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Introduction

❏ Online monitoring of critical quality attributes (CQAs) can provide the basis for 
advanced processing of therapeutics production (real time monitoring, feedback 
control and real-time release testing) 

❏ In 2021 the FDA published a guidance document: “Q13 Continuous Manufacturing 
of Drug Substances and Drug Products”, where it specifically supports the 
development and implementation of innovative online analytical technologies 

https://www.fda.gov/media/153044/download
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/q13-continuous-manufacturing-drug-substances-and-drug-products?utm_medium=email&utm_source=govdelivery
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/q13-continuous-manufacturing-drug-substances-and-drug-products?utm_medium=email&utm_source=govdelivery


Current State and challenges

❏ PAT technologies have been mainly focused on tools in the form 
of sensors of spectroscopic probes.

❏ Most PAT tools are focused on improving the means of cell 
culture process performance and parameters (e.g. online glucose, 
pH, etc..), but few can directly measure the product quality 
attributes such as oxidation, deamidation, glycosylation.

❏ Spectroscopic techniques often require the use of predictive 
chemometric models, often product-specific and typically 
require large data sets to be validated, and need to be 
re-optimized and/or re-validated when the manufacturing process 
conditions change.



HPLC based MAM methods

❏ HPLC has been the main workhorse in the biopharmaceutical industry, 
from research and development (R&D) to quality control (QC) laboratories.

❏ The peptide mapping-based MAM approach has the potential to replace 
conventional methods for product release, due to its capacity to 
simultaneously monitor several CQAs.

❏ However, the application of MAM, focusing on in-process samples 
analysis, in particular during scale-up and technology transfer has been 
lacking, due to time consuming sample prep.
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Multidimensional LC/MS
Global alignment at Roche-Genentech

Camperi J et al. “Inter-laboratory study to evaluate the performance of automated online characterization of antibody charge variants by multi-dimensional LC-MS/MS”. Talanta. 2021 Nov 1;234:122628. 



Link to publication

Increasing number of publications on this approach

Link to publication

https://pubs.acs.org/doi/10.1021/acs.analchem.1c05461#
https://www.chromatographyonline.com/view/multi-attribute-monitoring-and-the-multi-attribute-method-a-powerful-double-act-for-supporting-biopharmaceutical-manufacturing


Overview of a multidimensional LC/MS workflow for the monitoring 
of antibody minor variants over the cell culture process: proof of 
concept study

Link to paper

https://www.sciencedirect.com/science/article/pii/S0039914022003150


mD-LC/MS workflow for the online monitoring of antibody 
minor variants over the cell culture production processes

In-process cell culture samples collected over the 14-day process. 

The supernatants were injected onto the mD-LC/MS system combining:

❏ Protein A for purification step
❏ Online digestion (tryptic and Lys-C)
❏ Peptide mapping analysis by RPLC-MS/MS

Each sample was analyzed in triplicate.



mD-LC/MS workflow for the online monitoring of antibody 
minor variants over the cell culture production processes

❏ High sequence coverage was obtained for both tryptic and Lys-C digests: 94% and 96%, respectively
❏ RSD values for the three selected unmodified peptides: 0.4 % (retention time) and 13% (peak area)



Comparison of PTMs with traditional offline assays (mAb)

Offline Ref Std

❏ PTM levels (n=3) of deamidation, succinimide formation, C-terminal lysine clipping, N-terminal glutamine 
cyclization, and the valine-histidine-serine (VHS) vs respective offline data obtained on the Ref Std: No 
significant differences

❏ RSD < 8% with the online approach

❏ VHS and C-term Lys decrease over the 14 days

❏ Deamidation slightly increase

Ref. Std.
Online mD-LC/MS

Day 10 Day 12 Day 14

https://www.sciencedirect.com/topics/chemistry/succinimide
https://www.sciencedirect.com/topics/chemistry/cyclization-reaction


Comparability with traditional offline assays (mAb N-glycopeptides)

❏ A total of nine N-glycans were identified by both approaches at similar levels, with RSD < 11% for the online approach

❏ Low (< 0.4%) level glycans (G1S1F, G2S1F, G2S2F and M8) were only detected with the HILIC method 

❏ Overall good correlation between the two assays

HILIC-FD mD-LC/MS



Use of mD-LC/MS for the analysis of a highly glycosylated 
Fc-fusion protein

❏ Two highly glycosylated cytokine ligands attached to a 
Fc domain

❏ Four N-glycan linked sites were identified per cytokine

❏ The sequence of peptides having one N-linked site from 
Trypsin or Lys-C is represented:

Complementarity of Trypsin and Lys-C proteases for the mapping 
glycosylation of the Fc-fusion protein 

Lys-C 

Steric hindrance

Trypsin

Trypsin



Quantification of PTM levels of the Fc-fusion protein

❏ PTMs were measured after online tryptic digestion

❏ The results show a good correlation between the offline and online data for the analysis of the reference 
standard, with RSD values lower than 7% for the online approach.

❏ Over the process, the oxidation levels remained constant and low, while deamidation slightly increased



Site specific N-glycosylation profile by mD-LC/MS

Tryptic digestion TIC

Lys-C digestion TIC

❏ The Lys-C peptide mapping provided information on the two N-linked sites at Asn1 and Asn2

❏ The tryptic peptide mapping provided information on the N-linked site at Asn3



Site specific N-glycosylation profile by mD-LC/MS

❏ mD-LC/MS was able to provide site specific information which would be lost upon 
releasing and pooling the N-linked glycans by traditional offline methods

Antennarity

Sialylation

Core fucosylation



Overview of a multidimensional LC/MS workflow directly 
connected to the bioreactor

Link to paper

https://www.sciencedirect.com/science/article/pii/S0021967322002606?dgcid=coauthor


Online system for the real-time monitoring of antibody QAs 
at the manufacturing floor

mD-LC system allows to monitor charge variants and other PTMs at the intact and peptide level 
on the same instrument without manual intervention permits rapid and reliable characterization.



Overview of Numera Automated Sampling System 

A Dilution Module

B Multiplexer Module

C Routing Module

D Control Module

E Filtration Module

F Liquid Handler

❏ The time from sample draw to data output is about 2 hrs
❏ Inputs regarding parameter specifications are placed into the Numera software to initiate the 

sample draw followed by mD-LC sample preparation and analysis



Comparison of Key Attributes for Commercially Available 
Autosamplers



Flexibility of the online mD-LC system 
Significant flexibility to monitor process parameters and additional QAs such as titer determination or/and 
charge variants distribution

❏ Online monitoring of titer could enable a more streamlined process development or aid in the generation of 
large datasets to help with building models for spectroscopic evaluation

❏ No manual intervention permits rapid and reliable characterization. 

TITER CHARGE



Performance of the online peptide mapping workflow
Digestion efficiency

❏ A slight increase in the missed cleavage over the injections is observed due to a higher amount of mAb injected 
onto the digestion cartridge. 

❏ High sequence coverage and missed cleavage levels remains below than 10%, which is suitable for 
characterization of mAb variants. 

❏ High Mass Accuracy of the MS instrument and consistency between multiple samples

❏ Critical aspect of real-time attribute monitoring based on peptide mapping data is the daily performance of the MS. 



Monitoring and trending of PTMs of IgG1 antibody via online peptide 
mapping workflow

Considering the importance of glycans on product safety, efficacy, and clearance, the capability to monitor these species in 
real time presents an opportunity to develop more robust processes and enable more consistent product quality.

Day 8-14 PTMs trending



Online monitoring of sialic acid content of Asn1 and Asn2 sites for the 
Fc-fusion protein

Online system to monitor sialylation in real time directly at the bioreactor offers the novel capability to make in-process 
decisions upon determination of the sialic acid concentration.

❏ A clear downward trend is observed 
for higher order sialylated species 
(di-, tri, and tetra-sialylated)

❏ Process conditions can easily be 
compared to determine the impact of 
inputs on quality outputs (connected 
to up to 16 reactors). 

❏ Culture 2 was supplemented with zinc 
at inoculation. The addition of zinc is 
known to increase the total sialic 
acid concentration. 



Conclusions

❏ Demonstrated capability of mD-LC/MS workflow for monitoring 
and trending of multiple PTMs, for both standard mAbs and 
complex fusion proteins

❏ Multiple digestion enzymes can be used on the same set-up, 
allowing complementarity of PTM characterization (including site 
specific N-glycosylation)

❏ The connectivity with the bioreactor was successfully 
demonstrated



Looking ahead

❏ Online mD-LC/MS is a promising tool to 
enable advanced processing modes 
including real time monitoring, feedback 
control, aimed at improving the process 
yield, as well as the product quality. 

❏ Online mD-LC/MS can also be used to 
complement probes and spectroscopic 
based measurements in the bioreactor, 
to enhance the accuracy of the 
chemometric predictive models
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