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The 21st century has been particularly productive for the biopharmaceutical industry, with the introduction of
several classes of innovative therapeutics, such as monoclonal antibodies and related compounds, gene therapy
products, and RNA-based modalities. All these new molecules are susceptible to aggregation and fragmentation,
which necessitates a size variant analysis for their comprehensive characterization. Size exclusion chromatog-
raphy (SEC) is one of the reference techniques that can be applied. The analytical techniques for mAbs are now
well established and some of them are now emerging for the newer modalities. In this context, the objective of
this review article is: i) to provide a short historical background on SEC, ii) to suggest some clear guidelines on
the selection of packing material and mobile phase for successful method development in modern SEC; and iii) to
highlight recent advances in SEC, such as the use of narrow-bore and micro-bore columns, ultra-wide pore
columns, and low-adsorption column hardware. Some important innovations, such as recycling SEC, the coupling
of SEC with mass spectrometry, and the use of alternative detectors such as charge detection mass spectrometry
and mass photometry are also described. In addition, this review discusses the use of SEC in multidimensional
setups and shows some of the most recent advances at the preparative scale. In the third part of the article, the
possibility of SEC for the characterization of new modalities is also reviewed. The final objective of this review is
to provide a clear summary of opportunities and limitations of SEC for the analysis of different biopharma-
ceutical products.

1. Introduction

In recent years, the pharmaceutical industry has been evolving to-
wards the development of several innovative biotherapeutics that are
significantly larger than the classical small molecules. These large bi-
ologics, often produced by living organisms or new, multistep cell-free
processes, can be used to address previously intractable diseases [1,2].
The development of biopharmaceutical products started at the begin-
ning of the 21st century with the development of monoclonal antibodies
(mAbs) and mAb-related compounds such as fusion proteins, bispecific
antibodies, and antibody-drug conjugates (ADCs) [3,4]. These mole-
cules have been spectacularly successful in the clinic, and it could be
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said that this form of biotechnology is reaching a state of comparative
maturity. In 2020 and 2021, 20 mAb-based products were approved
each year in the world [5]. The mAb market reached 162 billion USD in
2021 and is expected to expand to 390 billion USD by 2030 with nearly
800 mADbD therapeutics in development in oncology, representing more
than 60% of the clinical pipeline [5,6]. The anti-PD-1 immune check-
point inhibitor pembrolizumab has been pivotal to unlocking the po-
tential of cancer treatments [7,8]. In addition to mAb products, there is
also a wide range of other new modalities that are reshaping the phar-
maceutical market. One of the main modalities driving this market
evolution can be classified as gene therapies, which aim to modify or
manipulate gene expression of living cells for therapeutic purposes [9].
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Gene therapy products include DNA plasmids, viral vectors, and human
gene editing technologies, for example drug products that are created
with CRISPR-Cas technology [10-12]. The current US pipeline is ex-
pected to yield 66 approvals of such therapies by 2032 [13]. In addition,
RNA-based molecules such as antisense RNA, small interfering RNA,
micro-RNA, RNA aptamers and messenger RNA (mRNA) have attracted
much attention, given their ability to regulate protein expression
[14-17]. These molecules are usually delivered by carriers, such as viral
vectors or lipid nanoparticles [18,19]. As recently highlighted, [20]
therapies with small molecules and mAbs are inherently limited, as they
can target only 0.05% of the human genome since many disease targets
lack active sites to bind small molecules. On the other hand, RNA can
selectively target proteins, transcripts, and genes, which expands the
range of druggable targets. Currently, there are numerous RNA-based
drugs that have already been approved and many more are in phase 3
trials. These RNA drugs are being used to treat both rare and common
diseases.

Given the unique physicochemical properties of the emerging drugs
discussed above, it is easy to understand that they can undergo various
changes during their preparation, formulation, and storage. These
modifications may compromise therapeutic efficacy, increase toxicity or
increase the side effects for the patients. Therefore, it is imperative to
comprehensively characterize these molecules, using a variety of
analytical techniques to evaluate their structural, functional, and
physicochemical properties. Size-based separation techniques are
particularly important as fragments and aggregates are often present in
these large molecules. These product-related impurities are frequently
assigned as being critical quality attributes (CQAs) [21,22].

Several sized-based separation techniques are currently available
and can be considered. First, asymmetric flow field flow fractionation
(A4F) separates analytes based on their size and shape, as they flow
through a thin channel. It uses a liquid that moves through the channel
at different speeds, allowing diffusion-based separation of large and
small molecules. This technique is particularly attractive for the analysis
of soluble proteins and nanoparticles [23,24,25]. Another possibility is
the use of analytical ultracentrifugation (AUC). In this case, the sample
is subjected to high-speed centrifugal forces that cause shape and
size-based sedimentation of particles. Estimates on sedimentation rate
can be then correlated with the molecular weight of the macromolecules
in the sample [26,27]. A third option is capillary gel electrophoresis
(CGE), which uses an electric field to separate charged molecules in a
capillary filled with a gel. The smaller the molecule is, the faster it mi-
grates through the gel, which is the principle providing a size-based
separation. Thanks to the capillary format, it is possible to dramati-
cally improve resolution and efficiency as compared to classical gel
electrophoresis [28,29,30]. Size exclusion chromatography (SEC) is also
a viable approach for achieving size-based separation. Finally,
multi-angle light scattering (MALS) measures the scattered light at
different angles as it interacts with particles in solution. The size and
molecular weight of large molecules can then be determined by
analyzing the scattered light patterns [31,32]. Importantly, MALS can be
easily combined with SEC and A4F to provide detailed information on
molecular characteristics.

In recent years, several reviews have been published on the appli-
cation of SEC to the analysis of mAbs. The primary aim of this article is to
extend this knowledge beyond mAbs. Furthermore, we would like to
provide a clear strategy for method development in modern SEC using
columns packed with sub-3 pym particles. The goal is also to highlight
some of the most recent advances in SEC, including the use of narrow-
bore and micro-bore SEC columns, ultra-wide pore SEC columns, and
low-adsorption (often referred to as “bioinert”) column hardware. Some
innovations are also explored, such as recycling SEC, the coupling of SEC
with mass spectrometry and alternative detectors (such as charge
detection mass spectrometry and mass photometry), SEC incorporation
into multidimensional LC setups, and important developments at the
preparative scale.
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2. Fundamental principles of SEC

SEC is one of the most widely used sized-based separation tech-
niques, which separates species based on their hydrodynamic radius.
The SEC principle of operation is quite simple, and is illustrated in Fig. 1.
As the sample flows through the column, molecules could be either
totally excluded from the pores of the stationary phase (if they are suf-
ficiently large), they could fully penetrate into the pores (if they are
small enough), or the molecules can be partially excluded from the pores
(which is the common case when a column with an appropriate pore size
is selected). Large molecules travel faster through the column with the
mobile phase as they do not penetrate the pores. On the contrary, small
molecules take longer to elute from the column, as they spend more time
inside the pores.

The success of SEC can be explained by the fact that the technique
can be applied to the characterization of various commercial and
emerging biotherapeutics in time and cost-effective manner. It has
several advantages including its excellent quantitative performance,
ease of use, and favorable perception by regulatory authorities. SEC is an
entropically controlled separation technique. It operates under mild
chromatographic conditions, allowing the analysis of biological mole-
cules with minimal impact on their conformation (native conditions)
[33]. Consequently, SEC is considered to be a non-denaturing chro-
matographic mode [34].

The stationary phase in SEC is composed of spherical, porous parti-
cles, with precisely controlled pore sizes and pore size distributions,
which allows the differentiation of molecules based on their molecular
size, without physicochemical interactions [35]. To minimize the
possible interactions between the molecule of interest and the SEC col-
umn, all components must be inert. Therefore, surface modifications,
such as derivatization with hydrophilic silanes, diol functionalization
and methyl- or hydroxy-terminated polyethylene oxide bonding are
often considered. In conventional SEC, large columns (e.g., 300 x 8 mm)
packed with 5 um particles are commonly used at low flow rates and
pressures. Under such conditions, analysis times typically range from 25
to 40 min. Since all peaks elute before the column hold-up time (ty), it is
generally necessary to perform SEC with a comparatively large volume
column to allow sufficient time for the separation [36].

Once the appropriate SEC column has been selected, it is important
to optimize the mobile phase composition. Physiological conditions at a
pH between 6.2 and 7.5 are typically used. A phosphate buffer (50 - 200
mM) is a common buffering agent for this pH range [37]. In addition, it
is common practice to add a significant amount of potassium or sodium
salts (from 200 to 400 mM of KCl or NaCl) to the mobile phase. This
helps limit unwanted secondary electrostatic interactions between the
analytes and the packing material [38].

3. Steps towards modern SEC
3.1. Columns packed with sub-3 um particles: the new reference material

A popular strategy to improve performance (speed and efficiency) in
LC is to use columns packed with smaller and smaller particles. Reverse
phase columns packed with sub-2 um porous particles were commer-
cially introduced in 2004, and SEC columns of the same type were first
available in 2011 (i.e. a BEH™ 200 A SEC Column packed with 1.7 pm
particles). This column is considered to be the precursor of modern SEC,
also known as ultra-high-performance SEC (UHP-SEC). The rationale
behind the use of columns packed with smaller sized particles is to
improve column efficiency by reducing both the eddy dispersion (A term
in the common plate height equation) and the mass transfer resistance
(C term). When comparing the performance of columns packed with
sub-2 um particles and columns packed with 3 or 5 um particles, plate
heights were 2 to 5 times lower with the 1.7 pm packing. This means that
similar plate count can be obtained in standard SEC and modern SEC,
but the latter offers a reduction in analysis times by a factor of 2 to 4
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Fig. 1. SEC principle of operation. Schematic picture of a SEC column with an inserted enlargement and graphical description of the separation process. An hy-
pothetical chromatogram is also provided and shows corresponding Vj, V1 and Vp values.

[39]. Based on these attractive features, many suppliers have recently
introduced SEC columns packed with sub-3 um particles. In a systematic
comparison performed in our laboratory in 2017, with different model
proteins, commercial therapeutic mAbs and ADCs samples, kinetic
performance evaluation (plate height curves and kinetic plots) showed
that SEC columns packed with 1.7 - 2.0 um particles improved plate
count by 1.5 - 2 times compared to 2.7 - 3.0 um particles, in line with
theoretical expectations [40]. In addition to kinetic performance,
non-specific interactions between the analyzed proteins and the sta-
tionary phases were also investigated, and it was shown that

A)

Ofatumumab

Acquity BEH200 1.7 ym

Yarra SEC X-150 1.8 ym

TSKgel UP-SW3000 2.0 pm

C)

Brentuximab-vedotin

_l\cquity BEH200 1.7 ym

Yarra SEC X-150 1.8 ym

hydrophobic interactions were more critical than electrostatic in-
teractions, with strong differences between the four modern SEC col-
umns that were compared, as shown in Fig. 2 for two mAbs and two
ADCs samples.

These non-specific interactions are responsible for strong peak
distortion and broadening as well as elution time shifts. Combining both
kinetic performance and non-specific interactions, the four SEC columns
packed with sub-3 um particles showed comparable resolution when
analyzing a diverse set of 10 different commercial mAb products. In fact,
the resolution between monomers and dimers ranged from 1.6 to 2.4,

B)

Natalizumab

Acquity BEH200 1.7 um

Yarra SEC X-150 1.8 um

J
J

TSKgel UP-SW3000 2.0 ym

0 1 2 3 4 5 6 7

elution time (min)

D)

Trastuzumab-emtansine

Acquity BEH200 1.7 ym
Yarra SEC X-150 1.8 ym

TSKgel UP-SW3000 2.0 ym

TSKgel UP-SW3000 2.0 pm

elution time (min)

elution time (min)

Fig. 2. Comparative overlaid representative chromatograms observed on the different columns for ofatumumab (A), natalizumab (B), brentuximab-vedotin (C) and
trastuzumab-emtansine (A). The mobile phase contained 100 mM disodium hydrogen-phosphate buffer and 200 mM sodium chloride in water, pH = 6.8 at 25 °C.

Columns were operated at F = 350 pL/min. Adapted with permission from [40].
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regardless of the column used. The robustness of modern SEC columns
packed with 1.7 um particles has also been recently investigated. Due to
the inherent fragility of large pores particles and repeated exposure to
different analytical conditions, the lifetime of a SEC column is typically
limited to less than 500 injections [41]. In this work, the authors have
evaluated 19 columns of the same type (BEH 200 A 1.7 um Columns)
using a proprietary mAb produced at Regeneron. System suitability
parameters, such as USP resolution, USP plate count, USP tailing factor,
elution time, peak width, and peak height, were used to evaluate SEC
column performance. A general linear model was constructed which
revealed that elution time, peak width, and USP tailing factor increased
with the number of injections, while peak height, resolution, and plate
count decreased with the number of injections. After 1000 injections,
USP tailing factor and peak width increased by more than 10%, while
resolution and plate count decreased by more than 10% compared to
their initial values. Today, a variety of SEC columns are available that
are packed with sub-3 pm particles, as they are widely used for the
analysis of mAbs and related compounds [42,43]. In addition to particle
size considerations, it is important to note that modern SEC columns
have also significantly reduced column volumes compared to a classical
300 x 7.8 mm column dimension. In fact, due to improved efficiency, it
is possible to reduce the length to 150 mm, while maintaining appro-
priate kinetic performance. The shorter column allows faster analysis,
and reduces the pressure generated by the packing. In addition, a col-
umn diameter of 4.6 mm is commonly used in modern SEC columns.
This allows an analyst to further reduce sample and mobile phase con-
sumption. However, due to the large reduction of the column volume
between classical and modern SEC, by approximately 6-fold, it is
necessary to optimize the chromatographic instrument to limit
system-related band broadening.

In SEC, the analytes are typically partially excluded from the pores
with ideally no adsorptive interaction with the packing material. This
means analytes will exhibit very low retention factors (k’) generally
ranging between —1 and 0. This leads to an inherently low column band
variance, emphasizing the need to work with a fully optimized system
[36,44].

A recent evaluation of instrument compatibility (i.e. regular HPLC,
non-optimized UHPLC, and carefully optimized UHPLC) with modern
SEC columns (150 x 4.6 mm, sub-3 pym particles) showed that apparent
efficiency is very significantly influenced by the instrument configura-
tion and its disposition [36]. For example, the analysis of mAb samples
on a regular HPLC system with an extra column volume (ECV) of 65 pL
resulted in a severe loss of efficiency (approximately 60 - 85%). To use
these columns more effectively, optimized UHPLC systems with ECV
below 10 pL are essential. In some extreme cases, columns packed with
sub-2 um particles may even have lower apparent efficiencies than those
packed with larger particles (3 - 5 um) when using conventional HPLC
systems. This situation is obviously counterproductive. In addition to the
instrument volume, the material used for the connecting tube also in-
fluences the kinetic performance of a modern SEC separation. In fact,
PEEK lined tubing has been shown to be more beneficial than stainless
steel tubing, as it minimizes protein adsorption, leading to an apparently
higher plate count (typically 10 — 15% higher on average) [44].

In conclusion, modern 150 x 4.6 mm SEC columns packed with sub-
3 um particles offer improved efficiency and faster separation, and they
have now been adopted into routine analysis of biopharmaceuticals. It is
essential, however, that they are used with optimized UHPLC systems.

3.2. The importance of the hydraulic diameter of a packed bed

An important characteristic of a SEC column is the interstitial dis-
tance between the particles of the packed bed. Various measures exist to
describe this characteristic length such as hydraulic radius (r.), hy-
draulic diameter (dp), intraparticle channel size, “equivalent spherical

diameter”, “contact diameter” or “sub-channel” size [45-47]. In SEC
(and other chromatographic modes), knowing the dj is important to
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estimate and minimize the interstitial shear rates to which the analytes
are subjected during their passage through the column [48,49]. Fig. 3
shows a schematic view of the hydraulic radius and diameter as the
interstitial distance between spherical particles.

For very short dj distances, it is hypothetically possible for analyte
degradation and sieving to occur in the interstitial medium. When
degradation occurs, it is often referred to as "flow induced" degradation
[48]. It may seem that such degradation can also occur through column
frits, since the frit pore size is typically smaller than the size of the
packed particles. However, it has been shown that frit-induced sample
degradation is less significant compared to on-column degradation,
probably due to the very short passing time of the analytes through the
frit. Nevertheless, direct frit-induced degradation remains an area of
interest for future study [50].

In a well-packed column, the hydraulic diameter is determined by
the interstitial porosity (¢;) and the particle size (dp) [45,46,51,52]. A
smaller d, and a lower ¢; (denser packing) will result in a smaller hy-
draulic diameter. The hydraulic diameter directly determines the shear
rate (and these terms are inversely proportional) [49]. Therefore, par-
ticle size and column porosity have important effects on SEC separa-
tions, as they both determine the column pressure and the shear rate.
Thus, even though smaller particles usually result in higher column
performance, there is a theory-driven concern that excessively small
particles (i.e. d, < 2 um) should not be applied to the analysis of lipid
nanoparticles (LNPs), adeno associated viruses (AAVs), virus like par-
ticles, and large nucleic acids. However, it should be kept in mind that
not even modern packing materials exhibit a discretely narrow particle
size distribution. The polydisperse nature and range of particle sizes
within a packed column should be considered when modeling the
theoretical limits of SEC and its applicability to different-sized analytes.
The size of LNPs ranges between 60 — 250 nm (hydrodynamic diameter),
[53] though COVID-19 vaccines exhibit a narrower range of LNP sizes;
92.89 + 2.53 nm for Pfizer (Comirnaty™ (COVID-19 Vaccine, mRNA))
and 93.00 + 3.00 nm for Moderna (Spikevax™ (COVID-19 Vaccine,
mRNA)) [54]. To avoid any restricted passage through the intraparticle
channels, the hydraulic diameter of the packing should be at least 2 - 3
times larger. Such dj, values correspond to 1.5 — 2.1 ym column particles.
Based on theory, one can thus conclude that it could become problem-
atic to attempt intact LNP analyses with sub-2 um packing materials.

Fig. 4 shows the hydraulic diameter of packed beds as a function of a
column’s interstitial porosity. Calculations are provided for columns
packed with uniformly sized 1.5, 2.5, 3.5 and 5 um particles. As an
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Fig. 3. Schematic view of the hydraulic diameter (2r, = dj,) in a column packed
with d, (particle diameter). Adapted with permission from [45].
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Fig. 4. Plot of hydraulic diameters as the function of interstitial column porosity, assuming uniform 1.5, 2.5, 3 and 5 um particles. (Unpublished data from the

authors, see SI for details).

example, a column packed with 2.5 um particles will result in d, = 0.75 -
1.0 um when considering ¢; between 0.30 and 0.37 (which is a typical
porosity range of commercial SEC columns). Regarding shear forces, a
1.5 pm column results in 1.7- and 3.3-times higher shear rates than a 2.5
um and 5 pm packing, respectively - when operated at the same flow
rate.

3.3. Selection of the optimal pore size

A packing material’s average pore diameter (dpore) and pore size
distribution (PSD) is critical to achieving an optimal separation. To
avoid restricted pore diffusion, the average dpore should typically be
approximately three times larger than the target analyte size [55]. Thus,
from the point of view of kinetic efficiency, a large pore diameter is
advantageous. If the pores are too small, the concentration of an analyte
in the pores may reach equilibrium slowly (resulting in peak broadening
or tailing) [56]. On the other hand, a pore size that is too large may not
discriminate between similarly sized analytes, resulting in poor selec-
tivity. The highest selectivity is expected when the equilibrium constant
(Ksgc) is about 0.5. This is when the analyte comes to elute in the middle
of the elution window and when the target analyte enters half of the

10 1 A — - =450 A, narrow PSD
—~ (A) | \ 450 A, broad PSD
8 0.8 - I ‘ ----- 350 A, moderate PSD
N O S
i I
5 06 L
= AU
% 04 - foho
c .
(5]
©
0.2 A
00 T = T T T 1
0 200 400 600 800 1000
dpore (A)

internal pores [29].

To estimate the size or molecular mass of an unknown analyte,
calibration curves are often used in SEC. To create a calibration curve, a
set of compounds having different masses or sizes (i.e. homologue series,
protein/oligonucleotide ladder...) are injected and the molecular mass
(or its logarithm) of the analytes is plotted against the observed elution
volumes [57-59]. In turn, the SEC calibration curve essentially trans-
forms the PSD of the column’s accessible pores [58]. For the sake of
simplicity, one can visualize spherical molecules passing through
single-sized homogeneous tubular pores. It is reasonable to assume that
if the hydrodynamic diameter of the solute is smaller than the meso-pore
diameter, it will enter the pore. Otherwise, it will be excluded. Knowing
the average dyor. and PSD (or variance of the distribution) allows the
estimation of the exclusion rate of a solute with a given hydrodynamic
diameter [60]. Therefore, calibration curves can be directly estimated
from the pore size distribution of the packing material [58].

Fig. 5 shows three different PSD materials and their corresponding
calibration curves. The left end of the calibration curve is related to total
exclusion (or interstitial porosity). The right end of the calibration curve
is determined by the total porosity (or total permeation) of the packing
material.

80 +
. (B) — - =450 A, narrow PSD
g 70 - 450 A, broad PSD
- |\ |==—-- 350 A, moderate PSD
& 60 -
:
§ s04 ¢ |
© >
o 404 & :
% Saeg
c 30 4 -
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8
S 20 + elution window
z
1 0 T — T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 5. Pore diameter distribution plots (A) and the corresponding (expected) calibration curves (B). dpr. is pore diameter and V,, norm refers to the normalized elution

volume. (Unpublished data from the authors, see SI for details).
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The elution window between the exclusion and permeation limits is
often referred to as the "useful elution window", “fractionation range” or
"sizing range" of the column. Very often, linear or polynomial fits are
used in this window of the calibration curve to describe the propor-
tionality between solute size and mass as well as elution time and vol-
ume [57]. The slope of the calibration curve is a consequence of the PSD,
while the vertical position of the curve is determined by the mean pore
diameter. A narrow PSD results in a flat calibration curve and therefore
high selectivity. However, its sizing range is limited. In contrast, a wide
PSD results in a steeper calibration curve and therefore lower selectivity
and a wider sizing range. A decrease in the mean pore diameter shifts the
calibration curve downward and therefore a smaller pore diameter is
better suited to the separation of smaller analytes. Each of these effects is
illustrated in Fig. 5. Note that the PSD of wide-pore materials tends to
broaden as the average pore diameters becomes larger (as a stochastic
consequence of standard pore enlargement techniques)

Based on a review of current literature review and our experience,
we have come to prepare pore size recommendations for several com-
mon large molecules. These are summarized in Table 1 [22,34,40,
61-63].

Note: the compounds used to construct a calibration curve must
resemble the target analytes in shape, physicochemical nature, and size.
Molecular shape (e.g. circular, linear) and flexibility (i.e. tendency to
stretch or unfold during migration through the column) are particularly
important [64]. Today, several SEC calibration kits are commercially
available from different suppliers, including different protein ladders
(suggested for different column pore sizes) and nucleic acid ladders
(such as ssDNA 20 to 100 mers and dsDNA 50 to 1350 mers).

3.4. Column coupling to expand sizing range and adjust selectivity

In some cases, both low- and high-molecular-weight species must be
separated. It is possible that a single column of a given morphology will
not provide adequate selectivity for both small and large analytes. A
possible solution is to couple two or more columns in series to extend the
size range of the separation [65,66]. A practical advantage of a
multi-column system is that the pore size distribution of the column can
be easily adjusted by combining different lengths of different mesopore
structure segments. Gritti reported a theoretical study on the tunable
morphology of a tri-column SEC system, considering different combi-
nations of 3, 6 and 9 cm individual column segments of three different
morphologies [67].

From the point of view of selectivity, the order of the individual
column segments is irrelevant as the same selectivity is expected for a
time-invariant SEC separation mechanism [60]. However, an important
consideration is the stability of the packed bed. Since packings with
small pore sizes are mechanically more stable than materials with large
pore sizes, columns must be connected in order of increasing pore
diameter. Columns packed with the most "fragile" particles could dete-
riorate if placed in the upstream position. Placing them in the down-
stream position protects them from potential bed collapse because the
sudden pressure changes caused by the injection process are largely
absorbed by the column immediately after the injection valve [67].

The length of the individual column segments does impact selectivity
and therefore needs to be optimized. The contribution of the individual
columns to the overall elution time/volume is additive. It can therefore
be easily calculated and modeled. The same optimization procedure
used for “phase optimized liquid chromatography” can be applied [68,
69]. The elution times/volumes and peak variances of the different
analytes must be measured for all individual column segments. These
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values can then be used to calculate the optimal stationary phase
composition.

The only drawback to the column coupling approach is that a multi-
column system often results in a non-linear calibration curve. In these
cases, a higher order polynomial fit is advantageous, resulting in less
error in the evaluation of the mass/size of unknown analytes [65]. To
overcome this difficulty, single columns packed with a carefully
designed mixture of two or more different pore sizes and distributions (e.
g. mixed bed columns) are available to provide a nearly linear calibra-
tion curve. In addition, optimized packing technology was developed in
which SEC packings consist of layers of different, tightly controlled pore
sizes.

Fig. 6 shows some model (derived from calculations) chromatograms
expected on a 200 A (30 cm), 400 A (30 cm) and coupled 200 + 400 A
(15 + 15 cm) columns for a mixture of five compounds (in the hydro-
dynamic radius range of 120 — 230 A). The 200 A column alone provides
poor selectivity for the largest analytes (peaks 1 and 2 co-elute), but high
selectivity was obtained for the smaller analytes. In contrast, the 400 A
column provides high selectivity for the large analytes but low selec-
tivity for peaks 4 and 5 (partial separation). The tandem column system
(equivalent length of 200 and 400 A segments) results in adequate
selectivity for all peak pairs.

3.5. Importance of secondary interactions

Ideally, an SEC separation is an entirely entropic process based on
differential filtration of analytes with varying hydrodynamic radius
through the pores. As such, no physico-chemical interactions with the
packing material are desired. However, in practice, this is difficult to
achieve since biopharmaceutical molecules contain a multitude of
functional groups capable of various types of interactions, ranging from:
electrostatic and hydrophobic interactions to H-bonding [30]. Although
most of these contacts via a single residue are weak, biomolecules often
display sizeable surface areas and patches of concentrated moieties that
can exacerbate secondary (or non-specific) interactions even for care-
fully designed SEC columns. These effects are expected to be more
pronounced with the growing molecular size and complexity of
emerging biotherapeutics. One could predict that adapted surface
technologies and method development approaches will be needed to
address this challenge. Recently, this was highlighted in the case of
irreproducible routine SEC characterization of foot and mouth disease
virus, used in vaccines, where different columns lots engaged the analyte
to a different degree and extensive optimization of method conditions
was required to eliminate column batch variability [70].

Charged patches are often present on protein surfaces and nucleic
acids are inherently anionic due to their phosphate backbones [71]. The
chance to encounter for problematic electrostatic interactions with these
analytes is high. This can mean ion exclusion and ion exchange effects
depending on the relative polarity between the species and column
components. In each case, elution time and peak shape can be impacted
[72]. Moreover, a pronounced adsorptive interaction often leads to
problematic recovery issues, especially for high molecular weight spe-
cies (HMWS) [73]. This is also evident during the analysis of negatively
charged analytes which are known to readily adsorb to stainless steel
[44,74]. Recent efforts to mitigate this effect from column hardware are
discussed in Section 3.2. On the other hand, many therapeutic anti-
bodies are basic, with pI > 7.5, which means that they carry a net
positive charge when analyzed under standard conditions at physio-
logical pH [75]. Such molecules can readily interact with low abundance
negative charges found in silica based packing materials [76].

Table 1

Recommended average pore diameter for some typical applications.
analyte proteins, MW ~ 15-80 kDa mAbs, ADCs
average pore size 150 - 200 A 200 - 300 A

AAVs large PEGylated proteins
450 - 500 A 500 — 1000 A

LNPs, plasmid DNA
1000 — 1500 A
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Fig. 6. Model chromatograms to illustrate the benefit of a tandem column system. Total column length: 30 cm, column diameter: 4.6 mm, column’s total porosity:
0.85, interstitial porosity: 0.30, flow rate: 0.25 mL/min. Mean pore diameters: 200 A (A), 400 A (B) and 200 + 400 A (C). Normal symmetrical distribution was
considered for the PSD with 6 = 60 A. Hypothetical analytes’ hydrodynamic radius: 23 nm (peak 1), 19 nm (peak 2), 16 nm (peak 3), 14 nm (peak 4) and 12 nm (peak

5). (Unpublished data from the authors.).

Some biopharmaceuticals display “greasy” regions on their surfaces
which may interact with certain hydrophobic sites of the nominally
hydrophilic packing material. These could be created via bonding
chemistry, end-capping, and cross-linking with organosilane reagents,
used to reduce silanol activity and increase stability of the particles [77].
Such interactions can also significantly impact chromatographic per-
formance with delayed elution time (beyond ty;) as a frequent symptom
[72,78]. These can be pronounced for ADCs conjugated with lipophilic
payloads [79].

Generally, the above-described impact of secondary interactions can
be limited by the use of sufficient concentrations of additives in a mobile
phase. It is the role of an SEC method developer to screen for and weaken
the secondary interactions between the analyte and column compo-
nents. Typically, one employs salts (usually sodium or potassium with
the latter being more efficient) for electrostatic interactions and organic

solvents (usually methanol/isopropanol or acetonitrile) [38,79]. Other
effects from adjusting the mobile phase with zwitterionic and mild
chaotropic additives are also worth exploring. These types of additives
are amino acids, such as arginine, lysine and anions, such as perchlorate
or thiocyanate [70,80,81]. However, this strategy may impact analyte
(higher order) structure and introduce other undesired artefacts and
normally requires validation with orthogonal methodologies [82].
Finding optimal conditions could also be a laborious and
non-straightforward process. For example, an increase of mobile phase
ionic strength limits the effect of electrostatic interactions, but it also
directly enhances the strength of hydrophobic interactions [72,80].
Thus, successful method development may require balancing many pa-
rameters and can be best realized via automation (further discussed in
Section 2.6) and design of experiment (DoE) approaches [78,83].
Alternatively, SEC column providers have been working on
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optimizing the surfaces of their packing materials [84]. For example,
diol bonded particles were once state of the art but have recently been
shown to exhibit secondary interactions with challenging analytes when
compared to newer hydroxy-terminated polyethylene oxide (HO-PEO)
bonded materials [77].

A recent systematic SEC column comparison against a diverse subset
of 12 antibodies confirmed that the HO-PEO bonded stationary phase in
combination with low adsorption hardware yielded minimal secondary
interactions with the analytes [72]. As the result of a rigorous DoE SEC
method development procedure, a generic platform SEC method was
established for antibodies. In general, with these low adsorption SEC
columns, it is reasonable to start method development with a standard
1x strength PBS buffer. The influence of secondary interactions can then
be tested with KCl and organic solvent according to the decision tree
shown in Fig. 7. A corresponding DoE method development approach is
discussed in Section 2.6.

Further optimization of packing materials for the analysis of bio-
pharmaceuticals and further progress on low adsorption hardware will
facilitate establishing platform SEC methods for an even broader array
of biotherapeutics.

3.6. Automated method development

Various systematic method development approaches have been re-
ported for SEC separations [34,38,40]. The critical steps of the method
development process are well established. These include the selection of
appropriate pore size for selectivity, finding the right mobile phase
composition to avoid non-specific interactions, and the optimization of
flow rate and column length to achieve high separation efficiency in a
reasonable time. Here, we focus only on aspects of automation and
evaluation.

In SEC, as there is no analyte retention, common retention modeling
approaches do not apply. Therefore, instead of the often-used semi-
empirical models, factorial designs of experiments (DoE) seem to be
more appropriate to study the effects of the most relevant factors. For

Choose an appropriate column
(150 x 4.6 mm, sub-3um,
low adsorption hardware)

l

Test for secondary interactions
with 1X PBS (pH ~ 6.2 or 7.4) and

1) + 5% MeCN or IPA

Inspect:
Peak tailing/elution time
HMWS% recovery

l No differences

Negligible impact of
secondary interactions

Differences
2) + 100 mM KCI observed 2) + 200 mM KCI
3) + 100 mM KCI + 5% MeCN or IPA — 3) + 200 mM KCI + 10% MeCN or IPA
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SEC, those factors are the mobile phase ionic strength, mobile phase
organic modifier concentration, and mobile phase/column temperature
[83]. The responses to be studied should be carefully selected. It has
been proposed that the most meaningful responses are (1) the resolution
between monomer and HMWS, (2) the observed HMWS% (recovery)
and (3) the width of the main peak (i.e. monomer) [85]. By studying
these factors and responses, both electrostatic and hydrophobic sec-
ondary interactions can be explored, understood, and ultimately
mitigated.

Most chromatographic modeling software (DryLab™ Software
(Molnar Institute), Fusion QbD™ Software (S-Matrix), ChromSwor-
dAuto Software (ChromSword), AutoChrom™ Software (ACD Labs))
support direct communication and full control between the modeling
software and the instrument controlling chromatographic data system
(CDS) [86]. These software packages can fully automate the method
screening and optimization procedure [87]. Once the appropriate DoE is
selected in the modeling software, all the instrument method parame-
ters, method sets and sample set parameters can be quickly set within
the modeling software (including column equilibration times, washing
steps, repetitions, and blank injections). Then, the whole experimental
design and corresponding instrument parameters created in the
modeling software can be transferred to the CDS. Once the experiments
are performed, all measured data required to build up the model (e.g.
chromatograms, retention times, peak areas, peak widths, peak sym-
metry) can be directly sent from the CDS to the modeling software, and
the models can be quickly set up. After selecting a robust working point
from in-silico optimization the corresponding conditions and method
parameters can be transferred again to the CDS in order to automatically
perform the experimental verification of the selected working point
[83].

Most modeling software is now capable of identifying conditions (the
working point) where all method requirements (i.e., all responses) are
satisfied. This is done by superimposing the various responses and
graphically visualizing the method criteria. This approach is often called
Multiple Attribute Modeling (MAP). This MAP approach is particularly

Additional investigations
and method validation

Further changes
observed

Verify effectiveness with:
1) + 10% MeCN or IPA
Inspect:

Peak tailing/elution time
HMWS% recovery

l No further changes

Secondary interactions mitigated
with minimal intervention
(+100 mM KCI / 5% MeCN or IPA)

Fig. 7. Simplified method development decision tree aimed at verifying the impact of secondary interactions on an SEC separation. The proposed conditions were
adapted from those commonly found in literature [40,77] for assessing the impact of secondary interactions.
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interesting for SEC, where not only the resolution but also the recovery is
strongly influenced by the method parameters.

The above discussed fully automated procedure has been applied for
the SEC analysis of two mAbs used to treat COVID-19, namely casir-
ivimab and imdevimab [83]. The automation module of the DryLab
Software was used to automate the experiments. Simultaneous effects of
critical method factors were evaluated using a simple full factorial
design. Three response functions were examined. The results indicated
that secondary interactions were practically negligible in the range of
method factors studied. The resolution between HMWS and monomer
peaks was found to be higher than 1.5, indicating that the pore size of
the packing material was properly selected (250 A).

Although method development approaches for SEC separations are
well documented, the authors believe that most practicing chromatog-
raphers still rely on trial and error and other time-consuming proced-
ures. We encourage chromatographers to use automation and modeling
tools to shorten, understand and properly document their SEC method
screening and development processes.

3.7. Combination of SEC with MALS to gain more information on the
sample

Multi-angle light scattering (MALS) detectors complement optical
detectors like refractive index (RI), tunable ultraviolet (TUV) or photo
diode array (PDA) that are more commonly applied to detect analytes
eluting from an SEC separation. MALS provides both chemical infor-
mation such as molecular weight (MW), size, aggregation, and the dis-
tribution of each species in a fractionated sample, as well as biophysical
attributes such as conformation, and the type of higher order structure
(i.e. oligomeric state). The accuracy of this detector is closely related to
the number of angles that are measured as well as the mathematical
corrections made to account for intramolecular interference, which in-
creases with the analytes size. More sensitive detectors with 18 angles
can determine MW in the range from 200 Da - 1 GDa [88].

In addition to MW, a MALS detector also provides the particle’s size,
specifically the radius of gyration (Rg) or root mean square radius (rms)
for analytes from 10 to 500 nm [88,89]. Integration of the mass - dis-
tribution which includes multiple scattering centers and radii, produces
Rg [90]. Through additional mathematical models or using the rela-
tionship of the log R; vs log MW, the molecular conformation can be
uncovered.

Online or embedded dynamic light scattering (DLS), or quasi-elastic
light scattering (QELS) is commonly included with advanced MALS
detectors. This additional type of light scattering enables quantification
of the hydrodynamic radius (Ry) for analytes as small as 0.5 nm in
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radius, which extends the lower end limit of a standard detector [88].

Furthermore, when run at multiple concentrations, MALS assays
offer additional insights into a molecule’s stability through the second
virial coefficient (A2). This coefficient indicates whether there is
attraction (A2 < 0) or repulsion (A2 > 0) among the analytes [89]. This
type of insight is helpful when considering the long-term stability of a
biotherapeutic.

SEC-MALS is a versatile technique widely applied in various biologic
scenarios. It covers a broad range of applications, from the conventional
analysis of protein aggregation and oligomeric determination to
measuring the extent of conjugation and the empty/full ratio of viral
vectors such as AAV and LNP as well as their genomic titer [88,89,
91-94]. What sets SEC-MALS apart is its calibration-free nature and its
effectiveness in accurately assessing non-globular-shaped samples,
providing precise molecular weight and species distribution information
for complex samples. Another notable advantage is its capability to
dissect the contents within an eluting peak, enabling the evaluation of
SEC separation quality. Specifically, SEC-MALS excels in revealing
polydispersity within a single eluting peak or identifying the content of a
shoulder as with a LMWS peak. MALS also excels in accurately assigning
molecular weights to proteins that, due to various configurations or
secondary interactions, elute at volumes inconsistent with their actual
molecular weight. Fig. 8 illustrates this phenomenon, where three mAb
samples with similar molecular weights elute at different volumes [88].
This discrepancy can arise from factors such as potential hydro-
phobic/ionic interactions with a column or a non-globular configuration
of the protein. Additionally, post-translational modifications and other
alterations like PEGylation may extend the hydrodynamic radius, lead-
ing to earlier elution without significantly impacting the molecular
weight [88,89].

SEC-MALS offers the added advantage of providing detailed infor-
mation about the components within an eluting peak. This is particu-
larly valuable for complex samples, including glycosylated proteins or
those modified with additional linkers and drugs [92]. Its effectiveness
increases with the complexity of the samples. Notably, SEC-MALS is
exceptionally well-suited for analyzing samples like ribonucleoproteins
(RNPs), antibody oligo conjugates (AOCs) or ADCs. A recent study using
native SEC-MALS on SARS-CoV-2 nucleocapsid protein found a molec-
ular mass of 99.9 kDa, which was similar to results obtained from other
techniques, demonstrating the excellent reliability of this technique
[95]. Regarding antibody oligonucleotide conjugates, a study utilized
SEC-MALS to confirm the uniformity of fullerene-based spherical nucleic
acids that were linked to antibodies where the results demonstrated that
the overall molecular weights obtained using SEC-MALS closely
matched the expected theoretical values [96]. SEC-MALS has also been
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Fig. 8. (A) Elution profiles of several different mAbs with similar molecular weights eluting at different times (Solid UV trace) but identified as having the same
molecular weight by MALS. (B) Contents of a single eluting peak, UV chromatogram, solid line, deconvoluted into the mass values of proteins, DNA and the Protein-

DNA complex through MALS analysis. Adapted with permission from [88].
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used in biosimilarity assessments with respect to stability by charac-
terizing aggregates between different mAbs [97]. In a separate study, it
was observed that SEC-MALS was superior to other orthogonal tech-
niques and displayed strong correlation with SV-AUC values of AAV
particles ranging from full to empty. Furthermore, SEC-MALS results
were consistent with ddPCR and ELISA measurements pertaining to both
vector and capsid titers. SEC-MALS not only maintained high levels of
linear accuracy and precision, but also achieved quality control rec-
ommendations for chromatography. When compared to other assays
that indicate stability, SEC-MALS performed comparably well to ddPCR,
capsid ELISA, and infectivity assays under accelerated stress conditions
[94].

Finally, it is important to note that a MALS detector does not replace
other optical detectors; rather, it is essential for determining the con-
centration used in the model equation for molecular weight determi-
nation. In the case of complex samples, both a UV and RI detector are
crucial to deconvolute the total molecular weight into its components,
such as protein titer, nucleic acid titer, or the drug-to-antibody ratio. The
combination of MALS with fractionation by SEC is crucial for gaining a
fundamental understanding of a sample and ensuring thorough bio-
molecular characterization. This is applicable not only to standard
samples where clarity on "what is under the peak" is desired, but also to
complex non-globular samples.

4. Recent advances in SEC
4.1. Narrow-bore and micro-bore SEC columns

Recent trends in the pharmaceutical and biotechnology industries
call for the miniaturization of SEC separations. More robust and more
sensitive SEC techniques are needed to reduce sample consumption and
improve hyphenated MS capabilities. For these reasons, there is a need
to decrease the diameter of SEC columns (down to 2.1 and 1 mm ID) and
to work towards the optimization of their use.

However, due to the nature of the SEC elution mechanism, the
retention-related term of the column peak variance (CPV) is extremely
low. The consequence of this is that extra-column dispersion (ECD) can
significantly impact apparent column efficiency, as previously discussed
[36,98]. On the other hand, CPV is also proportional to the column
volume. Hence, smaller column volumes will result in even smaller CPV.
The only way to compensate and provide adequately large CPV is to
increase the column volume. As such, larger volume columns can
improve the apparent efficiency [34].

There is a contradiction here: there is a need for small column vol-
umes, but small columns suffer from ECD. Only a few pieces of work
have been published on the use of narrow- and micro bore SEC columns.
The effect of SEC column diameter on the detection of proteins and their
aggregates was systematically studied by Eksteen. When comparing 4.6,
2 and 1 mm ID SEC columns, it was found that detection sensitivity
drastically increased with the decrease of column ID. Capillary SEC
columns (300 pm ID) appeared to be particularly promising for
improving the sensitivity of antibody fragment analysis and facilitating
the analysis of very small amounts of samples [99,100].

A microflow SEC column (50 x 1 mm) was applied to achieve sub-
unit separations and analyze non-covalent protein complexes using
native MS conditions [101]. Coupling of such a 50 x 1 mm SEC column
to multichannel microflow emitters resulted in 10 to 100-fold gains in
MS sensitivity. However, it was noted that extra column tubing and
dispersion effects significantly constrained the observed chromato-
graphic performance of the 1 mm ID column. Therefore, if SEC chro-
matographers want to miniaturize sizing separations to a column
diameter < 1 mm, there is more work to be done on chromatographic
instruments and flow paths.

In a recent report, the potential of a 2.1 mm ID SEC column was
studied and compared to a reference 150 x 4.6 mm SEC columns [102].
This study reaffirms the importance of very low system dispersion for
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SEC separations. At the same time, it shows that a very efficient 150 x
2.1 mm SEC column can offer a balanced compromise between apparent
separation efficiency, sample consumption and MS compatibility. An
apparent efficiency close to 50% of the 150 x 2.1 mm column’s theo-
retical efficiency can be achieved on a commercial UHPLC system.

On another note, it should be mentioned that the intrinsic efficiency
of modern SEC columns has probably been underestimated in the past
due to additional band broadening caused by non-specific interactions
between solutes and the column hardware (especially column frits). The
use of low adsorption column hardware has made it possible to measure
lower column dispersion values, which in turn resulted in more accurate
modelling of SEC columns intrinsic efficiency.

4.2. Low-adsorption (“bioinert”) SEC column hardware

Undesired secondary interactions are particularly problematic for
SEC separations. Column hardware can be a source of these secondary
interactions [77]. Only recently was the adsorptive loss of certain
negatively charged analytes to stainless steel surfaces systematically
studied. These metal elements can be found not only as part of the
column hardware (housing/frits) but also throughout the flow path of
chromatographic instrumentation [103]. Various solutions were evalu-
ated showing that the replacement of the base material (for titanium or
nickel-cobalt alloys) as well as use of chelators (e.g. medronic acid,
ethylenediaminetetraacetic acid etc.) in the mobile phase offered
improved performance but did not completely mitigate the adsorptive
effect. It was also shown that analyte conditioning is temporary. Instead,
the problematic surface can be masked with a protective layer [104].
The polyether ether ketone (PEEK) surface have been widely employed
to improve recovery and chromatographic performance. However, it is
recognized that PEEK is not optimal for all cases. Certain analytes can
experience increased absorption to PEEK, because of its hydrophobicity
[105]. This can pose a particular challenge in the context of aqueous SEC
analyses of increasingly larger biopharmaceuticals and their aggregates.
For similar reasons another chromatographic surface (HST, hybrid sur-
face technology), based on vapor deposited hybrid silica with exposed
ethylene bridges and incomplete capping of silanols, was deemed to not
be perfectly optimized for SEC separations [103]. To adapt this tech-
nology for aqueous chromatography, this base layer was hydrophilically
modified. Columns constructed with this hydrophilic hybrid surface
(h-HST) hardware exhibited superior performance when it came to
HMWS recovery and peak shape [106]. The benefit was attributed to a
reduction in both electrostatic and hydrophobic secondary interactions.
Other manufacturers have also introduced columns with low-adsorption
coatings, but they were not designed explicitly for aqueous separations.
An overview of currently available “bioinert” SEC columns can be found
in Table 2 (columns which do not specify the details on the
low-adsorption hardware were not included). A recent study of SEC
columns has confirmed the key role of the h-HST modification: an h-HST

Table 2

Overview of low-adsorption SEC columns and used technology currently avail-
able on the market. Technical specifications (hardware and/or frit material)
were taken from publicly available sources on manufacturers’ websites or
brochures.

Manufacturer ~ Column Example  Technology  Details

Waters XBridge Premier ~ h-HST C, O hydrophilically modified
BEH SEC ethylene-bridged hybrid

surface

Phenomenex Biozen SEC BioTi Titanium lining and frit

Tosoh TSKgel BioAssist ~ PEEK PEEK housing
SEC

Sepax Zenix and SRT PEEK PEEK housing
SEC

YMC YMC-Pack Diol PEEK PEEK lining and frit
SEC

Agilent AdvanceBio SEC PEEK PEEK lining and frit
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column was found to be the most effective, among various comparison
columns, at minimising analyte interactions [72]. It is expected that
with growing complexity of the biopharmaceuticals the use of low
adsorption hardware technology will become more and more essential
for successful SEC separations.

4.3. Ultra-wide pore SEC columns for large molecules

As discussed in section 2.3, many new modalities and their aggre-
gates are significantly larger in diameter than mAbs. This requires the
use of a column with sufficient pore size to match their hydrodynamic
radii. Depending on the exact biotherapeutic product, these molecules
can have diameters ranging from 100 — 600 A for molecules like AAV
vectors to 600 — 2500 A for LNPs [53] and >1000 A for plasmids,
adenovirus and lentivirus [107-110]. Meanwhile, mRNA can exhibit a
range of diameters correlated with their length. A 1000 nucleotide long
mRNA has a Ry of approximately 15.6 nm, while the Ry of a 4000
nucleotide mRNA is about 25.2 nm [111]. Suitable SEC columns have
long been available in 5 um or larger particles of various nominal pore
sizes ranging from 300 to 2000 A. On the other hand, modern SEC
columns with smaller particles (sub-3 pm) from most manufacturers
reach only “wide pore” size of 300 A, with a few notable exceptions
(currently commercially available): Waters XBridge™ Premier GTx 2.5
pm, 450 A SEC Column (see Fig. 9 for SEM image of the stationary phase
and pore size distribution), dedicated for gene therapy applications due
to the use of hydrophilically modified (h-HST) hardware, and older
generation columns: Phenomenex Yarra™ SEC-4000 3 pum, 500 A Col-
umn and Shodex PROTEIN KW403-4F, 3 um, with a 800 A maximum
pore size [61].

A recent report suggested that newly developed columns with “ultra-
wide” pores (>500 A) are in the process of entering the market, as
prototypes of efficient 3 um SEC columns with nominal pore size of
around 1300 A have been demonstrated to be useful for the analysis of
various new modalities (i.e. mRNAs, LNPs, and plasmids) [22].

While many older generation ultra-wide pore columns can be
repurposed for the analysis of biopharmaceuticals, it is imperative to
consider the suitability of the packing material and column hardware for
the analysis of such molecules. If a method is developed haphazardly, an
analyst might encounter analyte loss and resolution challenges with
batch-to-batch or lot-to-lot column changes [106]. The other consider-
ation for such columns is their mechanical strength and their compati-
bility with MALS detectors. Ultra wide pore silica can suffer from poor
stability, especially with the decreasing particle size, [67] which may
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cause residual shedding leading to unacceptable noise levels for sensi-
tive light scattering detectors or lengthy conditioning procedures [112].

Increased availability of sub-3 pm particle, high recovery and MALS
compatible ultra-wide pore SEC columns are expected to enable and
promote detailed characterization of new modalities. Their increased
efficiency will be the key to expediting the development and release
testing of complex molecules. However, it should be noted that SEC
technology might not be ideal > 2000 A complexes due to technical
limitations and physical constraints. Sizing separations, which do not
use packed particle beds, such as A4F, might be more suitable due to the
absence of shear forces and filtration effects as well as the potential for
superior recovery.

4.4. Recycling SEC

Achieving enhanced resolution in SEC analysis is challenging due to
the fact that selectivity is driven almost exclusively by the mean pore
size and pore size distribution of the column. So, the only parameter that
has an impact on resolution and can be improved is efficiency. As dis-
cussed in sections 2.1. and 2.2., reducing particle size is an attractive
option to increase resolution, but this also leads to increased pressure
and stronger shear forces. Another viable strategy is to decrease the
mobile phase flow rate to align with the plate height optimum linear
velocity. However, this extends analysis time in proportion to the col-
umn length, limiting the utility of this approach. Increasing the column
length is another potential option, but again it requires extended anal-
ysis time and increased pressure. An interesting solution to this problem
emerged in the 1960’s [113]. This approach, known as recycling chro-
matography, operates on the principle of cyclical reintroduction of the
sample zone into the column until its width equals one column length.
By injecting a small sample volume, the process ends when a few com-
pounds are fully separated. Under these conditions, the maximum
allowable system pressure is no longer an issue, as only two columns are
connected in series.

Recently, Gritti revisited recycling chromatography and noted the
need to maintain a moderate pressure drop to limit the risk of column
failure and pressure-dependent retention behavior [114]. This approach
was successfully applied to an SEC separation of large molecules such as
intact protein mixtures and mAbs. The employed apparatus was a
straightforward twin-column recycling LC device [115]. The custom
device was easily incorporated into standard HPLC or UHPLC in-
struments. This innovative strategy enabled the baseline separation and
collection of two high-molecular-weight mAb aggregates from the main

(i) 5 um SEC 500 A
(ii) 2.5 um diol bonded BEH 450 A
(iii) 5 pm SEC 1000 A

ii
500 1000 1500
Pore size diameter (A)

2000

Fig. 9. A) SEM images of wide pore 5 um silica 500 A and (ii) 2.5 um BEH SEC 450 A Packing Materials. B) Mercury porosimetry can reveal pore size distribution for

different packing material as indicated in the legend. Reproduced from [61].
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mAD peak using two 150 mm long columns packed with 1.7 um particles
with a total of 8 cycles, leading to relatively long analysis times. Inter-
estingly, in this example, the relative abundances of the two aggregates
with respect to the monomer were 1:150 and 1:250, offering an addi-
tional level of complexity for their separation and UV detection.

More recently, this alternate pumping recycling SEC apparatus was
found to be the most interesting technique to characterize mAb products
and enhance the quantification of very low concentration fragment
impurities. Fig. 10 shows the SEC analysis of a model 150 kDa mAb and
the separation of its 100 kDa sub-units. When using a single column of
150 x 4.6 mm with 1.7 pm particles, the resolution between the mAb
and the 100 kDa subunits was very low, making the accurate quantifi-
cation of these impurities impossible. Some additional experiments were
therefore carried out to simulate the use of very long columns. The
number of cycles was increased from 1 to 10. The results indicate a
significant improvement in resolution with an increasing number of
cycles. The peak corresponding to the 100 kDa subunit was adequately
separated after 3 cycles, and after 7 cycles, two distinct peaks were
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observed. Even if the analysis time increased with the number of cycles,
it always remained below 1 hour (4 min longer per additional cycle).

In conclusion, despite the limited use of recycling LC, its potential in
SEC is significant, which should lead to its broader adoption, both at the
analytical and preparative scales. The development of commercial de-
vices and suitable software for implementing such techniques for the
analysis of biopharmaceutical products would be indeed highly
advantageous.

4.5. Coupling SEC with MS

SEC separates molecules based on their hydrodynamic size, while MS
provides information about molecular mass and structural details.
Coupling SEC with MS provides a powerful analytical tool for the
comprehensive characterization of complex biopharmaceutical prod-
ucts. It provides information about the distribution of molecular sizes
within a sample and it can facilitate the determination of protein olig-
omeric states, post-translational modifications and identification of
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Fig. 10. Recycling SEC of a mAb. (A) Schematics and positions of the valve (two positions A and B, six ports 1-6) during alternate pumping recycling LC. (B) SEC
experiments using two twin 4.6 x 150 mm 1.7 um 200 A BEH Columns for the analysis of mAb standard. The number of cycles was increased from 1 to 10. Adapted

with permission from [204].
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associated ligands or contaminants. However, SEC typically involves
using aqueous buffers and mild conditions to maintain the native state of
biomolecules, while MS often requires volatile solvents and acidic con-
ditions for ionization. Achieving compatibility between these disparate
conditions without compromising the integrity of the analytes can be
challenging. Indeed, until 2015, the direct coupling of SEC to MS was
rarely performed, primarily due to hardware limitations. Older MS in-
struments were unable to tolerate high salt concentrations, while SEC
columns lacked the necessary inertness, resulting in generally subopti-
mal peak shapes, particularly when volatile salts were involved.
Therefore, indirect coupling of SEC to MS was performed by the manual
collection of SEC fractions that were analysed by direct infusion native
MS (nMS), after tedious desalting protocols to switch to MS-compatible
volatile buffers. A typical SEC mobile phase composition includes so-
dium or potassium chloride (generally between concentrations of 100
mM and 250 mM) and phosphate buffer salts in water (at a concentra-
tion between 50 mM and 200 mM). First attempts to direct coupling SEC
to MS required the modification of SEC mobile phase from the standard
phosphate buffer salts to MS compatible components, mainly consisting
of ammonium acetate at concentrations between 25 mM and 100 mM
[40]. In these early experiments, mobile phase flow rates were brought
to relatively low linear velocities. For example, Heberger et al. [116]
reduced the amount of salts entering the MS device by using a split to
reduce the flow rate from 200 pL/min to 4 pL/min, before infusing the
flow to the MS through a NanoMate™ direct infusion system. This
strategy made it possible to accurately determine masses for size vari-
ants present in the sample, including both aggregates and impurities
derived from the incorrect light and heavy chain association of a bis-
pecific mAb [116]. In a feasibility assessment for future MS hyphen-
ation, Goyon et al. [117] used an SEC column packed with sub-3 pm
particles to characterize the profiles of 30 therapeutic mAbs and related
products by comparing a standard SEC mobile phase (50 mM potassium
phosphate buffer + 250 mM of potassium chloride) with an
MS-compatible, 100 mM ammonium acetate mobile phase. Surprisingly,
only five acidic therapeutic antibodies (with a pI < 7) could be suc-
cessfully analyzed with the ammonium acetate mobile phase, as judged
by obtaining peaks with tailing factor < 1.5 and baseline resolution (Rs
> 1.5) between HMWS and the main chromatographic peak. Basic
antibody products (pI > 7) required the use of a potassium-based mobile
phase. This study highlighted the urgent need in obtaining even more
inert stationary phases to maintain optimal SEC performance even when
using MS-compatible mobile phases [117]. Despite this limitation, the
coupling of SEC with MS found a second and very interesting purpose: a
rapid and automated desalting of samples by eliminating tedious off-line
buffer exchange protocols. An example of this approach was proposed
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by Ehkirch et al. for the analytical characterization of a variety of
mAb-based molecules (i.e. mAbs, ADCs, bsAbs, and Fc-fusion proteins).
In general, improved ESI efficiencies and enhanced signals were ob-
tained at lower flow rates. Therefore, the first step of the study involved
the optimization of the SEC flow rate to obtain the best balance between
high MS signal intensity and efficient desalting. Decreasing the flow rate
from 0.25 mL/min to 0.10 mL/min produced a 5-fold increase in MS
peak intensities (Fig. 11A). Columns packed with 1.7 pm particles but
having different nominal pore sizes and lengths were then evaluated. It
was found that a 200 A nominal pore size should be preferred in all
cases. Longer columns (150 mm and 300 mm) were applied to reach best
chromatographic efficiency and MS peak resolutions, while shorter
columns (30 mm) made high throughput analysis possible. In compar-
ison to the manual desalting process, online SEC desalting was signifi-
cantly more effective, resulting in near baseline resolution of mAb
glycoforms in the acquired mass spectra (Fig. 11B). A notable 6.7-fold
increase in MS peak resolution was obtained for fast desalting
compared to manual desalting when using the short 4.6 x 30 mm col-
umn. On the other hand, the best MS peak resolution was achieved with
long 4.6 x 300 mm column, which yielded an 8-fold increase in MS peak
resolution and improved mass accuracy. The possibility to use online
SEC-nMS for more than online desalting was also evaluated through
chromatographic analysis of a temperature-stressed NIST mAb
(Fig. 11C). Both HMWS and LMWS peaks were simultaneously charac-
terized by online MS data (Fig. 11D).

A detailed protocol on how to perform online SEC-based buffer ex-
change and nMS was also proposed by Wysocki et al. [118] The setup
was tested on three MS instruments from different vendors and in each
case the instrument was tuned to maximize desolvation and trans-
mission of the ions of interest to demonstrate the suitability of the
approach, regardless of the characteristics of the MS instrument.

To obtain optimal SEC-MS performance and keep the proteins in
their native state when using volatile mobile phases, interactions be-
tween proteins and the column should be limited. For this purpose,
Ventouri et al. [119]explored how the elution and ionization of proteins
during SEC-MS analysis might be affected by volatile mobile phases.
Using myoglobin as model protein the differences produced by use of
different volatile salts (ammonium acetate, formate, and bicarbonate),
ionic strength and pH were examined. Observing the charge state dis-
tribution of myoglobin and the loss of its heme component allowed
estimation of potential interactions of myoglobin with the stationary
phase during the SEC separation and denaturation that might occur
during ionization. As previously discussed in section 2.5., it was found
that volatile salts are effective but relatively high concentrations are
needed to minimize secondary interactions. Also, when the mobile
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phase concentration is too high, the protein analyte’s interactions can be
exacerbated. Conversely, lower ionic strength mobile phases failed to
prevent electrostatic interactions between the protein and column ma-
terial, resulting in significant protein adsorption and peak tailing in the
chromatogram. These differences appeared to be primarily associated
with the kosmotropic/chaotropic properties of the cationic salt addi-
tives. The elution profile’s dependency on pH and ionic strength is
heavily influenced by both the protein’s physico-chemical characteris-
tics and the material of the stationary phase. Consequently, these factors
should be meticulously evaluated. Finally, formate, and particularly
bicarbonate, [120] led to higher proportions of denatured protein spe-
cies, while ammonium acetate demonstrated the most effective preser-
vation of protein structure, especially when used at high ionic strength
(200 mM) [119].

To limit possible unwanted interactions between proteins and the
stationary phase and ensure optimal SEC-MS performance when using
volatile mobile phases, innovative bioinert SEC columns have been
proposed, as previously discussed. An interesting example is reported by
Murisier et al. [121] that tested prototype metal-free SEC column
hardware consisting of polyether ether ketone (PEEK) lined stainless
steel tube including PEEK frits. The performance of this PEEK-lined
column was systematically compared with conventional stainless steel
SEC column hardware packed with the same stationary phase material
for the analysis of different biopharmaceutical products (mAbs and
ADCs). The mobile phase was comprised of 100 mM ammonium acetate.
Significant differences were noted concerning the recovery of HMWS
and the shape of monomer peaks. This confirms that chemical or
adsorptive interactions do occur between the sample and metallic sur-
faces and that there is value to using metal free hardware. Furthermore,
it was illustrated that the variations observed between the conventional
and metal-free columns were pronounced, especially in the case of the
most basic mAb products such as NISTmab, trastuzumab, and pal-
ivizumab (pI > 9). This confirmed that electrostatic interactions might
be accountable for this adsorption. Moreover, the successful utilization
of the metal-free column enabled the execution of direct SEC-MS ex-
periments on both regular and stressed/expired mAb products. Differ-
ences in the profile of size variants were identified between these two
sample types, and the distinct peaks observed were readily discerned
through the obtained mass spectra [121]. Another innovative
low-adsorption SEC column was also tested by the same group [122].
This column consisted of metallic hardware components that were
treated to have hydrophilically modified hybrid organic-inorganic silica
surfaces, previously introduced in Section 3.2 as h-HST. The comparison
between a reference stainless steel SEC column and the h-HST SEC
column revealed improvements in band broadening, peak tailing, and
HMWS recovery for complex mAb-related products. Evaluation of
various mobile phases (such as phosphate and ammonium acetate with
varying ionic strengths) identified 50 mM ammonium acetate as the
optimal compromise between LC performance and MS sensitivity.
Excellent repeatability in elution times and %HMWS was observed,
although larger RSD values emerged between different UHPLC in-
struments, emphasizing the preference for low adsorption LC systems.
Finally, optimized SEC conditions, combined with MS, facilitated the
characterization of size variants in stressed and non stressed complex
mAD products. This combination proved to be valuable in confirming
proper dimerization and assembly of a bsAb therapeutic. These studies
underscored the significance of both packing material chemistry and
column hardware material in improving SEC-MS capabilities. Another
strategy to improve ionization efficiency while preventing protein in-
teractions with the stationary phase relies on using very high concen-
trations of volatile buffer (up to 400 mM) in combination with
micro-flow SEC-nMS. In this context, Ventouri et al. [123] recently re-
ported the use of narrow SEC columns (1.0 mm internal diameter)
operated at 15 pL/min flow rate and coupled online to nMS for the
characterization of proteins, labile protein complexes and low-abundant
protein aggregates and impurities. Micro-flow SEC-nMS allowed the use
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of mild interfacing conditions (low desolvation flow and source tem-
perature), interaction-free SEC, and an optimal detection of
low-abundance protein species. This strategy is a valuable option for
applications with limited sample availability.

4.6. Coupling SEC with new detectors

Biopharmaceutical products are evolving at a rapid pace and new
modalities including mAb-related compounds, gene therapy, and mRNA
products have already been approved and made available for the
treatment of various pathologies. What unites these new modalities is
their structural complexity and especially their large size, ranging from
the kilodalton (kDa) range in the case of mAb-related compounds to the
megadalton (MDa) range for viruses applied as vectors in gene therapy.
As previously discussed in Sections 2.7 and 3.5, SEC-MALS and SEC-MS
can be successfully applied for the size characterization of these bio-
pharmaceutical products, although alternative detectors and techniques
for high mass measurements are emerging and might be classified based
on the size of the analyte that they are able to analyze. In this context,
mass photometry (MP), originally introduced as interferometric scat-
tering mass spectrometry (iSCAMS), is generally able to detect analyte in
the range of 30 kDa — 6 MDa [124]. Charge detection MS (CDMS) has
been applied for analytes up to 10 MDa, [125] while gas-phase elec-
trophoretic  mobility = molecular  analyzer = (GEMMA) and
nano-electromechanical system-mass spectrometry (NEMS-MS) have
been applied for analytes of ~ 25 MDa and ~ 100 MDa, respectively
[126-128]. However, direct coupling of SEC to these alternative de-
tectors has only been reported for MP and CDMS. These two techniques
will be discussed in more detail.

Mass photometry (MP) is a technique used to measure the mass of
individual biomolecules in solution by analyzing their light-scattering
properties with interferometric scattering microscopy. It operates on
the principle that as molecules pass through a focused laser beam, they
create disturbances in the beam due to the way they interact with light.
Once the light scattering of biomolecules is detected, it can be directly
used to extract the molecular mass [129]. On the other hand, charge
detection mass spectrometry (CDMS) is a single-particle technique able
to simultaneously measure the charge (z) and mass-to-charge ratio (m/z)
of individual ions and thereby directly determine molecular weight in-
formation without the need to deconvolute charge state distributions
[129]. Both techniques might be particularly effective for studying large
molecules like proteins, nucleic acids, nanoparticles, and viral vectors,
providing insights into their mass and concentration [125,129,138-140,
130-137]. In this context, Heck et al. reported an interesting compara-
tive analysis of heavily glycosylated macromolecular immune com-
plexes by SEC-MALS, nMS, MP, and CDMS [141]. Highly heterogeneous
immune activation complexes, constituted by the sEGFR (soluble
domain of the epidermal growth factor receptor) antigen bound to the
IgG1l mAb hexamer initiated by complex Clq, were evaluated. As re-
ported in Fig. 12, the final (SEGFR);2:(IgG1)e):C1q immune complex was
confidently assigned with MP and CDMS, overcoming certain limitations
in the mass measurements encountered with conventional nMS
(inability to resolve charge states prevented mass determination) and
SEC-MALS (insufficient mass accuracy for determining exact stoichi-
ometries). However, it is worth mentioning that MP, nMS, and
SEC-MALS performed well in the analysis of immune complexes of
smaller size prior to the addition of SEGFR antigen (top panels of
Fig. 12A-C). As discussed by the authors, SEC-MALS is accurate for small
proteins, but it could underestimate the masses of larger constructs or
multicomponent systems as much as 10 — 20%. This is why alternative
detectors such as MP and CDMS could be valuable alternatives. SEC-MP
was applied to the analysis of an AAV drug product. AAV monomers
were separated from impurities by SEC, while the fraction of fully
packaged AAVs in the total population of AAV particles was estimated
by MP [142]. SEC-MP coupling was performed offline by collecting SEC
fractions that were diluted at a proper concentration (10*! particles/mL)
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Fig. 12. Comparative analysis of highly heterogeneous immune complexes by MP (A), SEC-MALS (B), nMS (C), and CDMS (D). (A) MP measurements of the complex
(top). (B) SEC-MALS-UV-RI analysis similarly reveals the formation of ~1.3 MDa complex (top). When sEGFR was added (bottom), SEC-MALS-UV-RI revealed the
formation of larger complexes of around 1.9 MDa. (C) Measurement of the same samples by native MS reveals an accurate mass (top), but the technique struggles
with complexes involving sEGFR (bottom). (D) Single-particle measurements of the distribution around m/z 21,000 by CD-MS (top) revealed a mass of 2.42 MDa
(bottom) corresponding to the expected mass of the full SEGFR complex (bottom). Adapted with permission from [141].

[143] prior to loading the MP coverslip. The SEC mobile phase consisted
of phosphate buffer at pH 7.4 with 350 mM NaCl and MP settings were
optimized for the analysis of AAVs in the range from 3 MDa to 6 MDa.
Fully packaged AAVs could thus be distinguished in heterogeneous
samples in order to more accurately determine a potency correlated
titer.

In other labs, SEC has been directly coupled with CDMS for the
characterization of synthetic polymer of ultra-high mass (5-6 MDa)
[144] and different proteins, including a mAb and a highly glycosylated
Fc-fusion protein [145]. In this latter case, the SEC mobile phase con-
sisted of 100 mM ammonium acetate flowing at 50 pL/min. Column
effluent was directly interfaced to the CDMS. A mixture of two complex
glycoproteins, namely AGP (a—1-acid glycoprotein) and the Fc-fusion
protein etanercept, was used as an example sample. Both of these gly-
coproteins contain numerous glycosylation sites, so they both exhibit
broad and complicated mass distributions [145]. By wusing the
SEC-CDMS approach, these two glycoproteins were chromatographi-
cally separated and their predominant masses were measured, allowing
a quick assessment of their overall microheterogeneity.

4.7. Multidimensional chromatography with SEC

SEC has been widely used in two-dimensional liquid chromatog-
raphy (2D-LC), as both a first (lD) and second (ZD) dimension. It has
even been used in multidimensional (mD-LC) setups for the fast and
effective characterization of different biopharmaceutical products. The
first attempts at this were with heart-cutting 2D-LC, where Protein A
affinity chromatography was used in the 'D, and SEC was used in the 2D
for the characterization of mAb samples [146,147]. In one case, Sandra
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et al. presented examples related to trastuzumab and tocilizumab bio-
similar development programs. Different mAb producing CHO clones
were analysed in comparison to their originator and the 2D Protein
A-SEC setup was able to guide clone selection based on titer and product
purity. The Protein A mobile phase was adapted to avoid UV distur-
bances in the 2D. Use of acetic acid instead of citric acid was advanta-
geous. However, this setup was not directly compatible with MS
detection as SEC in the 2D was performed by using non-volatile mobile
phase components. Another interesting 2D-LC setup including SEC in the
2D was proposed by An et al. for the study of forced degraded mAbs with
a multiple heart-cutting [EX-SEC 2D-LC setup [148]. This interface
consisted of one 2-position/4-port duo valve in combination with two
6-position/14-port valves. Twelve fractions could thereby be collected.
The charge variant peaks in 1D IEX were collected and analysed in the 2D
SEC. Like the previous case, this setup was not directly hyphenated with
MS detection as the SEC was performed with non-volatile mobile phase
[148]. More recently Lambiase et al. reported the reverse setup con-
sisting of a heart-cutting SEC-CEX 2D-LC workflow [149]. In this case,
SEC was placed in the D for aggregate quantification, followed by on-
line fraction transfer of the monomer peak to the 2D for charge variant
analysis by CEX. In addition, this SEC-CEX separation was developed
with volatile mobile phases (consisting of 200 mM ammonium acetate
for SEC and the Waters IonHance™ CX-MS Buffers for CEX). Direct
hyphenation to MS and online charge variant peak identification was
achieved. SEC in 'D was also used in a 2D-LC (SEC-HIC) and a 4D-LC-MS
(SEC-reduction-digestion-RPLC-MS) setup developed by Goyon et al for
the characterization of ADC products, where the goal was to investigate
the role of drug-to-antibody ratio (DAR) species on aggregate formation
[150]. First, the monomeric ADC species were separated from the
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aggregates by SEC in the 'D under non-denaturing conditions (100 mM
potassium phosphate and 200 mM potassium chloride in 95:5 water:
propanol). The SEC column effluent was then mixed with the HIC mobile
phase A (1.5 M ammonium sulphate in 25 mM potassium phosphate in
80:20 water:propanol) at 1:3 ratio before collection and storage of
fractions prior to their analysis by 2D HIC. To retain proteins on a HIC
stationary phase, high concentrations (> 1 M) of strongly kosmotropic
salts, such as ammonium sulfate, are required. This adsorption was not
achieved with the SEC mobile phase. To achieve facilitate adsorption to
the HIC column, flow from the 'D SEC column was merged with the HIC
mobile phase A during the collection of the SEC fractions. Then, the
2D-LC (SEC-HIC) technique was applied to compare the average DAR
values of the main peak species and the aggregates. The same 'D SEC
was then used in the frame of a 4D-LC-MS setup to determine the levels
of potential critical quality attributes (CQAs) including aggregation,
average DAR, oxidation, and deamidation. The 4D-LC-MS workflow
consisted of SEC in the D (operated in the same conditions as previously
described but without the premix of the mobile phases during fraction
collection), then on column reduction and subunit analysis in 2D, tryptic
digestion in a flow-through mode in the D, and peptide mapping in the
“D with hyphenation to MS detection. In this case, only the D and “D
were separative dimensions. The 2D and D were automated sample
preparation steps. Finally, three different size variants, namely, the main
peak, dimeric species, and higher-order aggregates, were simulta-
neously separated, fractionated, and analyzed by reduced RPLC fol-
lowed by on-line peptide mapping allowing the analysis of additional
CQAs such as oxidation and deamidation. Interestingly, the use of SEC in
the 2D or D of a mD-LC-MS setups was also applied to perform an
automated desalting step of the mobile phases used in the D so that
native MS (nMS) analysis could be quickly performed [151-154]. This
strategy was first applied by Ehkirch et al. in a comprehensive 2D
HICXSEC setup coupled to ion mobility (IM) and MS detection (HICx-
SEC-IM-MS) for the characterization of an interchain cysteine-linked
ADC (brentuximab vedotin) [151]. For this purpose, non-volatile HIC
mobile phases were used for the first dimension, while 100 mM
ammonium acetate was used for the second dimension. In the 'D, the
average DAR and the drug load distribution (DLD) profile of the ADC
was evaluated. Then, the salts employed in HIC were eliminated by a
size-based separation in the 2D SEC. Indeed, in this configuration, SEC
was not intended for separating ADC aggregates but exclusively used as
fast desalting step. In addition, by using an external two-position
switching valve, the fraction with no salts was sent to the MS, while
the fraction containing the salts was diverted to the waste to avoid
contamination of the mass spectrometer. With this setup, each HIC peak
separated in the !D was MS identified and structurally characterized by
IM-MS. By using the same setup (2D-LC-IM-MS), the authors also
explored comprehensive 2D SECXSEC analysis to run SEC with
non-volatile salts in the 'D followed by automated desalting by SEC in
the 2D [152]. In this case, a non-volatile SEC mobile phase (50 mM of
phosphate buffer and 250 mM potassium chloride) was used in D, 100
mM ammonium acetate was used in 2D, and the same external switching
valve of the previous setup was kept to divert the fractions containing
the salts to the waste before the introduction of the flow to the IM-MS
instrument. The SECXSEC-IM-MS setup was applied for simultaneous
detection, identification, and quantitation of adalimumab size variants
and forced degraded pembrolizumab and bevacizumab samples. It was
crucial for the assessment of unexpected high/low molecular weight
species. Going in the same direction, Verscheure et al. reported a
3D-LC-MS setup consisting of Protein A affinity chromatography in the
1D, a multidimensional option in the 2D, and SEC in the 3D [153]. This
3D-LC-MS setup was configured with an automated 2D mode switching
offering the opportunity to choose between three different chromato-
graphic modes (SEC, CEX, and HIC) by the incorporation of a column
selector valve. To allow the switching among different 2D modes, the
system was preconditioned by flushing with the mobile phase compo-
sition of the desired chromatographic mode followed by a blank run to
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fully condition the column before sample injection. The authors proved
that it was possible to run the three different 2D modes in one sequence
without losing chromatographic quality. Therefore, this innovative
3D-LC-MS setup was able to perform the simultaneous and sequential
assessment of mAb titer, size/charge/hydrophobic variants, MS based
evaluation of the molecular weight, and the characterization of
post-translational modifications (PTMs) directly from cell culture su-
pernatants. The methodology was successfully applied to the analysis of
trastuzumab and tocilizumab originators and different mAb-producing
CHO clones.

4.8. Innovations in preparative SEC of proteins

SEC has been widely applied for analytical separations of proteins.
However, its utility at the preparative scale has been limited due to
inherent drawbacks such as low speed, limited loading capacity and
scalability [155]. Increasing the length to particle size (L/dp) ratio can
increase resolution at the analytical scale, but this strategy is less
interesting during scale-up, particularly when soft chromatographic
media, prone to resin compaction and non-uniform column packing, are
employed [156,157]. To address these limitations, a flat cuboid chro-
matography device named z> cuboid SEC device has been introduced.
This device improves the use of the SEC medium volume by optimizing
column shape, length, and internal diameter. The z? cuboid SEC device
is characterized by a short and wide column which efficiently limits
macroscale convective dispersion, thanks to its flow distribution and
collection features [158]. While designing this device, the 72 researchers
systematically compared the resolution achieved with a short and wide
SEC column (60 x 22.6 mm) versus a conventional SEC column (300 x
10 mm), both packed with Sephacryl™ S-200 HR material and having a
total volume of 24 mL [158]. Model proteins, BSA and lysozyme, were
used to evaluate the performance of the new device. The obtained results
demonstrated that the short and wide column exhibited poorer separa-
tion in SEC compared to the taller column with an equivalent volume,
mostly due to the adverse effects of macroscale convective dispersion
[159-161]. Subsequently, the authors evaluated the 72 cuboid SEC de-
vice with a volume of 24 mL (cross-sectional dimensions of 20 x 20 mm
and height of 60 mm) and compared the performance with a conven-
tional 300 x 10 mm SEC column. Notably, the BSA and lysozyme peaks
obtained with the z? cuboid SEC device were narrower (30% better
resolution) without signs of fronting or tailing, and the loading capacity
was enhanced.

The study further explored scalability by increasing the z* cuboid
SEC device volume from 24 to 200 mL (cross-sectional dimensions of 40
x 40 mm and height of 125 mm). Excellent resolution was achieved with
the enlarged z> cuboid SEC device, even at very high flow rates (up to 20
mL/min) and with concentrated protein solutions (40 mL injection of a
solution containing 10 g/L BSA and 4 g/L lysozyme). The total run time
was reduced to 25 min, which would normally require more than 100
min for a similar conventional separation.

These findings highlight the potential of the z* cuboid SEC device as
a valuable approach to enhance speed, loading capacity, resolution, and
scalability of preparative SEC. This should contribute to the broader
adoption of SEC as a mainstream protein biopharmaceutical purification
tool. Nevertheless, future investigations should validate this strategy on
more relevant samples, such as mAb drug substances containing LMWS
and HMWS.

5. Applications of SEC
Table 3 provides a summary of recent representative applications of

SEC in analysis of protein biopharmaceuticals and emerging gene ther-
apy products. These diverse examples are further discussed below.
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Table 3
Summary of recent representative applications of SEC in analysis of protein
biopharmaceuticals and emerging gene therapy products.

Modality Application Detection References
ADC Drug to antibody ratio, drug ~ MS [79,178,179]
load distribution, free drug/
antibody level quantification
bsAbs Size variant and chain MS [122,181,182]
association analysis
Plasmid DNA Isoforms quantification uv [22,64,188]
mRNA Poly(A) analysis, HMWS and UV [22,64,193]
heterogeneity analysis
mRNA/LNPs Size and heterogeneity UV, MALS [22,63,97]1
analysis
AAVs Capsid, genome and HMWS UV, MALS, FLR, [61,62,94,
quantification, empty/full mass 142,194,195,
ratio determination photometry 196,197]
Other viral Quantification, size variant uv [70,198,199]
and viral- analysis
like
vectors

5.1. Protein biopharmaceuticals

SEC is routinely used in QC and development laboratories to achieve
the separation and quantification of HMWS and LMWS. These molecular
weight species are of particular concern to health authorities because of
their potential impact on safety, potency, and pharmacokinetics of drug
products. Recommended SEC operating conditions for the analysis of
recombinant mAbs have been published in the U.S. Pharmacopeia (USP)
General Chapter (129) and by several international regulatory

ADC
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organizations [162-164]. To meet regulatory expectations, biophar-
maceutical companies need to demonstrate the suitability of their SEC
methods in terms of specificity, linearity, accuracy, precision, robust-
ness, and detection and quantification limits [165-169]. General SEC
applications, which have also been partly discussed in the previous
paragraphs, include the use of SEC during mAb development processes
and manufacturing control, [166,170,171] such as the guided selection
of a cell line capable of producing low levels of aggregates, the opti-
mization of the purification steps by monitoring the levels of high mo-
lecular weight species, and the precise quantitation of aggregates during
formulation development [153,154,172-174]. However, it should be
noted that complex protein biopharmaceuticals such as ADCs, bi- and
tri-specific antibodies (bsAbs), or Fc-fusion proteins can be more chal-
lenging than the typical two-light-chain/two-heavy-chain mAb prod-
ucts. As such, classical SEC methods may not be suitable for these
samples [175,176]. In this section, a particular emphasis was therefore
dedicated to the applications of SEC for the analysis of these more
complex, mAb-based biopharmaceutical products.

ADCs are a clear example of enhanced mAb structural complexity.
The composition of a linker-payload conjugated mAb must be tested for
the usual CQAs of antibody products. Yet, they also need to be tested for
average drug to antibody ratio (DAR), drug load distribution (DLD), and
level of free drug and free antibody. Conjugated cytotoxic payloads are
often very lipophilic and their simultaneous analysis with other product
attributes can help improve the throughput of an analytical technique.
In this context, Goyon et al. investigated the role of SEC analysis in the
evaluation of the level of free drug (here a lipophilic payload) while also
performing a size-variant separation of an ADC [79]. Size-variants were
first separated by an SEC column packed with 2.0 pm particles and
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Fig. 13. Separation of free payloads, linkers and linker-payloads by a generic gradient SEC method for ADC1 (A) and ADC4 (B). Gradient conditions = Mobile phase
B composition (acetonitrile) was increased from 0.5 to 1.0 min from 3% to 20% to elute the hydrophobic species, then kept at 20% for 2 min, and then decreased from
20% to 3% in 0.5 min to finally equilibrate the column from 3.5 min to 10 min. Adapted with permission from [79].
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mobile phase conditions of > 0.3 M potassium-based salts in water.
However, the analysis of the free payload alone under the same isocratic
conditions demonstrated that secondary hydrophobic interactions
hampered the elution of the free payload unless 20% organic modifier
was added to the mobile phase. Therefore, to obtain the simultaneous
characterization of the more lipophilic free payload together with the
size-variants, gradient elution was evaluated by using mobile phase A
consisting of 0.05 M potassium phosphate buffer + 0.25 M potassium
chloride in water at pH 6.8, together with mobile phase B composed of
pure acetonitrile (Fig. 13). These conditions allowed the researchers to
obtain the separation of the size-variants within the column dead time
(6.5 min) plus the elution of the linker, payload, and linker-payload,
based on their increasing lipophilicity with an RPLC-based separation
across the SEC column. In addition, aggregate levels were found to be
consistent between the analysis performed with the gradient SEC
method and the amounts of HMWS obtained when using a purely
aqueous mobile phase, proving that native conditions were maintained
when using the gradient SEC method.

In a more recent contribution, Thomas et al. developed an automated
2D SEC-RPLC-MS workflow to characterize ADCs and specifically the
small molecule drug while conjugated to the mAb [177]. In this
approach, the ADC deconjugation was obtained by an autosampler using
a defined program and the 'D SEC was used to achieve the separation
between the small molecule and protein species. Then, the small mole-
cules were trapped and sent to the 2D RPLC for separation and quanti-
fication, with additional MS identification of impurities and degradants.
As the 'D SEC was not directly connected to the MS, canonical mobile
phase conditions were applied, although an organic modifier was added
to the composition. The automated method was assessed in terms of
specificity, sensitivity, linearity, and precision, and proved to be sta-
bility indicating for a model ADC.

Following the ICH guideline Q2(R1) on validation and analytical
procedures, [164] Jones et al. assessed the potential of SEC-nMS as a
quantitative DAR method for the analysis of interchain cysteine-linked
ADCs with DARs ranging from 2 to 8 [178]. Hydrophobic interaction
chromatography (HIC) and SEC-nMS were employed to test these
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molecules, and the obtained DARs from both techniques were compared
to evaluate the alignment of SEC-nMS quantitation with the HIC release
assay. In this case, a microbore SEC column was used to desalt the ADC
into ammonium acetate and facilitate online native MS analysis. Results
suggested that SEC-nMS quantitation of a DAR does not introduce bias,
and SEC-MS data can be correlated with HIC data without requiring a
correction factor. Additionally, SEC-nMS was determined to be suitable
for unbiased DAR quantitation in other ADC chemotypes. In summary,
the study supported the conclusion that SEC-nMS is well-suited to
accurately quantifying DAR in various interchain cysteine-linked ADCs.

SEC-nMS (among others LC-MS approaches) was also applied by
Desligniére et al. to the characterization of trastuzumab deruxtecan (T-
DXd), a third generation Cys-linked ADC, which is highly homogeneous
with a DAR equal to 8 [179]. The use of a bioinert SEC column allowed
the analysts provided a reliable separation and quantification of both
HMWS and LMWS with a 50 mM ammonium acetate mobile phase. As
shown in Fig. 14, this SEC-nMS analysis confirmed the presence of
monomeric T-DXd glycoforms, low amounts of dimers (~5%), and very
low levels of any LMWS (<1%). 8 and 16 drugs were attributed to the
monomer and the dimer, respectively. In addition, after enzymatic IdeS
digestion, the ADC subunit analysis by SEC-nMS enabled a more precise
overview of the localization of the drugs on the Fab subunit, while
confirming the glycan profile on the Fc portion.

Bispecific antibodies (bsAbs) and related products are another clear
example of enhanced mAb structural complexity as they might be
constituted by more than 100 different combinations of antigen-binding
moieties and (homo/hetero) dimerization modules [180]. As bsAbs can
be constituted from different domains, the proper chain-association is
one of the most critical analytical challenges to monitor during bsAbs
development and production. It is worth reviewing a couple examples of
SEC-nMS being applied to the analysis of bsAbs. Duivelshof et al. have
used the technique to characterize the size variants and proper
chain-association emicizumab, [181] a bsAb having 1 + 1 asymmetric
format with heterodimerizing heavy chains and common light chains.
Meanwhile, Murisier et al. [122] investigated the size variants of 3
non-commercial bsAbs, consisting of a mAb bearing an additional
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Fig. 14. SEC-nMS analysis of the ADC trastuzumab deruxtecan (T-DXd). (A) SEC-UV chromatograms of intact (black) and thermally-stressed (orange) T-DXd. Inset:
Focus on minor species and their corresponding relative amounts. (B) Mass deconvolution of the intact monomer (peak 2) for the non-stressed sample. (C) SEC-UV
chromatogram of IdeS-digested non-stressed T-DXd. (D) Mass deconvolution of the Fc subunit. (E) Mass deconvolution of the Fab region. Adapted with permission

from [179].
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N-terminal domain (~200 kDa), a mAb bearing a cytokine, and an
additional domain in C-terminal position (~165 kDa and ~200 kDa,
respectively). In both contributions, low adsorption SEC columns were
used in combination with MS-compatible ammonium acetate mobile
phases, and HMWS consisting of dimeric species were baseline separated
from the monomeric bsAbs. In this case, coupling SEC to MS was
essential for the identification of each species and to exclude the pres-
ence of side-products having an incorrect chain configuration. Another
interesting example concerning the SEC-nMS -characterization of
high-molecular weight by-products in the production of a trivalent
bispecific 2 + 1 heterodimeric antibody was reported by Cramer et al.
[182] Here, the separation of the highly heterogeneous HMWS was
essential to obtaining a detailed MS analysis of the by-products, mainly
consisting of tetravalent variants. In addition, the characterization was
linked to functional assays, changes in potency amongst of the variants,
and altered biological activities.

Finally, it should be mentioned that cutting edge SEC techniques are
making it possible to investigate multiple CQAs with a single apparatus.
New instrument and experimental considerations are also helping ana-
lysts achieve multi-attribute measurements. In this context, beyond the
examples already discussed in Section 3.7, we should point out an
interesting universal eluent system proposed by Schwahn et al. [183] As
shown in Fig. 15, the four lines of a quaternary pump were set up to
deliver ultrapure water (line A), 1 M NaCl stock solution (line B), and
undiluted 10X CX-1 pH buffer concentrate pH 5.6 and pH 10.2 in lines C
and D, respectively. The modulation of the percentages of each line
made it possible to tune a mobile phase composition for multiple types
of chromatography. In fact, the approach facilitated the quick devel-
opment of ion exchange techniques in addition to HIC and SEC. Auto-
matic pH screening for a given separation mode was configured along
with automated column selection. For example, SEC was performed on a
mAD with 150 mM NaCl, after a 15% mixing of the 1 M NaCl solution in
line B was selected and the mobile phase pH was set to 6.5 using 8% of
line C and 2% of line D.

SEC is generally not considered a high throughput technique. How-
ever, recent advancements in multidimensional LC configurations and
SEC column hardware are challenging this perception.

A)

DI NaCl
water | stock

VWD

Split Sampler

AB)
- ’——
O ()]

Quaternary Pump
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5.2. Gene therapy products

Gene therapeutics are complex medicinal products that require
careful characterization to ensure their safety and efficacy. SEC, as a
high-throughput and multi-CQA providing technique, is predicted to
play an increasingly important role as an analytical tool to ensure
quality and hasten the development of new products [184,185]. As
introduced in Section 3.3, many of these new modalities are large
molecules that require SEC columns with increasingly larger pore sizes.
Historically, such wide pore SEC columns (up to 2000 A) were suc-
cessfully used for the purification of various forms of RNA, [186] and
more recently also circular RNA [187].

SEC applications for nucleic acids on the analytical scale has been
less common, possibly due to its relatively low resolution, and some
related limitations on investigating the heterogeneity and integrity of an
mRNA drug substance. To a certain extent, this issue is exacerbated by
the prevalent use of columns with sub-optimal pore size (300 A) [188].
Recent USP guidelines for mRNA vaccines development, recommend
more appropriate columns (1000 A) [189]. Interestingly, other voices in
both industry and academia have not yet envisaged the use of SEC for
the measurement of CQAs of RNA products [189-191]. This oversight
might be due from a limited availability of columns that are suitably
designed for this purpose. Historically, advancements in SEC column
technology over the past twenty years have been driven by a deepening
understanding of protein characteristics and behaviors. A similar effort
is now required to extend these technological and methodological ad-
vancements to the analysis and study of nucleic acids.

Nucleic acid SEC is now a rapidly evolving topic. This can be seen
with a recent study involving the use of prototype 3 um SEC columns
with a nominal pore size of around 1300 A. These columns and corre-
sponding methods were demonstrated to be useful for the i) discrimi-
nation of different plasmid DNA topological forms and the ii)
comparison of mRNA drug substance materials and their aggregates
[22]. SEC-UV profiles revealed differences in the quality of commer-
cially available eGFP mRNA samples and differing levels of aggregates
that could be removed by heat treatment (Fig. 16A). In an even more
striking example of resolving power, these wide pore SEC columns
produced a separation of open-circular and supercoiled pDNA species
(Fig. 16B). An SEC separation such as this was confirmed to be
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Fig. 15. Simplified flow diagram for the universal eluent system (A). Application of the universal eluent system applied to hydrophobic interaction chromatography
with rituximab (B) and size exclusion chromatography with a proprietary mAb (C). Adapted with permission from [183].
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complementary to a commonly used AEX technique, though the SEC
separations showed an additional benefit of better analyte recovery.

Apart from the analysis of intact species, SEC can also be used for
orthogonal determination of specific CQAs of mRNA molecules. Gilar
et al. used 250 A pore size columns for the characterization of a cleaved
RNA poly-adenine (poly(A)) tail to obtain information on its length and
heterogeneity [64]. They showed that reliable results are possible for
oligonucleotides up to 150 nt using dA, calibration standards and an
appropriately constructed calibration curve. However, the technique
provided poor resolution between larger n, n + 1 oligonucleotides than
an ion pairing reversed phase separation, and only average length could
be determined.

Another area of interest is the characterization of the LNP drug
products. Historically, few stationary phases could be applied to similar
modalities — liposomes. Mostly, size exclusions had been applied for
purification purposes, because of strong interfering secondary in-
teractions [192]. In fact, in one of the few reported SEC analyses of
LNPs, it was actually a positively charged surface stationary phase that
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was applied [63]. This introduced a repulsive effect between the studied
LNPs and the packing material, such that an online determination of
RNA content in the LNPs could be performed (Fig. 17) [193]. When it
comes to comprehensive sample analysis, caution should be applied
with this approach, as it might not be suitable for nucleic acid analysis,
due to the risk of adsorption and incomplete elution of negatively
charged mRNA impurities.

The emergence of new low adsorption, high efficiency SEC columns
holds great promise for this field. A recent report has shown that an SEC
column packed with a neutral, hydrophilic packing material can be used
to for MALS characterization of Fab conjugated LNPs [22]. Further
literature showcasing applications of SEC to this type of modalities are
needed [189].

One of the more advanced applications of SEC in the field of gene
therapeutics is the analysis of adeno-associated viruses (AAVs), which
are used as carriers of genetic material for 5 currently approved gene
therapies. There are many additional AAV gene therapies in the phar-
maceutical pipeline, which underscores the significance of developing

B.
F0.5
0.06
F0.4
§ 0.05 1
5 0.041 ro3 2
o >
§ 003 to2 £
5 0021 ®
o F0.1
< 0.01
0.00 10.0

T T T T T
50 100 150 200 250 300 350

Time (min)

Fig. 17. SEC analysis showing 260 nm absorption profile and MALS determined RNA content for A) empty LNP B) full LNP sample. Reproduced from [193]

with permission.
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new analytical techniques for their characterization and release testing
[185]. These spherical, approximately 25 nm particles can be compre-
hensively analyzed with SEC coupled to various detectors [194]. Even
with basic UV detection, an SEC separation can provide measurements
on several key CQAs such as titer, empty/full particle ratio and aggre-
gate level. Quantification is best performed with fluorescence detection,
which was reported to be 2-3 times sensitive than UV [195]. On the
other hand, detection of multiple UV wavelength allows precise esti-
mation of the capsid filling ratio [62]. A detailed study on aggregation
has shown the suitability of efficient 2.5 um 450 A and 3 um 700 A
columns for fast assessment of HMWS, despite elevated pressures.
Robust and reproducible aggregate quantification was achieved with a
platform method amenable to the analysis of several serotypes (Fig. 18)
[61,196].

The utility of SEC is even greater when coupled to MALS - as it was
shown to be a valuable, easily applicable tool for developability studies
in a AAV-based preclinical stage program. SEC-MALS can reduce the
analytical workload with its multi-attribute CQA measurements, that do
not require calibration curves [94,197]. Similarly, coupling SEC to the
output of a mass photometer allows orthogonal measurements of capsid
filling with a noteworthy ability to estimate partially filled particles
[142].

SEC has also been applied to the analysis of other viruses and viral
like particles, more commonly used in vaccines [70,198,199]. Other
viral vectors that are used in gene therapy are usually larger (which
permits delivery of larger genes) like adenovirus (70 — 90 nm, Ad),
lentivirus (80 — 120 nm, Lv) or herpes simplex virus (>160 nm, HSV)
[200]. Accordingly, their analysis will require even wider pore columns.
Despite its potential, examples describing applications of SEC to such
analytes are scarce, and further work with suitable columns is needed to
ensure the validity of the technique.

6. Conclusion

As demonstrated in this review, there have been some significant
improvements in SEC over the last few years, both in terms of technol-
ogy and application areas. The increasing interest in SEC is obviously
related to the need to characterize more and more complex biophar-
maceutical products. Nevertheless, SEC method development remains
quite straightforward, as it is only a filtering technique. Indeed, this type
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of chromatography does not require extensive knowledge of the physi-
cochemical properties of the analyzed molecules for successful method
development. Consequently, its application has been thriving in recent
years, most especially for the analysis of mAbs and related compounds,
gene therapy products and mRNA samples. Currently, an important
trend in SEC is the need to develop platform methods that enable ana-
lyses of a wide range of molecules of the same nature.

When conducting modern SEC, it is essential to preferentially select a
low-adsorption column to minimize physicochemical interactions with
the metallic parts of the column. Typically, a column packed with small
particles (sub-3 um) is used to enhance efficiency and decrease analysis
times. However, instrumentation is critical for modern SEC, and low
dispersion UHPLC systems are mandatory. In addition, it is important to
consider shear forces, and to adjust flow rates for more fragile mole-
cules. The adoption of monolithic SEC columns would certainly be
valuable now that it seems the field is reaching the limits of porous
particle SEC. A critical aspect in method development is the selection of
appropriate pore size for the stationary phase, based on the hydrody-
namic radius of the analyzed molecules. In this context, ultra-wide pore
SEC columns (pore size of 1000 A and beyond) have been developed for
the analysis of mRNA, DNA plasmids, viral vectors and lipid
nanoparticles.

The capabilities of SEC can be improved thanks to various recent
innovations. Employing narrow-bore or even micro-bore SEC columns
can enhance MS sensitivity, although the impact of instrumentation
becomes more pronounced with such columns. Implementation of
recycling SEC is another interesting and relatively easy-to-adopt
approach to maximize resolution. SEC can also be particularly inter-
esting in a multidimensional LC setup, since the mobile phase is purely
aqueous, which is ideal for combination with RPLC. Finally, a range of
informative detectors can be coupled with SEC, including MALS, MS,
CDMS or mass photometry.

For the analysis of very large molecules, exceeding 100 or 200 nm in
size, SEC may no longer be the best approach. Two alternative size-based
chromatographic modes have emerged for such applications. Firstly,
there is a re-emergence of interest for hydrodynamic chromatography
(HDC), a historical technique originally developed in the 1970's [201].
In HDC, the separation between molecules of different sizes driven by
flowing at different rates through the column, resulting in their elution
at distinct times. Larger particles take less time to cross the non-porous
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packing, as they can access only the fast flowing channels, resulting in
size-based separation [202]. Apart from HDG, it is essential to consider
that A4F is also a viable strategy for achieving a size-based separation on
very large molecules. Interestingly, A4F has recently been successfully
coupled to MS, [203] providing more comprehensive information in a
single analysis.
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