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Today, a variety of multivalent antibody formats can be engineered, offering
significant flexibility for therapeutic and diagnostic approaches. While unmodified
antibodies have evolved to be structurally stable, extensive engineering, such as
domain fusion or size reduction, can compromise their thermal stability,
conformational integrity, and overall functional performance. As a result,
reliable antibody development requires rigorous biophysical characterization
to ensure protein quality, including assessments of purity, folding, stability and
aggregation propensity. In this study, we systematically evaluate a panel of
analytical methods, including SDS-PAGE, nano differential scanning
fluorimetry (nanoDSF), dynamic light scattering (DLS), size exclusion
chromatography (SEC), mass photometry, circular dichroism (CD), small-angle
X-ray scattering (SAXS) and electron microscopy, to characterize a series of
antibody-derived constructs. These include a full-length IgG (Ab1), a bivalent
fusion antibody (Ab1-scFv1), a bispecific tandem single-chain fragment variable
(bi-scFv2-scFv1) and single-chain variable fragments (scFv1, scFv3, and scFv4).
These constructs served as representative model proteins to assess method
performance and sensitivity to structural and biophysical differences. Our results
show that full-length antibodies (Ab1 and Ab1-scFv1) exhibit high thermal and
structural stability and remain predominantly monomeric across all tested
conditions. In contrast, engineered fragments, particularly bi-scFv2-scFv1 and
scFv variants, display increased aggregation propensity and reduced
conformational stability, as evidenced by higher polydispersity in DLS, early
elution peaks in SEC, and altered thermal folding profiles in nanoDSF. SAXS
and CD further revealed extended, flexible conformations in larger constructs
and partial folding deficiencies in smaller fragments. Overall, this study
underscores the importance of integrating orthogonal analytical methods to
ensure a robust evaluation of antibody format stability and integrity. With the
increasing complexity of engineered antibody therapeutics, these tools offer
practical insights into selecting appropriate constructs for downstream
development, enhancing experimental reproducibility, and mitigating risk in
early-stage research and therapeutic design. Furthermore, many of the
assessed quality attributes, such as monodispersity, conformational stability,
and aggregation behaviour, are directly relevant to in vivo performances,
including pharmacokinetics and immunogenicity making such characterization
essential for advancing antibody candidates toward clinical applications.
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1 Introduction

The field of protein biotherapeutics is rapidly expanding,
attracting a growing number of new scientists. While proteins are
highly functional and versatile molecules, their structural
complexity and sensitivity to environmental conditions present
significant challenges, particularly in therapeutic applications
(Kumar et al., 2024). Ensuring consistency, safety, and efficacy
requires rigorous quality control and analytical measures. This is
especially critical in the development of therapeutic antibodies and
related products, which are commonly produced in mammalian cell
culture systems. These products exhibit unique structural and
functional characteristics, such as glycosylation patterns, a
propensity for aggregation, and potential immunogenicity. Initial
in vitro experiments and preclinical in vivo analyses of transient
proteins must be conducted efficiently and effectively prior to large-
scale production. Therefore, comprehensive analytical
characterisation and stringent quality control are essential. In this
manuscript, we present a selection of recommended methods for
assessing protein quality prior to conducting in vitro and in vivo
assays. We also highlight additionally optional techniques for
further characterization of the recombinant proteins.

In the context of protein-based therapeutics, antibodies,
particularly the standard IgG format, are widely used and
frequently engineered to enhance functionality (Damelang
et al., 2024). A common modification is a single-chain variable
fragment (scFv), the smallest antibody unit that retains antigen-
binding ability (Boado et al., 2009). It consists of a variable heavy
chain (VH) linked to the variable light chain (VL) connected by a
flexible peptide linker. scFv’s can be integrated into antibody
constructs to confer dual specificity, with flexible positioning
within the IgG format and the potential for multiple scFv
insertions (Ahamadi-Fesharaki et al., 2019; Gezehagn Kussia
and Tessema, 2024). In previous work we have developed
bispecific antibodies (Hultqvist et al., 2017) as well as
hexavalent-antibody constructs (Petersen et al., 2023; Rofo
et al., 2021), and explored engineered Fc fragments such as
single-chain Fc domains (scFc) (Morrison et al., 2023; Levin
et al., 2015). In this study, we selected a full-length antibody
(Ab1), a bivalent construct (Ab1-scFv1), a bispecific tandem scFv
(bi-scFv2-scFv1) and three individual scFv’s (scFv1, scFv3, and
scFv4) to evaluate various analytical methods before downstream
application.

In scFv’s, the limited interface between variable heavy and
light chains can promote unintended intermolecular
interactions. Instead of folding intramolecularly, some scFv’s
form multimers by pairing with domains from other
molecules, altering their binding properties (Hudson and
Kortt, 1999; Arslan et al., 2022). Multimerization refers to the
specific, often reversible assembly of protein subunits into
defined oligomers, while aggregation typically involves non-
specific, irreversible clumping into larger, often dysfunctional
complexes (Jahn and Radford, 2008). Similarly, Fc domains can
drive dimerization or higher-order oligomerization through
disulfide bonds or non-covalent interactions, especially in Fc
fusion proteins, under non-reducing conditions or when the host
cell folding machinery is stressed (Wu et al., 2001; Strand et al.,
2013; Lowe et al., 2011). Multimerization is not exclusive to

scFv’s or Fc-fusion proteins, other recombinant proteins and
antibody fragments can also oligomerize via domain swapping,
disulfide bridges, or hydrophobic interactions (Bennett et al.,
1995; Wallis and Drickamer, 1999). Protein aggregation or
multimerization reduces monomer levels and may cause
adverse effects in in vivo applications (Jahn and Radford,
2008). Antibody complexes can enhance immune responses,
potentially triggering inflammation and anti-drug antibodies
(ADA) that compromise therapeutic efficiency and safety
(Ratanji et al., 2014; Lundahl et al., 2021; Rahban et al., 2023).

In this study, we compare a set of widely used biophysical and
biochemical methods for the characterization of antibody-based
therapeutic candidates. Rather than proposing a fixed analytical
workflow, our aim is to highlight the strengths, limitations, and
complementarity of commonly available methods and encourage the
combined use of orthogonal techniques for a more reliable and
reproducible quality assessment. This side-by-side comparison fills a
gap in literature, where analytical methods are often described
individually but rarely evaluated comparatively on therapeutically
relevant constructs. The study is intended as a practical reference to
build robust characterization strategies based on construct format and
downstream application.

Proper handling of recombinant proteins after purification is
essential to preserve protein integrity and function. Key
considerations include storage conditions and buffer selection to
preserve protein stability and prevent protein aggregation. This
paper summarizes and compares analytical methods for assessing
structural and biophysical quality attributes relevant to therapeutic
antibody development, including purity (e.g., SDS-PAGE,
densitometry), identity (e.g., mass spectrometry, Western blot),
and stability (e.g., nano Differential Scanning Fluorimetry
(nanoDSF)). We also include techniques to evaluate
multimerization and aggregation (mass photometry, dynamic
light scattering (DLS), and size exclusion chromatography
(SEC)), along with optional tools for conformational analysis and
visualization such as circular dichroism (CD), small-angle X-ray
scattering (SAXS), negative stain electron microscopy (EM)
(Figure 1). Each method is evaluated based on practical
considerations such as sensitivity, throughput and suitability for
early-stage construct screening.

2 Materials and equipment

List of required equipment:
ÄKTA Start system (Cytiva)
Micro spectrophotometer (Nanodrop)
SDS PAGE and Western blot equipment
Odyssey Fc Machine
Prometheus Panta NT48 instrument (NanoTemper
Technologies GmbH)
JASCO J-1500 CD spectrometer (JASCO)
Superdex Increase 10/300 (Cytiva)
Anton Paar Litesizer 100 (Anton Paar GmbH)
Refeyn 2 MP (Refeyn Ltd.)
SAXS at beamline B21, Diamond Light Source, United Kingdom
Tecnai™ G2 Spirit BioTwin transmission electron microscope
(Thermo Fisher/FEI)

Frontiers in Pharmacology frontiersin.org02

Metzendorf et al. 10.3389/fphar.2025.1667210

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1667210


3 Materials and methods

3.1 Expression and purification of
recombinant proteins

The recombinant proteins Ab1, Ab1-scFv1, bi-scFv2-scFv1,
scFv1, scFv3, and scFv4 were expressed in Expi293 cells (cat. no.
A14527, Thermofisher) and purified by using ÄKTA Start system
(Cytiva) and Protein-G columns (cat. no. 17-0405-01, Cytiva) as
described previously (Hultqvist et al., 2017; Fang et al., 2017).
Briefly, Expi293 cells were transiently transfected with
pcDNA3.4 vectors using polyethyleneimine (PEI, cat. no.
A14527, Polyscience) as the transfection reagent. The culture
supernatant was harvested after 6 days post-transfection, clarified
using Cellpure (cat. no. 525243, Sigma-Aldrich), and filtered
through a 0.2 µM polyether sulfone (PES) membrane (cat. no.
GWP04700, Millipore). The clarified supernatant was then
applied to a Protein-G column (cat. no. GE17-0405-03, Cytiva)
for purification. Bound proteins were eluted with 0.7% acetic acid
(cat. no. 33209, Sigma-Aldrich), followed by buffer exchange to PBS
(cat. no. 14190250, Thermofisher) using 7K desalting columns (cat.
no. 89892, Thermo Scientific). Protein concentrations were
determined by absorbance at 280 nm (A280) by using a micro

spectrophotometer (Nanodrop 200C, Thermo Scientific) and the
theoretical extinction coefficient (in M−1*cm−1) of the recombinant
proteins were calculated from the amino acid sequences via the
ExPASy ProtParam tool.

3.2 SDS-PAGE and Western blot

Purified recombinant proteins were mixed with 25% LDS sample
buffer (cat. no. B0007, Life Technologies) with or without reducing
agent (DTT, 1xBolt sample reducing agent, cat. no. B0004, Life
technologies), loaded onto a 4%–12% Bis-Tris protein gel (cat. no.
NW04125BOX, Invitrogen) and run at 80 V for analysis. The gel was
stained with PAGE blue protein staining solution (cat. no. 24620,
Thermo Scientific). Molecular size was determined by comparing
the achieved bands to a pre-stained protein ladder (PageRulerTM
Plus Pre-stained Protein Ladder, 10–250 kDa (cat. no. 26619,
Thermo Scientific). Images were obtained by using the Odyssey Fc
Machine (Li-COR Biosciences). For densitometric analysis of protein
purity, band intensities were analysed using ImageJ software (ImageJ
1.51m9) by measuring the relative density of each band. Background
was subtracted from all lanes prior to quantification to ensure accurate
analysis of band intensities.

FIGURE 1
Flowchart of analytical protein preparation for in vitro and in vivo assays. This diagram outlines standard methods for quality control of recombinant
proteins, along with optional techniques for further protein characterization and visualization, as needed.
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Western blot transfer was performed for 2 h at 100 V onto PVDF
membranes (cat. no. 88520, Life Technologies). Membranes were
blocked with 5% non-fat dry milk in TBS-Tween for 1 h at RT. For
detection of His-tagged proteins, membranes were incubated with
HRP-conjugated anti-His antibody (cat. no. HRP-66005,
ThermoFisher Scientific). For Fc-containing proteins, membranes
were incubated with HRP-conjugated goat-anti-mouse IgG
antibody (cat. no. 12-349, Merck). Antibody incubations were
carried out for 1 h at RT with gentle agitation. Following
incubation, membranes were washed with TBS-Tween buffer and
developed using Novex ECL chemiluminescent substrate (cat. no.
10348463, Fisher Scientific). Imaging was performed using the Li-
COR odyssey Fc machine (Li-COR Biosciences).

3.3 Structural and thermal stability
assessment (nanoDSF)

The structural and thermal stability of the recombinant proteins
was evaluated by using the Prometheus Panta NT48 instrument
(NanoTemper Technologies GmbH, Munich, Germany) and
measuring the nano differential scanning fluorimetry (nanoDSF)
(Wen et al., 2020). Briefly, equimolar concentrations (2 μM) of the
proteins were loaded into glass capillaries (NanoTemper
Technologies GmbH, Munich, Germany) and subjected to a
linear temperature gradient from 30 °C to 95 °C. Intrinsic
tryptophan fluorescence was recorded at 330 nm and 350 nm,
and the ratio of fluorescence intensities (350 nm/330 nm) was
calculated. The first derivative of this ratio was used to identify
the inflection temperature (Ti), which represents major unfolding
events and provide a measure of thermal stability. Protein thermal
stability was also tested under different buffer conditions such as
PBS, 1:5 (v/v) diluted PBS, and water.

3.4 Circular dichroism (CD)

CD spectra were recorded between 190 and 260 nm using a JASCO
J-1500 CD spectrometer (JASCO, Easton, MD, United States) at 25 °C.
Thermal unfolding (Tmelt) measurements were performed by applying
a temperature gradient from 4 °C-95 °C. All measurements were
performed in 1 mm path length quartz cuvettes (cat. no. 110-1-40,
Hellma Analytics) using samples diluted to a final concentration of
2 µM in PBS. Spectra were acquired at a scanning speed of 50 nm/min
with a step size of 0.1 nm. For each sample, baseline correction was
applied by subtracting the buffer spectrum.

3.5 Size exclusion chromatography (SEC)

Size exclusion chromatography was performed using a Superdex
Increase 10/300 (Cytiva), which was equilibrated with at least three
column volumes PBS (cat. no. 14190250, Thermofisher). For each run,
50 µg of purified protein was diluted in PBS to a maximum volume of
250 µL and loaded onto the column via a 500 µL injection loop. The
sample was eluted with PBS at a flow rate of 0.5 mL/min. Eluted
fractions were collected every 0.5 mL across the entire elution range
(24 mL) and analysed by SDS-PAGE, followed by Coomassie blue

staining or Western blot analysis, depending on the downstream
analysis. For molecular weight calibration, a high molecular weight
SEC standard mix was used under identical conditions. The standard
contained the following proteins: Thyroglobulin 669 kDa, Ferritin
440 kDa, Aldolase 158 kDa, Conalbumin 75 kDa, Ovalbumin
43 kDa, Carbonic anhydrase 29 kDa. The elution volume for each
protein was used to generate a calibration curve, allowing estimation of
the apparent molecular weight of the eluted sample. SEC experiments
were performed at RT.

3.6 Dynamic light scattering (DLS)

To further assess the quality of the purified proteins, dynamic light
scattering (DLS) measurements of the recombinant proteins (2 µM)
was performed on an Anton Paar Litesizer 100 (Anton Paar GmbH,
Graz, Austria). The size distribution was analysed based on intensity-
weighted, on volume-weighted and on number-weighted models. The
size of the hydrodynamic diameter was determined based on the
intensity-weighted model. Bovine serum albumin (BSA) monomer
(cat. no. 421501J, VWR) in PBS was used as a reference standard
for monomodal distribution in particle diameter measurements. The
polydispersity index (PDI) was calculated to evaluate the uniformity of
the particle size distribution. The effects of protein concentration (0.125,
0.25, 0.5, and 1 mg/mL), freeze-thaw cycles, and sample centrifugation
on protein stability were also evaluated.

3.7 Mass photometry

The purity of the recombinant proteins was validated using mass
photometry, performed on a Refeyn 2 MP (Refeyn Ltd., Oxford,
United Kingdom). This technique determines molecular mass on
the proportional relationship between the intensity of light
scattering generated by the molecules interacting with the glass
surface and their molecular mass (Young et al., 2018). The data is
presented as histograms of mass distribution. Values below zero in
the histograms correspond to buffer impurities, which were
considered negligible for the proteins measured in this
experiment. A commercial purchased IgG was used as a calibrant
to determine the molecular weight of the tested proteins.

3.8 Small-angle X-ray scattering (SAXS)

SAXS measurements were performed at beamline B21, Diamond
Light Source, United Kingdom (proposal 23773). For batch
experiments, 25 µL of each samples was measured at four different
concentrations: 0.125, 0.25, 0.5, and 1 mg/mL in PBS pH 7.5 were
analysed. All samples were centrifuged et 15,000 x g for 10 min at 4 °C
before measurement to minimize aggregation. Data were recorded on
an Eiger 4M detector with a fixed camera length of 4.014 m and
12.4 keV energy, allowing an angular q range of 0.0038–0.42 Å-1. For
each concentration, 20 sequential measurements were collected and
manually inspected for radiation damage. Identical PBS buffer was
measured before and after each sample, and buffer subtraction was
carried out using PRIMUS. Only frames without visible radiation
damage were averaged.
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Radius of gyration (Rg)was determined viaGuinier analysis (q Rg<
1.3 criterion) using BioXTAS RAW, and maximum particle dimension
(Dmax), and pair distribution function (P(r)) were computed using
GNOM. Molecular weights were estimated via volume-of-correlation
and extrapolated (I(0)), and compared against theoretical values based
on the primary sequence using RAW. Shape reconstructions (bead
models) were generated usingIFT GNOM and IFT BIFT, with ten
independentmodels averaged and aligned using DAMAVER and saved
as DAMMIF/N files. The filtered model were visualized and further
adapted in PyMOL (TM, version 2.6.0, Schrodinger LLC). For
comparison with known structures, SAXS envelopes were aligned to
the AlphaFold 2-predicted structure of scFv1 and the PDB structure of
IgG2a (PBD ID: 1igt).

3.9 Electron transmission microscopy -
negative staining

A 5 µL drop of the sample was placed on a formvar- and carbon
coated 200-mesh copper grid (Ted Pella). The excess solution was
removed by blotting with filter paper. The sample was then directly
contrasted with 2% uranyl acetate. Eexcess of uranyl acetate was
removed by blotting on filter paper. Images were acquired by a
Tecnai™ G2 Spirit BioTwin transmission electron microscope
(Thermo Fisher/FEI) at 80 kV with an ORIUS SC200 CCD camera
and Gatan Digital Micrograph software (both from Gatan Inc./Blue
Scientific). Micrographs were analysed using ImageJ software (ImageJ
1.51m9), and the area of the antibodies (n = 40) were measured. The
data were quantified and visualized as graph with standard deviation
using GraphPad Prism (version 10.4.2 build 534).

4 Results

4.1 Expression of recombinant antibody
constructs

4.1.1 Design of recombinant proteins
A panel of recombinantly expressed antibody-based constructs,

which are routinely used in our laboratory, were selected as model
proteins for this study (Figure 2). These include a full-length IgG

antibody (Ab1), a bivalent antibody (Ab1-scFv1), a bispecific
tandem single-chain fragment variable (bi-scFv2-scFv1) and
several single-chain fragment variables (scFv1, scFv3, and scFv4).
The following constructs bi-scFv2-scFv1, scFv1, scFv3, and
scFv4 were engineered with a C-terminal His-tag to facilitate
purification via affinity chromatography.

Expression was carried out in Expi293 cells, a suspension
adapted derivative of human embryonic kidney (HEK) 293 cells
optimized for high-yield, transient protein expression (Fang et al.,
2017). This system was selected for its ability to support complex
protein folding and human-like post-translational modifications,
which are critical for antibody functionality. Transient transfection
offered a rapid and scalable platform for producing multiple
constructs under consistent conditions. Constructs were not
expressed in bacterial systems, which lack the necessary
machinery for proper glycosylation and often result in misfolded
or inactive antibody fragments (Caltag Medsystems, 2022). This
experimental setup allowed us to directly compare expression levels
and yields across different antibody formats, establishing a
foundation for downstream purification and functional analysis.

Recombinant expression in Expi293 cells resulted in variable
protein yields depending on the format of the antibody construct.
Ab1 and Ab1-scFv1 were consistently expressed at high levels, with
typical yields of approximately 4–5 mg/L of culture supernatant. In
contrast, the bispecific tandem scFv construct bi-scFv2-scFv1, which
incorporates two scFv domains in a single polypeptide chain, yielded
significantly less protein, ranging from 1–2 mg/L culture
supernatant.

Single-chain fragment variables (scFv1, scFv3, and scFv4)
showed intermediate expression levels, typically yielding 2–3 mg/
L of culture supernatant. These differences likely reflect variations in
protein folding efficiency, stability, or expression kinetics inherent to
each format. These quantitative benchmarks serve as a reference for
evaluating subsequent purification efficiency and functional activity
across antibody designs.

4.2 Purification

Recombinant protein constructs were purified using affinity
chromatography strategies tailored to their structural features.

FIGURE 2
Design of antibodies, multivalent antibodies, and antibody fragments used in this study. Schematic representation of the molecular designs of the
antibody constructs evaluated in this study, including full-length antibodies, engineered multivalent formats, and antibody fragments. The illustrations
highlight structural features relevant to binding valency, molecular configuration, and domain composition.
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Constructs containing an Fc region, such as Ab1 and Ab1-scFv1
were purified using protein G chromatography, which exploits the
high-affinity between protein G and the Fc domain. In contrast,
constructs lacking the Fc region, including bi-scFv2-scFv1, scFv1,
scFv3, and scFv4, were purified using immobilized metal affinity
chromatography (IMAC) via their engineered C-terminal His-tag.
For most constructs, a single purification step was sufficient to
obtain protein preparations of adequate purity for preclinical
research applications. However, in certain cases, additional
purification steps, such as ion exchange chromatography, were
necessary to improve purity or remove low-level contaminants.
The need for further polishing varied depending on the
specific construct.

Post-purification, standard protein handling steps were
implemented, including buffer exchange, protein concentration,
quantification by UV absorbance. These procedures ensured
consistency across samples and prepared the proteins for
downstream applications.

4.2.1 Buffer exchange and sample preparation
Following affinity purification, buffer exchange was performed

to prepare protein samples for downstream assays and improve
storage stability. Depending on sample volume and experimental
requirements, two size-based buffer exchange methods were
routinely employed: dialysis and pre-packed desalting columns.

For larger volumes or particularly sensitive constructs, dialysis
provided a gentle and effective method for removing salts and other
small molecules. Multiple buffer changes are recommended to
ensure complete buffer exchange. The volume of the dialysis
buffer should be at least 100-times the sample volume to
maintain efficient exchange, but 200–500-times is often
recommended. During the initial hours of dialysis, buffer
exchange occurs most rapidly. To optimize this process, it is
recommended to change the buffer every 2–3 h, followed by an
additional overnight exchange.

Smaller sample volumes were typically processed using pre-
packed size-exclusion columns, allowing rapid buffer exchange with
minimal sample loss. Both approaches rely on molecular weight-
based separation, ensuring retention of the target protein while
permitting the passage of small molecules.

Buffer exchange proved essential for achieving consistent
sample quality and compatibility with downstream analysis. The
choice of method was guided by construct-specific factors such as
yield, stability, and intended use, as well as practical considerations
like sample volume. Details on buffer selection and its impact on
performance are discussed in the following chapter.

4.2.2 Buffer selection and protein stability
Buffer composition can significantly influence protein stability,

particularly for constructs prone to aggregation and degradation.
Protein aggregation occurs often at low pH, during affinity
chromatography, were low pH buffers are used to elute bound
proteins. Neutralisation is then required to prevent aggregation
and preserve protein stability (Pang et al., 2023; Joshi et al., 2014).

To assess the impact of buffer conditions on thermal stability, we
compared Ab1 and Ab1-scFv1 in phosphate-buffered saline (PBS),
1:5 diluted PBS and water. As shown in Supplementary Figure S1,
both constructs exhibited similar thermal stability profiles across all

tested conditions, indicating minimal sensitivity to ionic strength or
buffer composition. These results suggest that Ab1 and Ab1-scFv1
are relatively stable proteins, tolerating a range of buffer
environments without substantial loss of thermal stability. Based
on these findings and considering the requirements for in vivo
applications, all proteins in this study were stored in PBS, which
offers physiological compatibility and minimizes adverse effects
during animal experiments.

Although more fragile proteins may require careful buffer
optimization based on properties such as isoelectric point (pI)
and pH sensitivity, the constructs evaluated here did not show
evidence of aggregation or instability under the tested conditions
(Rahban et al., 2023).

4.2.3 Protein concentration and aggregation risk
Protein concentration is a critical factor influencing aggregation,

particularly during early handling of new constructs. To minimize
risk, we generally avoid concentrating proteins, unless higher
concentrations are required for downstream applications (Pang
et al., 2023; Fields et al., 1992; Knowles et al., 2014; Dobson
et al., 1998). When necessary, concentrations are selected based
on protein format and prior experience: approximately 33 µM
(5 mg/mL) for monoclonal antibodies, approximately 5 µM
(1 mg/mL) for multivalent formats, and equivalent molar
concentrations for smaller fragments.

To assess the effect of protein concentration on biophysical
behaviour, we analysed the bivalent construct Ab1-scFv1 at four
concentrations (1, 0.5, 0.25, and 0.125 mg/mL) using DLS and
nanoDSF. As shown in Supplementary Figure S2, no significant
changes were observed in hydrodynamic size or thermal stability
across this range, indicating that Ab1-scFv1 maintains its structural
integrity and does not exhibit concentration-dependent aggregation
under these conditions.

These findings suggest that Ab1-scFv1 is biophysically stable
across a broad concentration range, supporting its use in both low-
and moderately high-concentration applications.

4.2.4 Protein quantification and UV
absorbance analysis

Protein concentrations were determined by measuring
absorbance at 280 nm (A280) using a micro spectrophotometer,
often referred to as nanodrop. At 280 nm, absorbance primarily
arises from the aromatic amino acids tryptophan (W) and Tyrosine
(Y), as well as disulfide-linked cysteine (C) residues (Edelhoch,
1967). Extinction coefficients for each constructs were calculated
based on their amino acid sequences. The extinction coefficient at
280 nm (ε280) can be determined experimentally or calculated
theoretically based on the amino acid sequence by using
bioinformatic tools, such as the ExPASy ProtParam tool (Pace
et al., 1995). Once the extinction coefficient is known, the protein
concentration (C) in solution can be calculated by using Beer-
Lambert law: A280 = ε280 x C x ι where ι corresponds to the
path length of the cuvette in centimeters (Grimsley and Pace, 2003).

In addition to concentration measurement, the UV absorbance
spectra were inspected near 230 nm to evaluate potential protein
aggregation. Elevated absorbance in this region can indicate the
presence of aggregated material (Bashir et al., 2024). None of the
construct showed unusual spectral features at 230 nm, suggesting
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that significant aggregation was not present in the purified samples
(Supplementary Figure S3).

4.2.5 Impact of sample handling on protein quality
To evaluate the effect of standard protein handling steps on sample

quality, we used DLS to assess the impact of centrifugation and freeze-
thaw cycles on aggregation behaviour in selected constructs.

Centrifugation prior to use, significantly improved sample
homogeneity. For both Ab1-scFv1 (Figure 3A) and scFv3
(Figure 3B), a 5 minute centrifugation at 10,000 x g (4 °C)
reduced the presence of high-molecular weight species. This was
reflected in a decrease in polydispersity index (PDI), indicating a
shift towardmore monodisperse populations. Based on these results,

a brief centrifugation step is recommended as part of routine protein
preparations. To ensure accurate dosing, A280 measurements
should be repeated after centrifugation, as the process can result
in concentration changes.

Freeze-thaw stability was evaluated for scFv3 (Figure 3C) and
scFv4 (Figure 3D). Both constructs showed increased aggregation
following one or more freeze-thaw cycles, as indicated by the
emergence of larger particle populations. These results
underscore the importance of minimizing freeze-thaw events,
particularly for aggregation-prone proteins (Pang et al., 2023).
Together, these findings highlight the value of simple preparatory
steps, such as centrifugation and aliquoting, in maintaining sample
quality and reducing variability in downstream experiments.

FIGURE 3
Effects of centrifugation and freeze-thaw cycles on dynamic light scattering (DLS) measurements of recombinant proteins. Particle size and
polydispersity index (PDI) measurements before and after centrifugation illustrate the impact of centrifugation on sample homogeneity for (A) Ab1-scFv1
and (B) scFv3. The effects of freeze-thaw treatment on protein stability and aggregation are shown by changes in particle size and PDI for (C) scFv3 and
(D) scFv4. All proteins were analyzed at a concentration of 1 mg/mL.
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To further reduce aggregation and degradation risks, proteins
should be stored in appropriately sized aliquots to avoid repeated
freezing and thawing. Long-term storage at −80 °C is preferred, as
proteins kept at −20 °C are more susceptible to chemical
modifications, including oxidation (e.g., methionine and cystein),
deamidation (asparagine and glutamine) and proteolytic
degradation if residual protease activity is present (Černý et al.,
2013; Powell et al., 2002; Richards, 1997). These modifications occur
more slowly or are largely suppressed at −80 °C, making it the
storage condition of choice for sensitive constructs.

4.3 Analysis of protein purity

Assessing protein purity is a critical step following purification
and is tailored to the intended downstream applications. While
minor impurities may be acceptable in some in vitro assays, higher
purity is essential for studies involving cells or animals. Particular
attention must be given to aggregates and contaminants such as
endotoxins, as these can significantly impact biological outcomes
(Malyala and Singh, 2008; Gorman and Golovanov, 2022).

4.3.1 Endotoxin levels of purified proteins
Endotoxins, primarily lipopolysaccharides (LPS) from the outer

membrane of Gram-negative bacterial sources, can trigger strong
immune responses even at low concentrations. To prevent
interference with cell-based or in vivo experiments, all expression
and purification steps should be performed under endotoxin-
minimizing conditions by using single-use, endotoxin-free plastic
consumables throughout the entire workflow.

Endotoxin levels can be assessed using the Limulus amoebocyte
lysate (LAL) test (Gorman and Golovanov, 2022). This assay is based
on the clotting reaction of amoebocyte lysate derived from the
horseshoe crab (Limunus polyphemus), which is highly sensitive
to the presence of endotoxins (Iwanaga, 2007). Endotoxin units are
reported per milligram protein (EU/mg). A commonly accepted
threshold for in vivowork inmice is <0.1 EU/µg protein (100 EU/mg
protein), stricter limits may apply depending on application.
Inclusion of LAL data ensures experimental reproducibility and
minimizes risk of immune activation (Malyala and Singh, 2008;
Jeong et al., 2025). Specific thresholds may vary depending on the
route of administration and regulatory guidelines (American
Pharmaceutical Review, 2018).

4.3.2 Determination of purity of recombinant
proteins by SDS-PAGE

To evaluate sample purity and subunit composition, all
recombinant proteins were analysed by SDS-PAGE under both
non-reducing (Figure 4A) and reducing conditions (Figure 4B).

Under non-reducing conditions, intact antibodies such as
Ab1 migrated as expected, with limited evidence of degradation
products or multimers. The fusion construct Ab1-scFv1 showed a
similar migration pattern. Under reducing conditions,
Ab1 separated into heavy and light chains, while Ab1-scFv1
displayed co-migrating heavy and light chains due to the
increased molecular weight of the fused scFv domain. This
resulted in both chains appearing at nearly identical positions in
the gel, consistent with their design.

This shift in migration highlights the importance of reducing
disulfide bonds, particularly in antibodies, where covalent disulfide
bridges stabilize quaternary structure and link heavy and light chains
(McAuley et al., 2008; Fass and Thorpe, 2018; Trivedi et al., 2009).
Reducing agents such as DTT, β-mercaptoethanol, or tris(2-
carboxyethyl) phosphine (TCEP) are used to disrupt these bonds
and resolve individual subunits during SDS-PAGE (Han and
Han, 1994).

Single-chain fragments (scFv1, scFv3, and scFv4) also showed
expected migration patterns under both reducing and non-reducing
conditions (Figures 4A,B). Notably, for scFv1, a minor high-
molecular weight species observed under non-reducing
conditions was no longer present under reducing conditions,
suggesting the presence of disulfide-linked multimers.

While SDS-PAGE provided a general overview of purity and
molecular weight, it may underestimate the presence of very large
aggregates or very small contaminants due to gel resolution limits
(Gallagher, 1999). Therefore, complementary analyses (such as mass
photometry, DLS and SEC) were used for a more complete
characterization.

4.4 Protein identification and confirmation

To confirm the identity of the expressed proteins and validate
SDS-PAGE results, both mass spectrometry (MS) or antibody-
specific detection with Western blot can be employed (Pillai-
Kastoori et al., 2020; Mahmood and Yang, 2012).

MS enables unambiguous identification of the target proteins
using only small amount of sample and is well suited for identifying
small proteins and peptides making it a powerful tool for
comprehensive analysis (Szabo and Janaky, 2015).

Figures 4C,D show Western blotting results with both anti-IgG
and anti-His antibodies, which confirmed the presence of the target
recombinant proteins under both non-reducing and reducing
conditions. Notably, additional higher molecular weight bands
were observed for scFv3 and scFv4 under non reducing
conditions (Figure 4D), suggesting the formation of multimeric
species not detectable by SDS-PAGE alone (Figure 4A). These
findings highlight the importance of orthogonal detection
methods for accurate protein characterization, particularly in
cases where protein multimerization may affect function or
interpretation of experimental results.

4.4.1 Quantification of protein purity using
densitometry

To assess purity of recombinant protein preparations,
densitometric analysis of Coomassie-stained SDS-PAGE gels
(Figure 4A) was performed using ImageJ. Band intensities were
quantified, and the proportion of the target protein relative to the
total lane intensity was calculated to estimate sample purity (Figure 5).

Most recombinant proteins displayed high purity, with the
dominant band corresponding to the expected molecular weight.
In contrast, scFv1 exhibited a more heterogeneous band pattern,
including prominent lower molecular weight species. This suggests
the expression of truncated variants. Such heterogeneity may impact
downstream applications and highlights the importance of purity
assessment beyond visual inspection.
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While SDS-PAGE provides a comprehensive view of total
protein content, similar densitometric analysis can also be
performed on Western blot images. This can be useful for
comparing expression levels, detection of degradation products or
multimerization of the recombinant proteins (Alonso Villela et al.,
2020). However, this is limited to proteins being recognized by the
antibody and may not reveal non-target impurities, making SDS-
PAGE the preferred method for estimating overall sample purity.

This semi-quantitative approach enables reliable comparison of
protein quality across different constructs and purification batches,
offering insight into the consistency and integrity of recombinant
protein preparations.

4.5 Analysis of protein thermal stability

Thermal unfolding profiles obtained by nano differential
scanning fluorimetry (nanoDSF) not only reflect overall protein

stability but also provide insights into unfolding cooperativity and
inter-domain interactions within fusion proteins. In multi-domain
proteins, several distinct unfolding patterns can occur: (1)
independent domain unfolding, where separate transitions
suggest minimal interaction between domains; (2) cooperative
unfolding with a single intermediate transition, indicating
potential stabilization or destabilization effects between domains;
(3) global destabilization, where a single low-temperature transition
implies steric interference or misfolding due to domain fusion; and
(4) irregular, broad transitions that may indicate partial misfolding
or aggregation, especially when accompanied by increased light
scattering. These unfolding behaviours can be influenced by
factors such as linker composition, domain orientation,
tryptophan distribution, and domain folding dependencies (Wen
et al., 2020; Hamuro et al., 2021; Kim et al., 2021).

To assess the thermal stability and domain behaviour of the
recombinant proteins, nanoDSF was performed using the
Prometheus Panta platform (NanoTemper Technologies). This

FIGURE 4
Design and purity of antibodies, multivalent antibodies, and antibody fragments used in this study. (A) SDS-PAGE analysis under non-reducing
conditions, preserving disulfide bonds and allowing detection of intact antibody complexes. (B) SDS-PAGE under reducing conditions using DTT to break
disulfide bonds, enabling separation and visualization of individual antibody chains. (C) Western blot analysis using an anti-IgG antibody to detect IgG-
based antibody constructs and fragments. (D) Western blot analysis using an anti-His-tag antibody to detect His-tagged recombinant proteins.
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method monitors changes in the intrinsic fluorescence of aromatic
amino acids (tryptophan and tyrosine) during a controlled temperature
ramp, allowing detection of unfolding transitions through inflection
temperature (Ti) in the fluorescence ratio derivative (Temel et al., 2016;
Llowarch et al., 2023). Thermal unfolding profiles were recorded

between 30 °C–95 °C. As shown in Figure 6A, the fusion construct
Ab1-scFv1 displays two distinct unfolding transitions at 66 °C and
79 °C. These match the Ti values of its individual components, scFv1
(66 °C) and Ab1 (79 °C), indicating that both domains unfold
independently within the fusion construct.

FIGURE 5
Densitometric analysis of recombinant protein purity using ImageJ. Band intensities from SDS-PAGE gels were quantified using ImageJ to evaluate
the purity of the recombinant proteins. Background subtraction was applied to all measurements. Purity was calculated as a percentage (%) of the total
lane intensity, and the calculated purity value is shown for each protein. Corresponding schematic representations of the protein constructs are included
alongside the densitometry results.

FIGURE 6
Thermal stability analysis of recombinant proteins using nano differential scanning fluorimetry (nanoDSF). Thermal unfolding profiles were obtained
using a Prometheus Panta instrument (NanoTemper Technologies). Protein samples (2 μM) were loaded into glass capillaries and subjected to a linear
temperature gradient from 30 °C to 95 °C. (A) First derivative of the thermal unfolding curves and corresponding inflection temperatures (Ti) for Ab1
(79 °C), Ab1-scFv1 (66 °C and 79 °C), and scFv1 (67 °C). (B) First derivative curves and Ti values for bi-scFv2-scFv1 (67 °C), scFv1 (67 °C), scFv3 (72 °C and
84 °C), and scFv4 (71 °C and 84 °C).
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Similarly, scFv3 and scFv4 (Figure 6B), showed two Ti’s at
approximetely 72 °C and 84 °C (Figure 6B), indicating the
presence of two thermally distinct structural regions or domain-
like behaviour. In contrast, scFv1 and bi-scFv2-scFv1 (Figure 6B)
displayed single sharp transitions, consistent with cooperative
unfolding of a single domain.

These results demonstrate varying thermal stability profiles
across the constructs, with multi-domain proteins showing
discrete, indepentently unfolding regions. Importantly, all
constructs remained stable well above physiological temperature
(37 °C), supporting their suitability for therapeutic or diagnostic
applications.

4.6 Multimerization and aggregation status
of proteins

Protein multimerization and aggregation are distinct but often
overlapping phenomena that can significantly affect experimental
outcomes and protein functionality. Multimerization refers to the
non-covalent assembly of functional protein complexes, whereas
aggregation typically involves non-specific, often irreversible
clustering of misfolded or partially folded proteins. Both can alter
binding characteristics, particularly through avidity effects; and in
therapeutic applications, they may trigger undesired immune
reactions (Ratanji et al., 2014; Pang et al., 2023).

Determining whether a protein exists as a monomer, multimer or
aggregate in solution is essential, as convential methods like SDS-PAGE
may fail to capture multimeric statues due to dissociation under
denaturing conditions (Gallagher, 1999). Therefore, orthogonal
solution-based methods are required to accurately characterize the
oligomeric state and aggregation behaviour of proteins.

In this study we employed three complementary biophysical
techniques, mass photometry, dynamic light scattering (DLS), and
size exclusion chromatography (SEC), to assess the multimerization
and aggregation states of the recombinant proteins under native
conditions. These analyses provide insights into sample
homogeneity, particle size distribution, and potential multimer
formation that may not be apparent from gel-based methods alone.

4.6.1 Analysis of multimerization and aggregation
status of protein by mass photometry

Mass photometry enables label-free analysis of proteins in
solution by measuring light scattering from individual molecules
as they interact with a glass surface (Wu and Piszczek, 2021a; Wu
and Piszczek, 2021b; Young et al., 2018). Molecular masses are
determined by comparing the scattering signal to calibrated
standards (Schiller, 2021; Soltermann et al., 2020).

Due to the instrument’s sensitivity threshold, typically around
40–50 kDa, only the larger recombinant proteins Ab1 and Ab1-
scFv1 were suitable for analysis. As shown in Figure 7, Ab1-scFv1
displayed a primary peak corresponding to the expected monomeric
form, along with a minor population (approximately 2%) consistent
with dimeric species. In contrast Ab1 appeared exclusively
monomeric under the same conditions.

These findings suggest that fusion of scFv1 to Ab1 slightly increases
the tendency for multimerization, possibly due to conformational
changes introduced by the fusion. While the proportion of dimers is

low, such multimeric species could still influence binding activity or
downstream performance in sensitive applications.

4.6.2 Analysis of multimerization and aggregation
status using dynamic light scattering

To assess particle size distribution and sample heterogeneity,
dynamic light scattering (DLS) was performed using intensity-
weighted measurements, which emphasizes larger species and is
best suited for identifying the presence of aggregates and multimeric
species (Figures 8A,B). DLSmeasures the hydrodynamic diameter of
particles or molecules by analyzing the fluctuations in scattered light
caused by their Brownian motion in solution (Maguire et al., 2018).
Other distribution types exist, such as volume-weighted (which
offers a more balanced view for formulation studies) and
number-weighted size (which highlights smaller particles). From
this data, hydrodynamic diameter and polydispersity index (PDI)
can be calculated to evaluate the monodispersity of each sample
(Stetefeld et al., 2016).

Ab1 and Ab1-scFv1 both showed monodisperse profiles with
low PDI values (14.9% and 7.1%, respectively), indicating
predominantly uniform populations in solution (Figure 8A). The
slight increase in hydrodynamic diameter from 11.7 nm (Ab1) to
13.7 nm (Ab1-scFv1) reflects the expected size change upon fusion
with an scFv domain (Nguyen et al., 2025). The bi-scFv2-
scFv1 construct exhibited a diameter of approximately 10.2 nm
(Figure 8A), similar to the antibody formats. This suggests an
extended, non-globular conformation. However, its high PDI
(above 20%) indicates a heterogenous mixture, possibly due to
conformational variability or multimerization.

The scFv variants (scFv1, scFv3, scFv4) displayed smaller
hydrodynamic diameters (approximately 7 nm). For comparison,
monomeric bovine serum albumin (BSA), a well-characterized
globular reference protein with known diameter of approximately
7 nm was included (Stetefeld et al., 2016) (Figure 8B). Despite their
smaller molecular weight (32 kDa), the scFv exhibited similar
diameters to BSA, suggesting that DLS, which assumes spherical
particles, may overestimate the size of elongated or asymmetric
molecules. Structural models further support this, showing that
multiple scFv molecules could theoretically fit within the volume
occupied by a BSA-sized particle (Figure 8C).

Importantly, all scFv variants exhibited relatively high
polydispersity index (PDI) values (21.8%–28.8%), indicating a
heterogeneous population likely resulting from multimerization
or aggregation. This is further supported by the appearance of a
secondary peak around 100 nm in their size distributions, indicative
of larger species not present in Ab1, Ab1-scFv1 or BSA.

In summary, Ab1, Ab1-scFv1, and BSA were predominantly
monodisperse, while the scFv variants and bi-scFv2-scFv1 showed
higher polydispersity and signs of multimerization and aggregation.

4.6.3 Analysis of oligomeric state using size
exclusion chromatography

SECwas used as a third, orthogonalmethod to assess the oligomeric
state and aggregation behaviour of the recombinant proteins. SEC
separates proteins based on their hydrodynamic volume, allowing for
the identification of monomers, dimers, and higher-order oligomers
under native, non-denaturing conditions (Fekete et al., 2014; Folta-
Stogniew et al., 2006). Unlike SDS-PAGE, which can disrupt non-
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covalent interactions, SEC provides a more accurate representation of
native multimeric states in solution, even though detection for IgG
formats is often limited to dimers and oligomers as traces of large
aggregates are often not detected (Ahrer et al., 2003).

As shown in Figure 9A, both Ab1 and Ab1-scFv1 eluted as single,
symmetrical peaks corresponding to their expected molecular weights,
with no detectable high-molecular weight species. This indicates that
these full-length antibody constructs are predominantly monomeric
and structurally homogenous in solution.

In contrast, bi-scFv2-scFv1, scFv1, and scFv3 (Figure 9B)
showed additional earlier-eluting peaks, consistent with the
presence of higher-order species or aggregates. Furthermore,
deviations between the expected and apparent molecular weights
suggest non-globular or self-associated conformations. These
findings align with the DLS data and support the conclusion that
smaller fragments are more prone to multimerization and
aggregation, likely due to their exposed interaction surfaces or
conformational flexibility.

4.7 Additional methods for protein
characterization

4.7.1 Is the protein refoldable?
The ability of a protein to refold after thermal denaturation

provides insights into its folding autonomy and structural resilience.

This characteristic is often seen in single-domain proteins, while
multi-domain proteins typically require cellular chaperones to fold
correctly. In vitro, the absence of such support can lead to misfolding
or aggregation, especially upon thermal stress.

A simple way to assess refolding capacity, is thermal cycling
using nanoDSF. Proteins are heated to 95 °C to induce unfolding,
cooled to room temperature and then re-analysed. If the post-
heating unfolding profile resembles the original (pre-heating)
profile, it suggests successful refolding. Conversely, a flat or
altered profile indicates loss of native structure (not shown).

While structural characterisation is essential for understanding
protein function, stability, and interactions, high-resolution
techniques such as X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy were not used due to their
technical and material demands. Instead, we employed circular
dichroism (CD) spectroscopy as a rapid and accessible method to
assess secondary structure and thermal stability (Greenfield, 2015;
Kelly et al., 2005; Chemes et al., 2012).

4.7.1.1 Analysis of structure using circular dichroism
CD spectroscopy provides information on a-helices, ß-sheets, or

disordered content by measuring the differential absorbance of
right- and left-circularly polarized light by chiral molecules (Kelly
et al., 2005; Rodger and Marshall, 2021). CD spectroscopy is
particularly informative for fusion proteins, as it reveals both
secondary structure content and thermal unfolding behaviour,

FIGURE 7
Mass photometry analysis of recombinant protein purity using the Refeyn instrument. Mass photometry was used to assess the purity andmolecular
mass of larger recombinant proteins, Ab1 and Ab1-scFv1. This technique measures light scattering signals generated when individual molecules interact
with a glass surface, with signal intensity correlating directly to molecular mass. Due to detection limits (typically >30-40 kDa), only Ab1 and Ab1-scFv1
were analyzed. Schematic representations of the respective protein constructs are shown alongside the data. Protein purity was assessed using two
commercial IgG calibrants: one as a monomer standard, and one containing both monomer and dimer species. Symmetrical peaks mirrored around
0 kDa represent typical artifacts of mass photometry (e.g., buffer or surface-related signals) and were excluded from analysis.
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which can uncover inter-domain interactions. Key interpretive
features include: (1) multi-phase unfolding curves, suggesting
independently folding domains; (2) single cooperative transitions,
indicating coupled domain behaviour; (3) shifted melting
temperatures compared to individual domains, reflecting
stabilizing or destabilizing inter-domain interactions; (4) altered
secondary structure spectra, suggesting conformational changes due
to fusion; and (5) irreversible folding or poor signal recovery,
indicating aggregation or misfolding (Martin and Schilstra, 2008;
Atsavapranee et al., 2021; Budyak et al., 2024; Trolese et al., 2025).

CD-spectra were recorded between 200–260 nm for Ab1, Ab1-
scFv1, and scFv1 to identify characteristic wavelengths suitable for
thermal unfolding (Tmelt) analysis: 217 nm (Ab1), 215 nm (Ab1-
scFv1), and 218 nm (scFv1) (Figure 10A). The spectral profiles of
Ab1 and Ab1-scFv1 were consistent with predominantly ß-sheet
structures, as expected for antibodies. This aligns with known
secondary structure characteristics of immunoglobulin domains
(Charles et al., 2001). Notably, Ab1-scFv1 exhibited an additional
structural feature around 230 nm, potentially indicating a
conformational change or additional secondary structure
introduced by the scFv fusion.

Tmelt profiles revealed that Ab1 and Ab1-scFv1 maintained
comparable thermal stability, whereas scFv1 alone showed a
relatively flat profile, suggesting either a lack of defined
secondary structure or a pre-existing unfolded or aggregated state
under the tested conditions (Figure 10B).

To evaluate structural recovery, CD spectra were recorded post-
Tmelt. scFv1 partially regained to its original spectrum, indicating
partial refolding and partial restoration of structural integrity. In
contrast, both Ab1 and Ab1-scFv1 displayed markedly altered post-
heating spectra (Figure 10C), indicating an inability to refold under
the tested conditions. These results are consistent with the
expectations that multi-domain proteins are generally less
capable of autonomous refolding in the absence of
cellular machinery.

4.7.1.2 Small-angle X-ray scattering (SAXS) to analyse
structural properties

To investigate the overall shape and conformational properties
of antibodies and their engineered constructs in solution, we
employed small-angle X-ray scattering (SAXS), a powerful
technique for low-resolution structural analysis of
macromolecules in solution (König et al., 2017; Jacques and
Trewhella, 2010; Tian et al., 2014).

Molecular weight estimation based on extrapolated forward
scattering intensity [I(0)], calculated using the program RAW,
confirmed that Ab1, Ab1-scFv1, bi-scFv2-scFv1, and scFv1 were
consistent with their theoretical molecular weights derived from
their primary sequences, supporting sample integrity and validating
the SAXS measurements (Figure 11A).

To further analyse the size and shape of the proteins in solution,
pair distance distribution functions (P(r)) were generated for Ab1,

FIGURE 8
Dynamic light scattering (DLS) analysis of recombinant proteins. Recombinant proteins were analyzed at 2 μM concentration using DLS to assess
particle size distribution and aggregation behavior. (A) DLS profiles for Ab1, Ab1-scFv1, bi-scFv2-scFv1, and scFv1. (B) DLS profiles for scFv1, scFv3, scFv4,
and bovine serum albumin (BSA) monomer as a reference. Schematic representations of each protein are included in the graphs. Particle diameter (nm)
was determined using an intensity-weighted model, with values summarized in a table below the graphs. The polydispersity index (PDI) was
calculated for each sample as a measure of sample heterogeneity. Ab1, Ab1-scFv1, and BSAmonomer exhibited low PDI values, indicating predominantly
monodisperse or slightly multidisperse populations. In contrast, the antibody fragments (bi-scFv2-scFv1, scFv1, scFv3, and scFv4) showed higher PDI
values and an additional particle size peak around 100 nm (not included in the table), suggesting aggregation or multimerization. (C) PyMOL visualization
comparing the AlphaFold2-predicted structure of scFv1 with the crystal structure of BSA monomer (PDB ID: 3V03). This highlights that DLS estimates
hydrodynamic diameter based on diffusion of idealized spherical particles; thus, similar particle sizes may not directly reflect similar molecular weights.
The apparent similarity in particle diameter between scFv1 and BSAmonomer suggests potential dimerization of scFv1, as indicated within the highlighted
“yellow ring” region.
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Ab1-scFv1, bi-scFv2-scFv1, and scFv1 using the Fourier
transformation of the SAXS data (Figure 11B). The P(r) function
describes the distribution of intra-particle distances and provides
insights into the molecule’s overall shape and internal structural
organisation. From the P(r) curves, both the maximum particle
dimension (Dmax) and the radius of gyration (Rg) were derived. Rg
reflects the average mass distribution from the centre of the particle,
while Dmax represents the longest distance between two points
within the molecule, offering a complementary, model-independent
size estimate. SAXS quality metrics including Guinier range analysis,
X2-values (statistical fit) and Kratky plots are summarised in
Supplementary Figure S4.

Broader P(r) curves, as observed for Ab1 and Ab1-scFv1
(Figure 11B), indicate an extended or flexible conformation,
typical for full-length antibodies. In contrast, the narrower curves
for scFv1 and bi-scFv2-scFv1 are consistent with more compact
structures, although the bispecific construct still shows an elongated
profile due to its engineered design.

To investigate the structural features of the antibody constructs
and evaluate their conformational similarities to known or predicted
reference structures, SAXS-based models were generated and
overlaid with reference crystal structures or AlphaFold 2-
predicted models. In Figure 11C, the SAXS-derived model of
scFv1 (forest green) is compared with the AlphaFold 2-predicted
structure of scFv1 (light green), used here as a reference scFv. The
SAXS envelope accommodates two scFv-like domains, suggesting
that scFv1 exists as a dimer in solution. The SAXS-based model of
the bi-scFv2-scFv1 (blue, Figure 11D) also supports a dimeric state,

with an extended conformation consistent with its dual-domain
architecture.

For the full-length antibody Ab1, the SAXS-derived model
(magenta, Figure 11E) was aligned with the crystal structure of
mouse IgG2a (PDB ID: 1igt, pink). The comparison confirms the
expected Y-shaped structure, with some deviations likely
attributable to hinge region flexibility and SAXS capturing
conformational variability in solution. The model of Ab1-scFv1
(grey, Figure 11F) maintains the core antibody shape but shows an
additional density extending from each Fab arm, consistent with the
fused scFv1 domain. This suggests that the scFv is structurally
integrated into the antibody yet retains a degree of spatially
flexibility, typical for fusion proteins.

Finally, Figure 11G presents an integrated overlay of the SAXS-
derived models of Ab1-scFv1 (grey) with IgG2a (pink), along with
the AlphaFold 2-predicted structure of scFv1 (light green). This
composite view highlights the relative dimensions, domain
orientations, and the impact of scFv fusion on the overall
structure and spatial organisation of the constructs.

4.8 Visualization of proteins

Electron microscopy (EM) enables the direct visualization of
large protein molecules, providing insight into their overall shape
and structural contours. While EM lacks atomic-level resolution,
unless advanced methods such as cryo-electron microscopy (cryo-
EM) are employed, it remains a valuable tool for obtaining low-

FIGURE 9
Size exclusion chromatography (SEC) analysis of recombinant proteins. Recombinant proteinswere analyzed by SEC to assessmolecular weight and
sample homogeneity. (A) SEC profiles of Ab1 and Ab1-scFv1. (B) SEC profiles of bi-scFv2-scFv1, scFv1, and scFv3. Each sample (50 μg) was run on a
Superdex 200 Increase 10/300 GL column (Cytiva), and retention times were compared to a molecular weight calibrant. Both the theoretical and SEC-
determined molecular weights are summarized in a table below the chromatograms. Ab1 and Ab1-scFv1 eluted as single, symmetric peaks
consistent with their expected monomeric forms and showed no evidence of aggregation or multimerization. In contrast, the antibody fragments, bi-
scFv2-scFv1, scFv1, and scFv3, displayed signs of aggregation and higher-order multimer formation. The SEC profile of scFv3, in particular, revealed a
broad and asymmetric peak, indicating the presence of heterogeneous species with a range of molecular weights.
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resolution structural information about macromolecular complexes
(Jay et al., 2018; Zhang et al., 2015).

Figure 12A presents representative electron micrographs of
Ab1 and Ab1-scFv1, while Figure 12B shows a semi-quantitative
analysis of particle area measured based on ImageJ
measurements. The data indicate no significant difference in
particle size between Ab1 and Ab1-scFv1, suggesting that the
addition of the scFv does not substantially alter the overall
morphology and dimension of the antibody at the resolution
accessible by EM.

Additionally, electron micrographs can be useful for identifying
protein aggregation, which typically appears as irregular, dense, or
clustered structures (Kumar et al., 2020). An example of such an
aggregate is marked with a yellow asterisk in Figure 12A. However,

aggregation was not observed as a general issue for the antibody
samples analysed with this method.

4.9 Summary of analytical methods

To consolidate the analytical strategies used throughout this
study, Table 1 presents a comparative summary of all experimental
methods employed. This overview highlights the key advantages
associated with each method, such as effectiveness and applicability
in specific contexts.

Additionally, the table outlines the strengths and limitations of each
technique, such as sensitivity, throughput, and applicability to complex
samples, alongside with potential challenges, including resolution limits

FIGURE 10
Circular dichroism (CD) analysis of the secondary structure and thermal stability of recombinant proteins. CD spectroscopy was performed on Ab1,
Ab1-scFv1, and scFv1 at a concentration of 2 μM to assess secondary structure and thermal folding behavior. Schematic representations of each protein
are included in the graphs. (A) CD spectra recorded at 25 °C from 200–260 nm revealed the characteristic secondary structure of each protein. The
wavelengths corresponding to structural minima were identified as 217 nm for Ab1, 215 nm for Ab1-scFv1, and 218 nm for scFv1. (B) Melting
temperature (Tmelt) analysis was conducted by monitoring the change in ellipticity at the respective wavelengths (217, 215, and 218 nm) during a linear
temperature increase, allowing assessment of protein thermal stability. (C) A second CD spectrum was recorded at 25 °C after the Tmelt analysis to
evaluate potential changes or loss in secondary structure due to thermal unfolding and refolding.
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or dependency on specific protein properties. This balanced comparison
is intended to guide future research and practical implementation.

5 Discussion

This study aimed to compare commonly used analytical
methods for early-stage assessment of antibodies and antibody-

derived constructs. Rather than proposing a single workflow, we
evaluated how different orthogonal methods, based on distinct
physiochemical principles, can be combined to assess key quality
attributes such as purity, folding, stability, multimerization and
aggregation status (Simon et al., 2023). By highlighting the
strengths and limitation of each method, we provide a practical
perspective on how to build a robust analytical strategy using
accessible tools.

FIGURE 11
Small-angle X-ray scattering (SAXS) analysis of recombinant protein structure in solution. SAXS was employed to investigate the overall shape, size,
and conformation of the recombinant proteins in solution. Schematic representations of the protein constructs are shown in the figure. (A) Molecular
weight estimation based on SAXS data, performed using the software RAW. (B) Pair distance distribution function P(r) plots for Ab1, Ab1-scFv1, bi-scFv2-
scFv1, and scFv1, derived via indirect Fourier transformation of the scattering curves. These plots provide insights into the overall shape and
maximum particle dimension (Dmax). (C) SAXS-derived model of scFv1 (forest green), shown alongside the AlphaFold2-predicted structure (light green).
(D) SAXS-generated model of bi-scFv2-scFv1 (blue). (E) SAXS model of Ab1 (magenta) overlaid with the crystal structure of IgG2a (PDB ID: 1igt, pink). (F)
SAXS model of Ab1-scFv1 (grey). (G) Structural overlay comparing IgG2a (PDB ID: 1igt, pink), SAXS-derived Ab1-scFv1 model (grey), and the AlphaFold2-
predicted structure of scFv1 (light green), highlighting differences in size, domain orientation, and overall conformation.
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Our results demonstrated that the full-length antibodies
Ab1 and Ab1-scFv1 maintain predominantly monomeric states
and exhibit high thermal and structural stability, as confirmed by
mass photometry, DLS, SEC, and nanoDSF analysis. The slight
increase in hydrodynamic size and altered unfolding profiles
upon scFv fusion highlight subtle conformational changes,
while retaining favourable stability characteristics. Notably,
mass photometry detected a low-abundance dimer population
(approximately 2%) for Ab1-scFv1 that was not observed with
other methods, highlighting its sensitivity in identifying minor
oligomeric species. Conversely, the smaller scFv fragments,
including bi-scFv2-scFv1, showed a propensity for
multimerization and aggregation, as reflected by higher
polydispersity indices in DLS and earlier elution peaks in SEC.
This highlights that antibody fragments and fusion proteins
require careful characterization, as they may behave differently
from full-length antibodies, in terms of folding, stability, self-
association, and solubility.

Structural analysis using SAXS offered crucial insights into the
conformational properties of the proteins in solution. The data
confirmed extended, flexible structures in full-length antibodies and
supported the spatial integration of fused scFv domains, albeit with
some conformational flexibility. While SAXS may not be suitable for
routine analysis, it provides valuable insights into the solution
conformations of engineered antibody formats and can help

assess structural compatibility in fusion proteins. This is
especially important when assessing novel constructs where
traditional high-resolution methods may not be feasible.

A multi-method analytical strategy builds confidence in the
quality of antibody-based constructs, supporting reliable
applications in both preclinical and translational studies. For
example, by comparing results across SDS-PAGE, DLS, SEC, and
SAXS, protein homogeneity and subtle aggregation tendencies could
be more accurately assessed than by a single method alone (Temel
et al., 2016; Alhazmi and Albratty, 2023). CD is particularly useful
when intrinsic fluorescence is insufficient or when probing
structural integrity beyond thermal stability, such as secondary
structure content or conformational changes missed by nanoDSF
(Atsavapranee et al., 2021).

Despite their value, routine use of SAXS and CD may be
constrained by accessibility and technical requirements. More
accessible alternatives include thermal shift assays and DLS,
which provide information on thermal stability as well as particle
size and oligomeric state in solution. Although these techniques lack
the resolution of SAXS or CD, they are highly suitable for early-stage
screening and routine assessment in pre-clinical research and
industrial settings.

For in vivo applications, specific biophysical and biochemical
quality thresholds help guide the selection and optimization. Purity
and homogeneity should be evident in well-defined SDS-PAGE and

FIGURE 12
Transmission electron microscopy (TEM) visualization of antibody morphology. (A) TEM images of Ab1 and Ab1-scFv1 at 0.5 mg/mL (Ab1 = 3.3 μM;
Ab1-scFv1 = 2.4 μM) reveal morphological features of the antibodies. The blue asterisks mark representative artifacts (circular white spots) attributed to
buffer components in the preparation protocol, while yellow asterisks indicate antibody aggregates formed by clustering of multiple antibodymolecules.
Scale bar = 100 nm. Insets provide zoomed-in views for detailed observation of antibody structure. (B)Quantification of antibody particle area was
performed on n = 40 particles per sample using ImageJ, with results summarized in the accompanying graph.
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TABLE 1 Summary of analytical methods highlighting sample requirements, resolution, data presentation, throughput, advantages and limitations.

Method Purpose Method
description

Sample
requirements

Resolution Data presentation Through-put Advantages Limitations

SDS PAGE Protein purity
Molecular weight

Gel electro-phoresis
technique to separate
proteins based on their
molecular weight

Soluble protein samples
denatured with SDS
Few µg protein
Optional reducing agents
(e.g., DTT), boiling

~1–2 kDa resolution for
proteins

1D gel image with protein
bands indicating molecular
weight

High
Multiple samples can be
run simul-taneously

Simple and cost-
effective
High repro-ducibility
Quantifiable Relatively
fast (1–3 hours)

Requires standards or
detection for MW
Lower size limit
approx. 5 kDa
No spatial or
structural info
Not suitable for intact
complexes

Mass spectrometry Protein identity
Amino acid
sequence (tandem
MS)
Post-translation
modifications

Ionizes molecules and
separates them based on
their mass-to-charge ratio
(m/z)

Pure or complex
biological samples
(peptides, proteins)
Minimal salt pg–ng range

High mass accuracy (up
to 0.001 Da)

Mass spectra (m/z vs.
intensity) peptide maps
identification lists post-
translational modifications

Medium to high
Modern instru-ments
can process dozens to
hundreds of
samples/day

Highly sensitive
Precise molecular
identification
Suitable for complex
mixtures
Low sample
concentration and
volume required

Requires expensive
equipment and
expertise
Sample preparation
critical
Quantification can be
complex
Reliable for smaller
proteins (<40 kDa)

Western blot Protein identity
Degradation
products
Post-translation
modifications

Detect specific proteins in
a sample through
antibody binding after gel
electro-phoresis

Few µg protein
Requires specific
detection antibody

Moderate (depends on
antibody specificity)

Bands on membrane
Qualitative / semi
quantitative with
densitometry

Moderate Highly specific
Low cost
Compatible with
complex mixtures

Needs good
antibodies
No structural
information
Semi-quantitative
only

nanoDSF Thermal stability
Aggregation onset

Label-free technique that
measures protein stability
→ detecting changes in
intrinsic tryptophan
fluorescence during
thermal unfolding

Few µL approx. 10 µL
Works at low
concentrations

Low – transitions
tempera-ture curves
unfolding curves

Unfolding curves
Inflection points

High Label-free
Quick and easy
Works in many buffers
Low sample volume
required

Tryptophan &
tyrosine are needed
in sequence
No molecular weight
information
No shape / structure
information

Mass photometry Multi-merisation
Aggregation
Molecular weight

Label-free technique that
measures the mass of
single molecules in
solution → detecting light
scattering as they land on
a glass surface

pM – nM range approx.
10 µL
Protein size >40–50 kDa

2% mass accuracy
for >40 kDa

Histogram of molecular
mass distribution

Medium Low sample
concentration and
volume required
Fast method
Label-free

Does not work with
small proteins
(<40–50 kDa)
Sensitive to buffer
composition

Dynamic light scat-
tering (DLS)

Multi-merisation
Aggregation
Particle diameter
Poly-dispersity
index (PDI)

To determine the size
distribution of particles or
proteins in solution →
measuring fluctuations in
scattered light caused by
their Brownian motion

Low volume
Low concentration
possible

Poor 20%–30% Size distribution plots
(intensity/volume)

High Low sample volume
required
Quick and easy

Cannot resolve
heterogenous
mixtures
No structural details
Only hydrodynamic
radius
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TABLE 1 (Continued) Summary of analytical methods highlighting sample requirements, resolution, data presentation, throughput, advantages and limitations.

Method Purpose Method
description

Sample
requirements

Resolution Data presentation Through-put Advantages Limitations

Size exclusion
chromatography
(SEC)

Multi-merisation
Aggregation
Molecular weight

Separates molecules based
on their size as they pass
through a porous column
matrix

Approx. 50 µg protein Medium (operation-
based resolution)

Elution profile Medium Good for quantifying
multimers
Often established in lab

Requires standards or
detection for MW
Diluted sample
Only hydrodynamic
radius

Size exclusion
chromatography
Multi angle
Light
scattering (SEC-
MALS)

Molar mass
Size
Oligomeric state
Aggregation

Molecules separated by
SEC, then analysed by
MALS detector

Approx. 100 µL
0.5–10 mg/mL protein

Moderate
Limited by SEC
resolution

Molar mass vs. elution
volume
Chromato-grams
Radius of gyration (Rg)

Medium Absolute molar mass
Detects aggregates

Limited by SEC
resolution
Potential interactions
with column matrix
Dilution effects

Analytical
ultracentrifugation
(AUC)

Molecular weight
Shape
Heterogeneity

Sedimentation in strong
centrifugal field

Approx. 400 µL
0.1–1 mg/mL protein
Highly pure

High Sedimentation coefficient
distribution
Molar mass distribution

Low
6-24 hours

No column artefacts
High resolution

Long experimental
time
Expertise for data
analysis
Expensive
instrumen-tation

Circular
dichroism (CD)

Secondary
structure
Folding transitions

Secondary structure of
proteins → measuring
their differential
absorption of left- and
right-circularly polarized
light

Approx. 0.2–1 mg/mL
200–500 µL

Low Spectra 190–250 nm
Melting temperature
(Tmelt) curves

Medium Ideal for folding studies
Useful when intrinsic
fluorescence is
insufficient

Limited structure
resolution
Requires pure buffer
Time consuming

Small-angle X-ray
scattering (SAXS)

Size and shape
Molecular weight
Confirmational
variability

Provides information
about the size, shape, and
structure of molecules in
solution → measuring the
scattering of X-rays at
small angles

Soluble macro-molecules
(proteins, complexes)
Approx. 0.1–10 mg/mL
Monodisperse preferred

Low Scattering curves
Pair distribution

Low Structural information
in solution
Detects flexibility

Time consuming
analysis
Requires high-quality
samples
Expensive

Electron microscopy Visualization of
molecules
Detection of
aggregates

High-resolution imaging
technique → uses a beam
of electrons transmitted
through a thin sample to
visualize its ultra-structure
at high resolution

Must be fixed and stained
(e.g., with heavy metals)

Nanometer to a few
Ångströms

High-resolution grayscale
images of ultrastructure or
particles

Low to medium
Preparation and
imaging are time-
intensive (hours to days
per sample)

Suitable for nanoscale
morphology and particle
size analysis

Expensive and
complex
Low throughput
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profiles. Endotoxin levels must be controlled, with <0.1 EU/µg
typically required for mouse studies (Malyala and Singh, 2008;
Jeong et al., 2025; American Pharmaceutical Review, 2018;
ichorbio, 2022). DLS should indicate low PDI, ideally <20%,
values between 20% and 30% may be tolerable, but values >30%
usually indicates problematic aggregation or heterogeneity
(ichorbio, 2022). For antibody-based applications, the minimal
acceptable melting temperature of therapeutic antibodies is
typically in the range of 45 °C to 50 °C, considering the
physiological temperature of 37 °C (Stevens, 2011). CD and
nanoDSF can reveal unfolding behaviour; cooperative unfolding
transitions often indicate well-folded, stable proteins, while baseline
drift or multiple unfolding events suggest structural instability or
domain interactions. Poor signal recovery after thermal
denaturation may indicate misfolding or aggregation, which
could impact in vivo performance.

In addition to ensuring biochemical and structural quality, many
of the characterized attributes, such as thermal stability, aggregation
tendency, monodispersity, and folding efficiency, are directly
relevant to in vivo performance. Aggregated or unstable proteins
can trigger immune responses, reduce circulation half-life, and
impair target binding. Therefore, robust analytical
characterization not only improves reproducibility in research
but also helps to de-risk candidates in preclinical and
translational pipelines. By aligning in vitro quality assessments
with in vivo expectations, this orthogonal approach facilitates the
development of antibody-based therapeutics with improved safety,
efficacy, and developability profiles.

When working with recombinant antibodies or fusion
proteins intended for use in animal studies, several biosafety
aspects must be considered to ensure safe and ethical handling.
These include the biosafety classification of the expression system
(e.g., Expi293), as certain host organisms may pose specific risks
or require defined containment levels. It is also essential to verify
protein purity and assess endotoxin levels, particularly using
assays such as the LAL test, to avoid unintended immune
activation in vivo. Good laboratory practices (GLP) must be
followed to prevent microbial contamination or cross-
contamination during expression, purification, and storage.
Additionally, all in vivo experiments should comply with
institutional and national regulations for animal welfare,
including prior ethical approval and adherence to humane
endpoints. These measures collectively help ensure both
experimental reproducibility and animal safety in preclinical
research involving recombinant biologics.

In summary, this study underscores the importance of
integrating orthogonal analytical methods for comprehensive
characterization of antibody-based therapeutics. Such an
approach not only improves the reliability of structural and
biophysical assessments but also supports rational construct
design, risk mitigation during development, and informed
decision-making in downstream applications.

Although this study does not cover functional downstream
assays or pharmacokinetic behaviour, additional quality
dimensions, including target binding in complex biological
matrices, immunogenicity, and off-target effects, are essential
considerations in the transitions from bench to in vivo studies.

Next steps may include applying this analytical strategy to
novel therapeutic candidates and correlating key
biophysiological features with biological efficacy or stability in
in vitro functional assays as well as in vivo performance.
Altogether, a comparative, multi-method approach enables
more informed decision-making in the early development of
antibody-based therapeutics.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

NM: Investigation, Methodology, Writing – review and editing,
Visualization, Software, Data curation, Writing – original draft,
Conceptualization. IP: Methodology, Data curation,
Writing – review and editing. GH: Conceptualization,
Writing – review and editing, Supervision, Funding acquisition,
Resources, Project administration.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by grants from Swedish Research Council (2019-
01883, 2023-01883), Åhlén-stiftelsen, Magnus Bergvalls
stiftelse, Vinnova (2021–02640), Alzheimerfonden, Stiftelsen
Olle Engkvist Byggmästare, Parkinsonfonden, Bissen
Brainwalk, Hjärnfonden FO2024-0243 and FO2025-0338-HK-
254, O.E. och Edla Johanssons vetenskapliga stiftelse and Torsten
Söderbergs stiftelse.

Acknowledgments

Schematic illustrations were created with Biorender.com. We
thank Christel Bergström (Department of Pharmacy, Uppsala
University) for granting access to the DLS instrument. Mass
photometry experiments were performed at the Institute of
Cellular and Molecular Biology at Uppsala University. We
acknowledge the Biophysical Screening and Characterization Unit
at SciLifeLab for access to the Prometheus Panta (NanoTemper
Technologies) and thank Annette Roos for her valuable input. We
also thank Per Jemth for introducing us to, and providing access to,
the circular dichroism instrument. The authors would like to thank
Maria Selmer for her guidance regarding the SAXS application and
measurements. We also acknowledge Diamond Light Source Ltd. for
providing beamtime (proposal 23773), and thank Nikul Khunti and
Nathan Cowieson for their assistance during SAXS data collection
and analysis. We also thank Andrés de la Rosa for providing the
AlphaFold2-predicted structure of scFv1. Electron microscopy

Frontiers in Pharmacology frontiersin.org20

Metzendorf et al. 10.3389/fphar.2025.1667210

http://Biorender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1667210


experiments were conducted at the BioVis platform, Uppsala
University, with the assistance of Monika Hodik and Karin Staxäng.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1667210/
full#supplementary-material

References

Ahamadi-Fesharaki, R., Fateh, A., Vaziri, F., Solgi, G., Siadat, S. D., Mahboudi, F., et al.
(2019). Single-chain variable fragment-based bispecific antibodies: hitting two targets
with one sophisticated arrow. Mol. Ther. - Oncolytics 14, 38–56. doi:10.1016/j.omto.
2019.02.004

Ahrer, K., Buchacher, A., Iberer, G., Josic, D., and Jungbauer, A. (2003). Analysis of
aggregates of human immunoglobulin G using size-exclusion chromatography, static
and dynamic light scattering. J. Chromatogr. A 1009, 89–96. doi:10.1016/s0021-
9673(03)00433-3

Alhazmi, H. A., and Albratty, M. (2023). Analytical techniques for the
characterization and quantification of monoclonal antibodies. Pharmaceuticals 16,
291. doi:10.3390/ph16020291

Alonso Villela, S. M., Kraïem, H., Bouhaouala-Zahar, B., Bideaux, C., Aceves Lara, C.
A., and Fillaudeau, L. (2020). A protocol for recombinant protein quantification by
densitometry. MicrobiologyOpen 9, 1175–1182. doi:10.1002/mbo3.1027

American Pharmaceutical Review (2018). Calculating endotoxin limits for drug
products. Available online at: https://www.americanpharmaceuticalreview.com/
Featured-Articles/353977-Calculating-Endotoxin-Limits-for-Drug-Products/.

Arslan, M., Karadag, M., Onal, E., Gelinci, E., Cakan-Akdogan, G., and Kalyoncu, S.
(2022). Effect of non-repetitive linker on in vitro and in vivo properties of an anti-VEGF
scFv. Sci. Rep. 12, 5449. doi:10.1038/s41598-022-09324-4

Atsavapranee, B., Stark, C. D., Sunden, F., Thompson, S., and Fordyce, P. M. (2021).
Fundamentals to function: quantitative and scalable approaches for measuring protein
stability. Cell Syst. 12, 547–560. doi:10.1016/j.cels.2021.05.009

Bashir, S., Aiman, A., Chaudhary, A. A., Khan, N., Ahanger, I. A., Sami, N., et al.
(2024). Probing protein aggregation through spectroscopic insights and multimodal
approaches: a comprehensive review for counteracting neurodegenerative disorders.
Heliyon 10, e27949. doi:10.1016/j.heliyon.2024.e27949

Bennett, M. J., Schlunegger, M. P., and Eisenberg, D. (1995). 3D domain swapping: a
mechanism for oligomer assembly. Protein Sci. 4, 2455–2468. doi:10.1002/pro.5560041202

Boado, R. J., Zhang, Y., Wang, Y., and Pardridge, W. M. (2009). Engineering and
expression of a chimeric transferrin receptor monoclonal antibody for blood-brain
barrier delivery in the mouse. Biotechnol. Bioeng. 102, 1251–1258. doi:10.1002/bit.22135

Budyak, I. L., Huang, L., and Dukor, R. K. (2024). Higher order structure
characterization of two interdomain disulfide bond variants of a bispecific
monoclonal antibody. J. Pharm. Sci. 113, 2651–2655. doi:10.1016/j.xphs.2024.05.007

Caltag Medsystems (2022). Bacterial vs. mammalian expression systems – ProSci.
Available online at: https://www.caltagmedsystems.co.uk/information/bacterial-vs-
mammalian-expression-systems-prosci/.

Černý, M., Skalák, J., Cerna, H., and Brzobohatý, B. (2013). Advances in purification
and separation of posttranslationally modified proteins. J. Proteomics 92, 2–27. doi:10.
1016/j.jprot.2013.05.040

Charles, A., Janeway, J., Travers, P., Walport, M., and Shlomchik, M. J. (2001). “The
structure of a typical antibody molecule,” in Immunobiology: the immune system in
health and disease. 5th edition (New York, NY: Garland Science).

Chemes, L. B., Alonso, L. G., Noval, M. G., and De Prat-Gay, G. (2012). Circular
dichroism techniques for the analysis of intrinsically disordered proteins and domains.

in Intrinsically disordered protein analysis Editors. V. N. Uversky and A. K. Dunker
(Humana Press, Totowa, NJ), 387–404. doi:10.1007/978-1-61779-927-3_22

Damelang, T., Brinkhaus, M., van Osch, T. L. J., Schuurman, J., Labrijn, A. F., Rispens,
T., et al. (2024). Impact of structural modifications of IgG antibodies on effector
functions. Front. Immunol. 14, 1304365. doi:10.3389/fimmu.2023.1304365

Dobson, C. M., Šali, A., and Karplus, M. (1998). Protein folding: a perspective from
theory and experiment. Angew. Chem. Int. Ed. 37, 868–893. doi:10.1002/(SICI)1521-
3773(19980420)37:7<868::AID-ANIE868>3.0.CO;2-H
Edelhoch, H. (1967). Spectroscopic determination of tryptophan and tyrosine in

proteins. Biochemistry 6, 1948–1954. doi:10.1021/bi00859a010

Fang, X. T., Sehlin, D., Lannfelt, L., Syvänen, S., and Hultqvist, G. (2017). Efficient and
inexpensive transient expression of multispecific multivalent antibodies in
Expi293 cells. Biol. Proced. Online 19, 11. doi:10.1186/s12575-017-0060-7

Fass, D., and Thorpe, C. (2018). Chemistry and enzymology of disulfide cross-linking
in proteins. Chem. Rev. 118, 1169–1198. doi:10.1021/acs.chemrev.7b00123

Fekete, S., Beck, A., Veuthey, J.-L., and Guillarme, D. (2014). Theory and practice of
size exclusion chromatography for the analysis of protein aggregates. J. Pharm. Biomed.
Anal. 101, 161–173. doi:10.1016/j.jpba.2014.04.011

Fields, G. B., Alonso, D. O. V., Stigter, D., and Dill, K. A. (1992). Theory for the
aggregation of proteins and copolymers. J. Phys. Chem. 96, 3974–3981. doi:10.1021/
j100189a013

Folta-Stogniew, E. (2006). “Oligomeric states of proteins determined by size-
exclusion chromatography coupled with light scattering, absorbance, and
refractive index detectors,” in New and emerging proteomic techniques. Editors
D. Nedelkov and R. W. Nelson (Totowa, NJ: Humana Press), 97–112. doi:10.1385/
1-59745-026-X:97

Gallagher, S. R. (1999). One-dimensional SDS gel electrophoresis of proteins. Curr.
Protoc. Mol. Biol. 47, 10.2.1–10.2A.34. doi:10.1002/0471142727.mb1002as47

Gezehagn Kussia, G., and Tessema, T. S. (2024). The potential of single-chain variable
fragment antibody: role in future therapeutic and diagnostic biologics. J. Immunol. Res.
2024, 1804038. doi:10.1155/2024/1804038

Gorman, A., and Golovanov, A. P. (2022). Lipopolysaccharide structure and the
phenomenon of low endotoxin recovery. Eur. J. Pharm. Biopharm. 180, 289–307. doi:10.
1016/j.ejpb.2022.10.006

Greenfield, N. J. (2015). Circular dichroism (CD) analyses of protein-protein
interactions. Methods Mol. Biol. 1278, 239–265. doi:10.1007/978-1-4939-2425-7_15

Grimsley, G. R., and Pace, C. N. (2003). Spectrophotometric determination of protein
concentration. Curr. Protoc. Protein Sci. 33, 3.1.1–3.1.9. doi:10.1002/0471140864.
ps0301s33

Hamuro, Y., Derebe, M. G., Venkataramani, S., and Nemeth, J. F. (2021). The effects
of intramolecular and intermolecular electrostatic repulsions on the stability and
aggregation of NISTmAb revealed by HDX-MS, DSC, and nanoDSF. Protein Sci. 30,
1686–1700. doi:10.1002/pro.4129

Han, J. C., and Han, G. Y. (1994). A procedure for quantitative determination of
Tris(2-Carboxyethyl)phosphine, an odorless reducing agent more stable and effective
than dithiothreitol. Anal. Biochem. 220, 5–10. doi:10.1006/abio.1994.1290

Frontiers in Pharmacology frontiersin.org21

Metzendorf et al. 10.3389/fphar.2025.1667210

https://www.frontiersin.org/articles/10.3389/fphar.2025.1667210/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1667210/full#supplementary-material
https://doi.org/10.1016/j.omto.2019.02.004
https://doi.org/10.1016/j.omto.2019.02.004
https://doi.org/10.1016/s0021-9673(03)00433-3
https://doi.org/10.1016/s0021-9673(03)00433-3
https://doi.org/10.3390/ph16020291
https://doi.org/10.1002/mbo3.1027
https://www.americanpharmaceuticalreview.com/Featured-Articles/353977-Calculating-Endotoxin-Limits-for-Drug-Products/
https://www.americanpharmaceuticalreview.com/Featured-Articles/353977-Calculating-Endotoxin-Limits-for-Drug-Products/
https://doi.org/10.1038/s41598-022-09324-4
https://doi.org/10.1016/j.cels.2021.05.009
https://doi.org/10.1016/j.heliyon.2024.e27949
https://doi.org/10.1002/pro.5560041202
https://doi.org/10.1002/bit.22135
https://doi.org/10.1016/j.xphs.2024.05.007
https://www.caltagmedsystems.co.uk/information/bacterial-vs-mammalian-expression-systems-prosci/
https://www.caltagmedsystems.co.uk/information/bacterial-vs-mammalian-expression-systems-prosci/
https://doi.org/10.1016/j.jprot.2013.05.040
https://doi.org/10.1016/j.jprot.2013.05.040
https://doi.org/10.1007/978-1-61779-927-3_22
https://doi.org/10.3389/fimmu.2023.1304365
https://doi.org/10.1002/(SICI)1521-3773(19980420)37:7<868::AID-ANIE868>3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3773(19980420)37:7<868::AID-ANIE868>3.0.CO;2-H
https://doi.org/10.1021/bi00859a010
https://doi.org/10.1186/s12575-017-0060-7
https://doi.org/10.1021/acs.chemrev.7b00123
https://doi.org/10.1016/j.jpba.2014.04.011
https://doi.org/10.1021/j100189a013
https://doi.org/10.1021/j100189a013
https://doi.org/10.1385/1-59745-026-X:97
https://doi.org/10.1385/1-59745-026-X:97
https://doi.org/10.1002/0471142727.mb1002as47
https://doi.org/10.1155/2024/1804038
https://doi.org/10.1016/j.ejpb.2022.10.006
https://doi.org/10.1016/j.ejpb.2022.10.006
https://doi.org/10.1007/978-1-4939-2425-7_15
https://doi.org/10.1002/0471140864.ps0301s33
https://doi.org/10.1002/0471140864.ps0301s33
https://doi.org/10.1002/pro.4129
https://doi.org/10.1006/abio.1994.1290
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1667210


Hudson, P. J., and Kortt, A. A. (1999). High avidity scFv multimers; diabodies and
triabodies. J. Immunol. Methods 231, 177–189. doi:10.1016/s0022-1759(99)00157-x

Hultqvist, G., Syvänen, S., Fang, X. T., Lannfelt, L., and Sehlin, D. (2017). Bivalent
brain shuttle increases antibody uptake by monovalent binding to the transferrin
receptor. Theranostics 7, 308–318. doi:10.7150/thno.17155

ichorbio (2022). Key considerations for selecting in vivo antibodies. Available online at:
https://ichor.bio/resources/key-considerations-for-selecting-in-vivo-antibodies-for-
research.

Iwanaga, S. (2007). Biochemical principle of limulus test for detecting bacterial
endotoxins. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 83, 110–119. doi:10.2183/pjab.83.110

Jacques, D. A., and Trewhella, J. (2010). Small-angle scattering for structural
biology—Expanding the frontier while avoiding the pitfalls. Protein Sci. 19, 642–657.
doi:10.1002/pro.351

Jahn, T. R., and Radford, S. E. (2008). Folding versus aggregation: polypeptide
conformations on competing pathways. Arch. Biochem. Biophys. 469, 100–117.
doi:10.1016/j.abb.2007.05.015

Jay, J. W., Bray, B., Qi, Y., Igbinigie, E., Wu, H., Li, J., et al. (2018). IgG antibody 3D
structures and dynamics. Antibodies 7, 18. doi:10.3390/antib7020018

Jeong, Y. H., Lennon, G., Veldman, G., Serna, D. M., and Ibrahimov, A. (2025).
Establishing endotoxin limits to enhance the reliability of in vitro immunogenicity risk
assessments. mAbs 17, 2458627. doi:10.1080/19420862.2025.2458627

Joshi, V., Shivach, T., Kumar, V., Yadav, N., and Rathore, A. (2014). Avoiding
antibody aggregation during processing: establishing hold times. Biotechnol. J. 9,
1195–1205. doi:10.1002/biot.201400052

Kelly, S. M., Jess, T. J., and Price, N. C. (2005). How to study proteins by circular
dichroism. Biochim. Biophys. Acta BBA - Proteins Proteomics 1751, 119–139. doi:10.
1016/j.bbapap.2005.06.005

Kim, S. H., Yoo, H. J., Park, E. J., and Na, D. H. (2021). Nano differential scanning
fluorimetry-based thermal stability screening and optimal buffer selection for
immunoglobulin G. Pharmaceuticals 15, 29. doi:10.3390/ph15010029

Knowles, T. P. J., Vendruscolo, M., and Dobson, C. M. (2014). The amyloid state and
its association with protein misfolding diseases. Nat. Rev. Mol. Cell Biol. 15, 384–396.
doi:10.1038/nrm3810

König, N., Paulus, M., Julius, K., Schulze, J., Voetz, M., and Tolan, M. (2017).
Antibodies under pressure: a small-angle X-ray scattering study of immunoglobulin G
under high hydrostatic pressure. Biophys. Chem. 231, 45–49. doi:10.1016/j.bpc.2017.
05.016

Kumar, M., Pant, A., Bansal, R., Pandey, A., Gomes, J., Khare, K., et al. (2020).
Electron microscopy-based semi-automated characterization of aggregation in
monoclonal antibody products. Comput. Struct. Biotechnol. J. 18, 1458–1465. doi:10.
1016/j.csbj.2020.06.009

Kumar, V., Barwal, A., Sharma, N., Mir, D. S., and Kumar, P. (2024). Therapeutic
proteins: developments, progress, challenges, and future perspectives. 3 Biotech. 14, 112.
doi:10.1007/s13205-024-03958-z

Levin, D., Golding, B., Strome, S. E., and Sauna, Z. E. (2015). Fc fusion as a platform
technology: potential for modulating immunogenicity. Trends Biotechnol. 33, 27–34.
doi:10.1016/j.tibtech.2014.11.001

Llowarch, P., Usselmann, L., Ivanov, D., and Holdgate, G. A. (2023). Thermal
unfolding methods in drug discovery. Biophys. Rev. 4, 021305. doi:10.1063/5.0144141

Lowe, D., Dudgeon, K., Rouet, R., Schofield, P., Jermutus, L., and Christ, D. (2011).
Aggregation, stability, and formulation of human antibody therapeutics. Adv. Protein
Chem. Struct. Biol. 84, 41–61. doi:10.1016/B978-0-12-386483-3.00004-5

Lundahl, M. L. E., Fogli, S., Colavita, P. E., and Scanlan, E. M. (2021). Aggregation of
protein therapeutics enhances their immunogenicity: causes and mitigation strategies.
RSC Chem. Biol. 2, 1004–1020. doi:10.1039/d1cb00067e

Maguire, C. M., Rösslein, M., Wick, P., and Prina-Mello, A. (2018). Characterisation
of particles in solution – a perspective on light scattering and comparative technologies.
Sci. Technol. Adv. Mater. 19, 732–745. doi:10.1080/14686996.2018.1517587

Mahmood, T., and Yang, P.-C. (2012). Western blot: technique, theory, and trouble
shooting. North Am. J. Med. Sci. 4, 429–434. doi:10.4103/1947-2714.100998

Malyala, P., and Singh, M. (2008). Endotoxin limits in formulations for preclinical
research. J. Pharm. Sci. 97, 2041–2044. doi:10.1002/jps.21152

Martin, S. R., and Schilstra, M. J. (2008). Circular dichroism and its application to the
study of biomolecules. Methods Cell Biol. 84, 263–293. doi:10.1016/S0091-679X(07)
84010-6

McAuley, A., Jacob, J., Kolvenbach, C. G., Westland, K., Lee, H. J., Brych, S. R., et al.
(2008). Contributions of a disulfide bond to the structure, stability, and dimerization of
human IgG1 antibody CH3 domain. Protein Sci. Publ. Protein Soc. 17, 95–106. doi:10.
1110/ps.073134408

Morrison, J. I., Metzendorf, N. G., Rofo, F., Petrovic, A., and Hultqvist, G. (2023). A
single-chain fragment constant design enables easy production of a monovalent blood-
brain barrier transporter and provides an improved brain uptake at elevated doses.
J. Neurochem. 165, 413–425. doi:10.1111/jnc.15768

Nguyen, H. B., Park, H., Lim, J. E., Nguyen, T. T., Kim, H. H., Kim, K., et al. (2025).
Evaluation of dynamic light scattering as an effective quality control method for
aggregates in radiolabeled antibodies. J. Med. Chem. 68, 555–565. doi:10.1021/acs.
jmedchem.4c02344

Pace, C. N., Vajdos, F., Fee, L., Grimsley, G., and Gray, T. (1995). How to measure and
predict the molar absorption coefficient of a protein. Protein Sci. Publ. Protein Soc. 4,
2411–2423. doi:10.1002/pro.5560041120

Pang, K. T., Yang, Y. S., Zhang, W., Ho, Y. S., Sormanni, P., Michaels, T. C. T., et al.
(2023). Understanding and controlling the molecular mechanisms of protein
aggregation in mAb therapeutics. Biotechnol. Adv. 67, 108192. doi:10.1016/j.
biotechadv.2023.108192

Petersen, I., Ali, M. I., Petrovic, A., Ytterberg, A. J., Staxäng, K., Hodik, M., et al.
(2023). Multivalent design of the monoclonal SynO2 antibody improves binding
strength to soluble α-Synuclein aggregates. mAbs 15, 2256668. doi:10.1080/
19420862.2023.2256668

Pillai-Kastoori, L., Heaton, S., Shiflett, S. D., Roberts, A. C., Solache, A., and Schutz-
Geschwender, A. R. (2020). Antibody validation for Western blot: by the user, for the
user. J. Biol. Chem. 295, 926–939. doi:10.1074/jbc.RA119.010472

Powell, M. F., Amphlett, G., Cacia, J., Callahan, W., Cannova-Davis, E., Chang, B.,
et al. (2002). “A compendium and Hydropathy/flexibility analysis of common reactive
sites in proteins: reactivity at Asn, asp, gin, and met motifs in neutral pH solution,” in
Formulation, characterization, and stability of protein drugs: case histories: case histories.
Editors R. Pearlman and Y. J. Wang (Boston, MA: Springer US), 1–140. doi:10.1007/0-
306-47452-2_1

Rahban, M., Ahmad, F., Piatyszek, M. A., Haertlé, T., Saso, L., and Saboury, A. A.
(2023). Stabilization challenges and aggregation in protein-based therapeutics in the
pharmaceutical industry. RSC Adv. 13, 35947–35963. doi:10.1039/d3ra06476j

Ratanji, K. D., Derrick, J. P., Dearman, R. J., and Kimber, I. (2014). Immunogenicity of
therapeutic proteins: influence of aggregation. J. Immunotoxicol. 11, 99–109. doi:10.
3109/1547691X.2013.821564

Richards, F. M. (1997). Protein stability: still an unsolved problem. Cell. Mol. Life Sci.
CMLS 53, 790–802. doi:10.1007/s000180050100

Rodger, A., and Marshall, D. (2021). Beginners guide to circular dichroism. Biochem.
43, 58–64. doi:10.1042/bio_2020_105

Rofo, F., Buijs, J., Falk, R., Honek, K., Lannfelt, L., Lilja, A. M., et al. (2021). Novel
multivalent design of a monoclonal antibody improves binding strength to soluble
aggregates of amyloid beta. Transl. Neurodegener. 10, 38. doi:10.1186/s40035-021-
00258-x

Schiller, T. (2021). Making sense of mass photometry measurements. Available online
at: https://refeyn.com/post/how-to-interpret-mass-photometry-histograms.

Simon, C. G., Borgos, S. E., Calzolai, L., Nelson, B. C., Parot, J., Petersen, E. J., et al.
(2023). Orthogonal and complementary measurements of properties of drug products
containing nanomaterials. J. Control. Release 354, 120–127. doi:10.1016/j.jconrel.2022.
12.049

Soltermann, F., Foley, E. D. B., Pagnoni, V., Galpin, M., Benesch, J. L. P., Kukura, P.,
et al. (2020). Quantifying protein–protein interactions by molecular counting with mass
photometry. Angew. Chem. Int. Ed. 59, 10774–10779. doi:10.1002/anie.202001578

Stetefeld, J., McKenna, S. A., and Patel, T. R. (2016). Dynamic light scattering: a
practical guide and applications in biomedical sciences. Biophys. Rev. 8, 409–427. doi:10.
1007/s12551-016-0218-6

Stevens, F. J. (2011). Methods for systematic control of protein stability.

Strand, J., Huang, C.-T., and Xu, J. (2013). Characterization of Fc-Fusion protein
aggregates derived from extracellular domain disulfide bond rearrangements. J. Pharm.
Sci. 102, 441–453. doi:10.1002/jps.23421

Szabo, Z., and Janaky, T. (2015). Challenges and developments in protein
identification using mass spectrometry. Trac. Trends Anal. Chem. 69, 76–87. doi:10.
1016/j.trac.2015.03.007

Temel, D. B., Landsman, P., and Brader, M. L. (2016). Orthogonal methods for
characterizing the unfolding of therapeutic monoclonal antibodies: differential scanning
calorimetry, isothermal chemical denaturation, and intrinsic fluorescence with
concomitant static light scattering. Methods Enzymol. 567, 359–389. doi:10.1016/bs.
mie.2015.08.029

Tian, X., Langkilde, A. E., Thorolfsson, M., Rasmussen, H. B., and Vestergaard,
B. (2014). Small-angle X-ray scattering screening complements conventional
biophysical analysis: comparative structural and biophysical analysis of
monoclonal antibodies IgG1, IgG2, and IgG4. J. Pharm. Sci. 103, 1701–1710.
doi:10.1002/jps.23964

Trivedi, M. V., Laurence, J. S., and Siahaan, T. J. (2009). The role of thiols and
disulfides on protein stability. Curr. Protein Pept. Sci. 10, 614–625. doi:10.2174/
138920309789630534

Trolese, P., Pierangelini, A., Fongaro, B., and Polverino de Laureto, P. (2025).
Interdomain interactions modulate refolding kinetics and aggregation in a
monoclonal antibody. J. Am. Soc. Mass Spectrom., jasms.5c00166. doi:10.1021/jasms.
5c00166

Frontiers in Pharmacology frontiersin.org22

Metzendorf et al. 10.3389/fphar.2025.1667210

https://doi.org/10.1016/s0022-1759(99)00157-x
https://doi.org/10.7150/thno.17155
https://ichor.bio/resources/key-considerations-for-selecting-in-vivo-antibodies-for-research
https://ichor.bio/resources/key-considerations-for-selecting-in-vivo-antibodies-for-research
https://doi.org/10.2183/pjab.83.110
https://doi.org/10.1002/pro.351
https://doi.org/10.1016/j.abb.2007.05.015
https://doi.org/10.3390/antib7020018
https://doi.org/10.1080/19420862.2025.2458627
https://doi.org/10.1002/biot.201400052
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.3390/ph15010029
https://doi.org/10.1038/nrm3810
https://doi.org/10.1016/j.bpc.2017.05.016
https://doi.org/10.1016/j.bpc.2017.05.016
https://doi.org/10.1016/j.csbj.2020.06.009
https://doi.org/10.1016/j.csbj.2020.06.009
https://doi.org/10.1007/s13205-024-03958-z
https://doi.org/10.1016/j.tibtech.2014.11.001
https://doi.org/10.1063/5.0144141
https://doi.org/10.1016/B978-0-12-386483-3.00004-5
https://doi.org/10.1039/d1cb00067e
https://doi.org/10.1080/14686996.2018.1517587
https://doi.org/10.4103/1947-2714.100998
https://doi.org/10.1002/jps.21152
https://doi.org/10.1016/S0091-679X(07)84010-6
https://doi.org/10.1016/S0091-679X(07)84010-6
https://doi.org/10.1110/ps.073134408
https://doi.org/10.1110/ps.073134408
https://doi.org/10.1111/jnc.15768
https://doi.org/10.1021/acs.jmedchem.4c02344
https://doi.org/10.1021/acs.jmedchem.4c02344
https://doi.org/10.1002/pro.5560041120
https://doi.org/10.1016/j.biotechadv.2023.108192
https://doi.org/10.1016/j.biotechadv.2023.108192
https://doi.org/10.1080/19420862.2023.2256668
https://doi.org/10.1080/19420862.2023.2256668
https://doi.org/10.1074/jbc.RA119.010472
https://doi.org/10.1007/0-306-47452-2_1
https://doi.org/10.1007/0-306-47452-2_1
https://doi.org/10.1039/d3ra06476j
https://doi.org/10.3109/1547691X.2013.821564
https://doi.org/10.3109/1547691X.2013.821564
https://doi.org/10.1007/s000180050100
https://doi.org/10.1042/bio_2020_105
https://doi.org/10.1186/s40035-021-00258-x
https://doi.org/10.1186/s40035-021-00258-x
https://refeyn.com/post/how-to-interpret-mass-photometry-histograms
https://doi.org/10.1016/j.jconrel.2022.12.049
https://doi.org/10.1016/j.jconrel.2022.12.049
https://doi.org/10.1002/anie.202001578
https://doi.org/10.1007/s12551-016-0218-6
https://doi.org/10.1007/s12551-016-0218-6
https://doi.org/10.1002/jps.23421
https://doi.org/10.1016/j.trac.2015.03.007
https://doi.org/10.1016/j.trac.2015.03.007
https://doi.org/10.1016/bs.mie.2015.08.029
https://doi.org/10.1016/bs.mie.2015.08.029
https://doi.org/10.1002/jps.23964
https://doi.org/10.2174/138920309789630534
https://doi.org/10.2174/138920309789630534
https://doi.org/10.1021/jasms.5c00166
https://doi.org/10.1021/jasms.5c00166
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1667210


Wallis, R., and Drickamer, K. (1999). Molecular determinants of oligomer formation
and complement fixation in mannose-binding proteins. J. Biol. Chem. 274, 3580–3589.
doi:10.1074/jbc.274.6.3580

Wen, J., Lord, H., Knutson, N., and Wikström, M. (2020). Nano differential scanning
fluorimetry for comparability studies of therapeutic proteins. Anal. Biochem. 593,
113581. doi:10.1016/j.ab.2020.113581

Wu, D., and Piszczek, G. (2021a). Rapid determination of antibody-antigen affinity by
mass photometry. J. Vis. Exp. JoVE. doi:10.3791/61784

Wu, D., and Piszczek, G. (2021b). Standard protocol for mass photometry
experiments. Eur. Biophys. J. EBJ 50, 403–409. doi:10.1007/s00249-021-01513-9

Wu, A. M., Tan, G. J., Sherman, M. A., Clarke, P., Olafsen, T., Forman, S. J., et al.
(2001). Multimerization of a chimeric anti-CD20 single-chain Fv-Fc fusion protein is
mediated through variable domain exchange. Protein Eng. 14, 1025–1033. doi:10.1093/
protein/14.12.1025

Young, G., Hundt, N., Cole, D., Fineberg, A., Andrecka, J., Tyler, A., et al. (2018).
Quantitative mass imaging of single biological macromolecules. Science 360, 423–427.
doi:10.1126/science.aar5839

Zhang, X., Zhang, L., Tong, H., Peng, B., Rames, M. J., Zhang, S., et al. (2015). 3D
structural fluctuation of IgG1 antibody revealed by individual particle electron
tomography. Sci. Rep. 5, 9803. doi:10.1038/srep09803

Frontiers in Pharmacology frontiersin.org23

Metzendorf et al. 10.3389/fphar.2025.1667210

https://doi.org/10.1074/jbc.274.6.3580
https://doi.org/10.1016/j.ab.2020.113581
https://doi.org/10.3791/61784
https://doi.org/10.1007/s00249-021-01513-9
https://doi.org/10.1093/protein/14.12.1025
https://doi.org/10.1093/protein/14.12.1025
https://doi.org/10.1126/science.aar5839
https://doi.org/10.1038/srep09803
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1667210

	Enhancing therapeutic antibody profiling: orthogonal strategies for stability and quality assessment
	1 Introduction
	2 Materials and equipment
	3 Materials and methods
	3.1 Expression and purification of recombinant proteins
	3.2 SDS-PAGE and Western blot
	3.3 Structural and thermal stability assessment (nanoDSF)
	3.4 Circular dichroism (CD)
	3.5 Size exclusion chromatography (SEC)
	3.6 Dynamic light scattering (DLS)
	3.7 Mass photometry
	3.8 Small-angle X-ray scattering (SAXS)
	3.9 Electron transmission microscopy - negative staining

	4 Results
	4.1 Expression of recombinant antibody constructs
	4.1.1 Design of recombinant proteins

	4.2 Purification
	4.2.1 Buffer exchange and sample preparation
	4.2.2 Buffer selection and protein stability
	4.2.3 Protein concentration and aggregation risk
	4.2.4 Protein quantification and UV absorbance analysis
	4.2.5 Impact of sample handling on protein quality

	4.3 Analysis of protein purity
	4.3.1 Endotoxin levels of purified proteins
	4.3.2 Determination of purity of recombinant proteins by SDS-PAGE

	4.4 Protein identification and confirmation
	4.4.1 Quantification of protein purity using densitometry

	4.5 Analysis of protein thermal stability
	4.6 Multimerization and aggregation status of proteins
	4.6.1 Analysis of multimerization and aggregation status of protein by mass photometry
	4.6.2 Analysis of multimerization and aggregation status using dynamic light scattering
	4.6.3 Analysis of oligomeric state using size exclusion chromatography

	4.7 Additional methods for protein characterization
	4.7.1 Is the protein refoldable?
	4.7.1.1 Analysis of structure using circular dichroism
	4.7.1.2 Small-angle X-ray scattering (SAXS) to analyse structural properties

	4.8 Visualization of proteins
	4.9 Summary of analytical methods

	5 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


