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6 State-of-the-Art Biopharmaceutical Analysis
Cinzia Stella

The articles presented here highlight important recent developments in biopharmaceutical analysis.

7 Improving Selectivity in the Chromatographic Analysis of Monoclonal Antibodies (mAbs)  
 Through the Use of Multi-Isocratic Elution Mode

Thomas Bouvarel, Szabolcs Fekete, and Davy Guillarme

Multi-isocratic elution mode is a powerful chromatographic approach for characterizing minor isoforms  
of monoclonal antibodies.

11 Analytical Applications of Immobilized Enzyme Reactors (IMERs) Coupled to LC–MS/MS  
 for Bottom- and Middle-Up Characterization of Proteins

Patricia Molina and Julien Camperi

Flow-through immobilized-enzyme reactors (IMERs) can streamline protein digestion for bottom-  
and middle-up LC–MS characterization while providing high accuracy and reproducibility.

16 The Power of Trypsin Immobilized Enzyme Reactors (IMERs) Deployed in Online  
 MDLC–MS Applications

Sina Hoelterhoff, Ingrid Grunert, Katrin Heinrich, Saban Oezipek, Martin Winter, and Anja Bathke

Commercially available trypsin IMERs can digest proteins with high sequence coverage and robustness, 
facilitating online multidimensional LC–MS.

20 Online HPLC–HRMS Platform: The Next-Generation Process Analytical Technology Tool  
 for Real-Time Monitoring of Antibody Quality Attributes in Biopharmaceutical Processes

Julien Camperi

Leading biopharmaceutical companies are integrating HPLC into production processes for monitoring  
critical quality attributes (CQAs) with high-resolution mass spectrometry (HRMS) detection.

23 Multi-Attribute Monitoring and the Multi-Attribute Method: A Powerful Double Act  
 for Supporting Biopharmaceutical Manufacturing 

Craig Jakes, Sara Carillo, Silvia Millán Martín, and Jonathan Bones

This work compares at-line Protein A-MS with a standard multi-attribute method (MAM) workflow for  
analyzing product quality attributes (PQAs) during upstream processing.

26 New Aspects in the Integration of Mass Spectrometry Technologies in the  
 Biopharmaceutical Industry

Esme Candish, Andrew Dykstra, Alla Polozova, Da Ren, and Hao Zhang

High-resolution mass spectrometry (HRMS) is an increasingly critical tool for identifying, characterizing,  
and monitoring attributes of protein-based therapeutics.

30 Perspectives on the Use of Retention Modeling to Streamline 2D-LC Method Development:  
 Current State and Future Prospects

Dwight R. Stoll and Bob W.J. Pirok 

If we are going to achieve widespread adoption of multidimensional separations, we need more  
systematic approaches to method development that rely less on user experience.

Cover Image: Kateryna_Kon - stock.adobe.com  |  Cover art: Artist’s depiction of mAbs in their role as biopharmaceutical products for immunotherapy
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A s novel and complex biotherapeutic formats are entering the pipeline of most biotech companies and pro-
gressing through development into commercialization, the role of analytical characterization has become 
increasingly crucial. Analytical methods that provide significant time savings, while preserving resolution 

and efficiency, and are highly desirable (and necessary) to enable faster development of new therapies in an 
increasingly competitive landscape. This special issue provides an overview of some current analytical trends and 
recent advances in biotherapeutic characterization, with the aim of providing valuable insights into how we can 
overcome some of the analytical challenges associated with the next generation of biotherapeutics. 

Davy Guillarme and colleagues introduce a new chromatographic separation strategy, the “multi-isocratic 
approach,” developed to improve selectivity for the separation of molecular antibodies (mAbs) and related 
variants, which is often challenging. They describe, with various examples, how the multi-isocratic approach 
can achieve much higher resolution compared to common linear, multilinear, or any non-linear gradient,  
under reversed-phase liquid chromatography (RPLC) conditions. 

Several authors in this special issue illustrate the effectiveness of immobilized enzyme reactors (IMERs) to 
streamline protein digestion for liquid chromatography–mass spectrometry (LC–MS) analysis. Patricia Molina and 
Julien Camperi describe various examples that illustrate how IMERs can be combined with multi-dimensional 
chromatography (MDLC) workflows to allow faster characterization of post-translational modifications (PTMs)  
of biotherapeutic proteins. Anje Bathke and colleagues review commercially available and selected trypsin IMERs 
in regard to their application in LC-based and automated sample preparation. The publications discussed demon-
strate the efficiency and suitability of these trypsin IMERs to perform online protein digestion, which is reflected in 
high sequence coverages, robustness, good repeatability, and relatively low rates of missed cleavages in respect 
to the significantly shorter online digestion time compared to manual approaches.

In another article, Camperi describes how online LC with high-resolution mass spectrometry (HRMS) detection 
can be successfully applied to the online monitoring of critical quality attributes (CQAs) directly in the bioreactor, 
with the potential to enable real-time decisions.

In a similar trend, Jonathan Bones and colleagues compare an online Protein A-MS method (Protein A affin-
ity chromatography coupled to MS) with a standard laboratory-based multi-attribute method (MAM) method, 
demonstrating that similar information can be obtained using the two methods. Although the laboratory-based 
MAM method can detect a higher number of PQAs, the Protein A-MS method is an ideal analytical solution when 
sample is limited or when rapid turnaround of the analytical result is needed.

Esme Candish and colleagues discuss advances in HRMS that are making it an increasingly critical tool for iden-
tifying, characterizing, and monitoring attributes of protein-based therapeutics.

Dwight Stoll and Bob Pirok highlight how the more widespread use of multi-dimensional separations will require 
more systematic approaches to method development, that rely less on user experience, and more on model-
driven approaches. Recent research, aimed at developing such systematic approaches in support of method 
development, is discussed in this mini-review.

Overall, this special issue presents various approaches to overcome the challenges related to the analytical 
characterization of biotherapeutics, in an increasingly complex and rapidly evolving landscape. These are exam-
ples of how analytical workflows and characterization strategies need to evolve along with the next generation 
of biotherapeutic formats, to continuously enable faster, yet comprehensive product characterization throughout 
the drug development process.

Cinzia Stella, PhD
Senior Scientist and Group Leader
Department of Protein Analytical Chemistry 
Genentech 
South San Francisco, California 
stella.cinzia@gene.com

State-of-the-Art Biopharmaceutical Analysis
Cinzia Stella
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M onoclonal  ant ibodies 
(mAbs) are considered 
one of the most impor-

tant classes of therapeutic mol-
ecules for treating various dis-
eases. These biopharmaceutical 
produc ts are highly complex 
and inherently heterogeneous, 
mak ing them challenging to 
charac ter i ze.  Even a minor 
chemical modification (such as 
oxidation, deamidation, glyca-
tion, and so forth) in the protein 
structure could strongly af fect 
the product ef ficacy or toxicity.  
Therefore,  the presence of 
minor isoforms (also known as 
variants ) has to be charac ter-
ized using power ful chromato-
graphic methods in combina-
t ion with mass spec trometr y 
(MS) (1). Reversed-phase liquid 
chromatography (RPLC) is  a 
robust, reliable, and versatile 
c h romatog r a ph ic  a p proac h, 
and i t  is  widely used today 
for characterizing protein bio-
pharmaceuticals. RPLC of fers 
high kinetic per formance and 
s traight for ward compatibil i t y 
with MS, but the technique has 
also shown some limitations, 

which are described in the lit-
erature (2). An impor tant con-
straint of RPLC is the limited 
selectivity when characterizing 
large molecules.

Tuning Selectivity in  
Reversed-Phase LC Mode
When analyzing protein bio-
pharmaceuticals in RPLC, the 
nature of the stationary phase 
has a very limited impact on 
selectivity and retention except 
when using exotic stationary 
phase chemis t r y (3 ).  Selec-
tivity is mostly driven by the 
mobile phase. Unfor tunately, 
the flexibility in terms of mobile 
phase additives is extremely 
restric ted. Trif luoroacetic acid 
(TFA) is often required to obtain 
symmetrical and sharp peaks 
for mAbs (4). In addition, the 
impac t of  organic modi f ier 
nature (acetonitrile, methanol, 
and isopropanol) on selectivity 
is also quite limited (5). Because 
of these considerations, it is 
clear that a modifying gradi-
ent elution profile should be 
the most promising solution to  
tune selectivity.

The Particular Elution  
Behavior of Proteins in 
Reversed-Phase LC Mode
It is established that large mol-
ecules, such as mAbs, dis-
play specific elution behavior.  
Their retention is extremely sen-
sitive to the mobile phase com-
position. A very minor change 
in eluent strength can result in 
the complete release of the sol-
ute from the column. This par-
ticular retention behavior has 
been described as an “on/off” 
or “bind and elute” mechanism 
(6). Compared to the multiple-
step partitioning process that is 
observed with small molecules 
in RPLC mode, only a very lim-
ited number of adsorption-
desorption steps are observed 
with large molecules. To better 
explain this retention mecha-
nism, the retention factor of a 
large solute is nearly infinite in 
a weak eluent; thus, the protein 
species do not migrate along 
the column (adsorbed at the col-
umn inlet, thus corresponding 
to the “on” state). Then, only a 
small increase of eluent strength 
(for example, a 1% increase of 

Improving Selectivity in the Chromatographic 
Analysis of Monoclonal Antibodies (mAbs)  
Through the Use of Multi-Isocratic Elution Mode

Thomas Bouvarel, Szabolcs Fekete, and Davy Guillarme

When characterizing monoclonal antibodies (mAbs) with reversed-phase liquid chromatography (RPLC), it is 
often challenging to attain sufficient selectivity between mAbs and their related variants. A new strategy, 
referred to as multi-isocratic elution mode, has recently been developed. It is based on setting a series of 
consecutive isocratic steps and very short steep gradient segments at solute elution. This elution mode 
offers several advantages compared to the usually applied linear gradient mode. Large biomolecules can 
benefit the most because of their “on/off” elution behavior. Arbitrary selectivity can be set between closely 
related protein variants while maintaining sharp peaks because of the strong band compression effects 
occurring at elution within the steep gradient segments.

http://www.chromatographyonline.com
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organic modifier content shif ts 
the retention by a factor of 10 for 
a mAb [7]), resulting in a huge 
drop of retention fac tor and 
the protein migrating towards 
the column outlet without any 
fur ther interactions (this corre-
sponds to the “off” state).

Based on this behavior, i t 
is clear that gradient elution 
is mandator y to elute var i -
ous protein species contained 
within one given sample and 
to control  the retent ion of  
large biomolecules.

Multi-Isocratic Elution  
Mode for Proteins
In practice, a simple linear gradient 
is applied for analyzing proteins 
under RPLC conditions because it 
is a very simple procedure, highly 

repeatable (poorly affected by 
flow pumping precision and sys-
tem volumes), and easy to transfer 
between instruments. Some other 
types of gradients (concave or 
convex) have also been success-
fully applied to mAbs analysis, but 
remain rarely used (8).

Alternatively, to benefit from 
the on/of f behavior, we have 
developed a strategy of combin-
ing isocratic (binding) steps and 
very short steep gradient (elut-
ing) segments at protein elution 
composition (7). Such a multi-
step elution mode allows us to 
tune selectivity as desired while 
maintaining sharp peaks because 
of the strong band compression 
effect observed with proteins. If 
desired, extremely high selec-
tivity can be reached because 

the selectivity will exclusively be 
determined by the duration of a 
given isocratic segment.

Figure 1 shows a schematic 
view of the multi-isocratic elu-
tion mode for proteins. On the 
top panel of Figure 1, a linear 
gradient was applied for sepa-
rating various protein species 
(subunit species of a mAb, all of 
~25 kDa). In this chromatogram, 
various segments (#1 to #4) were 
identified and the correspond-
ing eluent compositions could 
be easily calculated. As shown 
at the bottom panel of Figure 
1, when setting the eluent com-
position to 27%, all the protein 
species bind at the column inlet. 
Then, when increasing the eluent 
strength to 30%, only the first 
peak (least retained) was eluted 
while the two other peaks were 
highly retained at the column 
inlet. By increasing the eluent 
composition to 32.5%, the sec-
ond compound will elute while 
the third one is still strongly 
bound to the stationary phase. 
Finally, the last compound can 
be eluted by setting 37% B.

Much higher selec t iv i t y is 
expected with a multi-isocratic 
segment elution program com-
pared to any linear gradient sim-
ply by setting the length of each 
isocratic segment appropriately. 
Tuning the segment duration 
will only af fect the retention of 
the next eluting peak and will 
have a negligible effect on later 
eluting peaks.

Applications of the  
Procedure to Real Samples
Figure 2 highlights two relevant 
applications of the multi- iso-
cratic elution mode for analyz-
ing real mAb samples. 

Figure 2a shows the analysis of 
a reduced daratumumab sample. 
Chemical reduction with dithio-
threitol (DT T ) produces t wo 
peaks, one for the heavy chain 
(HC) of 50 kDa and another one 
for the light chain (LC) of 25 kDa. 
The separation between LC and 

Linear gradient(a)

(b) Isocratic segments

%B segment1%B segment1

%B segment1
(binding)

%B segment2
(elution of peak1)

%B segment3
(elution of peak2)
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FIGURE 1: Schematic representation of the elution of protein species when running (a) 
linear gradient, and (b) multi-isocratic elution mode. Adapted from (7) with permission 
from the American Chemical Society.
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HC was satisfactory using a lin-
ear gradient (first chromatogram 
in Figure 2a), but much higher 
selec t iv i t y was achieved by 
extending the length of the iso-
cratic segment between the two 
peaks (an isocratic step of 8 and 
28 min was included between 
the elution of the two peaks for 
the second and third chromato-
grams, respectively). In addition, 
the width of the HC peak was not 
affected when extending the iso-
cratic time duration. This exam-
ple also highlights the possibil-
ity of achieving high selectivity 
between protein species under 
RPLC conditions (see the third 
chromatogram on Figure 2a).

Figure 2b shows the analysis 
of an intact atezolizumab sam-
ple of approximately 150 kDa. 
When applying a linear gradi-
ent, only a shoulder can be 
observed at the right bottom of 
the main peak and this second 
peak is not sufficiently resolved 

from the main isoform. These 
two peaks cannot be separated 
whatever the steepness of a lin-
ear gradient. However, when 
applying multi-isocratic elution 
mode, the two peaks can be well 
resolved, as illustrated in Figure 
2b. Nevertheless, it is important 
to mention that the two pro-
tein species have a very close 
chromatographic behavior (very 
similar retention model param-
eters). Therefore, this example 
shows the limits of what can be 
done with this approach.

Perspectives
With the multi-isocratic approach, 
uniform peak distribution equidis-
tant band spacing) and significantly 
higher resolution can be achieved 
compared to common linear, multi-
linear, or any non-linear gradients.

However, such a procedure may 
be insufficient in improving reso-
lution when the protein species 
have similar retention properties. 

Therefore, we have demonstrated 
that a steep negative gradient 
segment between the eluting 
and non-eluting segments can be 
added to further improve selec-
tivity (9). In practice, this strategy 
is more dif ficult to implement 
than the multi-isocratic approach 
but can be particularly attractive.

All the results presented here 
were obtained under RPLC condi-
tions. However, it is very impor-
tant to notice that the multi-
isocratic approach can also be 
valuable in other modes of chro-
matography such as ion exchange 
chromatography (IEC), hydropho-
bic interaction chromatography 
(HIC), and hydrophilic interaction 
chromatography (HILIC) (10).

References
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B iotherapeutics account for 
approximately one-half of 
the newly commercialized 

products; thus, they have become 
a rapidly growing portion of the 
total pharmaceutical market.  
Many biopharmaceuticals currently 
approved constitute single-target 
recombinant monoclonal antibod-
ies (mAbs) for indications in oncol-
ogy, anti-immunity, and chronic 
inf lammatory applications (1). 
However, given the extreme com-
plexity of disease mechanisms, 
many companies are also focusing 
on the development of multispe-
cific biotherapeutics (next-genera-
tion biologics) that engage two or 
more protein targets (2). The com-
petitive landscape for developing 
biopharmaceutical proteins and 
the complexity of these proteins 
call for the development of new, 
efficient, rapid, automated, and 
robust analytical methods through-
out their entire development 
stage, from candidate screening  
to commercialization.

Companies developing and 
manufac turing biopharmaceu-
ticals have adopted the main 

principles of quality by design 
(QbD). These principles require 
the definition of desired prod-
uc t per formance, ident i f ica-
tion of critical quality attributes 
(CQAs), and an understanding 
of the impact of process prod-
uc t parameters on CQAs (3). 
CQAs are physical, chemical, 
biological,  or  mic robiologi -
cal characteristics from which 
an appropriate limit, range, or 
distribution should be defined 
to ensure the desired product 
quality (4). Recombinant mAbs 
produced in mammalian cells are 
large and heterogeneous pro-
teins of approximately 150 kDa. 
Their heterogeneity results from 
the presence of a wide variety 
of post-translational modifica-
tions (PTMs), such as oxidation, 
deamidation, and glycosylation, 
that can occur during their man-
ufacturing, storage, and post-
administration (5). CQAs are 
identified by thorough charac-
terization of PTMs using risk-
filtering strategies and require 
specific ranges. Potential prod-
uct quality dif ferences resulting 

f rom manufac tur ing changes 
require a comprehensive char-
ac ter izat ion and evaluat ion 
of batch-to-batch variation of 
CQAs to ensure their safety, 
efficacy, stability, and batch-to-
batch consistency (6).

The characterization of PTMs 
has been s tandardized and 
has mainly used variations of 
bottom-up or middle-up liquid 
chromatography– mass spec-
trometry (LC–MS) approaches. 
Bottom-up LC–MS approaches, 
commonly called peptide map-
ping, consist of identifying and 
quantifying PTMs at the peptide 
level af ter digesting the mAb 
with proteases such as trypsin, 
chymotrypsin, Lys-C, thermoly-
sine, and Glu-C (7). Bottom-up 
LC–MS analyses are used to con-
firm the amino acid sequence as 
well as to identify, locate, and 
determine the relative amount 
of each modification while per-
forming a thorough batch-to-
batch comparison. Middle-up 
LC–MS refers to PTM analysis at 
the mAb subunit level (~25–100 
kDa). Subunits are generated 

Analytical Applications of Immobilized Enzyme 
Reactors (IMERs) Coupled to LC–MS/MS for 
Bottom- and Middle-Up Characterization of Proteins 

Patricia Molina and Julien Camperi

Identification, monitoring, and, more importantly, linkage of critical quality attributes (CQAs) in processing 
parameters in a biopharmaceutical product is required to ensure the quality and manufacturing consistency 
of the product, but also its safety and efficacy during clinical and commercial development. Recently, bottom-
up and middle-up liquid chromatography–mass spectrometry (LC–MS) characterization strategies using 
immobilized enzyme reactors (IMERs) in combination with multidimensional liquid chromatography coupled with  
high-resolution MS (MDLC–HRMS), as well as sophisticated software solutions, have been added to the analytical 
toolbox. These strategies not only allow faster characterization of post-translational modifications (PTMs) present 
in biotherapeutic proteins but also have the potential to provide a fully automated and unified bottom-up,  
middle-up, and intact LC–MS characterization approach.
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either by reducing the disulfide 
bonds to produce a light chain 
(LC), heavy chain (HC), or by 
digestion with proteases such 
as pepsin, papain, Lys-C, IgdE, 
and IdeS (8). In middle-up LC–
MS analysis, the intact mass of 
the mAbs fragments is deter-
mined by providing information 
regarding the regional location 
of a modification or a sequence 
variant. This strategy has been 
used for dif ferentiating Fc and 
Fab glycosylation and inter- and 
intra-f ree sulfhydr yls analysis 
(9,10). Bottom-up and middle-up 
LC–MS are complementary and 
provide a power ful analy tical 
tool for the comprehensive char-
acterization of PTMs in mAbs.

The generation of samples for 
bottom-up or middle-up LC–MS 
analysis is typically per formed 
manually and involves several 
tedious and labor- intensive 
steps. Recently, ef for ts have 
been concentrated in reducing 
analysis time and throughput by 
implementing sample prepara-
tion automation, enzyme immo-
bilization, better instrumenta-
tion, faster and more sensitive 

mass spectrometers, and sophis-
ticated software solutions.

Bottom-up approaches, such 
as mult i-at tr ibute monitor ing 
(MAM), benefit from the imple-
mentation of liquid handlers for 
sample preparation, as reported 
by Song and others (11). The 
application includes fully auto-
mated sample preparation using 
protein A purification and tryp-
t ic  d iges t ion,  LC– MS -based 
MAM using full MS (MS1) data 
acquis i t ion,  and automated 
data analysis.  This work f low 
suppor t s cel l  l ine develop-
ment, cell culture process, and 
downstream process develop-
ment. Tryptic-digested samples 
were prepared in an automated 
fashion on a Hamilton Starline 
workstation, which was shown 
to increase throughput, produc-
tivity, accuracy, and precision.  
T he  ha r moni ze d d ig e s t ion 
method was implemented across 
three dif ferent sites for moni-
toring CQAs. Robustness stud-
ies showed minimal quantifica-
tion variability of CQAs, such as 
oxidation, deamidation, isoas-
par tic acid, C-terminal lysine,  

and major glycoforms (G0, G1, 
G0F, G1F, G2F, Man5, G1FS1, 
G2FS1, and GOF-N), over 96 
injec tions of a single sample 
across sites (Figure 1). 

Flow-through immobil ized-
enzyme reac tors ( IMERs) are 
enzyme-containing car tr idges 
where an enzyme is covalently 
bound or immobilized on a solid 
support and packed into a col-
umn. This technique has been 
shown to maintain high enzyme 
specif icit y and cataly tic ef f i-
ciency, providing high accu-
racy and reproducibilit y (12).  
They have the advantage of 
operating in a continuous mode, 
which reduces analysis time (from 
hours to seconds) and cost, and 
also makes them amenable for 
automation. IMERs are used in 
many applications, such as drug 
metabolism research, enantiose-
lective synthesis, identification of 
drug candidates, and novel inhib-
itors (13). In addition, IMERs pro-
vide comparable (and sometimes 
superior) performance compared 
to traditional of f line digestion 
approaches, as described in the 
examples below.

IMERs have recent ly been 
used for analy t ical purposes 
such as offline, online, or multi-
dimensional liquid chromatogra-
phy–high-resolution mass spec-
trometry (MDLC–MS) analysis.  
Recent publications of online 
IMERs coupled to LC instruments 
have been used in the area of 
proteomics using enzymes such 
as Lys-C, Lys-N, pepsin, and 
PNGase-F (14). Perchepied and 
others reported the use of com-
bined peptide mapping infor-
mation from immobilized trypsin 
and pepsin for fast and reliable 
localization and charac teriza-
tion of N- and O-glycoforms in 
human chorionic gonadotropin 
hormone (HCG) by nano-LC–
MS/MS and automated data 
analysis using Byonic (Protein 
Metrics). HCG is a highly gly-
cosylated heterodimer protein 
with two N-glycosylation sites in 
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the alpha and beta subunits and 
four O-glycosylation sites in the 
beta subunit. Per formance of 
the combined trypsin and pep-
sin-IMER digestion results were 
compared to manual in-solution 
digestions. The combination of 
the two complementary IMER 
digestion modes resulted in the 
identif ication of 42 out of 45 
common glycans in HCG using 
a digestion time of 30 min com-
pared to overnight conventional 
sample preparation (15).

Similarly, Bonichon and oth-
ers reported the development 
of a pepsin-IMER coupled to 
nano-LC– MS/MS for analysis 
and quantification of the human 
butyrylcholinesterase (HuBuChE) 
nonapeptide assay. This peptide 
is generated after digestion of 
HuBuChE that has reacted with 
organophosphorus compounds 
(OP), and it is a biomarker for 
nerve agent intoxication. Pepsin-
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FIGURE 2: Schematic of the 4D-LC–MS workflow for a targeted peptide mapping 
approach using an online IdeS-HPLC column (1D, yellow path), followed by on-column 
reduction by reversed-phase HPLC (2D, blue path), trypsin digestion in flow-through 
mode (3D, green path), and peptide mapping analysis by reversed-phase LC (4D, gray 
path) for each fragments Fd’, LC, and Fc/2. The selection of fragments is performed 
after the on-column reduction via a six-position, seven-port selector valve. Middle-up 
analysis using reversed-phase LC or HILIC for fragments separation (3D, orange path) 
can be performed within the same chromatographic system. The mixing tees and the 
zero dead-volume union were represented by (*) and (**), respectively (18,19).
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IMER digestion parameters, such 
as digestion time, temperature, 
and amount of immobilized pep-
sin, were optimized. Digestion 
yields were monitored using a 
synthetic peptide as a calibrant 
by multiple reaction monitoring 
(MRM) analysis. Reproducibil-
ity was assessed by evaluating 
three pepsin-IMER preparations 
and the limit of quantification 
of the nonapeptide was esti-
mated in the attomolar range.  
Digestion yields of HuBuChE 
were higher with the immobilized 
pepsin-IMER when compared to 
those generated by in-solution  
pepsin digestion (16).

Comprehensive characteriza-
tion of glycan structure is impor-
tant during the development of 
mAbs because their mechanism 
of action is mediated by the site 
and structure of the at tached 

glycan. Sample preparation of 
the enzymatically released gly-
cans is lengthy and requires 
sample clean-up and derivatiza-
t ion to facil i tate their chro-
matographic separat ion and 
detec tion by LC–MS. Jmeian 
and others developed an online 
PNGase F-IMER to release neu-
tral and acidic N-linked glycans 
from glycoproteins (RNAse B, 
Fetuin, A1AGP, IgG, thyroglob-
ulin) and human blood serum 
coupled with LC–MS/MS analy-
sis (17). The PNGase F- IMER 
was coupled to a C8 trap and 
porous graphitic carbon (PGC) 
HPLC-chip that allows fast and 
accurate glycan release, sample 
clean-up, LC separation, and 
MS detection. The method was 
able to detect released N-linked 
glycans from 100 fmol of pro-
tein and 0.1 µL of human blood 

serum at room temperature in 
6 min reaction time. Neutral and 
acidic N-linked glycans were effi-
ciently released from in-solution 
and human blood serum glycopro-
teins in a few minutes compared 
to overnight digestion at 37 °C, 
and the PNGase F-IMER was sta-
ble and able to operate continu-
ously for over a month (17).

Further automation of sample 
analysis has been achieved by 
combining IMERS with special-
i zed chromatographic tech-
niques such as MDLC–HRMS.  
A fully automated middle-up 
LC–MS characterization of mAbs 
and bispecific antibodies (BsAbs) 
us ing an immobil ized IdeS-
enzyme HPLC column (Genovis) 
was repor ted by Camperi and 
others (8). The workflow consists 
of online digestion of untreated 
mAbs and BsAbs samples in the 

TABLE I: Potential applications of IMERs for mAb characterization

Protease Specificity Potential Use 

IdeS
Cleaves at the Gly236-Gly237 motif at the hinge region of IgGs,  
generating LC, HC, Fd’ fragments (~25kDa) after reduction.

Middle-up, glycoprofiling,  
Free thiol analysis

IgdE
Cleaves above the hinge at a specific site (KSCDKT/HTCP-
PCP) creating an Fc and two Fab fragments (50 kDa).

Middle-up

IdeZ

IdeZ protease (IgG-specific) that recognizes all human, sheep, monkey, and rabbit  
IgG subclasses, specifically cleaving at a single recognition site below the 
hinge region, yielding a homogenous pool of F(ab´)2 and Fc fragments.

Both IdeS and IdeZ proteases effectively cleave human IgG1, IgG2, IgG3, and 
IgG4, monkey, sheep, rabbit, humanized, and chimeric IgGs as well as Fc-fusion 
proteins. However, only IdeZ protease cleaves mouse IgG2a and IgG3.

Middle-up, glycoprofiling

SpeB

Cysteine protease that under reduced conditions digests in the hinge 
region of IgG1 antibodies from many species and subclasses, including 
human, mouse, rat, and goat. SpeB yields Fab and Fc fragments.  
The primary digestion site on human IgG1 is KTHT/CPPCPAPE.

Middle-up, glycoprofiling

Kgp (Gingipain K)
Cysteine protease that digests human IgG1 at a specific site above the hinge  
(KSCDK/THTCPPC), generating intact Fab and Fc fragments. A second  
digestion site on the Fc may appear if the N-glycans are removed. 

Middle-up, glycoprofiling

EndoS
IgG-specific endoglycosidase that hydrolyzes Fc N-linked glycans, leaving  
the core GlcNAc attached to IgG, thus simplifying sample complexity.

Released N-linked glycans

Endo S2

IgG-specific endoglycosidase that hydrolyzes all glycoforms including hybrid,  
high-mannose, complex, and bisecting N-linked glycan. The enzyme is 
used to reduce the complexity of antibody-based therapeutics  
or to study core afucosylation and N-glycan site occupancy.

Released N-linked glycans

PNGase-F
Amidase that cleaves between the innermost GlcNAc and asparagine residues of 
high mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins.

Released N-linked glycans
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IdeS-HPLC column followed by 
the separation and reduction of 
the subunits by reversed-phase 
LC analysis and HRMS. Contrary 
to papain and pepsin, IdeS is 
highly specific and cleaves at the 
Gly236–Gly237 motif at the hinge 
region of the human IgG subclass 
1–4, generating F(ab’)2 (≈100 kDa) 
and Fc (≈50 kDa) fragments. Addi-
tional reduction of these IdeS-
generated fragments with either 
t r is (2-carbox yethy l )phosphine 
(TCEP) or dithiothreitol (DTT) 
results in light chain, heavy chain, 
and Fd’ fragments of approxi-
mately 25 kDa each. The method 
was developed and implemented 
for the rapid characterization of 
PTMs as well as potential BsAbs 
product impurities because of 
chain pairing, which informed the 
process development of the mol-
ecule (8). This approach success-
fully streamlined extended char-
acterization of mAbs with a much 
faster turnaround time compared 
to offline approaches.

Applications were expanded to 
middle-up and targeted bottom-
up 4D-LC–MS (digestion-IdeS 
↔ reduction reversed-phase LC 
↔ tryptic digestion ↔ reversed-
phase LC–MS), and the workflow 
was reported for the comprehen-
sive characterization of mAbs 
PTMs (18,19). Figure 2 shows 
the schematic of the setup. The 
workflow provides both reduced 
mass analysis information of the 
IdeS-generated fragments (light 
chain, heavy chain, and Fd’) and 
targeted peptide mapping data 
for each reversed-phase fraction, 
with complementary-determining 
region (CDR) sequence coverages 
higher than 97%. Comprehensive 
detection and quantification of 
multiple PTMs, such as oxida-
tion, deamidation, and isom-
erization of each fraction, were 
demonstrated and compared to 
the offline method. In addition, 
the Fd’ fraction can be targeted 
for analysis of N-glycans, with 
a similar sensitivity to manual  
offline strategies (19). 

Key advantages of automation, 
enzyme immobilization (PNGase-
F, IdeS, and trypsin), MDLC–HRMS 
instrumentation, and software 
solutions (not covered) are making 
a significant impact on the analy-
sis of PTMs by allowing a more 
streamlined, yet still comprehen-
sive identification, quantification,  
and monitoring. The implementa-
tion of these workflows can sig-
nificantly reduce sample handling, 
operation time, and the risk of 
potential artifacts (oxidation and 
deamidation) compared to stan-
dard offline procedures. However, 
the required sophisticated instru-
mentation can be used to inform 
several stages of development but 
it may not yet be amenable for the 
quality control testing laboratories. 
In addition, this analytical workflow 
is extremely versatile as differ-
ent types of immobilized enzymes 
(IdeZ, SpeB, IgdE, Kgp, Endo S2, 
Endo S) can be used, exponentially 
increasing the number of analyti-
cal protein applications to support 
current and novel biopharmaceuti-
cal formats (see Table I).
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O ver the past several 
years, online multidimen-
sional LC–MS (MDLC–

MS) has continuously drawn 
increased at tention because 
of its ef fectiveness and speed 
when used to characterize ther-
apeutic antibodies (Abs) (1,2).  
Various MDLC–MS approaches 
have been developed, optimized, 
and adjusted to different analyti-
cal needs to examine post-trans-
lational modifications (PTMs),  
such as N-glycosylation, methio-
nine oxidation, asparagine deam-
idation, and aspartate isomeriza-
tion (3–5). In 2021, Camperi and 
others (1) reviewed the poten-
tial of these automated online 
workflows with their broad field 
of application and highlighted 
their advantages compared to 
traditional of f line approaches. 
Benefits of the automated online 
work f lows compared to the 
labor-intensive offline workflows 
are a lower amount of protein, 
fewer method-induced artifacts, 
and less impurities and signifi-
cant time savings. The protein 
digestion step is a crucial part of 
MDLC–MS/MS systems because 
high sequence coverages and 
low levels of missed cleavages 

are indispensable for identify-
ing and quantifying PTMs (3).  
Immobilized enzyme reactors 
(IMERs) are the basis of these 
multidimensional systems. They 
are used to perform the online 
digestion and allow for fast and 
reproducible cleavage of anti-
bodies into fragments (IdeS/pep-
sin/papainIMER) (6–9) or pep-
tides (trypsin/LysC-IMER) (3–5, 
10–11), as shown in Figure 1. 

Moreover, these IMERs enable 
less enzymatic autolysis, and the 
online in-flow digestion breaks 
the analysis time down to a few 
minutes or seconds compared 
to the time-consuming of f line 
work f low that of ten requires 
overnight digestion (2–8,10–19). 
Even though there are vari-
ous columns that incorporate 
enzymes, such as immobilized 
LysC, pepsin, papain, and IdeS, 
this review focuses on commer-
cially available trypsin IMERs, 
which have been extensively 
applied in recent MDLC–MS 
studies (1,4–6,8,14,16–18,20). 

Table I summarizes all purchas-
able trypsin IMERs with detailed 
information as well as referenced 
applications. In general, tryp-
sin IMERs can be acquired from 

two dif ferent suppliers, namely 
StyrosZyme (OraChrom Inc.) or 
Perfinity (Perfinity Biosciences), 
whereas the Poroszyme trypsin 
IMER (ThermoFisher Scientific) 
has been withdrawn from the 
market. However, there are still 
functional columns in the labo-
ratories, so it can be assumed 
that studies will continue to be 
per formed utilizing this type  
of column. 

Var ious publ icat ions con-
firmed the application of these 
three commercial trypsin IMERs 
for fast and automated sample 
preparation in combination with 
a variety of different MDLC–MS 
approaches (1,3–5,11–13,19,20). 
An inter laborator y s tudy by 
Camperi and others (3) utilized 
Porosz yme and St y rosZyme 
IMERs for the ion exchange chro-
matography (IEC) characteriza-
tion of an IgG, and it emphasized 
how this analy tical work f low 
could provide high digestion 
rel iabil i t y and per formance.  
The three laboratories obtained 
comparable high sequence cov-
erages (between 95.8 –96.4%) 
with the two dif ferent IMERs.  
Nevertheless, the rates of missed 
cleavages were 10–11% for Poro-
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Enzyme Reactors (IMERs) Deployed  
in Online MDLC–MS Applications 
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szyme compared to 5% for Styro-
sZyme. The lower missed cleav-
age rate can be explained by 
the elongated length of the Sty-
rosZyme IMER (100 mm), which 
leads to an extended digestion 
time and a consecutively higher 
digestion efficiency compared to 
the Poroszyme (50 mm). Moreover, 
the age and a high number of pre-
viously performed digestion cycles 
can induce higher missed cleavage 
rates compared to new IMERs. 

The same two types of IMERs 
were further compared by Goyon 
and others (12) where several dif-
ferent Abs were analyzed with a 
4D-LC–MS (IEC x RPLC x trypsin 
IMER x RPLC) analytical workflow. 
These data showed for most Abs 
a higher sequence coverage for 
the Poroszyme compared to the 
StyrosZyme cartridge. 

In a previous work by Goyon and 
others (13), the size variants of an 
antibody–drug conjugate (ADC) 
were characterized by 2D-(SEC x 
HIC) and 4D-LC–MS (SEC x RPLC x 
trypsin IMER x RPLC). The 4D-LC–

MS approach incorporated the 
Poroszyme IMER similarly to the 
preceding Ab characterization 
(12), and a sequence coverage of 
93% was obtained. 

Pot and others (11) presented 
an onl ine pept ide mapping 

approach without any pr ior 
separation of Ab species that 
achieved a sequence coverage 
up to 98% using the StyrosZyme 
IMER. A further example for the 
application of the StyrosZyme 
cartridge is the 4D-LC–MS char-

TABLE I: Commercially available trypsin IMERs based on polystyrene divinylbenzene (PDVB)

Column Name 
(Vendor)

Inner Diameter 
(mm)

Length 
(mm)

Material
Operational 

Specifications 
and Parameters

Tested Digestion 
Temperature 

(°C)
Reference(s)

Perfinity (Perfinity 
Biosciences)

2.1 331 Stainless steel

10–500µL/min 
(50 µL/min 

recommended);
<170 bar; pH 8.5; 
25–60 °C (37–40 

°C optimal)

20, 25, 30, 37 1(19)

37 1(18)

StyrosZyme 
(OraChrom Inc.)

1 30, 50, 100

Stainless steel
Specification  

sheet not 
available.

Various applica-
tion notes online

37

2(12)

2(4)

2(11)

2.1

30, 33,
50, 1002,
150, 200,
250, 300

2(3)

30, 50,
100, 1503 PEEK 40 3(5)

Poroszyme  
(Thermos 
Scientific)

2.1 304 PEEK

25–67°C (recom-
mended 37 °C); 

improves at 60 °C 
but decreases the 
column lifetime; 
5% acetonitrile 

or methanol 
reduces binding 

of hydropho-
bic peptides 
to cartridge

20, 25, 30, 37 4(19)

37

4(12,13)

4(3)
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FIGURE 1: Online peak characterization by 4D-LC–MS incorporating separation and 
fractionation in the 1st dimension (1D), reduction or denaturation (2D), transfer and digestion 
on trypsin IMER (3D), and subsequent MS peptide mapping (4D). 
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acterization of Abs charge vari-
ants reported by Verscheure and 
others (5), with a sequence cov-
erage of >95%. Here, the authors 
allowed up to four missed cleav-
ages in data evaluation, result-
ing in increased sequence cov-
erage. In contrast, Reinders and 
others (18) evaluated the Per-
finity IMER in comparison to an 
of f line digestion approach of 
an Ab, demonstrating a com-
parably low sequence coverage 
between the two approaches. 
As previously indicated, the 
sequence coverage is typically 
used to benchmark per for-
mance. However, it needs to be 
pointed out that the sequence 
coverage is not only dependent 
on the quality of the IMER itself, 
but can also be inf luenced by 
the analytical system setup and 
other experimental parameters 
(such as digestion temperature 
and time, or the buffer system). 

In the studies listed here, the 
t r ypsin IMERs are evaluated 
with varying system conditions 
and dif ferent types of analytes. 
Thus, the per formance com-
parison of the three commer-
cially available tr ypsin IMERs 
based on published data should 
be interpreted carefully when 
not performed within the same 
experimental setup and with 
dif ferent on-column digestion 
condi t ions.  To address this 
concern, it would be beneficial 
to conduct another follow-up 
study. In addition, the applied 
analy t ica l  pept ide mapping 
setup and data proces s ing 
parameters, such as the toler-
ated number of missed cleav-
ages and the set MS/MS scores 
for identification, play an impor-
tant role. Despite that, the fol-
lowing considerations are valid 
and can be generally applied in 
the context of online digestion: 
a) higher digestion tempera-
tures increase the activity of the 
enzyme on the one hand, but 
accelerate the aging process 
of the IMER on the other hand; 

b) the ef f iciency depends on 
the on-column digestion time 
and can be controlled by the 
f low rate and IMER dimension; 
c) optimization of the diges-
t ion buf fer (for example, pH 
and salt concentration) in com-
bination with organic solvents 
for ideal digestion ef f ic iency 
is important; and d) a preced-
ing denaturation or reduction  
improves the digest ion ef f i -
ciency, if applicable. 

In general,  al l  commercial 
IMERs achieve good results and 
lead to fast and efficient diges-
tion. Nevertheless, a study com-
paring the two commercially 
available IMERs, namely Sty-
rosZyme and Per finity, would  
be valuable. 

Besides the commercially avail-
able trypsin IMERs, further pub-
lications describe self-made car-
tridges for which the enzyme is 
self-immobilized onto columns. 
These are generally developed 
to either demonstrate compa-
rable performance to offline in-
solution digestion while exten-
sively reducing the analysis time 
(15,21) or to benchmark with 
commercially available IMERs. 
For example, Slechtova and oth-
ers (19) developed a self-immo-
bilized silica-based IMER immo-
bilizing trypsin on high pressure 
compatible with non-bonded 
bridge-ethyl hybrid (BEH) silica 
par ticles (5 µm, 300 Å, Waters 
Corporation), comparing it to 
the trypsin Poroszyme and Per-
finity car tridges. An intensive 
analysis of the digestion activ-
ity and repeatability under dif-
ferent conditions (pH, digestion 
temperature, and adaptation of 
residence time in the cartridge 
by changing flow rates) showed 
an overall good digestion per-
formance of all three IMERs,  
with the Per f init y per forming 
slightly bet ter than the Poro-
szyme and the self-made IMER, 
according to the authors. Based 
on the good results of the BEH-
IMER and its stability at high 

pressure, this type of IMER has 
the potential to provide sig-
nif icant value in the context 
of MDLC–MS applications and 
commercialized development of 
this IMER would be favorable, to 
make this invention available to 
the broad public. Commercially 
available trypsin-IMERs typically 
implemented in MDLC–MS work-
f lows are generally stable only 
at low pressure; therefore, it can 
be challenging when combin-
ing with a subsequent peptide 
mapping. To overcome this chal-
lenge with commercially avail-
able IMERs, chromatographic 
columns with increased particle 
size, inner diameter, or reduced 
length are typically used for the 
peptide mapping separat ion 
(4,8,14).  However,  decreased 
chromatographic per formance 
compared to of f l ine peptide 
mapping approaches can occur, 
which are typically per formed 
under high pressure.

Additionally, IMERs with tryp-
sin immobilized on various mate-
rials such as par ticle suspen-
sions, on paper, in membranes, 
magnetic beads, and dif ferent 
polymeric materials, are widely 
described (17,20,21) as well as 
the implementation of IMERs at 
nano-level (9,10,22), but are not 
discussed here. 

In conclusion, the publications 
addressed here demonstrate 
the ef ficiency and suitability of 
the commercially available tryp-
sin IMERs to perform online pro-
tein digestion, which is reflected 
in high sequence coverages, 
robustness, good repeatabil-
ity, and relatively low rates of 
missed cleavages in respect to 
the significantly shor ter online 
digestion time (3,19) compared 
to manual  approaches.  The 
availability of additional types 
of commercially available col-
umns would ultimately expand 
the use of IMERs because of 
their capabilit y to provide an 
automated sample prepara-
tion to redeem standard offline 
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digestion, but also as an integral 
par t of MDLC–MS work f lows. 
Furthermore, IdeS IMERs can be 
used to perform protein charac-
terization at the middle up level 
(1,6 – 8). Looking ahead, future 
development should address 
the need to cover the complete 
amino acid sequence of pro-
teins, which can be achieved 
by the combination of multiple 
cartridges immobilizing diverse 
enzymes. To date, IMERs based 
on LysC (10), (Per finity), papain 
(OraChrom) and pepsin (such 
as f rom Waters) are already 
commerc ia l l y  ava i lab le  and 
additional ones might hit the  
market soon. 
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I n 2021, the U.S. Food and Drug 
Administration (FDA) agency 
published a guidance docu-

ment for the biopharmaceutical 
industry titled “Q13 Continu-
ous Manufacturing of Drug Sub-
stances and Drug Products” (1). 
In this guidance, the FDA specifi-
cally supports the development 
and implementation of innova-
tive online analytical technolo-
gies that can improve drug qual-
ity, enhance efficacy, and boost 
speed to market. Recently, there 
have been increased efforts to 
develop new process analytical 
technology (PAT) tools applied 
to real-time monitoring of cell 
culture processes directly within 
the bioreactor (2). Many of these 
PAT tools being in the form of 
sensors or spectroscopic probes, 
such as pH, temperature, near-
infrared (NIR), mid-infrared (MIR),  
and Raman spectroscopy.

Most efforts focused on improv-
ing the means of monitoring cell 
culture process performance and 
parameters, such as (but not lim-
ited to) online glucose concentra-

tion via Raman spectroscopy (3) 
and pH via drift-free pH probes 
(4), but only a few PAT tools can 
directly measure the product 
quality attributes (QAs) (includ-
ing oxidation, deamidation, and 
glycosylation). This is the result 
of several reasons, such as (i) 
few commercially available tools 
for online monitoring of critical 
quality attributes (CQAs); (ii) low 
concentration of the attributes, 
thus requiring specialized and 
non-automatable instrumenta-
tion; and (iii) significant burden to 
demonstrate comparability with 
traditional offline assays. Some 
studies reported the use of che-
mometric models to correlate 
product QAs with spectroscopic 
signals, thus indirectly measuring 
the trending of CQAs during the 
cell culture production process 
(5). However, these models are 
often product-specific, and typi-
cally require large data sets to val-
idate the chemometric models. In 
addition, when the manufacturing 
process conditions change, which 
is quite common during process 

development, the model must be 
re-optimized or re-validated. High 
performance liquid chromatog-
raphy (HPLC) has been the main 
workhorse in the biopharmaceu-
tical industry, from research and 
development (R&D) to quality 
control (QC) laboratories (6). The 
utility of HPLC has been further 
enhanced with the recent emer-
gence of multi-attribute methods 
(MAM) by combining, for exam-
ple, HPLC with high-resolution 
mass spectrometry (HRMS). The 
peptide mapping-based MAM 
approach has the potential to 
replace conventional methods 
(such as ion exchange for charge 
variants analysis, reduced cap-
illary gel electrophoresis for 
polypeptide cleavage variants 
analysis, or hydrophilic interac-
tion chromatography for glycan 
profiling) for product release, 
because of its capacity to simulta-
neously monitor several CQAs (7).  
However, the application of MAM,  
focusing on in-process samples 
analysis (during scale-up and tech-
nology transfer), has been lacking. 

Online HPLC–HRMS Platform: The Next-
Generation Process Analytical Technology Tool 
for Real-Time Monitoring of Antibody Quality 
Attributes in Biopharmaceutical Processes 

Julien Camperi

Online monitoring of critical quality attributes (CQAs) directly within the bioreactor can provide the 
basis for advanced processing of therapeutics production, including automated real-time monitoring, 
feedback control process intensif ication, smart manufac turing, and real-time release testing.  
This paper presents recent developments in online high performance liquid chromatography– 
high-resolution mass spectrometry (HPLC–HRMS) platforms as a promising process analytical technology 
(PAT) tool for real-time monitoring of antibody quality attributes (QAs) in biopharmaceutical processes.  
This technology can be used to monitor multiple CQAs and process parameters during cell culture production,  
enabling real-time decisions.
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Nonetheless, leading bio-
pharmaceutical companies have 
recently published interesting 
applications that integrate HPLC 
into production processes for 
CQAs monitoring with HRMS 
detection. Liu and associates 
(8) demonstrated the success-
ful application of a HPLC-tandem 
mass spectrometry (MS/MS)-based 
MAM method to monitor multiple 
monoclonal antibody product QAs 
throughout the cell culture process.  
A comparison between two dif-
ferent scales, a 3 L bioreactor and 
a 2000 L single use bioreactor in 
the good manufacturing practice 
(GMP) pilot plant, using daily in-
process samples, confirmed the 
overall comparable QA profile of 
the final product. 

Other applications have also 
been reported describing how 
time-consuming manual peptide 
mapping sample preparation steps 
can be replaced with automated 
workflows (9). For example, a Pro-
tein-A column used for antibody 
purification was combined with an 
automated peptide mapping (such 
as reduction, digestion, and sepa-

ration of peptides) workflow (10). 
The method enabled monitoring of 
common post-translational modifi-
cations (PTMs) such as oxidation, 
deamidation, and succinimide for-
mation from harvest cell culture 
fluid at different purification or 
production steps. For instance, the 
deamidation is known to reduce 
potency in some biotherapeutic 
products (11). This proof-of-con-
cept study demonstrates how this 
approach can be used to inform the 
process and make timely adjust-
ments, including (i) adjusting the 
temperature of the cell culture; (ii) 
reducing the pH of the cell culture; 
(iii) adjusting the level of carbonate 
in the cell culture; or (iv) stopping 
the cell culture and harvesting the 
protein. Therefore, rather than dis-
carding cell culture batches that 
do not meet the quality specifi-
cations following offline analy-
sis, the process can be adjusted, 
avoiding significant burden on the  
manufacturing operations.

Automated cell culture sam-
pling systems were recently 
developed by various manufac-
turers, making it possible to mon-

itor product quality at tributes 
directly from the bioreactors. 
These systems, which allow sam-
ples to be taken at predefined 
intervals or scheduled times, are 
capable of removing cell-free 
material from the bioreactor and 
per forming automated sample 
preparation prior to HPLC analy-
sis in a fully automated manner. 
The HPLC analysis can be also 
preprogrammed via a vendor-
provided driver to operate over 
an entire cell culture production 
process without manual opera-
tions. By doing so, the operator 
can generate significant data to 
allow robust process control. As 
an example, a fully integrated 
online HPLC–MS system includ-
ing modular automated sam-
pling technology (MAST)-based 
aseptic sampling, multi-function 
sequential injection analysis (SIA) 
sample preparation, and HPLC–
HRMS analysis has been devel-
oped for an automatic in-process 
monitoring of multiple QAs of a 
model mAb over a 17-day cell cul-
ture process (see Figure  1) (12).  

!"#$%&'(#$ )*+, - )./012(#3&(%45'%665'26(2$%57&386"9:57;7(%3

!"##$%&"'()&'*+%,#&'*-(.)%Fully automated plateform

Bioreactor
Automated cell culture

sampling system HPLC-HRMS

FIGURE 1: Schematic representation of the fully automated HPLC–HRMS platform for the real-time monitoring of antibody 
QAs for cell culture processes in bioreactors. The system is composed of online sampling liquid from the bioreactor, 
chromatographic purification of protein from the sampled liquid (thereby providing purified protein), and analysis of the 
purified protein by HPLC–HRMS.

• Continued on Page 29
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B iopharmaceuticals, such 
as monoclonal antibodies 
(mAbs), continue to domi-

nate the global pharmaceutical 
market with the expectation that 
they will hold 20% of the market 
share by the end of 2022. This 
growth is because of the suc-
cess of these products in treat-
ing complex diseases, such as 
cancer, and the development of 
biosimilars and next-generation 
biotherapeutics, which include 
bispecif ic antibodies and cell 
and gene therapy products (1). 

MAbs are mixtures of com-
plex glycoproteins that consist 
of two heavy chains and two 
light chains. These chains are 
connec ted through a ser ies 
of intra- and interchain disul-
f ide bonds that stabilize the 
structure. MAbs are produced 
through industr ial scale bio-
processing of mammalian cells, 
such as Chinese hamster ovary 
(CHO) cel ls  and undergo a 
series of enzymatic and chemi-
cal post-translational modif i -
cations (PTMs). These modifi-
cations can impact the overall 
biological ac t iv i t y produced; 
consequently, there are product 

quality at tr ibutes (PQAs) that 
must be monitored to ensure 
their abundance is within an 
acceptable limit or range (2). 
Examples of these modif ica-
tions that impact PQAs include 
asparagine deamidation, methi-
onine oxidation, and the types 
and abundance of dif ferent gly-
cans present on the mAb (3). 
Several parameters during the 
bioprocess can af fect the abun-
dance of PQAs. For example, 
reducing the levels of dissolved 
oxygen within a bioreactor was 
previously shown to decrease 
the levels of galactosylated gly-
cans using continuous culture 
conditions (4).

Protein A af finity chromatog-
raphy is often the frontline strat-
egy for purif ication of mAbs 
following upstream bioprocess-
ing. In Protein A chromatogra-
phy, the Fc region of the mAb 
binds to the Protein A while the 
unbound media and cellular 
components pass through the 
column. The mAb is then eluted 
from the column through dis-
ruption of the Protein A–mAb 
interaction using a low pH buffer 
(5). Following purification, the 

product is fully characterized. 
Process analytical technologies 
(PAT) that could be both at-line 
and online have been recently 
implemented to allow closer 
monitoring of protein expres-
sion process (6,7). Indeed, the 
ability to evaluate proteoforms 
of the produc t even at early 
stages could help with optimiz-
ing the culture strategy. Nor-
mally, at-line strategies require 
puri f icat ion s teps to remove 
culture media components that 
create a complicate matrix that 
is not compatible with most 
detection techniques. For this 
reason, these work f lows can 
be lengthy. Never theless, the 
amount of information returned 
can be ex tensive, making i t 
wor th the investment of time 
and ef for t to characterize the 
produc t dur ing the grow th 
and harvest steps. The multi-
at tr ibute method (MAM) was 
employed for this purpose in 
the past (8–10). This workf low 
consists of liquid chromatog-
raphy–mass spectrometry (LC–
MS) peptide mapping analysis 
that allows for simultaneous and 
automated monitoring of mul-

Multi-Attribute Monitoring and the Multi-Attribute 
Method: A Powerful Double Act for  
Supporting Biopharmaceutical Manufacturing 

Craig Jakes, Sara Carillo, Silvia Millán Martín, and Jonathan Bones

As biopharmaceutical manufacturers look towards implementing solutions for real-time process monitoring, 
the availability of simple, yet informative analytical methods is required. In this article, we discuss the 
combination of multi-attribute monitoring using Protein A affinity chromatography coupled to mass 
spectrometry (MS) for rapid trending of product quality attributes (PQAs) during upstream processing, 
with the multi-attribute method (MAM) for site-specific analysis of PQAs and new peak detection to 
determine adherence to specifications. Working together, these multi-attribute approaches represent a 
powerful combination for advanced process control.
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tiple PQAs through the use of 
the instrument and processing 
method based on previous ref-
erence analysis. Using accurate 
high-resolution mass data and 
highly reproducible chromato-
graphic retention times (tR), the 
software can identify and quan-
tify low abundant variations as 
well as the presence of contam-
inants through a nontargeted 
MS approach named new peak 
detection (NPD) (11). Although 
MAM has proven to be effective 
in the monitoring of PQAs over 
the course of a bioproduction 
cell culture, it is still a bottom-
up process that requires a long 
sample preparat ion protocol 
combined with the potential risk 
of inducing modification during 
the sample preparation steps 
that could af fect the quantita-
tion of naturally occurring PQAs. 

Recently, an ef for t to obtain 
highly informative data f rom 
more d i rec t  and ups t ream-
friendly methods has resulted 
in the MS-compatible analysis 
of cell-free cell culture fluid col-

lec ted from the bioreac tor. A 
multi-attribute monitoring work-
flow based on directly coupling 
of Protein A to MS, referred to 
as Protein A-MS, combines the 
chromatographic removal  of 
culture media components while 
performing native MS analysis of 
the proteins using MS compat-
ible buf fers that allow release 
f rom the af f in i t y  s tat ionar y 
phase (5). Protein A-MS allows 
rapid monitoring of impor tant 
features such as C-terminal 
lysine clipping, N-glycans, and 
other PQ A s.  Moreover,  the 
workflow has the strong poten-
tial to be easily implemented 
online. Here, we compare two 
charac ter izat ion approaches 
on samples obtained from the 
same bioreactor campaign; the 
first uses at-line Protein A-MS 
(Figure 1a), and the second is a 
standard MAM workflow follow-
ing of f-line Protein A product 
purification (Figure 1b). As the 
distribution of N-glycans on the 
Fc region plays a key role in the 
biological function of the anti-

body (that is, potential immuno-
genicity, stability, and clearance 
in vivo), we focused on deter-
mining this critical feature using 
the two methodologies.

Results 
MAM and multi-attribute moni-
tor ing work f lows were both 
applied to monitor an IgG1 pro-
duced by a CHO cell line, cul-
tured in 250 mL shake f lasks 
over 12 days, using three bio-
logical replicates. Monitoring 
of the N-glycan dis tr ibut ion 
started from day three onwards. 
Detailed information regarding 
the work f lows and all LC–MS 
parameters were reported pre-
viously (5,9). For the peptide 
mapping-based MAM workflow, 
10 mL of media were taken daily 
from the f lasks, clarif ied, and 
purif ied on a 1 mL Protein A 
af finity column. Tryptic diges-
tion was per formed using 100 
µg of the puri f ied IgG1 and 
deploying LC–MS analysis using 
standard reversed-phase (RP) 
LC with a 120-min gradient per 

(a)

(b)

(5 minute gradient)

(120 minute gradient)

Protein A

RP

Data Analysis

Data Analysis

Cell Removal
(~5 minutes)

Af�nity capture
(30 minutes)

Reduction,
alkylation and

tryptic digestion
(2-20 hours)

FIGURE 1: Workflow for a dual multi-attribute monitoring and multi-attribute method being applied to a bioreactor campaign. (a) A sample 
is collected from the bioreactor; cells are removed and the sample is injected onto a protein A column prior to MS analysis. Data are directly 
analyzed through deconvolution and proteoform quantitation. (b) The samples are purified through affinity capture and tryptic digest ion is 
performed. This step can take up to 20 h, depending on the sample. The sample is analyzed through RP–MS where a processing method 
specific for the sample already exists. NPD is also applied.
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injection used. The resulting raw 
files were processed directly in 
the chromatography data sys-
tem sof tware using a process-
ing method generated based 
on prior analysis of reference 
mater ia l .  For mult i -at t r ibute 
monitoring, 100 µL of the same 
clar i f ied culture media were 
direc tly injec ted on a 4 x 35 
mm MAbPac Protein A column  
( Thermo Sc ient i f ic )  us ing a 
5-min step gradient of 50 mM 
ammonium acetate. A pH of 7.0 
was used for the binding step 
and acetic acid, and a pH of 2.5 
was used for the elution step. 
Both analyses were per formed 
on a Thermo Scientific Orbitrap 
Exploris 240 mass spec trom-
eter. Figure 2 shows a compari-
son of the N-glycan quantita-
tion obtained from the MAM 
workflow. Upon comparing both 
methods and considering that 
the Protein A-MS approach pro-
vides information on the N-gly-
cans present on both heav y 
chains at the same time, the rel-
ative abundance of glycoforms 
detected over the course of the 
10 days shows a similar trend. 
Although galac tosylated spe-
cies show a steady decrease over 
the duration of the cell culture, 
proteoforms containing agalac-
tosylated N-glycans increase 
wi th increasing cel l  densi t y 
before reducing again when cell 
viability begins to drop signifi-
cantly at approximately day 10.  
Simultaneously, more truncated 
species, such as high-mannose 
glycans, increased while the 
overall glycosylation site occu-
panc y of  the N3 01 res idue  
decreased significantly. 

Conclusions 
The need for close monitoring 
of biopharmaceuticals over all 
steps of the bioproduction pro-
cess is driving the introduction 
of data-rich assays for deploy-
ment as process analytical tech-
nologies and to improve batch 
release operations. This need is 

reflected in the introduction of 
mass spectrometry as an analyt-
ical tool not only in research lab-
oratories, but also in the quality 
control (QC) environment. In 
this scenario, intact mass analy-
sis could be employed not only 
for mass-based identity confir-
mation, but also to evaluate and 
quantif y product quality at tri-
butes, allowing for faster, high-
throughput methods. 

A comparison of the two data 
sets revealed similar informa-
tion can be obtained using both 
methods. Although the labora-
tory-based MAM can determine a 
higher number of PQAs and with 
more specificity than the Protein 
A-MS multi-attribute monitoring 

approach presented here, Pro-
tein A-MS enables the generation 
of information that can be used 
to support optimization of the 
bioprocess and deployment as 
a process analytical platform for 
monitoring and control purposes. 
Online or at-line assays based on 
intact mass analysis are an ideal 
analytical solution when sample is 
limited or when rapid turnaround 
of the analytical result is needed. 
The current study reported an 
example of the amount and qual-
ity of information that can be gen-
erated along with the potential 
applications of intact mass native 
MS–based workflow to support  
biopharmaceutical production.
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FIGURE 2: Bar graph plots showing the relative abundance of the glycoforms obtained 
through (a) the MAM and (b) the multi-attribute monitoring based on protein A MS. 
Average percentage values were calculated from triplicate analysis on three biological 
replicates (n = 9).
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P rotein-based therapeutics 
are inherently heterogenous 
because of the presence 

of a wide range of post-trans-
lational modifications, resulting 
from either the manufacturing 
process or degradation during 
storage. These liabilities must be 
well characterized, monitored,  
and controlled to ensure product 
safety and efficacy. High-resolu-
tion mass spectrometry (HRMS) 
has become an increasingly criti-
cal analytical tool for identifying, 
characterizing, and monitoring 
these attributes (1). Advances 
in HRMS technology have led to 
both the development of capa-
bilities to aid characterization and 
quantitation and to the simplifica-
tion of instrumentation to permit 
routine monitoring. Advance-
ments of HRMS capabilit ies 
include increased resolution and 
faster scan rates compatible with 
liquid chromatography (LC) and 
alternative fragmentation tech-
niques. Electron-based dissocia-
tion (ExD) and ultraviolet photo-
dissociation (UVPD) approaches 
have become increasingly robust 
in commercial instrumentation, 
and these approaches can be 
utilized for glycosylation and 
disulfide characterization, confir-
mation of aspartic acid isomeri-
zation, and top- or middle-down 

sequencing. With these devel-
opments, the implementation of 
HRMS within the biopharmaceuti-
cal industry continues to expand 
and enhance the understanding of 
process and product quality while  
streamlining development. 

Multi-Attribute Methods
Considerable HRMS hardware 
innovation has seen the devel-
opment of compact and robust 
instrumentation, with HRMS plat-
forms now small enough to be 
part of the LC stack. Furthermore, 
advances in acquisition and data 
processing software have led 
to ease of use and inclusion of 
cGMP-compliant capabilities that 
ensure data integrity (21 CFR part 
11). This growth is due, in part, to 
the industry-wide interest in multi-
attribute methods (MAMs), which 
utilizes enzymatic digestion of the 
therapeutic protein followed by 
LC–HRMS analysis. MAMs affords 
residue-specific identification and 
quantitative monitoring of mul-
tiple product quality attributes, 
together with the capability of 
new peak detection during pro-
cess development and release 
and stability testing (2–4). Direct 
attribute quantitation achieved 
with MAMs has been demon-
strated to provide a high level 
of agreement with the output of 

several established purity assays, 
including released glycan analysis 
by hydrophilic-interaction liquid 
chromatography (HILIC), charged 
variants measured by cation 
exchange chromatography (CEX), 
and fragments determined by the 
capillary electrophoresis–sodium 
dodecyl sulfate (CE-SDS) assay 
(4). In addition, MAMs can also be 
leveraged for protein identity and 
the monitoring of process related 
impurities, including protein A 
and host cell proteins. As a result, 
several purity assays that have tra-
ditionally been leveraged to track 
all attributes can be potentially 
replaced with a single MAM assay. 
Despite the additional complexi-
ties of the assay (including multi-
step sample preparation, sophis-
ticated instrumentation and data 
analysis software requirements), 
the advantages of MAMs have 
been widely recognized by both 
the biopharmaceutical industry 
and regulatory agencies, with the 
MAM Consortium (www.mamcon-
sortium.org) serving as a platform 
to drive collaboration and growth. 

HRMS ins t rumentat ion i s 
most often utilized for MAMs, 
although low-resolution quadru-
pole instrumentation has been 
explored because of low costs, 
the small footprint, and enhanced 
ins t rument robus tness (5 ).  

New Aspects in the Integration of Mass Spectrometry 
Technologies in the Biopharmaceutical Industry 

Esme Candish, Andrew Dykstra, Alla Polozova, Da Ren, and Hao Zhang

In the past decade, advances in both separations and mass spectrometry (MS) technologies have enabled new, 
streamlined, and data-rich approaches to monitor product quality attributes and their relationship with process parameters 
throughout the lifecycle of therapeutic proteins. As we enter a new decade of technology and method development, 
MS-based approaches utilized in the biopharmaceutical industry are evolving further. In this mini-review, we explore key 
developments that could inspire and improve the future of therapeutic protein development. 
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However, a report evaluating 
HRMS and low-resolution quad-
rupole instrumentation for MAMs 
found HRMS to be the preferred 
platform because of the enhanced 
selectivity, the lower limit of 
quantitation, the ease of method 
development, and the new 
peak detection capabilities (6).  
Recognizing the value of LC–
HRMS data has led to extended 
utilization of MAMs, with exam-
ples of upstream in-process cell 
culture monitoring becoming 
available (7). Broader implementa-
tion of MAMs is likely to continue, 
particularly with the development 
of automated sample preparation 
techniques and artificial intel-
ligence powered data analysis 
software to increase accuracy and 
consistency while reducing pro-
cessing time (2).

Coupling Established  
Purity Methods with MS
HRMS-compatible purity assays 
for simultaneous attribute quanti-
tation and identification is realistic 
with the latest technologies. The 
direct hyphenation of native size-
exclusion chromatography (SEC) 
(8), CEX (9), and hydrophobic 
interaction chromatography (HIC) 
(10) with HRMS (in further discus-
sion referred to as simply MS) has 
been achieved with volatile mobile 
phases, such as ammonium ace-
tate. Additionally, capillary zone 
electrophoresis (CZE)–MS (11,12) 
and, more recently, imaged cap-
illary isoelectric focusing (iCIEF)–
MS (13) have matured to the point 
of commercial availability. These 
new approaches offer the rapid 
determination of attributes asso-
ciated with each discrete chro-
matographic or electrophoretic 
peak. As with the established 
purity assays, the “single” attri-
butes are typically quantitated 
using the peak area of each region 
(for example, the basic or acidic 
region in CEX). The deconvoluted 
spectra are evaluated for poten-
tial attribute identifications. These 
spectra are typically highly com-

plex, especially in cases where 
multiple attributes make up each 
peak. For many glycoproteins, 
major glycoforms are often the 
most abundant species, and are 
easily identified by the charac-
teristic series of +162 Da hexoses 
additions. The mass shifts rela-
tive to the main chromatographic 
or electrophoretic peak can assist 
with the identification of the sepa-
rated variants. Highly encourag-
ing proof-of-concept work has 
focused on the characterization 
of attributes with large mass shifts 
such as size variants, glycoforms, 
incomplete processing of C-ter-
minal lysine, and drug–antibody 
ratios (12,14–16). The assignment 
of attributes with small or nonex-
istent mass shifts, such as deami-
dation (Δ0.98 Da) and aspartic acid 
isomerization (Δ0 Da), remains 
challenging, but can be inferred 
based on a shift in retention or 
migration time. 

Despite the improvements in 
both separation technologies and 
MS capabilities, in-depth charac-
terization and monitoring of key 
product quality attributes at the 
intact level remains challenging, 
because of the inherent complex-
ity and the size of the molecules 
(~150 kDa for an IgG). Further, the 
ability of intact analysis to local-
ize the attribute to the amino 
acid residue is limited; hence, it 
is difficult to determine critical-
ity. To improve MS-based identi-
fication and quantitation of intact 
proteins, it is essential to reduce 
this complexity by either increas-
ing the peak capacity of the 
separation to resolve each vari-
ant, or reducing the complexity 
of the sample itself. Multidimen-
sional analysis can be very effec-
tive to reduce complexity, and 
is increasingly being explored;  
a recent comprehensive review has 
discussed advances in this field (17).  
Nevertheless, the integration of 
these rapid separation techniques 
for at-line analysis during protein 
production for real-time process 
feedback has the potential to 

improve the future of therapeutic 
protein development. 

Subunit MS Analysis
Reducing the size and complex-
ity of protein-based therapeutics 
into smaller fragments improves 
the ability to confidently identify 
variant species without the need 
for multidimensional separation 
instrumentation. A simple reduc-
tion of the disulfide bonds of an 
IgG yields two heavy chain and 
two light chain species of ~50 kDa 
and ~25 kDa, respectively. The 
heavy chain and light chain spe-
cies are routinely separated chro-
matographically or electropho-
retically, and the simplification of 
the spectra assists with attribute 
identification and the localization 
of the attribute to the subunit. The 
enhanced resolution of modern 
MS instrumentation enables the 
acquisition of isotopically resolved 
spectra of both the light chain 
and heavy chain for improved 
confidence in primary sequence 
confirmation and attribute assign-
ment. Two options for the rela-
tive quantitation of attributes 
at the subunit level have been 
described; the first more conven-
tional approach relies on the chro-
matographic or electrophoretic 
separation of the modified spe-
cies from the unmodified species. 
The second approach involves 
deconvolution of the raw spectra 
followed by the relative quantita-
tion of the attribute based on the 
intensities of the deconvoluted 
spectral peaks separated by mass.  
The ability to quantitate using 
deconvoluted spectra reduces 
ana ly s i s  t ime s ign i f ic ant l y 
because there is less depen-
dency on the upfront separation.  
This approach was explored for 
the at-line bioreactor monitoring 
of glycosylation to support pro-
cess improvements (18), and has 
recently been validated for the 
cGMP monitoring of mannose-5 in 
routine manufacturing (19).

Further reduction in the mol-
ecule size and complexity can be 
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achieved with limited proteolysis 
and a suite of enzymes that facili-
tate a highly site-specific cleav-
age are gaining popularity. The 
most commonly employed is 
IdeS (immunoglobulin-degrading 
enzyme of S. pyogenes), which 
cleaves the IgG heavy chain below 
the hinge region, producing the 
F(ab’)2 and Fc fragments with 
molecular weights of ~100 kDa and 
~25 kDa, respectively (20). A suc-
cessive chemical reduction of the 
disulfide bonds produces three 
~25 kDa fragments—the light 
chain, the Fc, and the Fd. The sim-
plified data permits a high confi-
dence mass determination and the 
ability to localize key attributes to 
a fragment. Furthermore, the ~25 
kDa fragments are highly ame-
nable to middle down sequencing 
by ExD and UVPD fragmentation, 
which has the potential to local-
ize the attribute at the amino acid 
residue. As above, attributes can 
be characterized and quantitated 
from the separation, or from the 
deconvoluted mass spectra. Chro-
matographically separated iden-
tifications of clips, select charge 
variants, and glycoforms have 
been successfully demonstrated 
(20–23). An interesting body of 
work, poised to be impactful, has 
further reduced the spectral com-
plexity for attribute quantitation 
of glycoproteins using deconvo-
luted mass spectra. The endogly-
cosidases, EndoS or EndoS2, are 
employed to selectively cleave 
between the two N-acetyl glucos-
amine (GlcNAc) residues of the 
core glycan, leaving a single resi-
due with or without fucose, thus 
reducing the complexity related 
to glycan heterogeneity. This 
approach has been demonstrated 
for the quantitative monitoring of 
aglycosylation, afucosylation, gly-
cation, and high mannose, and the 
correlation with the relevant bioas-
say output confirms the potential 
applicability of this assay (18,24). 
The fast sample preparation and 
rapid analysis enables the same 
simple method to be extended 

for the quantitative monitoring of 
Fc methionine oxidation (MetOx) 
(25). The success of this work has 
led to the transfer, co-validation, 
implementation, and regulatory 
approval of the subunit Fc MetOx 
method in commercial QC labo-
ratories for product release and 
stability testing, a key milestone 
for HRMS (26). Automated, com-
pliant-ready software tools are 
becoming available to streamline 
the quantitation of deconvoluted 
subunit mass spectra and will 
likely increase the adoption of 
this workflow to support an wider 
number of attributes.

Future Perspective
The past decade has seen enor-
mous advancements in MS instru-
mentation and software capabili-
ties for improved characterization 
and quantitation of the attributes 
of protein-based therapeu-
tics. MS-compatible separation 
approaches and new enzymes con-
tinue to be introduced to the mar-
ket, breaking down the complexity 
of the protein-based therapeutics 
prior to introduction to the MS. As 
technology matures and software 
evolves to simplify data analysis, it 
will be exciting to see the increas-
ing adoption of ExD and UVPD for 
primary sequence confirmation 
and attribute localization with top- 
and middle-down approaches. We 
expect to see increasing applica-
tions of HRMS, particularly MAMs, 
in the cGMP environment, and 
the global regulatory accep-
tance of HRMS-based methods 
to replace established assays. 
The sustained implementation 
of HRMS-based technologies will 
continue to advance process and  
product improvements. 
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This study demonstrates that 
online HPLC–HRMS analy tical 
workflows offer the possibility to 
modulate cell culture process con-
ditions, resulting in a product QA 
profile within the quality specifica-
tions. The high-flexibility of these 
online systems enables additional 
QAs, such as titer, charge, or size 
variants distribution, to be moni-
tored. The automated monitor-
ing of titer can also be used for 
the generation of large data sets 
to help with building predictive 
models for spectroscopic analysis, 
such as Raman spectroscopy. 

Overall,  the demonstrated 
capability of these systems to 
monitor multiple QAs at both the 
intact and peptide level on the 
same platform, and without man-
ual intervention, provides a rapid 
and reliable characterization, 
while enabling feedback control 
schemes and enhanced data gen-
eration for process development. 

As such, online HPLC–MS plat-
forms have advanced processing 
modes, including real-time moni-
toring and feedback control aimed 
at improving the process yield as 

well as the product quality. In the 
near future, replacing the sophisti-
cated HRMS with low-cost simple 
detectors would be an alternative 
to reduce the barrier for the broad 
adoption of online platforms, 
especially in a GMP environment, 
for automated feedback control of 
bioprocesses, and for routine in-
process CQA monitoring.
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I n the late 1980s, the introduction 
of DryLab software by Snyder, 
Dolan, and co-workers changed 

the way researchers approached 
method development for one-
dimensional liquid chromatography 
(1D-LC) (1,2). This work made it clear 
that method development could be 
approached in a more systematic 
way than how it was done in the 
past. The idea was to use software 
to calculate the expected resolu-
tion for many hypothetical experi-
ments involving different variations 
in parameters affecting elution, such 
as mobile phase composition, tem-
perature, and gradient time. Using 
retention data from a few experi-
mental “scouting runs” to build a 
retention model, Snyder and Dolan 
demonstrated that the resulting 
models were accurate enough to 
predict the conditions that should 
be tried in search of an optimal set of 
method conditions. Since this time, 
the DryLab software has become 
more sophisticated, and other soft-
ware packages with similar capabili-
ties have been introduced by other 
commercial vendors. 

It is well recognized in the multi-
dimensional separations commu-
nity that several challenges asso-
ciated with method development 
for two-dimensional LC (2D-LC) 
continue to hamper wider use of 
the technique. Currently, 2D-LC 
method development rel ies 
heavily on user experience and 
trial-and-error approaches. In 
spite of the tremendous success 
of DryLab and related software 
packages in facilitating method 
development for 1D-LC, similar 
concepts have only been applied 
to 2D-LC method development 
workflows recently. In this mini-
review, we brief ly summarize 
these efforts for both non-com-
prehensive and comprehensive 
2D-LC methods, and speculate 
on likely future developments in 
this area.

Retention Modeling for  
Non-Comprehensive  
2D-LC Methods
In a pair of papers from 2014 
and 2016, Andrighetto and oth-
ers began discussing the poten-

tial of using retention modeling 
during development of 2D-LC 
methods for forensic science 
applications (3,4). The first of 
these papers focused on a 
hear tcut 2D-LC method aimed 
at using the second dimension 
(2D) for resolution of ephedrine 
and pseudoephedrine, which 
are generally dif ficult to sepa-
rate by reversed-phase (RP) 
LC. The second paper showed 
results obtained for an experi-
mental comprehensive 2D-LC 
separation of i l l ic i t  amphet-
amines obtained af ter predict-
ing optimal f irst and second 
dimension separations using 
the DryLab software. This work 
showed the utility of retention 
modeling sof tware for reduc-
ing the amount of experimen-
tal work needed to develop a 
method. However, i t is clear 
from the resulting chromato-
grams that the predictions were 
not as accurate as one would 
like for routine method develop-
ment, leaving room for improve-
ment of the approach.

Perspectives on the Use of Retention Modeling  
to Streamline 2D-LC Method Development:  
Current State and Future Prospects 

Dwight R. Stoll and Bob W.J. Pirok 

The history of multidimensional liquid chromatography (MDLC) has been dominated by methods that have 
been developed using highly empirical, experience-driven, trial-and-error approaches. These approaches 
have been sufficient in progressing the field forward scientifically, primarily in academic research laboratories. 
However, more widespread usage of multidimensional separations will require more systematic approaches 
to method development that rely less on user experience and lower the barriers to development and use of 
methods by a wider community of users. In this mini-review, we discuss recent research aimed at developing 
such systematic, model-driven approaches to streamline method development and speculate about likely 
advances in the same direction in the near future. It seems likely that such model-driven approaches would 
be particularly helpful for methods developed for analyzing biopharmaceutical molecules, which tend to be 
very sensitive to slight changes in method conditions (for example, mobile phase composition).
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More recently, Regalado and co-workers have 
been working toward using retention modeling to 
streamline development of non-comprehensive 
2D-LC methods for pharmaceutical analysis. In 
the first of two papers focused on development 
of LC-LC methods, Makey and others showed the 
value of building retention models for 2D chiral 
separations to streamline the process of finding 
elution conditions that could resolve compounds 
not separated by an achiral first dimension (1D) 
separation (5). These models yield resolution 
maps that show the dependence of resolution on 
variables, such as temperature, gradient time, or 
mobile phase composition, for a pair of analytes 
not separated by the 1D column. These maps then 
enabled the quick identification of optimal con-
ditions for a rapid resolution of the pair in the 
second dimension. Whereas the retention models 
in this work were built using retention data from 
1D-LC experiments, a second paper from Haidar 
Ahmad and others showed that the data needed 
to build the retention models can be obtained 
from 2D-LC separations themselves, using a series 
of methods where the elution conditions used in 
the second dimension are changed (temperature, 
gradient time) while holding the other param-
eters constant (6). This approach helps account 
for some ef fects that are dif ficult to model for 
when the scouting runs used to build the model 
are based on 1D-LC separations, such as mobile 
phase mismatch and the injection of large vol-
umes of 1D mobile phase into the 2D column. An 
example outcome of this approach is shown in 
Figure 1, where the resolution maps for two pairs 
of compounds that overlap in the first dimen-
sion are shown, along with the experimental 2D 
separations that show the predictive value of the 
retention models.

Retention Modeling for  
Comprehensive 2D-LC Methods
The prospect of simplifying method development 
through simulation of separations and retention 
modeling is perhaps even more at trac tive for 
comprehensive 2D-LC. In this case, all 1D effluent 
fractions are subjected to a 2D separation. Inno-
vations in modulation technology have improved 
the ease of coupling dif ferent separation types, 
but they have also increased the number of vari-
ables that must be optimized. For 2D-LC, vari-
ables af fecting elution and per formance in the 
t wo dimensions are highly interdependent, 
including those related to injection, modulation, 
and detection (7).

Motivated by this oppor tunit y, the scout-
ing gradient-based approaches developed for 
1D-LC have also been developed for 2D-LC, like 

in the program for interpretive optimization (8,9).  
This tool relied on data obtained from scouting 
2D-LC experiments to construct retention mod-
els for both dimensions, and then a large number 
of hypothetical chromatograms were simulated.  
The Pareto optimality principle was applied to 
assess the quality of the simulated separations 
by computation of chromatographic response 
functions and descriptors, such as resolution and 
analysis time. Muller and others later published 
methods for the kinetic optimization of 2D-LC 
separat ions involv ing hydrophil ic - interac t ion 
chromatography (HILIC) and RP separations (10). 
In their work, the authors considered not only 
gradient elution programs but also kinetic param-
eters including column length and temperature.

Although the initial development of these tools 
demonstrated proof-of-concept for sof tware-
assisted method optimization in 2D-LC, practical 
implementation is not straightforward yet because 
of a number of bottlenecks. For example, accu-
rate retention modeling of the 1D separation is 
dif ficult because of the limited sampling of the 1D 
effluent. A reduction in the number of data points 
available to describe the shapes of 1D peaks 
complicates computation of the first moment 
(that is, the retention time [tR ] ).  Conversely, 
although there is a surplus of data points in the 
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second dimension, the ac tual 
peak shape may be af fec ted 
by mobile phase mismatch and 
modulation processes (11). Such 
factors may significantly af fect 
the obtained tR and thus directly 
impact the robustness of the  
retention model.

Therefore, it is important that 
the 2D peak shapes are accu-
rately simulated. The groups of 
Stoll and Rutan addressed these 
issues in a series of papers (12,13) 
in which the actual peak elution 
profile is calculated as the ana-

ly te band progresses through 
the column. Peak dispersion is 
also relevant for the computa-
t ion of the chromatographic 
response func tion that drives 
the optimization process, which 
was also observed by Pirok and 
others who used a basic van 
Deemter model to simulate peak 
broadening (8). Although mini-
mal tR predic tion errors were 
observed for a strong anion-
exchange (SA X)×ion-pair ( IP) -
RP separation, the authors were 
not able to accurately account 

for the dispersion, and thus, 
the resolution computed for 
the separation was inaccurate. 
Ty teca and Desmet recently 
investigated chromatographic 
response functions (14) and their 
ef fects on retention modeling-
based method optimization (15). 

The scouting gradients used 
to obtain the exper imental 
data needed to train simula-
tions for 2D-LC also present a 
bottleneck. Like in 1D-LC sepa-
rations, the retention models 
are most accurate when pre-
dic ting separations for condi-
tions that resemble those used 
for the scouting experiments 
(16). Consequently, the choice 
of specif ic conditions for the 
scouting methods may bias the 
optimization process. For poly-
mer separations, pump-induced 
gradient deformations may be a 
bigger threat. Given that small 
deviations in the organic modi-
fier concentration can result in 
the sudden elution of a polymer, 
an inaccurate description of the 
ef fective solvent gradient pro-
gram may significantly distor t 
the retention model (17).

Finally, it is important to note 
that comprehensive 2D-LC is pri-
marily used for analyzing highly 
complex samples. The number of 
analytes to track during method 
development is thus large, and it 
can be tedious to manually find 
them in chromatograms where 
elution conditions have been 
changed for the purpose of 
constructing retention models. 
Peak tracking algorithms that 
can automatically track peaks 
in complex chromatograms and 
extrac t their retention t imes 
f rom raw chromatograms are 
thus essential; although the util-
ity of such algorithms has been 
demonstrated, they still require 
improvement before they can be 
implemented routinely (18). 

With the increasing popularity 
of shif ting gradient programs 
used in RP×RP separations (19) 
and the challenges described 
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FIGURE 1: (a,b) Development of an LC-LC method for separation of a nucleoside 
mixture using ion-exchange separations in both dimensions. Adapted with permission 
from I.A. Haidar Ahmad, D.M. Makey, H. Wang, V. Shchurik, A.N. Singh, D.R. Stoll, 
I. Mangion, and E.L. Regalado, In Silico Multifactorial Modeling for Streamlined 
Development and Optimization of Two-Dimensional Liquid Chromatography, Anal. 
Chem. (2021). https://doi.org/10.1021/acs.analchem.1c01970. Copyright 2021 
American Chemical Society.
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above, the need for sof tware 
tools to help optimize such sep-
arations is only growing. One 
interesting approach that may 
be up to this challenge is the use 
of Bayesian optimization. Unlike 
neural networks and related 
tools, Bayesian optimization is 
a machine learning tool that is 
well suited to low-data applica-
tions. It exploits Bayes’ theorem 
to include and evaluate prior 
separation data for computa-
tion of posterior Pareto optimal 
methods. The technique was 
recently investigated in combi-
nation with retention modeling 
in a computational study (20). 
Because it relies solely on chro-
matographic response functions 
to drive the optimization pro-
cess, the approach does not 
require peak tracking methods.

Ult imately, i t  is l ikely that 
advanced machine learning 
tools will play an important role 

in future method optimization 
strategies for 2D-LC, but it also 
seems likely that the knowledge 
provided by retention model-
ing can decrease the compu-
tational cost of such machine  
learning processes.

Summary
The 2D-LC separat ions f ield 
seems poised to benefit tremen-
dously from the more extensive 
use of software-assisted method 
development. Proof-of-concept 
studies for both non-compre-
hens ive and comprehensive 
2D-LC separations have demon-
strated that retention modeling 
can reduce the amount of trial-
and-error needed to develop 
ef fec t ive methods. Although 
most work in this area to date 
has largely focused on sepa-
rations of “small molecules,” 
our expectation is that model-
dr iven method development 

should be more valuable for 
methods focused on analyzing 
larger molecules, such as pep-
tide and protein therapeutics. 
The retention of these and other 
large molecules tend to be 
highly dependent on separation 
conditions (for example, mobile 
phase composit ion), and the 
ability to reliably predic t such 
changes will undoubtedly accel-
erate method development . 
Over the past five years or so, a 
substantial body of fundamental 
knowledge has been assembled 
(for example, ef fec ts of sol-
vent gradient deformation and 
choice of scouting gradient con-
ditions on the accuracy of reten-
tion models) that could now be 
leveraged in software designed 
for the purpose of suppor ting 
2D-LC method development. 
It will be interesting to see if 
and when open-source or com-
mercial solutions emerge in this 
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area, and it will be exciting to 
see their impact on wider adop-
tion of 2D-LC methodologies.
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Two important but frequently underutilized tools in 
methods development are mobile phase pH and 
elevated temperatures. Hamilton’s PRP-C18 column 
is well-suited for high pH and high temperature 
applications because the polymer-based stationary 
phase is chemically inert and has excellent thermal 
stability above 100 °C.

In modern drug discovery, where analytical HPLC can be 
a bottleneck, production is streamlined through the use of 
shorter columns with smaller particles, operated at higher flow 
rates. The flexibility to employ a high pH mobile phase and 
elevated temperatures represents further valuable tactics in 
methods development. These tools, often underutilized or not 
practical with silica-based columns, enable rapid separation 
of closely-related basic solutes in their charge-neutral forms 
that would otherwise co-elute under non-alkaline, ambient 
temperature conditions.  

In this study, 9 structurally-diverse, strongly basic drug 
compounds are resolved in less than 2 minutes using a high  
pH mobile phase and a fast acetonitrile gradient at 80 °C.

 Fast separation of structurally-diverse, basic solutes at 80 °C
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Column: Hamilton PRP-C18, 5 µm, 2.1 x 33 mm

Flow Rate: 1.0 mL/min

Temperature: 80 °C

Injection  
Volume:

5 µL

Flow Rate: 1.0 mL/min

Mobile  
Phases:

A)  30 mM diethylamine (pH 11.5)
B)  Acetonitrile + 30 mM diethylamine

Gradient: 2 to 99% B in 1 minute

Detection: UV at 254 nm

Analytes

1. Ephedrine 6. Doxylamine

2. Norephedrine 7. Diphenhydramine

3. Nicotine 8. Nortriptyline

4. Metoprolol 9. Amitriptyline

5. Quinine

For more information on Hamilton HPLC columns and 
accessories or to order a product, please visit  
www.hamiltoncompany.com or call (800) 648-5950  
in the US or +41-81-660-60-60 in Europe.
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