1:100 

(v/v) diluted CHO cell culture supernatant with no transfection.45 The Trastuzumab 

concentration was 0.1 mg/mL, which would correspond to 10 mg/mL in undiluted 

supernatant. This is a typical mAb titer in fermentation. The experimental procedures 

remain the same as described above. Using LC-MS/MS and label-free quantitation, we 

estimated the glycan relative peak areas in Trastuzumab eluted with 3% FA, reduced, 

and digested with pepsin. As Figure S9 shows, G0F and G1F are the two most abundant 

glycan forms in eluted Trastuzumab, and this result aligns with the reported Trastuzumab 

glycosylation profile.49 G0F and G1F account for 46 ± 4 and 33 ± 2%, respectively, of the 

total glycosylation peak areas in our analysis. G2F, G0 and M5 each represent about 5% 

of the total peak area, and the relative peak areas of G1, G2, G0F-GN, G1F-GN, G0-GN 

and M6 are even lower. The aglycosylated proteoform relative peak area is only ~ 0.7%, 

suggesting that most of the Trastuzumab is glycosylated. We also analyzed Trastuzumab 

samples eluted with 5 or 1% FA, and the glycosylation profiles agree with those obtained 

using 3% FA (Figure S9).
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From elution to reduction, digestion and finally resuspension, the eluted Trastuzumab is in 

an acidic environment for less than 1 hour. However, the structures of glycans and mAbs 

may degrade at low pH.50, 51 To examine whether the glycans of eluted Trastuzumab are 

stable in 3% FA, we spiked a Trastuzumab solution (dialyzed against DI water) into 3% 

FA, and incubated samples at room temperature for 60 min prior to analysis by LC-MS/MS. 

As Figure S10A shows, the glycan compositions of Trastuzumab in 3% FA are similar with 

and without a 60-min incubation in 3% FA. This suggests that the glycan compositions 

will remain unchanged in the acidic environment of the eluate for at least 60 min. Figure 

S10B compares the ratio between the AUC of glycopeptides and the AUC of a reference 

non-glycosylated peptide. This ratio does not change with acid incubation for 60 min. Thus, 

the glycan composition should not change during purification and elution.

We also compared the glycosylation profile of eluted and peptic-digested Trastuzumab 

with a profile from a Trastuzumab standard (in DI water) that was denatured, alkylated, 

and digested with trypsin. We previously reported the procedure for in-membrane trypsin 

digestion and showed that glycosylation profiles are similar after in-membrane and in-

solution digestion,44 although in-membrane digestion is much faster. Figure 3 shows the 

Trastuzumab glycosylation profiles obtained using trypsin or pepsin digestion. Both in-

membrane digestions give similar Trastuzumab glycosylation patterns and relative peak 

areas. These data imply that the proposed capture, elution, and pepsin digestion workflow 

accurately reflect relative Trastuzumab glycan profiles with negligible degradation, although 

we do see some small variations in the relative peak areas of the rarer glycans 

between dialyzed Trastuzumab analyzed after tryptic digestion (in Figure 3) and dialyzed 

Trastuzumab standards (in Figure S10A) processed with pepsin in-membrane digestion in 

the Trastuzumab degradation study.

The rate of pepsinolysis may depend on the composition of the neighboring glycan. To 

examine whether such a scenario affects relative peak areas, we analyzed Trastuzumab 

digests after 1, 2 or 4 passes though the pepsin membrane. Figure S11A indicates that 

additional passes through the membrane give fewer missed cleavages and, hence, more 

identified unique peptides. Similarly, pGlyco3 found a shorter glycopeptide sequence 

YVDGVEVHNAKTKPREEQYNSTY (YVDG’--) after the 4-pass digestion. However, the 

relative peak areas of the various glycopeptides from 4-pass digestion are similar to 

those from the 1- or 2-pass digestion (Figure S11B). Thus, using YVDG-- and GVEV-- 

glycopeptides to assess the glycosylation pattern is reasonable. The similarity of glycan 

patterns after tryptic and peptic digestion also suggests that incomplete digestion does 

not alter the observed glycan profiles (Figure 3). Our previous publications concluded 

that the assessment of N-glycan patterns is comparable after in-membrane and in-solution 

digestion.44

The in-membrane peptic digestion is rapid, and the acidic conditions allow direct digestion 

of the 3% FA eluate without the alkylation and desalting that are typically part of tryptic 

digestion. We examined whether the peptic digestion is also compatible with enrichment 

using a Protein A spin column. Figure S12 shows that enrichments in membranes and spin 

columns give similar results in terms of glycan analysis.
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Glycosylation analysis of Trastuzumab from Different Batches and Its Biosimilars.

Next, we examined the glycosylation pattern of Trastuzumab from three different 

manufacturing lots. The analysis procedures are the same as described earlier, and the 

Trastuzumab was spiked into a 1:100 (v/v) diluted blank CHO culture supernatant at a 

concentration of 0.1 mg/mL. As Figure 4 shows, the overall glycosylation patterns from the 

three different batches are similar but show a few small statistically significant differences 

(unpaired T test). The relative peak areas of G0F, G1F, G0, G2 and M5 show statistically 

significant batch-to-batch difference, although the differences in the intensities of the rarer 

glycans are dubious. The relative peak areas of G0F are 42 ± 3, 46 ± 4 and 49 ± 2% in 

batches 1, 2 and 3, respectively, whereas the G1F relative peak areas are 34 ± 3, 33 ± 2 and 

28.9 ± 0.5% in the three batches. Notably, batch 3 has the highest G0F peak area and the 

lowest G1F peak area. Similar differences in mAb glycosylation were observed before.52, 

53 Such analyses may provide important initial screening for mAb production and quality 

control. We should note that the antibodies were stored at −20 °C in their formulation 

buffers for several months prior to analysis, and such storage might cause small changes in 

glycosylation patterns.

We also investigated the glycosylation profiles of Trastuzumab biosimilars, Kanjinti and 

Ogivri. They have the same amino acid sequence and similar pharmacology profiles as 

the original Trastuzumab drug product Herceptin but might be manufactured in different 

methods. As glycosylation is a critical quality attribute for mAbs, and it can vary under 

different manufacturing conditions, we examined the glycosylation differences among these 

products. Figure S13 shows the glycosylation compositions of these three Trastuzumab 

products. The two main glycan forms of Trastuzumab, G0F and G1F both show similar 

relative peak areas across all three products. However, the relative peak areas of G2, 

G0F-GN, G1F-GN and M5 show significant product-to-product differences, although the 

magnitude of all these peak areas is small. Interestingly, Herceptin shows the highest degree 

of aglycosylation among all three products, but this only accounts for 0.7% of the total peak 

area.

Glycosylation Profiling of Various mAbs.

To demonstrate that our workflow is suitable for profiling glycan compositions of various 

mAbs, we analyzed two additional IgG1 mAbs, Rituximab and Cetuximab. Both of them 

contain the same Fc region as Trastuzumab, however, their glycan profiles might be 

different. As Figure S14 shows, the glycosylation patterns of Rituximab and Cetuximab are 

different from Trastuzumab. Although the relative peak areas of major glycan forms, G0F, 

G1F and G2F are similar among these three IgG1 mAbs, significant differences appeared 

in other glycan forms. Cetuximab shows the highest degree of high mannose glycan M5 

compared to Trastuzumab and Rituximab. Goetze and Kanda reported that mAbs with 

high mannose glycans have decreased circulation half-life,54, 55 but all of the mAbs have 

relatively low levels of these glycans.

Although IgG1 is the most common subclass of therapeutic mAbs, IgG2 and IgG4 

are also employed when designing and screening antibodies. To investigate the 

suitability of our assay for analyzing IgG2 and IgG4 therapeutic mAbs, we also 
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analyzed Panitumumab and Nivolumab. Despite the different amino acid sequences 

of IgG2 and IgG4 compared to IgG1, the pepsin digestion showed similar peptides 

for all of the mAbs. The amino acid sequences of glycopeptides of Panitumumab 

after pepsin digestion are YVDGVEVHNAKTKPREEQFNS-TFRVVSVL (noted as 

YVDG2--) and GVEVHNAKTKP-REEQFNSTFRVVSVL (noted as GVEV2--), both 

consisting of a two amino acid difference compared to the glycopeptides of IgG1. 

Figures S15A–E show the XICs of these peptides with different glycans, as well as 

the XIC of an aglycosylated peptide containing the N294 site. For Nivolumab, the 

glycopeptides are one amino acid different from those in the IgG1 glycopeptides, 

and they are YVDGVEVHNAKTKPREEQFNSTYRVVSVL (noted as YVDG4--) and 

GVEVHNAKTKPREEQFNS-TYRVVSVL (noted as GVEV4--). Figures S16A–D show the 

XICs of these peptides with different glycans, as well as the XIC of an aglycosylated peptide 

containing the N289 site. As Figure 5 shows, the glycan compositions of Panitumumab and 

Nivolumab show significant differences relative to Trastuzumab. Panitumumab has similar 

relative peak areas of G0F and G1F compared to Trastuzumab, but lower relative peak 

areas of afucosylated glycans (G0, G1, G2, G0-GN). Additionally, the relative peak areas 

of high mannose glycans (M5 and M6) in Panitumumab are higher than in Trastuzumab. 

For Nivolumab, G0F is the most abundant glycan form, with a 60.7 ± 7.3% relative peak 

area. Accordingly, this mAb gave the lowest relative peak area of G1F among all mAbs 

analyzed (16.1 ± 2.7%). To our surprise, we did not find any G2, M5 and M6 glycan 

forms, potentially because of their low peak areas in Nivolumab. We also noticed the 

highest relative peak area of aglycosylated peptide in Nivolumab. This result aligns with a 

Nivolumab tryptic digest result (Figure S17).

Analysis of the Glycan Composition of Ab3022, An In-House Expressed IgG1 mAb.

Ab3022 targets the S1 domain of SARS-CoV or SARS-CoV-2 spike protein. To further 

challenge the robustness of our workflow, CHO cell culture supernatant containing 56 

μg/mL Ab3022 was diluted 1:1 (v/v) with Buffer C prior to passing through oFc20-modified 

membranes for analysis. Figure 6 shows the glycan profile of Ab3022. G0F and G1F are 

the two most abundant glycan forms of Ab3022. Interestingly, we did not observe any 

afucosylated glycans, G0, G1, G2 and G0-GN. The relative peak areas of high mannose 

glycans, M5 and M6, are higher than other mAbs, and the degree of aglycosylation is also 

higher than in the other IgG1 mAbs we analyzed. The different pattern of glycosylation of 

Ab3022 might derive from the expression system. Although both Ab3022 and other IgG1 

mAbs were expressed in CHO cells, their cell clones are different.

To address whether affinity enrichment is necessary in glycosylation profiling, we directly 

digested the Ab3022-containing cell culture supernatant to compare with our current 

approach. The total protein concentration of Ab3022-containing cell culture supernatant 

is 23 ± 6 mg/mL as assessed through protein precipitation, dialysis, and a Pierce 660 

nm protein assay. The supernatant was diluted with DI water to 0.3 mg/mL total protein 

concentration before reduction, denaturation and digestion through the pepsin membrane 

following the same procedure described earlier. However, we did not find any YVDG-- 

or GVEV-- glycopeptides. Hence, affinity enrichment is crucial to the analysis of mAb 

glycosylation in cell culture supernatant.
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Workflow Time Cost Breakdown, And Potential Improvements.

The described workflow comprises four main sections, binding, elution, digestion and LC-

MS analysis. In the current format, the mAb enrichment takes 14 min, whereas washing with 

phosphate buffer and DI water takes 20 min. The elution of captured mAb requires 1 min, 

and reduction/denaturation of the mAb eluate takes 15 min. Rapid pepsin digestion occurs 

in only 4 min. Drying requires 15 min, and the LC-MS separation and analysis takes 48 

min, including column washing and equilibration. In total, the time cost is under 2 hours. 

In conventional approaches, the PNGase or trypsin enzymatic reaction alone can be at least 

2 hours. The use of analytical high-performance LC and multiple reaction monitoring mass 

spectrometry might shorten the time for analysis of each sample to ~5 min.56–58 We also 

propose integrating affinity or protease membranes into spin columns or 96-well plates to 

reduce the time for enrichment and washing, and potential coupling with liquid handling 

robots for automation.

We can envision an in-flow method where fermentation broth is passed through a series of 

filters for clarification, binding, elution, digestion, and sent directly to LC-MS. This process 

could be automated with a series of pumps, streamlining the workflow and enhancing 

efficiency. With such improvements, the process may prove effective for monitoring the 

continuity of glycan proteoform expression during fermentation. Furthermore, such a 

method might be used for high-throughput screening of cell lines for antibody production, 

optimization of media components for specific glycosylation patterns, and determination of 

appropriate storage conditions for proteins.

CONCLUSION

This study demonstrates a workflow for quickly enriching and digesting therapeutic 

mAbs for glycosylation analysis. oFc20-modified affinity membranes are advantageous 

over Protein A-based membranes in terms of higher mAb binding capacity and elution 

recovery. Eluate digestion occurs in a pepsin-functionalized membrane in as little as 4 min, 

and elution with 3% FA and pepsin digestion avoid alkylation and desalting, simplifying 

the sample preparation. Nanoflow LC coupled with Orbitrap MS enables assessment of 

glycosylation patterns. This approach shows similar mAb glycan profiles to analyses after 

digestion with trypsin, and the assay is effective for many different mAbs, including 

biosimilars and IgG2 and IgG4 mAbs. Impressively, this method is suitable for harvested 

cell culture supernatant even with just 2-fold dilution with phosphate buffer. Future work 

may focus on integrating oFc20-modified membranes into spin columns or 96-well plate 

formats to further shorten processing time and give more customer-suitable devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scheme of the experimental workflow for analyzing the glycan composition of mAbs in 

cell culture supernatant. The procedure includes selective enrichment of mAb from cell 

culture supernatant, elution of captured mAb, reduction and denaturation of eluted mAb, 

in-membrane digestion of eluate, drying (not shown) and analysis of peptides using LC-

MS/MS.
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Figure 2. 
Comparison of Trastuzumab binding and elution in Protein A- or oFc20-modified 

membranes. (A) Binding capacity of Protein A- or oFc20-modified membranes. The loading 

solution was 7 mL of 0.1 mg/mL Trastuzumab in Buffer C. (B, C) Efficiency of the 

elution of captured Trastuzumab in (B) Protein A- or (C) oFc20-modified membranes using 

different eluents. Error bars show the standard deviations from experiments with three 

different membranes.
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Figure 3. 
Glycan relative MS1 peak areas for Trastuzumab digested with different proteases. The 

white columns are results of a Trastuzumab standard (in DI water) digested through 

trypsin in-membrane proteolysis. We observed two tryptic glycopeptides EEQYNSTYR and 

TKPREEQYNSTYR with 3+ and 4+ charge states. Grey columns represent Trastuzumab in 

the first eluate aliquot from an oFc20 membrane and processing with pepsin in-membrane 

digestion. The error bars are standard deviations of analyses of three digestion replicates 

either from the same dialyzed Trastuzumab standard in DI water or the first eluate aliquots 

from three different membranes. One and two *’s denote a significant difference at p < 0.05 

or 0.01, respectively. The experimental section defines the relative peak area.
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Figure 4. 
Glycan compositions of Trastuzumab from three different manufacturing batches. Batch 

2 is the Trastuzumab used for all Trastuzumab-related experiments here unless otherwise 

noted. * is p < 0.05, whereas ** is p < 0.01 in an unpaired T test. Error bars represent the 

standard deviations of analyses of the first eluate aliquot from three different membranes. 

The experimental section defines the relative peak area.
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Figure 5. 
Glycan compositions of three different subclasses of human IgGs. Trastuzumab is IgG1, 

whereas Panitumumab is IgG2 and Nivolumab is IgG4. The Trastuzumab result is the same 

as Batch 2 in Figure 4. Error bars represent the standard deviations of analyses of the first 

eluate aliquots from three different membranes. *** is p < 0.001 in unpaired T test. The 

experimental section defines the relative peak area.
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Figure 6. 
Glycan composition of Ab3022, an in-house expressed human IgG1 antibody from 

ExpiCHO-S cells. The cells were cultured 7 days before harvest. The supernatant was 

clarified, and filter sterilized prior to analysis. Error bars are the standard deviations 

of measurements of replicate first eluate aliquots from three different membranes. The 

experimental section defines the relative peak area.
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