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Introduction: Bispecific therapeutic fusion proteins require analytical methods 
capable of detecting and resolving process- and product-related impurities while 
remaining practical to implement and validate. Such methods are essential for 
supporting both process development and good manufacturing practice (GMP) 
-compliant testing.
Methods: A sodium dodecyl sulfate capillary gel electrophoresis (CE-SDS) 
method was developed to separate structurally similar protein species based 
on differences in the number of N-linked glycosylation sites. The approach 
leverages glycosylation-dependent electrophoretic mobility to resolve 
heterodimeric and related molecular species.
Results: The CE-SDS method effectively separated bispecific protein variants that 
differed in glycosylation, enabling discrimination between the desired bispecific 
product and associated impurities. This was confirmed by comparing native and 
deglycosylated Fc-fusion protein. The method was successfully applied to inform 
process development decisions aimed at enriching the target bispecific protein 
and was demonstrated to be suitable for GMP release and stability testing by 
verifying ICH criteria for method validation.
Discussion: This analytical strategy provides a robust and broadly applicable 
means of separating heterodimeric and bispecific glycoproteins based on 
glycosylation differences. The method can be readily extended to other fusion 
proteins, provided sufficient glycosylation asymmetry exists between constituent 
polypeptide chains, making it a valuable tool for both development and 
manufacturing control.
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1 Introduction

Heterodimeric therapeutic proteins provide a mechanism to target multiple disease 
pathways with a single molecule or a single pathway that requires two distinct proteins for 
activation (Ha et al., 2016). However, the development and manufacture of heterodimeric 
proteins have been hindered by the lack of rapid and readily available analytical methods to 
distinguish homodimer impurities from the target heterodimeric, therapeutic molecule.
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These multispecific biotherapeutics are a class of protein- 
based therapeutics with the potential to provide significant 
benefit to patients in areas of unmet medical need. The ability 
to possess multiple functions or targets in the same molecule 
provides unique biological and clinical benefits. Bispecific protein 
therapeutics dominate the multispecific landscape and can be 
IgG-like or non-IgG-like (Ma et al., 2021). The most common 
form of bispecifics are antibodies (BsAbs), which the field has 
primarily leveraged as T-Cell engagers (Wu et al., 2021). Many 
other forms of bispecific therapeutics exist (including DARTs, 
BiTes, Nanobodies etc.) and offer significant clinical promise. Fc- 
Fusion proteins are another class of heterodimeric therapeutic 
proteins that include cytokines promising for cancer 
immunotherapy (Möller et al., 2025). A significant area of 
focus has been the design of better molecules that promote 
heterodimerization between the two Fc containing halves of 
the molecule (Wang et al., 2019). Without promotion of 
heterodimerization, >90% of the products formed could be 
mispaired if pairing occurs randomly (Chen and Zhang, 2021). 
Both steric fit and electrostatic interactions have been exploited to 
promote heterodimerization. The knobs-into-holes approach 
relies on a steric fit between two different Fc regions that also 
makes homodimer formation unfavorable (Xu et al., 2015; 
Duivelshof et al., 2022). An alternative approach has been to 
employ electrostatic effects to encourage heterodimeric pairing 
(Gunasekaran et al., 2010). Specifically, for BsAbs, another 
approach has been to utilize the same heavy chain, but have a 
kappa and a lambda light chain on each half of the molecule, 
known as a κλ body (Fischer et al., 2015). This approach relies on 
the use of downstream purification techniques with affinity for the 
kappa or lambda light chains to generate a pure heterodimer. Yet 
another approach has been to engineer the Fc binding region such 

that one of the heavy chains does not bind to Protein A (Tustian 
et al., 2016). This enables isolation of the heterodimer during the 
capture chromatography step itself. However, the characterization 
of BsAbs and related bispecifics has been obscured by the degree 
of similarity between the two-halves of the molecule (Sharkey 
et al., 2017; Karbyshev et al., 2025). The detection and 
quantification of impurities is essential to the manufacture of 
therapeutic proteins. Cell culture and downstream purification 
processes can only be developed and optimized with the use of a 
quantitative analytical method to separate the desired 
heterodimeric form from the undesired homodimeric species. 
Heterodimeric proteins, including BsAbs, present a unique 
challenge to process development in that they are often 
structurally similar to the homodimer impurities generated 
during the upstream process (Dillon et al., 2017).

The two-halves of a bispecific molecule are often nearly identical 
in size, isoelectric point, and hydrophobicity leaving little 
opportunity for a high-throughput, quantitative analytical 
method to be implemented early in process development 
(Tustian et al., 2016; Sharkey et al., 2017; Dillon et al., 2017; Cao 
et al., 2018). If the two proteins are sufficiently different in any of the 
previously mentioned categories, size exclusion chromatography 
(SEC), charge based methods, and/or hydrophobic interaction 
chromatography have respectively been utilized to provide 
resolving power for purity analysis (Cao et al., 2018; Woods 
et al., 2013; Wang et al., 2018; Grunert et al., 2022; Fekete et al., 
2016). Alternate analytical techniques are required when these 
properties are not sufficiently different between the homodimeric 
and heterodimeric species. Homodimers are considered inactive 
impurities and can pose a safety risk. Like other process related 
impurities, they must be cleared to an appropriate level.

A novel, heterodimeric, bispecific Fc fusion protein has been 
created to activate γδ T lymphocytes and promote targeted killing of 
tumor cells. Each polypeptide chain consists of an extracellular 
domain of a specific butyrophilin protein (BTN2A1 or BTN3A1) 
on one end, which is linked via an Fc domain, to a tumor antigen 
(TA)-specific single-chain antibody fragment (scFv) on the 
opposing end (Figure 1). The two chains dimerize to form a 
bispecific heterodimer (termed BTN2A1/3A1-Fc-TAscFv) that 
directs Vg9Vd2 T cell receptor expressing human T cells to kill 
tumor cells expressing the tumor antigen targeted by the scFv 
domain (Lai et al., 2022). Each half of the bispecific fusion 
protein produced is the same single cell line. As a result the 
upstream (cell culture) biomanufacturing process is expected to 
produce BTN2A1 and BTN3A1 homodimer impurities in addition 
to the therapeutic BTN2A1/3A1 heterodimer. As shown in Table 1, 
the BTN2A1 and BTN3A1 homodimers as well as the BTN2A1/ 
3A1 heterodimer all have slight differences in molecular weight and 
charge that could be used for separation. However, the 
molecular weights of each structure are very close to each other 
and the use of charge-based separations is further complicated by 
extensive posttranslational modifications, which includes 
glycosylation. A notable difference between the BTN2A1 and 
BTN3A1 polypeptide chains is the extent of glycosylation in the 
BTN domains. Based on the polypeptide chain sequences, the 
BTN2A1 chain is expected to contain 7 N-linked glycosylation 
sites with the BTN3A1 chain expected to contain 3. Therefore, 
the BTN2A1/3A1 heterodimer is expected to contain ten N-linked 

FIGURE 1 
Illustration of the heterodimeric BTN2A1/3A1-Fc-TAscFv molecule.
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glycosylation sites with the BTN2A1 and BTN3A1 homodimers 
containing 14 and 6 sites, respectively. The glycosylation site 
difference between the BTN2A1 and BTN3A1 polypeptide chains 
is contributed to differential migration by reduced SDS-PAGE in 
Lai et al. (2022).

Sodium dodecyl sulfate capillary gel electrophoresis (CE-SDS) 
(also called capillary electrophoresis-SDS (CE-SDS)) is often used as 
a more readily quantifiable alternative to SDS-PAGE to characterize 
low and high molecular weight species (Scheller et al., 2021; Wagner 
et al., 2020). As such, this platform enables development and 
optimization of the downstream process for large-scale 
production of proteins (Scheller et al., 2021; Wagner et al., 2020; 
Rustandi et al., 2008; Cao et al., 2021; Rouby et al., 2020; Gaza- 
Bulseco and Liu, 2008; Lu et al., 2013). Protein analysis by CE-SDS 
relies on the separation of SDS-labelled protein variants through a 
sieving matrix in a constant electric field (Scheller et al., 2021; 
Wagner et al., 2020; Wiesner et al., 2021). During preparation, 
samples are heat denatured in a buffer matrix containing SDS, which 
imparts a negative charge on proteins proportional to their 
molecular size. Although molecular weight is the primary 
mechanism for separation by CE-SDS, level of glycosylation has 
been shown to have a significant impact on the observed migration 
time of glycoproteins (Scheller et al., 2021; Wiesner et al., 2021; 
Wang et al., 2020). Wang et al. report that one N-linked 
glycosylation site can increase a glycoprotein’s observed 
molecular weight by up to 10 kDa. Thereby, three proteins 
nearly identical in molecular weight, but varying in level of 
glycosylation, would have different migration times by CE-SDS. 
Degree of glycosylation has also been shown to impact protein 
separation by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
similar to CE-SDS, which can be used in tandem with Western blot 
to confirm the identity of a species (Scheller et al., 2021; Wang 
et al., 2020).

Here we present a new method for purity determination of 
heterodimer content using sodium dodecyl sulfate capillary gel 
electrophoresis (CE-SDS) for a fusion protein where the 
homodimers are closely related to the heterodimer product. This 
analytical method enables accurate and rapid quantification of 
heterodimer purity making it an ideal method to support process 
development efforts, as well as test drug substance product purity 
during batch release and stability testing in quality control.

2 Materials and methods

2.1 Protein expression and purification

For initial development, BTN2A1 and BTN3A1 homodimers as 
well as the BTN2A1/3A1 heterodimer were produced in ExpiCHO-S 

cells. ExpiCHO-S cells were transiently transfected with proprietary 
plasmids created by Shattuck Labs encoding the BTN2A1 chain and/ 
or BTN3A1 chain using polyethylenimine (PEI). Following 
transfection, cells were cultivated at 37 °C and 5% CO2 in a 
humidified atmosphere with constant shaking at 130 RPM for 
24 h. Cells were supplemented with appropriate feeding solution 
and glucose. The culture medium was harvested 9 days after 
transfection with the secreted recombinant proteins purified 
using an affinity capture resin.

For stable cell line development, CHO-DG44 cells were 
transfected with Shattuck proprietary plasmid encoding the 
BTN2A1 and BTN3A1 chains using electroporation method to 
produce BTN2A1/3A1 heterodimer. Two days post-transfection, 
cells were selected using different concentrations of methotrexate 
(MTX) to generate minipools. After complete recovery under MTX 
selection, minipools were scaled-up from static stages through shake 
flask based on growth and titer data. Top minipool was single cell 
cloned using Solentim VIPS cell sorter. After monoclonality 
verification, single cell clones were scaled-up through static stages 
(96-well plate, 24-well plate, and 6-well plates). Top clones at the 6- 
well plate stage were evaluated for product titer, followed by scale-up 
of top clones to shake flask. Based on 14-day shake flask fed-batch 
data, the top clone was selected and used for upstream processing.

The in-process CHO-DG44 material assessed in these 
experiments was generated using a 3-step chromatography 
process. The first unit operation consisted of an affinity-based 
capture chromatography step operated in bind and elute mode. 
The product pool was subsequently purified using a mixed-mode 
intermediate chromatography step operated in bind and elute mode. 
The final unit operation was an ion exchange polishing 
chromatography step operated in bind and elute mode. Each unit 
operation was used to further isolate the target product by removal 
of process and product related impurities.

2.2 Evaluation of the predicted properties of 
BTN2A1 homodimer, BTN3A1 homodimer, 
and the BTN2A1/3A1 heterodimer

The three-dimensional structure of each homodimer was 
generated using Chai-1. The highest ranked structure with the 
expected structure was then imported into Schrodinger 
BioLuminate 6.0. Each molecule was then prepared and analyzed 
for molecular weight, predicted N-glycan sites, and pI.

2.2.1 SEC

SEC was performed with using a Waters XBridge Premier 
Protein SEC Column (250Å, 2.5 µm, 4.6 × 300 mm) on a 
Thermo Fisher Scientific Vanquish HPLC. An isocratic gradient 

TABLE 1 Predicted Characteristics of BTN2A1/3A1 homo and heterodimers.

Structure Predicted size Predicted pI Predicted number of N-Glycan sites

BTN2A1 homodimer 155.4 8.4 14

BTN3A1 homodimer 154.9 7.4 6

BTN2A1/3A1 heterodimer 155.1 7.7 10
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was used with 20 mM Sodium Phosphate, 350 mM NaCl, pH 7.0, 
20% Ethanol at a flow rate of 0.25 mL/min for 20 min, a column 
temperature of 25 °C, and a column load of 8 µg. Proteins were 
detected at 280 nm. Column was equilibrated for 30 min and 
samples were bracketed by a mobile phase blank, a gel filtration 
standard, and a reference sample. The column was flushed and 
stored in mobile phase.

2.2.2 MALDI

Analysis was performed by CovalX AG using a Bruker Autoflex 
II MALDI ToF/ToF mass spectrometer equipped with CovalX’s 
HM4 interaction module. Eight 2-fold serial dilutions in phosphate 
buffer from 1.25 mg/mL to 5 μg/mL were evaluated for samples. 
Samples were mixed with a sinapinic acid matrix and 1 µL was 
spotted on the MALDI plate, which after crystallization, was run on 
the MADLI mass spectrometer. The remaining sample amount was 
mixed with DSS and DMF and ran on MATLI-TOF MS. Analysis 
was performed using a nitrogen laser which focused on ranges of 
1–1,500 kDa. CovalX’s interaction module contains a special 
detecting system designed to optimize detection up to 2 MDa 
with nano-molar sensitivity.

2.2.3 icIEF

Samples were prepared by diluting to 0.2 mg/mL in a master mix 
containing 9 M urea, 2 M N-ethylurea, 0.35% methyl cellulose, 4% 
3–10 Pharmalyte™, 1% 4.5 pI marker, 1% 9.5 pI marker, and 5 mM 
phosphoric acid. For analysis, samples were transferred to a 96-well 
plate and placed in a ProteinSimple Maurice set at 10 °C with a cIEF 
cartridge installed. All samples were loaded for 55 secs with 
separation occurring at 750 V for 1 min, 1100 V for 1 min, 
1500 V for 1 min, and 3000 V for 20 min. Fluorescent detection 
was utilized with a 3 s exposure. Data was collected through 
Compass software and analyzed through Empower software.

2.2.4 CE-SDS

Samples were diluted to 1 mg/mL in ProteinSimple CE-SDS 
PLUS 1X Sample Buffer containing a 10 kDa standard with either 
12.5 mM iodoacetamide for non-reducing conditions or 5 mM 
neutralized Tris (2-carboxyethyl) phosphine for reducing 
conditions. Both reduced and non-reduced samples were heat 
denatured for 10 min at 60 °C. For analysis, samples were 
transferred to a 96-well plate and placed in a ProteinSimple 
Maurice set at 10 °C. Reduced and non-reduced CE-SDS samples 
were evaluated using both a ProteinSimple CE-SDS PLUS cartridge 
as well as a ProteinSimple Turbo cartridge. The CE-SDS PLUS 
cartride has an effective capillary length of 20 cm. Samples were 
loaded for 20 s at 4600 V with separation occurring at 5750 V with 
run times of 40 and 55 min for reduced and non-reduced samples, 
respectively. The Turbo cartridge has an effective capillary length of 
15 cm. Samples were loaded for 8 s at 3500 V with separation 
occurring at 4200 V with run times of 12 and 14 min for reduced and 
non-reduced samples, respectively. Data was collected and analyzed 
through Empower software.

N-linked deglycosylation was performed by heat denaturing 
samples at 70 °C for 5 min in the presence of 0.8% Rapigest™ SF 

(Waters, Catalog # 186008090). Samples were then combined with 
6 µL of Rapid™ PNGase F, non-reducing format, (New England 
BioLabs, Catalog #P0711S) and placed at 50 °C for 10 min. Samples 
were allowed to cool to room temperature and buffer exchanged into 
CE-SDS PLUS 1X Sample Buffer to be tested under reduced or non- 
reduced conditions. The cartridge set up for both reduced and non- 
reduced CE-SDS was an initial sample load for 20 s at 4,600 volts 
followed by a voltage of 5,750 for 40 min and 50 min respectively. 
The cartridge was cleaned using the “cartridge post-cleanup” setting 
on the ProteinSimple Maurice. The “cartridge post-cleanup” utilizes 
the wash buffer and water over a 10-min span to clean the cartridge.

2.2.5 SDS-PAGE and western blot

Samples were prepared by diluting to 0.05 mg/mL in NuPAGE™ 
LDS Sample Buffer with either 12.5 mM iodoacetamide for non- 
reduced samples or 50 mM dithiothreitol for reduced samples. All 
samples were heat denatured at 70 °C for 10 min. Proteins were 
separated on a pre-cast NuPAGE™ 3%–8% Tris-Acetate Gel at 
150 V for 60 min. SDS-PAGE gels were coomassie stained and 
destained with a Genscript eStain device.

For Western blot analysis, proteins separated by SDS-PAGE were 
transferred to a nitrocellulose membrane and blocked using 1X Tris 
Buffered Saline (TBS) with 1% Casein. For primary antibody binding 
the blot was incubated with 0.2 μg/mL sheep anti-human BTN3A1/2/ 
3 antibody and 0.5 μg/mL rabbit anti-human BTN2A1 antibody in 1X 
TBS 1% Casein, 0.02% Tween 20 for 1 h. Following incubation, the blot 
was washed with 1X TBS, 0.1% Tween 20. For secondary antibody 
binding the blot was incubated for 1 h with LI-COR® IRDye® 800CW 
donkey anti-goat (1:10,000) and BioRad StarBright Blue 520 goat anti- 
rabbit (1:2,500) antibodies in 1X TBS, 1% Casein, 0.02% Tween 20. 
SDS-PAGE gels and western blots were imaged using a 
BioRad ChemiDoc™.

2.2.6 Biolayer interferometry (BLI)

BLI on the Sartorius Octet® HTX platform was performed with 
Sartorius SA biosensors loaded with biotinylated anti-BTN2A1 
camelid antibodies developed in conjunction with Thermo 
Scientific. Following a 30 s baseline step samples serially diluted 
100–0.05 μg/mL were loaded onto biosensors for 120 s. After a 30 s 
baseline step, mouse anti-BTN3A1/2/3 antibody (R&D Systems, 
Catalog # MAB7136) at 20 μg/mL was loaded for 200 s. Dose 
response curves were generated by Softmax Pro.

3 Results

3.1 Evaluation of BTN2A1 and 
BTN3A1 homodimer by SEC, MALDI and 
icIEF analytical platforms

BTN2A1 and BTN3A1 homodimeric Fc fusion protein controls 
produced and purified from transiently transfected mammalian cells 
were analyzed by SEC. After including theoretical post translational 
modifications, BTN2A1 and BTN3A1 homodimers differed in 
molecular weight by approximately 15 kDa. The SEC profiles in 
Figure 2 demonstrate a difference in retention time for the 
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homodimers at approximately 8 min, however, the theoretical USP 
resolution between the two peaks was 0.34, which is not sufficient to 
provide a quantitative assessment of purity.

Matrix Assisted Laser Desorption/Ionization (MALDI) mass 
spectrometry analysis was also performed with the BTN2A1 and 
BTN3A1 homodimers to determine their molecular weight 
(Figure 3). Observed molecular weights for the BTN2A1 and 
BTN3A1 homodimers were determined to be 175.7 and 
160.8 kDa, respectively, confirming the larger molecular weight 
of the BTN2A1 homodimer due to post-translational 
modifications. A second prominent peak was observed in the 
BTN3A1 homodimer sample at approximately 110 kDa. Based 
on the molecular weight, this peak was identified to be the dimer 
species missing both BTN3A1 domains. This species was 
determined to be a method artifact as the impurity was not 
observed in an orthogonal assay (e.g., non-reducing CGE). 
Although MALDI was able to show a molecular weight 
difference between the two homodimers, the non-quantitative 
nature of the platform would not make it suitable for analyzing 
process development samples with a high degree of heterogeneity. 
Furthermore, the molecular weight difference between the 
homodimers and heterodimer would not allow for sufficient 
resolution in a heterogeneous sample.

BTN2A1 and BTN3A1 homodimers were evaluated by imaged 
capillary isoelectric focusing (icIEF) for apparent charge difference. 
The BTN2A1 homodimer profile contains multiple peaks with 
isoelectric points ranging from 7.4–8.1 (Figure 4). In contrast, 
the BTN3A1 homodimer profile contains a main peak with an 
apparent pI of 7.7. Overlap in the apparent isoelectric points of the 
BTN2A1 and BTN3A1 chains prevented the use of other charge- 
based methods for separation.

3.2 Evaluation of BTN homodimers and 
BTN2A1/3A1 heterodimer by CE-SDS

For this evaluation a BTN2A1/3A1 heterodimer produced 
similarly to the homodimers was evaluated by CE-SDS. Peak 

relative migration time (RMT) was calculated based on the 
migration time as compared to a 10 kDa standard. 
Under reducing conditions, RMTs of 1.85 and 2.04 were 
observed for the BTN3A1 and BTN2A1 homodimer controls, 
respectively (Figure 5). Two prominent peaks were observed in 
the reduced BTN2A1/3A1 heterodimer sample at 1.85 and 
2.03 aligning with the BTN2A1 and BTN3A1 monomers. 
These peaks will be referred to as Peak 1-R and Peak 2-R in 
the order of their increasing RMT. RMTs of 2.35 and 
2.62 were observed for the non-reduced BTN3A1 and 
BTN2A1 homodimer controls, respectively (Figure 6). 
Likewise, prominent peaks were observed in the BTN2A1/ 
3A1 heterodimer sample at RMTs of 2.37 and 2.60. Notably, 
a peak was also present in the sample at a RMT of 2.48. These 
peaks will be referred to as Peak 1-NR, Peak 2-NR, and Peak 3- 
NR in the order of their increasing RMT.

To determine if degree of glycosylation was the primary 
mechanism for peak separation, samples were digested with 
PNGase F to remove N-linked glycans. Samples were 
subsequently evaluated by reduced and non-reduced CE-SDS. 
Under reducing conditions, a single peak is observed in all three 
samples at a RMT of 1.7 (Figure 7). Under non-reducing conditions, 
the BTN2A1 and BTN3A1 homodimer controls as well as the 
BTN2A1/3A1 heterodimer sample all contain a single peak with 
a RMT of 2.2 (Figure 8).

3.3 Evaluation of BTN homodimers and 
BTN2A1/3A1 heterodimer by SDS-PAGE and 
Western blot

To verify whether the peaks observed in the CE-SDS profile 
correspond to the respective BTN chains, the BTN2A1 and 
BTN3A1 homodimers were analyzed by SDS-PAGE and Western 
blot alongside the BTN2A1/3A1 heterodimer. Under reduced SDS- 
PAGE conditions bands are present at approximately 84 and 76 kDa 
for the BTN2A1 and BTN3A1 monomers, respectively, 
corroborating the increased observed molecular weight of the 

FIGURE 2 
BTN2A1 and BTN3A1 homodimer controls analysis by SEC.

Frontiers in Analytical Science frontiersin.org05

Daniels et al. 10.3389/frans.2026.1739382

https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://doi.org/10.3389/frans.2026.1739382


BTN2A1 homodimer (Figure 9, lanes 5 and 6). Comparable to CE- 
SDS, two bands are present in the reduced BTN2A1/ 
3A1 heterodimer sample at approximately 83 and 76 kDa 
(Figure 9, lane 7). When evaluated by non-reduced SDS-PAGE 

bands are present at approximately 192 and 181 kDa for the 
BTN2A1 and BTN3A1 homodimer controls, respectively 
(Figure 9, lanes 2 and 3). Similar to CE-SDS, three bands are 
present in the BTN2A1/3A1 heterodimer sample at 
approximately 193, 186, and 181 kDa suggestive of the presence 
of the two homodimers and a heterodimeric species 
(Figure 9, lane 4).

Western blot analysis was performed with a SDS-PAGE gel 
using antibodies specific to the BTN2A1 and BTN3A1 domains with 
corresponding secondary detection antibodies conjugated with IR- 
dyes. Bands containing the BTN2A1 domain were pseudo-colored 
in blue with bands containing the BTN3A1 domain pseudo-colored 
in green. A teal color is produced during detection when there is an 
overlap of the two pseudo-colors in a specific band. Under reducing 
conditions, a blue band is observed at 84 kDa in the 
BTN2A1 homodimer control indicating presence of the domain 
(Figure 10, lane 6). Conversely, a green band is observed at 76 kDa in 
the BTN3A1 control indicating binding of the BTN3A1 antibody 
(Figure 10, lane 5). In the BTN2A1/3A1 heterodimer sample the 
band at 83 kDa is labelled with the BTN2A1 antibody and the band 

FIGURE 4 
BTN2A1 and BTN3A1 homodimer controls analysis by (c) icIEF.

FIGURE 3 
BTN2A1 and BTN3A1 homodimer controls analysis by MALDI mass spectrometry.
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FIGURE 7 
Samples were evaluated again following N-linked deglycosylation under reduced conditions.

FIGURE 6 
CE-SDS analysis of BTN2A1/3A1 heterodimer with BTN2A1 and BTN3A1 homodimer controls under non-reduced conditions.

FIGURE 5 
CE-SDS analysis of BTN2A1/3A1 heterodimer with BTN2A1 and BTN3A1 homodimer controls under reduced conditions.
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at 76 kDa is labelled with the BTN3A1 antibody (Figure 10, lane 7). 
When evaluating the non-reduced lanes, the BTN2A1 homodimer 
control at 192 kDa is labelled with the BTN2A1 antibody with the 
BTN3A1 control at 181 kDa labelled with the BTN3A1 antibody 
(Figure 10, lanes 2 and 3). The three primary bands observed in the 
BTN2A1/3A1 heterodimer sample at approximately 193, 186, and 
181 kDa were observed to be blue, teal, and green, respectively, 
indicating the presence of all 3 dimeric species in the purified 
product (Figure 10, lane 4).

3.4 Enrichment of BTN2A1/3A1 heterodimer 
and confirmation by BLI

A dual-binding bio-layer interferometry (BLI) assay utilizing 
antibodies specific to the BTN2A1 and BTN3A1 butyrophilins was 
adopted to evaluate downstream process intermediates for 
heterodimer enrichment. During scale-up a CHO-DG44 clone 
was selected for heterodimer production. Chromatography 
eluates were compared after capture and following a polishing 
step designed to enrich for Peak 2-NR in the CE-SDS profile. By 

FIGURE 9 
SDS-PAGE of BTN2A1/3A1 heterodimer with BTN2A1 and BTN3A1 homodimer controls under reduced/non-reduced conditions. (lane 1: protein 
molecular weight ladder; lane 2: BTN3A1 homodimer, non-reduced; lane 3: BTN 2A1 homodimer, non-reduced; lane 4: BTN2A1/3A1 heterodimer, non- 
reduced; lane 5: BTN3A1 homodimer, reduced; lane 6: BTN 2A1 homodimer, reduced; lane 7: BTN2A1/3A1 heterodimer, reduced).

FIGURE 8 
Samples were evaluated again following N-linked non-reduced conditions.

FIGURE 10 
Western blot analysis of BTN2A1/3A1 heterodimer with 
BTN2A1 and BTN3A1 homodimer controls under reduced/non- 
reduced conditions. (lane 1: protein molecular weight ladder; lane 2: 
BTN3A1 homodimer, non-reduced; lane 3: BTN 2A1 homodimer, 
non-reduced; lane 4: BTN2A1/3A1 heterodimer, non-reduced; lane 5: 
BTN3A1 homodimer, reduced; lane 6: BTN 2A1 homodimer, reduced; 
lane 7: BTN2A1/3A1 heterodimer, reduced).
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non-reduced CE-SDS Peak 2-NR content increase from 24.6% post- 
capture to 76.7% after polishing (data not shown). Comparing the 
dose response curves generated by BLI, EC50 was calculated to be 
18.6 μg/mL at capture and decreased to 7.5 μg/mL following 
polishing (Figure 11).

3.5 Method validation

The CE-SDS method was validated by assessing linearity, 
repeatability, and accuracy for the BTN2A1/3A1 heterodimer and 
both BTN2A1 and BTN3A1 homodimer peaks across a range of 
concentrations. A single sample was diluted to 0.5, 0.75, 1.0, 1.25, and 
1.5 mg/mL with each concentration prepared in triplicate. The 
coefficient of determination (R2) for the BTN2A1/3A1 heterodimer 
species was 1.00 (Figure 12), while the BTN2A1 and 
BTN3A1 homodimers yielded R2 values of 0.99 and 0.98, 
respectively. Repeatability, evaluated as the %RSD of each triplicate 
preparation, ranged from 2% to 9% across all concentrations and 
species (Table 2). Accuracy, assessed through percent recovery, ranged 

from 93% to 111% for all species and concentrations (Table 2). The 
CE-SDS method exhibited strong linearity, precision, and accuracy 
across the evaluated concentration range, with all parameters meeting 
typical analytical validation standards. The high correlation 
coefficients, low %RSD values, and consistent recoveries collectively 
confirm the method’s reliability for quantitative assessment of the 
BTN2A1/3A1 heterodimer and corresponding homodimers. These 
findings support the suitability of the CE-SDS method for routine 
characterization and quality assessment of these species.

4 Discussion

In many cases, post translational modifications complicate the 
ability to analytically separate impurities that are structurally similar 
to a target molecule. The post translational modifications often lead 
to broad peaks that cannot be resolved by size exclusion or charge 
based methods. Readily available analytical platforms typically 
require a substantial difference in isoelectric point, molecular 

FIGURE 11 
Dose response curves generated using a dual binding BLI method to compare downstream process intermediates.

FIGURE 12 
Linearity assessment of CE-SDS for the analysis of BTN2A1/3A1 heterodimer.

Frontiers in Analytical Science frontiersin.org09

Daniels et al. 10.3389/frans.2026.1739382

https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://doi.org/10.3389/frans.2026.1739382


weight, or hydrophobicity for robust peak resolution. Methods such 
as SEC, MALDI, DLS (data not shown), SDS-PAGE, icIEF, and BLI 
have all been evaluated for relative quantitation of the BTN2A1/ 
3A1 heterodimer species. However, each method lacked sufficient 
resolution or corresponding quantitative capability. We were able to 
leverage the number of glycosylation sites as a post translational 
modification that provides high resolution separation of structurally 
related species. Based on the peptide sequences of the BTN2A and 
BTN3A1 chains, four expected N-linked glycosylation sites 
distinguish the heterodimeric molecule from the BTN2A1 and 
BTN3A1 homodimers. Peptide map analysis was performed with 
purified BTN2A1/3A1 heterodimer and confirmed that all 
theoretical sites were glycosylated (data not shown). Based on the 
reported CE-SDS results for other glycoproteins each glycosylation 
site can increase the apparent molecular weight of proteins by up to 
10 kDa. As such, a 40 kDa apparent difference can be predicted 
between the BTN2A1/3A1 heterodimer and the two homodimers. 
This apparent molecular weight difference was expected to be 
sufficient for peak separation as the platform is used to detect 
impurities with a molecular weight difference of ~25 kDa 
(approximate molecular weight of an antibody light chain).

Reduced CE-SDS with the BTN2A1 and BTN3A1 homodimers 
revealed baseline resolution between the polypeptide chains even 
though their theoretical molecular weights are nearly identical. 
Under non-reducing conditions three prominent peaks were 
observed in the BTN2A1/3A1 heterodimer sample. Peak 1-NR 
displayed an identical RMT to the BTN3A1 homodimer with Peak 
3-NR aligning with the BTN2A1 homodimer. The BTN2A1/ 
3A1 heterodimer would be expected to migrate between the two 
homodimers if glycosylation was the primary mechanism for the 
migration time difference. When deglycosylated all three molecules 
displayed identical RMTs under both reduced and non-reduced 
conditions confirming degree of glycosylation is the primary 
mechanism for peak separation. Glycosylation has also been shown 
to impact protein separation by SDS-PAGE similar to CE-SDS. Under 
non-reducing conditions the BTN2A1/3A1 heterodimer sample 
produced three bands aligning with the CE-SDS profile. A teal 
color was observed with the band corresponding to Peak 2-NR in 
the CE-SDS profile indicating the presence of antibodies specific to the 
BTN2A1 and BTN3A1 domains.

A downstream purification process was developed to enrich for 
Peak 2-NR in the CE-SDS profile. Chromatography eluates collected 
after capture and polishing steps were compared by a dual-binding 
BTN2A1/3A1 BLI assay. Normalizing sensorgrams to the final 
association step revealed protein bound by the BTN2A1 and 
BTN3A1 specific antibodies (i.e., BTN2A1/3A1 heterodimer). The 

increase in Peak 2-NR purity by CE-SDS was found to have a nearly 
identical factor of decrease in EC50 from capture to polishing 
confirming the enrichment of the heterodimer.

The use of CE-SDS for quantitation of heterodimeric BTN2A1/ 
3A1 molecules is presented herein, however, as the method is based on 
the number of N-linked glycosylation sites, this method could be 
broadly adopted to other bispecifics and glycoproteins. This method 
could be applied to bsAbs, but only if the number if glycosylation sites 
between the two-halves is different. Conceivably, if the two-halves are 
similar in all other quality attributes, engineering one-half to include 
additional N-glycan sites could allow for analytical separation by CE- 
SDS (similar to pI engineering). This mechanism of separation 
expands the list of characteristics capable of separating proteins 
beyond size, isoelectric point, or hydrophobicity.
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