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Recombinant biotherapeutics have been produced and marketed for 
several decades, providing life-changing medicines for a variety of 
indications. With the maturation of the biotherapeutic market over 
recent years, novel protein products such as conjugates, bispecifics, 
fusion proteins, and coformulations are being developed. The detailed 
characterization and quality control of complex biopharmaceuticals 
has proven to be more challenging than the typical two-light-chain/
two-heavy-chain monoclonal antibody products. This study presents 
applications of size-exclusion chromatography (SEC) for characterization 
and quality control of novel biotherapeutic products, including antibody–
drug conjugates, hydrophobic proteins, and coformulations. Examples 
of modifying SEC mobile-phase composition and running conditions 
to modulate the separation are discussed, as well as approaches and 
strategies for analyzing atypical protein products such as coformulations.  

Modern biological drug devel-
opment stems mostly from 
using recombinant DNA 

technology in living microorganisms 
such as Escherichia coli or Chinese 
hamster ovary (CHO) cells to pro-
duce therapeutic agents (1). These 
recombinant biotherapeutics have 
been produced and marketed for sev-
eral decades, providing life-changing 
medicines for a variety of indications 
(2). With the maturation of the bio-
therapeutic market over recent years, 
novel protein products are now being 
developed, including antibody–drug 
conjugates (ADCs) (3), bispecif ic 
antibodies (4), and coformulations 
(5). Although detailed characteriza-
tion and quality control of biophar-
maceuticals are expected for regula-
tory approval, the physicochemical 
analysis of novel biotherapeutics with 
their more complex formats is prov-
ing to be more challenging than the 
more traditional protein products, 
such as typical two-light-chain/two-
heavy-chain recombinant monoclo-
nal antibodies (mAbs).

There are several categories of com-
plex biotherapeutics, and only a few 
are described in this article. Two-
light-chain/two-heavy-chain mAbs 
are commonly developed as thera-
peutics because of their specif icity 
to a chosen biological target. ADCs 
leverage this specif icity by having 
small-molecule drugs attached to a 
mAb, such that when the mAb binds 
to a specif ic target cell, the entire 
complex is internalized and subse-
quently releases its small-molecule 
drug payload into the target cells (3). 
This approach reduces the chance of 
off-target side effects, because the 
potent small-molecule drug is mostly 
released into target cells. Bispecif ic 
mAbs, in turn, simultaneously bind 
to two targets as a result of differ-
ent amino acid sequences in each Fab 
arm—for example, dif ferent com-
plementarity determining regions 
(CDRs) in each antigen-binding 
fragment (Fab) arm—whereas stan-
dard mAbs have the same CDRs in 
each Fab arm (4). Coformulations 
are mixtures of two or more differ-
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Figure 1: Expanded SE-HPLC and SE-UHPLC profiles of mAb1. Operating conditions 
for SE-HPLC are similar to those listed in Table I, with the following exceptions: 
protein load (50 µL of 1 mg/mL mAb1 was injected instead of 200 µg), column 
temperature (30 ºC instead of ambient), and mobile phase (added 10% isopropanol 
to the mobile phase in Table I). A Tosoh TSKgel G3000SWXL column (7.8 mm x 300 
mm, 5-µm) was used for SE-HPLC. Operating conditions for SE-UHPLC are similar to 
those used in Graf, et al. (11), with the following exceptions: injection volume (10 
µL instead of 5 µL), protein concentration (5 mg/mL instead of 10 mg/mL), column 
temperature (30 ºC instead of 25 ºC) and mobile phase (added 10% isopropanol to 
the mobile phase). A Tosoh TSKgel UP-SW3000 column (4.6 mm x 300 mm, 2-µm) 
was used for SE-UHPLC. High molecular weight forms (HMW), main peak, and low 
molecular weight forms (LMW) are denoted.
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Figure 2: Expanded SE-UHPLC profiles of mAb2 using SEC mobile phase from USP 
<129> with and without 15% isoproponol in the mobile phase. Operating conditions 
for SE-UHPLC are similar to those used in Graf, et al. (11), with the following 
exceptions: injection volume (10 µL instead of 5 µL), protein concentration (5 mg/
mL instead of 10 mg/mL), column temperature (30 ºC instead of 25 ºC) and mobile 
phase (added 15% isopropanol to the mobile phase, where stated). A Tosoh TSKgel 
UP-SW3000 column (4.6 mm x 300 mm, 2-µm) was used for SE-UHPLC. High molecular 
weight forms (HMW), main peak, low molecular weight forms (LMW), and excipient 
region are denoted, where applicable.
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ent active pharmaceutical ingredients 
(APIs) in the same drug product, thus 
a l lowing for simultaneous dosing 
of multiple drugs and offering both 
increased convenience to the patient 
and potential synergistic effects (5). 
Other complex biotherapeutic for-
mats, such as Fc-fusion proteins, are 
in clinical development, but are not 
addressed by this article. 

This report covers several applica-
tions using size-exclusion chromatog-
raphy (SEC) to characterize challeng-
ing or complex mAb products. SEC 
is used to separate high molecular 
weight forms (HMW) or aggregates, 
from the main peak, which primar-
ily contains the monomeric protein 
species. To achieve size-based separa-
tions, SEC columns are packed with 
porous material that serves as the sta-
tionary phase. In the mobile phase, 
molecules of various sizes f low into 
the column, and smaller dissolved 
molecules f low more slowly through 
the column, because they penetrate 
into the pores of the stat ionary 
phase, whereas large molecules f low 
more quickly through the column 
because they are more excluded from 
the pores and are eluted in the void 

volume (6). Consequent ly, larger 

molecules are eluted from the col-
umn earlier and smaller molecules 
are eluted later, effectively separat-
ing the molecules by hydrodynamic 
radius, which generally correlates to 
molecular weight for mAbs. 

Size exclusion–high performance 
liquid chromatography (SE-HPLC) 
has been the gold standard for size 
variant analysis for decades (6). SE-
HPLC is routinely used in quality 
control (QC) and development labo-
ratories to quantify protein aggre-
gates, which are of particular concern 
to health authorities because of their 
potential to elicit an immunogenic 
response (7,8). Aggregates and pro-
tein fragments may also affect the 
potency and pharmacokinetics (PK) 
of the drug product (9). A generic 
SEC method has been published in 
the U.S. Pharmacopeia (USP) General 
Chapter <129>, “Analytical Proce-
dures for Recombinant Therapeutic 
Monoclonal Antibodies,” and the rec-
ommended conditions are shown in 
Table I. A major advance in the field 
of SEC has been the development of 
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size exclusion–ultrahigh-pressure liq-
uid chromatography (SE-UHPLC), 
which utilizes instrumentation fea-
turing decreased system volume and 
higher allowable backpressures com-
pared to typical HPLC instruments. 
SE-UHPLC has been demonstrated 
for high-throughput, high-resolution 
applications (10), and has been vali-
dated for use in QC laboratories (11).  
Figure 1 demonstrates the improve-
ments in speed and resolution of a 
monoclonal antibody (mAb1) sepa-
rated by SE-UHPLC relative to SE-
HPLC. HMW forms are eluted before 
the main peak and low molecular 
weight forms (LMW) are eluted after 
the main peak. Note that peak integra-
tion strategy may vary from product to 
product (for example, continuous f lat 
baseline versus continuous valley-to-
valley baseline versus discontinuous 
peak-to-peak baseline), but different 
integration strategies may be accept-
able as long as they are adequately jus-
tified (for example, a slanted baseline 
may cause a discontinuous baseline to 

be more accurate than a continuous 
f lat baseline). In Figure 1, note that 
the SE-UHPLC fragment peak after 
the main peak is grouped with the 
main peak. This grouping is done to 

obtain similar relative peak area quan-
tification with the SE-HPLC method, 
which does not resolve this fragment 
peak from the main peak.  

Although the SE-HPLC method 
in USP Chapter <129> is suitable 
for many mAbs, the examples in this 
article will demonstrate that the USP 
<129> method may not be optimal for 
every biotherapeutic product. In these 
cases, a variety of strategies may be 
employed to improve the SEC sepa-
ration, such as changing the mobile-
phase composition or switching from 
the HPLC version (the USP <129> 
method) to the UHPLC version to 
increase the resolution between size 
variant peaks. Detailed method devel-
opment and troubleshooting of SEC 
methods are not covered in this arti-
cle; rather, this article focuses on vari-
ous complex and novel protein prod-
ucts (ADCs, hydrophobic proteins, 
bispecif ic antibodies, and coformu-
lations) that benefit from advanced 
understanding of SEC separations 
and improved column and instrument 
technologies to enable better resolu-
tion and improved quantitation of 
protein size variants.

Materials and Methods
Columns and Chemicals
SE-HPLC experiments were performed 
using a Tosoh TSKgel G3000SWXL 

Figure 3: Expanded SE-UHPLC profiles of an ADC (mAb3) using SEC mobile phase 
from USP <129> with 10% isopropanol. Operating conditions for SE-UHPLC are 
similar to those used in Graf, et al. (11), with the following exceptions: injection 
volume (10 µL instead of 5 µL), protein concentration (5 mg/mL instead of 10 
mg/mL), and mobile phase (added 10% isopropanol to the mobile phase). A 
Tosoh TSKgel UP-SW3000 column (4.6 mm x 300 mm, 2-µm) was used for SE-
UHPLC. High molecular weight forms (HMW), main peak, and low molecular 
weight forms (LMW) are denoted. Peak identities (monomer, dimer, higher 
order aggregates, Fab/c (desFab), and Fab) are denoted in parentheses. Due to 
lack of adequate resolution, that is, no clear valley between peaks, the Fab/c 
peak is grouped with main peak for the control.
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Figure 4: Expanded SE-HPLC chromatograms of mAb4 showing an early-eluted 
peak visible in second injection using a 25-min isocratic SEC method with organic 
solvent in the mobile phase. A late-eluted peak become evident in third injection 
after extending the run time. The fourth injection no longer shows an early-eluted 
peak. Peak was identified as a leachable from plastic storage containers. Operating 
conditions are similar to those listed in Table I, with the exception of protein load (50 
µg of mAb was injected instead of 200 µg) and mobile phase (added 15% isopropanol 
to the mobile phase). A Tosoh TSKgel G3000SWXL column (7.8 mm x 300 mm, 5-µm) 
was used for SE-HPLC.
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Extending the run time shows that the early-eluting peak is actually a late-eluting peak from the previous injection.
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Figure 5: Expanded SE-UHPLC profiles of mAb5 (standard mAb) and mAb6 (bispecific 
mAb). Operating conditions for SE-UHPLC are similar to those used in Graf, et al. (11), 
with the following exceptions: injection volume (10 µL instead of 5 µL) and protein 
concentration (5 mg/mL instead of 10 mg/mL). A Tosoh TSKgel UP-SW3000 column 
(4.6 mm x 300 mm, 2-µm) was used for SE-UHPLC. High molecular weight forms 
(HMW), main peak, and low molecular weight forms (LMW) are denoted. Antibody 
fragments eluting immediately after the main peak are illustrated.
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Figure 6: Expanded dual-column SE-UHPLC profiles of a mAb/Fab co-formulation 
(mAb7 + Fab1). Operating conditions for SE-UHPLC are as follows: flow rate = 0.2 mL/
min, run time = 40 min, column temperature = 40 ºC, protein concentration = 14 mg/
mL mAb 7 and 5 mg/mL Fab1. Two Waters Acquity BEH200 SEC columns (4.6 mm x 
300 mm, 1.7-µm) connected in series were used for SE-UHPLC. High molecular weight 
forms (HMW), main peak, and low molecular weight forms (LMW) are denoted for 
each molecule. Monoclonal antibody size variants are illustrated.
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column, 7.8 mm x 300 mm, 5-µm. SE-
UHPLC experiments were performed 
using either a Waters Acquity BEH200 
SEC column, 4.6 mm x 300 mm, 1.7-
µm, or a Tosoh TSKgel UP-SW3000 
column, 4.6 mm x 300 mm, 2-µm.

Monoclonal antibodies were pro-
duced in-house at Genentech. The 
thermally stressed sample for mAb3 
was produced by incubating mAb3 at 
40 °C for 14 d. The oxidation stressed 
sample for mAb3 was produced by 
incubating mAb3 with 1.6 mM AAPH 
(2,2’-azobis(2-amidinopropane) dihy-
drochloride) for 24 h at 40 °C. The 
light-stressed sample for mAb3 was 
produced by subjecting mAb3 to 1.36 
million lux hours (M lux h) for a dura-
tion of 24 h. The thermally stressed 
sample for mAb5 was produced by 
incubating mAb5 at 40 °C for four 
weeks. Common buffers, salts and sol-
vents were procured from Fisher Scien-
tific or VWR. 

Equipment
SE-HPLC chromatographic experi-
ments were performed on either an 
A g i lent 1100/1200/1260 HPLC 
instrument or a Waters 2695(e) 
HPLC system. SE-UHPLC chro-
matographic experiments were per-
formed on either a Waters Acquity 

H-Class UPLC or a ThermoScien-
tif ic UltiMate 3000 RSLC system. 
Components of the system included a 
high-pressure gradient binary pump 
(ThermoScientif ic RSLC) or a low-
pressure gradient quaternary pump 
(Waters UPLC), a column compart-
ment capable of temperature control, 

an autosampler with sample tempera-
ture control capability, and a tunable 
UV-vis detector. Instrument control, 
data acquisition, and compilation of 
results were performed using Ther-
moScientif ic Chromeleon software.

Methods
SE-HPLC was performed using the 
SEC method conditions published 
in the USP Chapter <129>, “Ana-
lytical Procedures for Recombinant 
Therapeutic Monoclonal Antibodies,” 
(Table I), unless otherwise indicated. 
SE-UHPLC was performed using the 
SE-UHPLC method conditions pub-
lished by Graf and associates (11), 
unless otherwise indicated. 

MAb samples were diluted with 
mobile phase and kept at a temperature 
of 5 °C ± 3 °C in the autosampler. The 
column eff luent was monitored at 280 
nm. A blank injection was performed 
with each sequence prior to sample 
injection. After the installation of a 
new column, conditioning runs were 
performed until consistent profiles were 
achieved. Each chromatogram was care-
fully integrated to ensure that only peaks 
not present in the associated blank were 
considered to be protein (ThermoScien-
tific Chromeleon software).
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ADCs and Hydrophobic Proteins
Although SEC serves as a primarily 
size-based separation method, SEC 
has also been demonstrated to separate 
species based on hydrophobicity due 
to the interaction of the analytes with 
the stationary phase (12). These sec-
ondary interactions sometimes result 
in undesired increases in elution time 
and peak tailing, which may be miti-
gated by mobile phase additives. For 
example, the addition of organic modi-
fiers has been shown to reduce hydro-
phobic interactions between the pro-
tein analytes and the stationary phase 
(13). Figure 2 shows a hydrophobic 
mAb analyzed by SE-HPLC with and 
without the use of an organic modi-
fier (15% isopropanol). The addition 
of the organic modifier decreases the 
main peak elution time and alters the 
peak profile. It should also be noted 
that the main peak width decreased 
with the addition of organic solvent to 
the mobile phase. Therefore, organic 
modifier in the mobile phase may be 
explored if peak broadening or peak 
tailing is significant for the main peak. 

ADCs genera l ly have increased 

hydrophobicity compared to a stan-
dard mAb as a result of the hydro-
phobic linker drugs attached to the 
mAb. Thus, an SE-UHPLC method 
with 10% isopropanol in the mobile 
phase was developed to mitigate the 
hydrophobic interactions between 
the ADC and the stationary phase 
(Figure 3). Upon different degrada-
tive stresses, the relative peak area of 
the HMW forms increase compared 
to the control. Peaks representing 
higher order aggregates (in other 
words, larger than dimer) increase 
significantly upon different degrada-
tive stress conditions and elute earlier 
than the main HMW forms (dimer).   

While the use of an organic modi-
fier in the SEC mobile phase can be 
helpful for improving resolution for 
hydrophobic analytes, addition of 
organic solvent may cause leachables 
from plastic containers to be eluted 
of f the column and subsequently 
appear in the SEC chromatograms as 
new peaks. Given that leachables are 
small, they are eluted well after the 
analytes of interest, and a method that 
is too short would cause the leachables 

to appear in subsequent runs (Figure 
4). In this instance, further character-
ization determined that the peak was 
a leachable generated from prolonged 
storage of sample in polypropylene 
tubes, and that organic solvent in the 
mobile phase caused the leachable 
to be eluted off the column. Indeed, 
organic solvents such as isopropanol 
are also used as extraction solvents 
during extractable studies (14). There-
fore, careful consideration of sample 
container materials may be needed to 
avoid new, undesired peaks resulting 
from leachables. 

Bispecific Antibodies
As described previously, bispecif ic 
antibodies are designed to simultane-
ously bind to two different epitope 
targets due to the different amino 
acid sequences in each Fab arm. 
In some cases, one Fab arm of the 
bispecif ic antibody may be longer 
than the other Fab arm (11). Unlike 
standard mAbs, bispecif ic antibody 
products have unique but undesirable 
product variants such as homodimer 
(both Fab arms bind to the same tar-
get), mispaired or scrambled light 
chain, and single arm half-antibodies 
(15). Some of these variants may be 
resolved using SEC, with SE-UHPLC 
resulting in better resolution of these 
bispecif ic variants compared to SE-
HPLC (11). 

In one study, SEC directly coupled 
to native mass spectrometry (SEC–
MS) was developed to rapidly char-
acterize a bispecif ic antibody and its 
variants (15). Generally, SEC meth-
ods do not have suff icient resolving 
power to resolve size variants of simi-
lar masses; however coupling MS to 
native SEC (SEC–MS) can be used 
to identify noncovalent and cova-
lent size variants with similar elu-
tion times. This tool is of particular 
importance for bispecif ic antibodies, 
because bispecif ic aggregates and 
fragments often have similar SEC 
elution times as their homologous 
homodimer variants, thus requiring 
an orthogonal technique (in this case, 
MS) to identify the peaks of interest. 

Because bispecif ic molecules have 
different types of size variants than 
traditional mAbs as a result of their 

Table I: Recommended SEC operating conditions from USP <129>

Parameter Operating Conditions

Column dimensions 300 mm x 7.8 mm; 5-µm

Column temperature Ambient

Injection volume 20 µL

Run time 30 min

Autosampler temperature Maintain at 2–8 ºC.

Detection wavelength UV 280 nm

Flow rate 0.5 mL/min

Mobile phase composition

Prepare by mixing 10.5 g of dibasic potassium 
phosphate, 19.1 g of monobasic potassium  
phosphate, and 18.6 g of potassium chloride  
per L of water. Verify that the pH is 6.2 ± 0.1.  
Pass through a membrane filter of ≤ 0.45-µm  
or smaller pore size.

Sample solution

Dilute the sample to 10 mg/mL in mobile phase if 
dilution is required. Similarly, a blank should be 
prepared using an equivalent dilution of  
formulation buffer in the mobile phase.

System suitability solution

Prepare a 10 mg/mL USP Monoclonal IgG System 
Suitability RS solution in mobile phase by  
reconstituting the contents of one vial with  
200 mL of mobile phase. Reconstituted system 
suitability solution should be used within 24 h 
after reconstitution, and should be stored at  
2–8 ºC if not used immediately.

System suitability blank Use mobile phase.
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asymmetrical structure (two differ-
ent antibody halves in one mAb), 
their SEC profiles tend to have dif-
ferent peak profiles than traditional 
mAbs. The arrows in Figure 5 show 
fragment peaks eluted at dif ferent 
times for the standard mAb and the 
bispecif ic mAb. These dif ferences 
result from the fact that the fragment 
in the mAb prof ile is Fab/c (other-
wise known as a desFab or one-armed 
antibody), whereas the fragment in 
the bispecif ic mAb profile is primar-
ily half antibody, which has a lower 
molecular weight and later elution 
time than the Fab/c fragment. Ther-
mally stressing the bispecif ic mAb 
produces more Fab/c fragment, and 
the Fab/c and half-antibody peaks 
in the stressed sample prof ile can 
be partially resolved by SE-UHPLC 
(Figure 5).

Coformulation of  
Multiple Protein Products
With an increasingly diverse selection 
of mAb products in development and 
on the market, combination thera-
pies of multiple biotherapeutics are 
being developed, further leveraging 
the wide selection of biotherapeutics 
available to treat complex diseases. 
Combination mAb therapies can 
be sequentially administered at the 
clinic (one drug after another) or 
co-administered (two drugs in the 
same IV bag). For increased patient 
convenience, some manufacturers 
are moving toward coformulated 
drug products where two or more 
biotherapeutics are combined in the 
same vial and released by the manu-
facturer for shipment to the clinic 
(5). While the coformulated drug 
product is more convenient for the 
patient, it can be challenging for the 
manufacturer to develop analytical 
methods and specif ications to ensure 
acceptable product quality of each 
individual drug in the comixed prod-
uct (16). 

A typical SEC method, such as the 
USP <129> SE-HPLC method, can 
be used to analyze coformulated or 
comixed biotherapeutics (16). How-
ever, the resolution of the USP <129> 
method may not be adequate for 
product quality assessment in a cofor-

mulation, particularly for two drugs 
having similar molecular weights. In 
these cases, various strategies may 
be employed to further increase the 
resolution to enable quantitation of 
the size variants in the coformulated 
drug product. For instance, an analyst 
may switch to SE-UHPLC or multi-
ple SE-UHPLC columns in series to 
further improve the separation (17). 
Figure 6 shows the chromatograms 
obtained from a mAb + Fab (anti-
body fragment) coformulation using 

dual-column or tandem SE-UHPLC 
(for example, two columns connected 
in series). Although not all peaks are 
fully resolved, tandem SE-UHPLC 
provides better resolution than sin-
gle-column SE-HPLC. For degraded 
mAb + Fab samples (not shown), it 
may be diff icult to determine by SEC 
which product variant from either 
mAb7 or Fab1 has increased in the 
overlapping peak regions. SEC-MS 
(15) or SEC with multi-angle light 
scattering (SEC-MALS) (16) can be 
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employed to elucidate the identities 
of the product variants in degraded 
coformulation samples, and SEC-MS 
may provide relative quantities of the 
product variants in the overlapping 
peak regions. With this information, 
the likely degradation pathway of the 
coformulated product may be pre-
dicted, and the tandem SE-UHPLC 
method may be used to monitor the 
size variants of the coformulated 
product based on the predicted deg-
radation pathway. In other words, 
a lthough the tandem SE-UHPLC 
method may not resolve all size vari-
ants, the improved resolution and 
knowledge of the degradation path-
way may be leveraged to interpret 
results from accelerated stress studies 
or real-time stability studies.

Discussion and Conclusion
This article presents examples of 
SEC analysis of novel biotherapeutic 
products, which are generally more 
complex than traditional mAbs. Spe-
cif ica l ly, we covered hydrophobic 
molecules, ADCs, bispecif ic mAbs, 
and coformulations, all which have 
unique considerations when devel-
oping and performing SEC meth-
ods. For hydrophobic molecules and 
ADCs, we demonstrated that adding 
organic modifier in the mobile phase 
reduced elution time of the main 
peak because of the disruption of 
the hydrophobic interaction between 
the protein and the stationary phase. 
We also showed that the addition of 
organic modif ier can alter the peak 
pattern of the SEC separation. There-
fore, one must use caution when add-
ing organic solvent to the mobile 
phase, as unwanted changes to the 
peak pattern may occur in addition 
to the desired improvements in elu-
tion time and resolution.

Bispecif ic molecules and coformu-
lations generally have more size vari-
ants than standard mAbs. Bispecif ic 
molecules may have unwanted half-
antibody in the sample that SEC can 
resolve from Fab/c (desFab) and Fab. 
Coformulated drug product samples 
have roughly twice as many product 
variants as a single API drug prod-

uct. Because bispecif ic antibodies 
and coformulations have more vari-
ants to resolve, improved resolution 
in SEC analyses may be required for 
thorough physicochemical character-
ization of the product. In addition to 
the strategies presented here, other 
techniques, such as multidimensional 
LC (18), may be developed to achieve 
improved peak separation.

The rapid development of biother-
apeutics has resulted in increasingly 
complex products, including ADCs, 
bispecif ic mAbs, and coformulations. 
Size-exclusion chromatography tech-
niques have also improved to allow 
for better resolut ion, fa ster run 
times, and improved characteriza-
tion of these analytically-challenging 
formats. Here we presented examples 
of SEC approaches for the analysis of 
ADCs, hydrophobic mAbs, bispecif ic 
mAbs, and coformulations. These 
examples demonstrate that although 
a generic SEC method has been pub-
lished in the pharmacopeia, addi-
tional SEC method development may 
be required for the analysis of com-
plex biotherapeutics.  
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