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ABSTRACT
Biotherapeutic proteins are commonly dosed at high concentrations into the blood, which is an
inherently complex, crowded solution with substantial protein content. The effects of macromolecular
crowding may lead to an appreciable level of non-specific hetero-association in this physiological
environment. Therefore, developing a method to characterize the diverse consequences of non-
specific interactions between proteins under such non-ideal, crowded conditions, which deviate sub-
stantially from those commonly employed for in vitro characterization, is vital to achieving a more
complete picture of antibody function in a biological context. In this study, we investigated non-specific
interactions between human serum albumin (HSA) and two monoclonal antibodies (mAbs) by static
light scattering and determined these interactions are both ionic strength-dependent and mAb-
dependent. Using biolayer interferometry (BLI), we assessed the effect of HSA on antigen binding by
mAbs, demonstrating that these non-specific interactions have a functional impact on mAb:antigen
interactions, particularly at low ionic strength. While this effect is mitigated at physiological ionic
strength, our in vitro data support the notion that HSA in the blood may lead to non-specific interactions
with mAbs in vivo, with a potential impact on their interactions with antigen. Furthermore, the BLI
method offers a high-throughput advantage compared to orthogonal techniques such as analytical
ultracentrifugation and is amenable to a greater variety of solution conditions compared to nuclear
magnetic resonance spectroscopy. Our study demonstrates that BLI is a viable technology for examining
the impact of non-specific interactions on specific biologically relevant interactions, providing a direct
method to assess binding events in crowded conditions.
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Introduction

Proper analysis of in vitro binding equilibria is necessarily con-
strained to concentrations near the dissociation constant, typically
on the order of micromolar and below. Under these conditions,
proteins behave essentially as ideal molecules and any non-
specific interactions can easily be ignored. Increasing the protein
concentration to arbitrarily high values leads to macromolecular
crowding, where complex formation is no longer linear with
respect to protein concentration and the binding equations
derived from the law of mass action are better expressed in
terms of thermodynamic activity rather than concentration.1

The magnitude of the activity coefficient depends on the compo-
sition of the whole solution; non-ideality arises not only from
elevated levels of the protein itself but also from the presence of
non-interacting macromolecules and co-solutes. With regard to
a biological environment, the blood is a complex, crowded solu-
tion composed of hundreds of different molecules. An under-
standing of the non-specific interactions between proteins under
such non-ideal conditions is vital to achieving a more complete
picture of protein function in a biological context. Measurement
of protein activity in a crowded environment is therefore of
utmost importance, and methods such as analytical

ultracentrifugation (AUC) and nuclear magnetic resonance
(NMR) have been utilized previously to examine molecular beha-
vior in crowded solutions.2–7 However, these methods present
disadvantages: AUC is a time-consuming method with experi-
ments that can take days, and NMR poses limitations with regard
to ionic strength of samples. We present here an alternative
approach, using biolayer interferometry (BLI), which provides
a higher throughput approach than either AUC or NMR, while
offering a greater degree of flexibility in measuring the impact of
solution crowding on protein activity. This convenient approach
is more amendable to screening larger numbers of test articles in
a shorter period of time.

The effects of macromolecular crowding on the thermo-
dynamic and kinetic properties of proteins are remarkably
complex and difficult to predict.8–11 A principal and unavoid-
able consequence is steric exclusion, also referred to as the
excluded volume effect, which generally leads to a greater
potential for macromolecular association in order to increase
the volume available for all molecules. The various physico-
chemical attributes of proteins, including size, shape, surface
and inherent charge properties, and solvation state, contribute
to the net non-specific interactions. Furthermore, electrostatic
interactions, van der Waals forces, charge anisotropy (local
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dipole moments), and hydrophobic interactions modulate the
overall effect, possibly in opposing manners. Lastly, non-
specific interactions depend greatly on solution conditions
(e.g., pH and ionic strength; inert co-solutes) and in certain
cases may change from net repulsive to attractive
interactions.12–14 Thus, in a solution containing otherwise
non-interacting proteins, the non-ideality that stems from
high protein concentration may lead to an appreciable level
of hetero-association or may maintain the solutes in a more
disperse distribution.

The consequences of thermodynamic non-ideality are mani-
fold. From the perspective of antibody manufacturing and
formulation, in which the final presentation of the molecule
frequently exceeds 100 g/L, non-ideality has been shown to
alter a variety of protein solution phenomena, including visc-
osity, solubility, phase separation, and self-association.15–18

With respect to specific environments of biological systems,
including the intracellular milieu, the extracellular matrix, and
circulating blood, macromolecular crowding not only affects
binding equilibria, but also reaction rates, protein folding and
isomerization, protein–protein interactions, and overall cellular
homeostasis.19–21 For example, theoretical modeling of cellular
osmotic equilibrium, which affects osmotic transport into and
out of the cell, requires consideration of non-ideal intracellular
thermodynamics due to the crowded cellular environment.22

Additionally, macromolecular crowding can influence cellular
pathology; accelerated amyloid formation has been demon-
strated to occur in crowded environments.23–25 The composi-
tion of physiological environments often interferes with the
analytical methods typically used to characterize virial coeffi-
cients. Thus, the phenomenon of thermodynamic non-ideality
and the consequences that follow are of both practical and
biological significance.

Although highly complex at the molecular level, the devia-
tion from ideality that is observed from moderately high levels
of protein concentration (on the order of 10 g/L) may be
conveniently expressed with the second osmotic virial
coefficient.1 Self (B22) and cross (B23) virial coefficients char-
acterize weak, non-specific protein–protein interactions in
solutions containing single and multiple protein species,
respectively. Multi-angle static light scattering (MALS) is
a first principles analytical method that allows determination
of molar mass for a variety of macromolecules, including
proteins, in the ideal limit. Static light scattering methods
are also commonly used to determine the second virial coeffi-
cient, which reflects net interactions (protein-protein and
protein-solute) and excluded volume effects for all species in
solution, from the concentration dependence of molar mass.26

In composition-gradient multi-angle light scattering (CG-
MALS), the light scattering detector is placed downstream of
an automated syringe pump system capable of simultaneously
injecting up to three different solutions, each containing dif-
ferent molecules, as necessary.27 In this batch mode, the
weight-average molar mass of all solutes in solution is deter-
mined and can provide a quantitative analysis of binding
interactions with limited prior knowledge. Several implemen-
tations of CG-MALS have been developed to characterize
specific and non-specific interactions between proteins and
other macromolecules. For non-specific protein–protein

interactions, the CG-MALS system has the advantage of
extracting both self-virial coefficients as well as the cross-
virial term from a single experiment. The robustness of the
technique, in addition to the well-established analysis algo-
rithm used, enables efficient and relatively straightforward
characterization of interactions in protein solutions over
a range of concentrations.28

The CG-MALS method is highly convenient for determining
the degree and nature of non-specific interactions between two
species; however, the data analysis becomes more cumbersome
and less precise for such systems as the concentrations exceed 10
g/L. This necessitated the pursuit of an alternate method that
could extend the concentration range into physiologically rele-
vant concentrations, as well as expand our studies to include the
impact of non-specific interactions on specific, functional bind-
ing events. BLI is a label-free optical technique for measurement
of specific macromolecular interactions, including determina-
tion of kinetics and binding affinity.29–31 BLI analyzes the inter-
ference pattern of white light reflected from an internal reference
layer as well as a layer of immobilized protein on a biosensor tip
(i.e., the biolayer). Binding events increase the number of mole-
cules on the biolayer, producing a shift in the interference
pattern that can be monitored in real-time. This method has
been used to assess protein–protein interactions,32 protein–
ligand interactions,33 protein-nucleic acid interactions,34,35 and
small-molecule and peptide screening,36 among others.

In this study, we aimed to develop a novel method tomeasure
the impact of non-specific interactions on mAb:antigen interac-
tions in crowded solutions, using human serum albumin (HSA)
to demonstrate these principles in a simplified system. Albumin
constitutes a majority of the volume fraction in serum, at
a physiological concentration range of 35–50 g/L, and is nega-
tively charged at physiological pH, which may lead to electro-
static association (or repulsion) with biotherapeutics bearing
a net positive (or negative) charge or solvent-exposed surface.
To this end, we investigated non-specific interactions between
HSA and two recombinant fully human IgG4 monoclonal anti-
bodies (mAb1 and mAb2) that bind the same antigen, first in
a binary (HSA and mAb) system using CG-MALS, then in
a ternary interaction (HSA, mAb, antigen) system with BLI.
These mAbs are highly similar in sequence apart from the
complementarity-determining region (CDR), which target dif-
ferent epitopes on the antigen. The binary system enabled us to
demonstrate with well-established light scattering methodolo-
gies that non-specific interactions between HSA and mAbs at
sub-physiological protein concentrations are both ionic
strength-dependent as well as mAb-specific. To further elucidate
the effects of these interactions on the functional properties of
the mAbs, we used BLI in a non-standard manner to assess
antigen binding by mAbs from low to physiological HSA con-
centrations. The BLI results correlated with the CG-MALS data,
supporting that this novel use of the BLI in the presence of high
HSA concentrations can directly assess the impact of non-
specific interactions due to crowding on a highly specific, func-
tional interaction such as antibody:antigen binding. The results
obtained also support the hypothesis that high concentrations of
HSA in the blood serum leads to non-specific interactions with
mAbs, with a potential impact on antibody function. While the
effect is particularly apparent at low ionic strength, it is mitigated
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at physiological ionic strength for this particular set of mAbs;
however, this trend does not necessarily extend to all other mAb:
antigen systems. By utilizing this approach at an early stage of
development of a biotherapeutic, the effects of non-specific
interactions can be easily detected; conversely, this type of inves-
tigation can also alleviate concern for unanticipated conse-
quences in vivo. Using the BLI platform with an adapted
analysis in a simple, controlled system, we demonstrate that
the functional impact of non-specific interactions can be deter-
mined, setting the stage for exploring the breadth of conse-
quences macromolecular crowding and protein non-ideality
may exhibit in more complex solutions.

Results

Ionic strength dependence of mAb1/HSA and mAb2/HSA
non-specific interactions

Non-specific interactions between HSA and each mAb at differ-
ent ionic strengths were examined using CG-MALS, which is
a well-established approach to determine the cross-virial coeffi-
cient (CVC). This approach was applied to determine both the
degree and nature of non-specific interactions between HSA and
the mAbs prior to analysis by BLI in order to best interpret the
data. Several investigators have pointed out, based on rigorous
thermodynamic principles, that the virial coefficient determined
from static light scattering is not a pure self, or cross, interaction
parameter, but rather it is convolved with protein:co-solute (i.e.,
buffer or electrolyte) interactions.26,37,38 Therefore, the preferred
convention is to refer to the virial coefficient from light scattering
analysis as A2 in order to distinguish it from the molal condition
(B22). Provided the proteins are not highly charged and the co-
solutes are simple buffers and electrolytes, numerical differences
between A2 (used here) and B22 are minimal. Similarly, the CVC
from light scattering measurements, or A23, is an indicator of the
nature and degree of non-specific interactions between two
species, and was measured for mAb1/HSA and mAb2/HSA
interactions in buffered solutions containing 10–750 mM NaCl

(Figure 1). A negative value for A23 indicates attractive forces
between the two species, while a positive value indicates repulsive
forces. At a concentration of 10 mMNaCl, both mAb1/HSA and
mAb2/HSA exhibited attractive forces, with stronger forces
observed between mAb1/HSA compared to mAb2/HSA. This
phenomenon was mitigated with increasing ionic strength. At
physiological ionic strength (~137 mM NaCl), the non-specific
interactions between mAb1 and HSA were slightly attractive
while those between mAb2 and HSA were slightly repulsive.
The results show both the ionic-strength dependence and mAb-
dependence of non-specific interactions withHSA. To determine
the role of electrostatics in these interactions, we assessed the
molecules by ion exchange chromatography.

Chromatographic methods show that mAb1 and mAb2
have different surface properties

The surface properties of mAb1 and mAb2 were examined to
determine whether the differing degree of non-specific interac-
tion with HSA could be driven by long-range charge–charge
interactions between the molecules.We subsequently performed
weak cation exchange chromatography to more specifically
assess the surface properties of the twomAbs. These experiments
showed that the retention time of mAb1 (~13 min.) was much
longer than for mAb2 (~6min.), indicating stronger interactions
with the charged column resin (Figure 2). Similarly, we assessed
the chromatographic profile for HSA, which eluted at a very low
retention time (~2 min.) compared to the two mAbs, indicating
a more acidic surface charge. Assessment of the mAbs with
hydrophobic interaction chromatography showed minimal dif-
ferences in the elution volume (data not shown), indicating that
the differences in non-specific interaction between the mAbs
and HSA is likely electrostatic in nature rather than due to
a hydrophobic interaction. Together, these data support the
hypothesis that surface properties of each mAb could play
a significant role in the degree and nature of the non-specific
interactions with HSA. To further assess these interactions, as
well as their impact on functional properties of the mAbs, we
used BLI to examine binding affinity of the mAbs to antigen in
the absence and presence of HSA.

The two mAbs bind to biotinylated antigen with a similar
binding affinity using biolayer interferometry

In order to assess the effect of physiologically relevant levels of
HSA on the binding properties of the two mAbs, we used BLI
to monitor association of the mAbs to their common antigen.
To test our system and reagents, we performed standard
affinity measurement experiments using anti-human IgG Fc
capture (AHC) biosensor tips, loading mAb1 or mAb2 onto
the tip, and measured antigen binding (Figure S2) with either
unmodified antigen or biotinylated antigen in low and phy-
siological salt conditions. The data from these experiments are
summarized in Table S1, and show strong similarity to pre-
viously generated Biacore surface plasmon resonance (SPR)
data (data not shown) with regard to kon, koff, and KD.

We also performed standard avidity measurement experi-
ments with antigen-loaded biosensor tips to detect antibody
binding. To do this, we site-specifically biotinylated the

Figure 1. Ionic strength dependence of mAb1/HSA and mAb2/HSA cross-
interactions measured by CG-MALS. Cross-virial coefficients (A23) were deter-
mined by CG-MALS for interactions between 10 g/L HSA and 10 g/L mAb1 (red)
or mAb2 (blue) at increasing concentrations of NaCl in phosphate buffer.
Negative values for CVC indicate attractive forces between the molecules,
while positive CVC values indicate repulsive forces between the molecules.
The box indicates physiological ionic strength where the CVC values for mAb1
and mAb2 are negative and positive, respectively.
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antigen and loaded it onto the streptavidin-coated biosensor
tip. By immobilizing the smaller antigen rather than the mAb,
the change in response (in nm) resulting from binding of
antibody gave a more pronounced signal, and thus improved
signal to noise. Figure 3 shows the results from the standard
BLI experiment performed to determine binding affinity for
each mAb under ideal solution conditions. The slow dissocia-
tion kinetics do not enable an accurate estimate of apparent
KD, but the tight binding indicates sub-nanomolar functional
binding avidity, which is consistent with Biacore SPR data
(not shown).

Having established that the kinetic binding experiments
performed under ideal solution and experimental conditions
produced consistent results to previously performed Biacore
SPR studies (data not shown) and that the prepared reagents
were fully active, we then examined mAb binding to biotiny-
lated antigen in the presence of high, physiologically relevant
concentrations of HSA. While these experiments would ide-
ally be performed closer to the approximate theoretical phy-
siological dosing concentration of ~550 nM, the upper limit
for equilibrium binding experiments with BLI requires using
a mAb concentration that is closer to 10-fold above the KD.
Due to tight affinity of these mAbs and the response level of

binding to antigen, which allows for monitoring of decreases
and increases in signal, we performed these experiments at
a mAb concentration of 40 nM.

The overall effect of HSA on mAb binding to antigen is
ionic-strength dependent and mAb specific

To investigate the effect of HSA on mAb-antigen binding, we
employed a BLI experiment under non-ideal solution condi-
tions and analyzed steady state, end-point data. By monitor-
ing the steady-state response (nm) level after a lengthy (20
min) association step with each mAb, we determined the level
of binding to antigen achieved in the presence of HSA at or
near equilibrium. Kinetic (on and off-rate) analysis was not
performed because of the avidity format and the added com-
plexity imparted by increasing concentrations of HSA.
A control was also performed with only HSA in the absence
of antibody (data not shown) to demonstrate that HSA does
not interact with the antigen. Figure 4 shows sensorgrams for
mAb1 and mAb2 in the presence and absence of 10 g/L HSA
at either 10 mM or 137 mM NaCl. These data qualitatively
show the difference in the effect of HSA has at the two ionic
strength conditions for the two mAbs, demonstrating both the

Figure 2. Weak cation exchange chromatography elution profiles for mAbs and HSA. Each mAb and HSA were assessed by analytical chromatography on
a weak cation exchange column equilibrated with 200 mM MES, 20 mM NaCl, pH 6.5. A gradient was applied from 20 to 500 mM NaCl and is represented by
a dashed line as a percentage of a 1 M NaCl solution. Representative elution profiles for HSA (grey), mAb1 (blue), and mAb2 (green) are shown.

Figure 3. Binding of mAb to biotinylated antigen at 137 mM NaCl in absence of HSA measured by BLI. Binding of mAb1 (a) and mAb2 (b) to biotinylated
antigen was observed using biolayer interferometry at physiological salt concentration in phosphate buffer. Change in wavelength in nanometers (response, nm) is
plotted as a function of time to indicate changes in thickness of the biolayer due to binding events. Association and dissociation steps are shown for 1.25 nM, 2.5 nM,
5 nM, 10 nM, 20 nM, and 40 nM mAb. Black traces indicate raw data and red traces indicate fitted curves. Data traces are aligned at the mAb association step, and
reference data was subtracted from all sample traces.
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ionic-strength dependence and differences in mAb interac-
tions with HSA. At low salt, the effect of HSA is greater on
mAb1 than on mAb2, reflected in the difference in response
upon addition of HSA. At physiological salt, the impact of 10
g/L HSA is minimal on either mAb interaction with antigen.
These results correlate with the CG-MALS data described
above, and reveal a potential effect on functional properties
of mAbs.

The effect of increasing HSA concentrations is further
illustrated in the low and physiological salt conditions
(Figure 5), where the response level at equilibrium of various
HSA concentrations was normalized to the 0.1 g/L HSA level.
At 10 mM NaCl, mAb2 had a modest decrease in response
(i.e., decrease in antigen binding) with increasing HSA con-
centrations (~20%), while mAb1 exhibited a more dramatic
decrease (~40%; Figure 5(a), Table S2). At 137 mM NaCl,
both mAbs showed a modest increase in antigen binding at
HSA concentrations under 20 g/L; at higher HSA concentra-
tions, the effect of HSA on antigen binding is greater for

mAb1 compared to mAb2 (Figure 5(b), Table S3). In compar-
ison to the response of mAb binding in the absence of HSA
(denoted by the dotted line in Figure 5(b)), the signal for
mAb1 was ~10% reduced while the signal for mAb2 was
~6% enhanced in the physiological HSA range (35–50 g/L,
Table S4). The observed binding events were specific to anti-
gen binding; a control mAb (mAb3) that does not bind this
antigen showed no increase in signal, or binding, in the
presence of 0.1–50 g/L HSA (Figure S3).

The crowding agent ficoll 70 does not produce the same
effect on mAb binding to antigen

To determine whether the observed effect of HSA on mAb/
antigen binding could be attributed to non-specific interac-
tions between mAb and HSA or to a more general macro-
molecular crowding effect, we assessed mAb binding to
antigen in the presence of equivalent concentrations of
Ficoll 70, a highly soluble polysaccharide frequently used as

Figure 4. Overall effect of HSA on mAb binding to antigen measured by BLI is ionic-strength dependent. Binding of 40 nM mAb1 and mAb2 to biotinylated
antigen in the absence and presence of HSA was observed by biolayer interferometry at 10 (panel a) and 137 mM NaCl (panel b) in phosphate buffer. Change in
wavelength (response, nm) as a function of time indicates binding events, and only the mAb association and dissociation steps are shown. Biotinylated antigen was
loaded onto SA tips as described above. Binding of mAb1 was assessed in the absence (dark blue) and presence (brown) of 10 g/L HSA, and mAb2 binding was
assessed in the absence (light blue) and presence (purple) of 10 g/L HSA. A minimum of 0.1 g/L HSA is required to prevent non-specific binding to the biosensor tip.
Data traces are aligned at the mAb association step following a baseline measurement in equivalent concentrations of HSA. Traces for samples containing 10 g/L HSA
were corrected for a change in signal upon transitioning from association to dissociation due to the change in refractive index of the solution.

Figure 5. Effect of HSA on mAb binding to antigen measured by BLI is ionic-strength dependent and mAb-specific. Binding of mAb1 (black) and mAb2 (red)
to biotinylated antigen in the presence of increasing HSA concentrations was observed by biolayer interferometry at 10 (panel a) and 137 (panel b) mM NaCl. The
normalized response (to binding at 0.1 g/L HSA) is shown as a function of HSA concentration. The dotted line indicates the normal at 1.0, in order to illustrate the
relationship of the data points to this line. A minimum of 0.1 g/L HSA is required to prevent non-specific binding to the biosensor tip. Experiments were performed in
triplicate, and the mean value and standard deviation are shown. One-way ANOVA was performed at each HSA concentration and p-values <0.05 are indicated with
an asterisk. All data are summarized in Tables S2–4.
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a crowding agent.21 Ficoll 70 is a colorless ~70 kDa polymer
that does not interact specifically with proteins. We observed
little to no change in the normalized response of mAb1 and
mAb2 binding to antigen at 10 and 137 mM NaCl at con-
centrations of Ficoll 70 equivalent to those used in HSA
experiments (0–50 g/L, Figure 6, Tables S5–7). Binding was
also assessed at concentrations of Ficoll 70 more representa-
tive of those used in crowding studies (100–300 g/L, Figure 6).
As expected, the slow kinetics of mAb binding to antigen in
these concentrations of Ficoll 70, particularly for mAb1,
required an extension of the association phase to achieve
near-equilibrium response levels (overall time was limited to
~3 h to prevent any evaporation of well solutions; Figure 6,
panels C and D). For both low and physiological salt concen-
trations, a minimal and highly similar effect on antigen bind-
ing was observed for all Ficoll concentrations. These data
suggest that the effect on antigen binding observed with
HSA is likely due to electrostatic interactions between HSA
and the mAb, rather than the more general phenomenon of
excluded volume effects.

Discussion

Macromolecular crowding is ubiquitous in biology. The
resulting non-ideal interactions between proteins in crowded

solutions are predicted to profoundly affect protein behavior
and function.10,39,40 The specific nature of these highly non-
linear effects is often difficult to predict, as evidenced by
divergent conclusions in several reports.41,42 A limited num-
ber of studies using different macromolecular crowding
agents have shown considerable consequences for equilibrium
constants and reaction rates, often on the order of several
logs.10,41,43–45 Together, this highlights the need for techni-
ques capable of readily providing information on the effect of
non-ideality in conditions closely replicating physiological
environments. Here, we examined how physiological concen-
trations of albumin-affected mAb function with two compli-
mentary techniques, CG-MALS and BLI. CG-MALS,
a powerful and well-established tool that enables measure-
ment of the CVC between two species, was used to obtain
an initial understanding of non-specific interactions in the
systems. We then utilized a BLI method, with steady-state
analysis adapted for non-ideal solution conditions, to first
replicate our CG-MALS results, and then extend these obser-
vations by performing equilibrium measurements of antigen
binding under physiological concentrations of HSA. While
orthogonal methods such as AUC with fluorescence detection
can measure specific interactions in non-ideal conditions,7,46

BLI is advantageous as a convenient and high-throughput
method to assess binding interactions with the inherent

Figure 6. Effect of Ficoll 70 on mAb binding to antigen measured by BLI. Binding of mAb1 (black circles) and mAb2 (red squares) to biotinylated antigen in the
presence of increasing Ficoll 70 concentrations was observed by biolayer interferometry at 10 mM (panel a) and 137 mM (panel b) NaCl. The normalized response (to
binding at 0.1 g/L Ficoll 70) is plotted as a function of Ficoll 70 concentration. The dotted line indicates the normal at 1.0, in order to illustrate the relationship of the
data points to this line. Experiments were performed in triplicate, and the mean value and standard deviation are shown. One-way ANOVA was performed at each
HSA concentration and p-values <0.05 are indicated with an asterisk. All data are summarized in Tables S5–7. Slow binding kinetics required an extension of the time
for mAb association to antigen at very high Ficoll 70 concentrations (200 g/L and above, panels c and d). Binding of mAbs to biotinylated antigen in the presence of
300 g/L Ficoll was observed by biolayer interferometry at 10 mM (panel c) and 137 mM (panel d) NaCl. The aligned responses in nm for mAb1 (red) and mAb2 (black)
in the absence of Ficoll 70 are shown as a function of time for an extended association time (~3 h). Addition of 300 g/L Ficoll 70 to mAb1 (blue) and mAb2 (purple)
show comparatively slowed binding kinetics.
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flexibility to test many different conditions at high concentra-
tions of crowding agents, and can therefore provide informa-
tion about binding in various environments in a small set of
experiments. This approach is an easy and efficient way to
eliminate mAbs or other molecules from consideration during
the screening process, early in discovery research.

The physicochemical complexity of the solvent-accessible
surface areas presented by different proteins plays
a fundamental role in the diversity of non-specific macromo-
lecular interactions. At moderate protein concentrations (≤10
g/L), where the excluded volume effect is less prominent,
electrostatics are likely the dominant intermolecular force.13

Consistent with this notion, both mAb1 and mAb2, with
different experimentally observed basic isoelectric points (dif-
fering by ~0.65 pH units), were shown to interact with HSA,
which has an acidic isoelectric point, using CG-MALS. These
are not specific interactions, but instead non-specific interac-
tions between HSA and each antibody. For both antibodies,
the magnitude of interactions with HSA were shown to be
mitigated upon increasing ionic strength, further suggesting
the primary force between the molecules is electrostatic, as
electrostatic interactions can effectively be screened with
increasing ionic strength.47,48 Interestingly, near physiological
ionic strength, mAb1 continued to exhibit attractive interac-
tions with HSA, but mAb2 exhibited slightly repulsive inter-
actions with HSA. While the two-component system used in
CG-MALS does not fully reflect the complexity of physiolo-
gical conditions and uses concentrations below physiological
for technical reasons, the analysis suggests that the degree and
nature of non-specific interactions between proteins may
affect biological function. As the antibodies differ only in
the CDR, it is possible that the difference in the weak inter-
actions with HSA occur at this region. Furthermore, these
non-specific interactions are protein-dependent, indicating
the potential for a vast spectrum of functional and structural
behavior in a physiological environment, and possibly explain
occasional differences observed between in vitro results and
pharmacokinetic and clinical results.

Molecular dynamics simulations of synthetic and protein
crowders have shown that the effect of crowding on the
structure, dynamics, and interactions of proteins within
a biological network may facilitate transient interactions that
can affect functionality.9 Indeed, it has been hypothesized that
evolutionary pressure minimizes non-specific protein–protein
interactions to reduce complexity and the potential for pro-
tein promiscuity.49,50 In addition, several unrelated studies
suggest electrostatics are the primary driver of non-specific
interactions.8,12,51–53 The CG-MALS and chromatography
data presented here further expand on these studies and high-
light the importance of understanding surface charge proper-
ties of proteins and the potential effects of electrostatic
interactions arising from those charges, as we demonstrate
that non-specific interactions can affect functional interac-
tions such as antibody:antigen binding events.

Using a dip and read design rather than microfluidics, BLI
is more conducive to studying the effects of non-specific
interactions induced by high solute concentrations on highly
specific functional interactions, such as antibody:antigen
binding. By immobilizing the antigen and using mAb

solutions that contained increasing concentrations of HSA,
we were able to extend the conditions used for CG-MALS to
examine both increased HSA concentration and use the
method to establish a ternary interaction system, albeit in an
avidity-based format. Importantly, the impact of physiological
HSA concentrations on antigen binding was shown to be
greater for mAb1 than for mAb2 at low ionic strength,
whereas at physiological salt levels, the effect of HSA was
considerably diminished. Although the magnitude of the dif-
ference between the mAbs at physiological ionic strength is
considerably less than observed in 10 mM salt, it is statistically
meaningful at 20 g/L and above given the precision within the
replicates. While current technical issues with solution eva-
poration necessitate BLI testing at ambient temperature rather
than at physiological temperature (instrument now in devel-
opment), our results clearly suggest the BLI approach
described here is capable of replicating and expanding on
the data from light-scattering methods, which were also per-
formed at ambient temperature due to technical issues.
Moreover, the non-specific interactions observed with CG-
MALS at low ionic strength indeed have a functional impact
on antibody:antigen interactions, and this effect appears to
plateau at moderate HSA concentration; for example, 50 g/L
HSA does not have an appreciably larger impact on binding
than 35 g/L. It remains unclear if this is a general trend for
most therapeutic mAbs or other biotherapeutics, and contin-
ued investigation is needed.

A study performed using the biosensor platform KinExA
that tested mAbs associating with their native unpurified
antigens in serum54 demonstrated that some mAbs show the
same apparent affinity in buffer or serum, while others show
differences in apparent affinity. These results further our
understanding of macromolecular crowding mediated by pro-
tein co-solutes. Several proteins including lysozyme, RNase A,
albumin, and reconstituted E. coli cytosol have been used as
macromolecular crowding agents, often with contrasting
results. For example, the self-association of apo-myoglobin
was found to be enhanced in crowded RNase A solutions,
but not in crowded HSA solutions.55 Conversely, dimerization
of the A34F mutant of GB1 was enhanced with 100 g/L bovine
serum albumin (BSA) and diminished in 50 g/L lysozyme.56

The authors point to the differences in charge state, relative to
that of A34F, as the principal driver of the observed differ-
ences in dissociation constants. Furthermore, weak hetero-
interactions in concentrated BSA/SH3 domain solutions slo-
wed the translational diffusion of both proteins well beyond
that expected for the solution viscosity.57 This result likely
stems from transient binding events on a timescale compar-
able or faster than translational diffusion. Taken together with
the results presented here, it is clear that transient interactions
can have an effect on high affinity (nM-pM) interactions, such
as antibody:antigen binding events, as well.

Synthetic polymers such as PEG, dextran, or Ficoll, are
frequently used as crowding agents; however, the aim of the
investigation is typically protein folding or stability.9,58–63

Relatively few studies have been published on the effects
polymers have on heterogeneous protein–protein
interactions.9,45,64,65 Here again, there is no clear consensus
regarding the true effects of synthetic polymers, and it appears
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the net outcome is specific to the system of interest. Schreiber
and colleagues showed minimal effects of PEG and dextran on
interactions between barnase and barstar or between β-
lactamase with its protein inhibitor, while Liang and co-
workers showed considerable effects of polymer crowding
on catalase-superoxide dismutase association.45,66 Although
the impact of high HSA concentration on antibody:antigen
binding could simply be due to excluded volume effects,
equivalent experiments performed in the presence of the
polysaccharide Ficoll 70 rather than HSA yielded different
results, showing little to no effect on binding even at high
concentrations. The difference is particularly apparent at low
ionic strength, which showed a significant mAb-specific
decrease in binding activity in the presence of HSA. In
Ficoll crowded solutions, the effect is minimal and similar
for the two mAbs. This suggests that the effect of HSA cannot
be explained purely by effects on excluded volume; the com-
plexity of biological systems (i.e., the surface properties of
proteins) plays a significant role in biological processes.
Investigations with additional systems of interest are likely
to help refine the model of protein macromolecular crowding.

Not surprisingly, high Ficoll concentrations (100 g/L and
above) slowed the apparent binding for both antibodies, as
assessed by the time required to achieve a steady state con-
dition; however, the effect was more pronounced on mAb1
than mAb2. This suggests an additional protein-specific
effect on the binding properties of the system at Ficoll
concentrations similar to those used for typical crowding
studies in addition to the high solution viscosity. The specific
reason for the different effects of high Ficoll concentration
on the two mAbs is unclear but could be attributed to
differences in preferential interactions, either binding or
exclusion.67,68 Notably, the effects of Ficoll on each mAb
were fairly consistent between low and high ionic strength.
Previous studies suggest that Ficoll can variably affect the
thermal stability and conformational dynamics of
molecules.69–72 and differences in the CDRs between the
two mAbs could contribute to varied Ficoll-induced effects
on structure or dynamics, with a concomitant effect on
binding. An investigation using maltose-binding protein
showed that Ficoll can bind to the protein and compete
with binding of the natural ligand, maltose.73 This demon-
strates a direct effect of crowding agents on protein–ligand
interactions and the potential consequences of competition
from other macromolecules. However, the effects observed
with Ficoll were based on the time required to reach equili-
brium, rather than on the equilibrium response itself, which
demonstrates that polymer (Ficoll) and protein (HSA)
crowding agents do not necessarily generate the same result.
These potential differences are likely to be dependent on the
inherent physicochemical properties associated with the
molecules being examined. An additional investigation is
necessary to develop a better understanding of this complex
phenomenon; furthermore, protein hydration or preferential
exclusion/interaction studies may clarify the mechanism
behind this discrepancy. Polymer crowders do not consis-
tently produce an effect on ligand binding. Substitution of
a protein crowder for the polymers in this system might
have a profoundly different effect on the thermodynamics,

as this would introduce additional complexity with electro-
static interactions and other non-ideal behavior.

The complexity and volume occupancy of biological solutions
impose substantial deviations from ideal behavior on constituent
molecules. An understanding of the non-ideal behavior and
non-specific interactions of proteins under such conditions is
vital to achieving a more complete and accurate picture of
protein function. Here, we demonstrated a high-throughput
approach to characterize the functional impact of non-specific
protein–protein interactions using BLI, which allows screening
of a large number of test articles in a relatively short time using
minimal material. Specifically, we investigated the impact that
physiological concentrations of albumin have on antibody-
antigen binding. Two different antibodies that bind the same
antigen were affected differently by the presence of albumin,
suggesting that biotherapeutics may exhibit a range of non-
specific interactions in defined systems with albumin.
Although the effect was highly mitigated at physiological ionic
strength, we cannot conclude that this is a universal feature of
mAbs or biotherapeutics, in general. Given the potential con-
sequences of non-specific interactions on mAb binding to anti-
gen or other molecules, we are currently investigating additional
antibody-antigen systems, as well as solution conditions more
similar to serum, to further explore this phenomenon.
Assessment of mAb binding to other biologically relevant mole-
cules, such as neonatal Fc receptor (FcRn), in the presence of
HSA, is paramount. Recycling of both IgG and HSA to the
bloodstream from acidic endosomes is facilitated by FcRn in
a pH-dependent manner,74 and while this process is well-
understood, the potential interplay between IgG and HSA that
we observed suggests a more complex process.75 Lastly, as
a largely unexplored area of biotherapeutic development, char-
acterizing non-specific interactions relevant to the indication
and route of administration could serve as an important discri-
minator among a pool of lead candidate molecules. The applica-
tion of BLI technology to a variety of biological and drug
discovery problems is expanding.76–78 As an early discovery
research screening tool, BLI can be used to more quickly elim-
inate candidates from the pipeline and can be beneficial in
diversifying the types of assays used in discovery research. The
approach described here is an important tool that can be used in
conjunction with other biophysical methods, such as NMR and
AUC, to better investigate crowded solution phenomena.

Materials and methods

Materials and reagent preparation

All mAbs used in this study were research grade and pro-
duced at Regeneron Pharmaceuticals, Inc. in the PreClinical
Manufacturing and Process Development Department
(Tarrytown, NY). All antibodies are fully human IgG4 mole-
cules and contain the mutation S108P in the hinge region in
order to recreate the IgG1 hinge sequence to stabilize IgG4
dimer formation, and were produced in Regeneron’s proprie-
tary cell line cloned from Chinese hamster ovary cells.
Lyophilized HSA, Ficoll 70, and solution components were
purchased from Sigma-Aldrich (St. Louis, MO) or VWR
(Radnor, PA) and were the highest grade available.
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Monomeric HSA was prepared by dissolving lyophilized
HSA in phosphate buffer (1.8 mM KH2PO4, 10 mM Na2HPO4,
2.7 mM KCl, pH 7.4) supplemented with 10 mM NaCl, and
purified with a HiLoad 26/100 Superdex 200 size-exclusion
column (GE Healthcare, Little Chalfont, UK) equilibrated in
the same buffer. Following purification, HSA was concentrated
to ~100–130 g/L using a centrifugal filter with a 10 kDa cutoff
(Amicon, Billerica, MA). The antibodies were prepared in
a similar manner for the CG-MALS experiment. HSA concen-
tration was determined with a SoloVPE spectrophotometer at
UVλ=280 nm using an extinction coefficient of 35,700 M−1cm−1.
For BLI measurements, the stock solution (1 g/L) of mAb was
prepared by diluting a high concentration mAb formulation
(>50 g/L) into phosphate buffer supplemented with 10 mM
NaCl, and used at a final concentration of 40 nM in equilibrium
experiments. Protein concentrations were determined at
UVλ=280 nm using an extinction coefficient of 103,555 M−1cm−1

for mAb1 and 100,700 M−1cm−1 for mAb2. The stock solution
(600 mM) of Ficoll 70 was prepared by dissolving lyophilized
Ficoll 70 into phosphate buffer supplemented with 10 mMNaCl
and gently rotated overnight to facilitate solubilization. The
antigen was biotinylated with biotin-hydrazide (Thermo
Fisher, Waltham, MA) following the manufacturer’s labeling
protocol.

The glycoprotein antigen was biotinylated on the single
glycan with biotin-hydrazide (Thermo Fisher, Waltham,
MA) following the manufacturer’s labeling protocol. Briefly,
a solution of 8 g/L sodium meta-periodate (Sigma-Aldrich)
was made using 0.1 M sodium acetate pH 4.7 and mixed with
antigen, rotating in foil at room temperature for 15 min,
followed by quenching with 1% (v/v) glycerol. Oxidized anti-
gen was eluted through a Superdex 75 Increase 10/300 column
(GE Healthcare, Little Chalfont, UK) in 0.1 M sodium phos-
phate pH 6.0. Fractions containing antigen were pooled and
concentrated, then incubated with a 10-fold molar excess of
biotin-hydrazide for 2 h at room temperature. Labeled antigen
was eluted through the same column equilibrated with phos-
phate buffer at pH 7.4 supplemented with 10 mM NaCl.

Weak cation exchange chromatography

Weak cation exchange chromatography was performed on
a ProPac WCX-10 (4 mm × 250 mm) liquid chromatography
column (Thermo Fisher) equilibrated with 200 mM MES,
20 mM NaCl, pH 6.5. Proteins were injected neat and 10 μg
of each sample was applied to the column on an ACQUITY
UPLC system (Waters, Milford, MA) at a flow rate of 0.5 mL/
min. A gradient ranging from 20 to 500 mM NaCl was used
for protein elution.

Composition gradient multi-angle light scattering

All proteins were dialyzed overnight against the appropriate
buffer; all buffers were passed through a 0.02 μm filter and all
protein samples were passed through 0.1 μm Anotop 25 Plus
syringe filters (Whatman, Maidstone, UK) and vacuum
degassed at ~25 Torr for 10 min prior to use. Initial protein
stock solutions were manually diluted to approximately 10 g/L
prior to filtration. A Calypso composition gradient system in

conjunction with a miniDAWN TREOS MALS photometer
and an Optilab T-rEX in-line differential refractometer
(Calypso system and both detectors from Wyatt Technology,
Santa Barbara, CA) was employed to collect static light scatter-
ing measurements of HSA, mAb, and mixtures thereof using
a cross-over gradient scheme. Briefly, the Calypso pump system
was programmed to automatically dilute and inject HSA from
1 to 10 g/L concentrations in 1 g/L increments (10 injections,
or steps). Upon injecting undiluted (10 g/L) HSA, the concen-
tration of HSA was reduced by 10% as the concentration of
mAb was increased 10% (the cross-over period) in a series of
10 injections. After injecting undiluted mAb (10 g/L), its con-
centration was reduced in 1 g/L increments through a series of
nine injections. While this concentration does not reflect phy-
siological conditions, it is the maximum optimal concentration
recommended for determination of the CVC. At each step,
a 2 mL bolus of appropriately diluted/mixed sample was
injected to fully saturate the detector flow cells; data were
acquired for 90 s under quiescent conditions before creating
and injecting a subsequent concentration/mixture step.
Baseline measurements were obtained immediately before and
after the gradient program. After confirming a lack of signifi-
cant angular-dependent light scattering, only data from the 90°
light scattering detector was used in the analysis. Instrument
control, data acquisition, and data analysis27,79 were all per-
formed with Calypso software (Wyatt Technology).

Biolayer interferometry

BLI experiments were performed using an Octet Red96 with
Streptavidin (SA, cat. number 18–5019) or anti-human IgG Fc
capture (AHC, cat. number 18–5064)-coated biosensor tips
(ForteBio, Menlo Park, CA). The 96-well plates were filled with
200 μL of solution (buffer, antigen, HSA, or mAb) and agitated
at 1000 rpm, and all experiments were temperature controlled at
25°C. Higher temperatures were avoided due to evaporation of
solutions. For all experiments, SA or anti-human Fc tips were
hydrated in phosphate buffer, pH 7.4, supplemented with low
(10 mM NaCl) or physiological (137 mM NaCl) salt concentra-
tions for 20 min at room temperature. All buffers and sample
solutions described contained 0.1 g/L HSA unless otherwise
noted. Baseline subtraction was performed with tips dipped
into buffer in the absence of analyte.

Standard experiments measuring antigen binding to anti-
body-loaded tips were performed using AHC tips. Following
a baseline measurement of AHC tips in phosphate buffer con-
taining low or physiological salt concentrations supplemented
with 0.1 g/L HSA for 2 min, the tips were incubated in 2.5 μg/
mL antibody to achieve ~0.6 nm response. Antibody-loaded
tips were then dipped into buffer to remove excess mAb for 2
min, followed by a 100–300 s association step with various
concentrations of unlabeled antigen, typically 2.5–50 nM. The
tips were dipped into buffer for 750 s for the dissociation step.
The same procedure was followed for biotinylated antigen, at
10 mM and 137 mM NaCl, for both mAbs.

Standard binding experiments measuring antibody binding
to antigen-loaded tips were performed using SA tips.
Following a baseline measurement of SA tips in the low or
physiological salt phosphate buffer solution containing 0.1 g/L
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HSA for 2 min, the tips were incubated in 5 μg/mL biotiny-
lated antigen to achieve ~0.6 nm response. Antigen-loaded
tips were then dipped into buffer to remove excess antigen for
2 min, followed by a 900 s association step with various
concentrations of unlabeled antigen, typically 2.5–50 nM.
The tips were dipped into buffer for 1800–3600 s for the
dissociation step. The same procedure was followed for
10and 137 mM NaCl, for both mAbs.

For steady state analysis of mAb binding to antigen in the
presence of up 50 g/L HSA, an additional incubation step in
HSA was required. Following antigen loading, sensors were
dipped into wells containing 0.1–50 g/L HSA for equilibra-
tion for ~15 min, followed by a 2-min incubation in fresh
solution with the same composition to establish a new base-
line due to a slight increase in signal upon HSA incubation
(see Figure S1, step B). Sensors were then dipped into wells
containing 40 nM mAb plus 0.1–50 g/L HSA for 20 min as
a second association step. For all equilibrium experiments,
signal response (nm) at the completion of the mAb binding
to antigen association step was used as the metric. No kinetic
analysis was performed for any experiments measuring mAb:
antigen binding in the presence of HSA >0.1 g/L. The data
were normalized to 1.0 by dividing the raw response (in nm)
obtained for each HSA concentration by the raw response of
mAb:antigen binding in 0.1 g/L HSA. All experiments were
performed in triplicate. One-way analysis of variance
(ANOVA) was performed using JMP software (SAS
Institute, Cary, NC) at each condition to assess whether
differences between mAb1 and mAb2 were statistically sig-
nificant through determination of p-values.

Experiments containing Ficoll 70 were performed in
a similar manner, substituting HSA with Ficoll 70. For experi-
ments containing 200 g/L Ficoll 70 or above, a longer associa-
tion time for mAb binding to antigen was required due to
increased viscosity (~1.7–3 h) in order to achieve equilibrium.

Abbreviations

AUC Analytical ultracentrifugation
BLI Biolayer interferometry
CDR Complementarity-determining region
CG-MALS Composition gradient multi-angle light scattering
CVC Cross virial coefficient
FcRn neonatal Fc receptor
HAS human serum albumin
IgG Immunoglobulin G
mAb monoclonal antibody
NMR nuclear magnetic resonance
SPR Surface plasmon resonance
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