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ABSTRACT
Monoclonal antibodies are a class of biotherapeutics used for an increasing variety of disorders, including 
cancer, autoimmune, neurodegenerative, and viral diseases. Besides their antigen specificity, therapeutic use 
also mandates control of their solution interactions and colloidal properties in order to achieve a stable, 
efficacious, non-immunogenic, and low viscosity antibody solution at concentrations in the range of 
50–150 mg/mL. This requires characterization of their reversible self-association, aggregation, and weak 
attractive and repulsive interactions governing macromolecular distance distributions in solution. 
Simultaneous measurement of these properties, however, has been hampered by solution nonideality. Based 
on a recently introduced sedimentation velocity method for measuring macromolecular size distributions in 
a mean-field approximation for hydrodynamic interactions, we demonstrate simultaneous measurement of 
polydispersity and weak and strong solution interactions in a panel of antibodies with concentrations up to 
45 mg/mL. By allowing approximately an order of magnitude higher concentrations than previously possible in 
sedimentation velocity size distribution analysis, this approach can substantially improve efficiency and 
sensitivity for characterizing polydispersity and interactions of therapeutic antibodies at or close to formulation 
conditions.
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Introduction

The control of colloidal properties and higher-order structures 
in antibody solutions sufficiently concentrated to deliver inject
able therapeutic doses is a key requirement for the development 
of stable, safe, and efficacious antibody therapeutics. Interactions 
that control macromolecular solution behavior span a large affi
nity range and the resulting solution structures can span an 
exceptionally large size range. Far-field interactions that modu
late the molecular distance distribution in solution, as well as 
short-range weak interactions that lead to transient complexes, 
may cause phase separation, promote the formation of immu
nogenic irreversible aggregates, or cause excessive solution 
viscosity.1–8 In the search for conditions of pH, ionic strength, 
and excipients that yield safe and efficacious formulations, 
powerful biophysical methods have been used by different 
laboratories to predict and characterize higher-order structures 
and interactions of protein pharmaceuticals, including compu
tational approaches,5,9-11 and experimental techniques such as 
static and dynamic light scattering, small-angle scattering, ana
lytical ultracentrifugation, and chromatography.12–21

However, a key experimental difficulty for the characteriza
tion of weak protein interactions with any technique is the 
need to study concentrated solutions that are thermodynami
cally and hydrodynamically nonideal. For this discussion, we 
adopt a framework accounting for reversible self-association 

explicitly as oligomeric states linked by mass action law, and 
separate from nonideality, which is here understood as forces 
that modulate interparticle distance distribution without lead
ing to physical complex formation, such as volume exclusion 
and long-range repulsive or attractive interactions.22 For fun
damental reasons, this nonideality prohibits standard polydis
persity analysis due to the hydrodynamic coupling of all 
macromolecular motion, and the concomitant violation of 
the linear superposition principle.23 Although, in principle, 
nonideal solution behavior can be modeled, e.g., in scattering 
and sedimentation techniques, such models require a priori 
assumptions on the existence of one or a few discrete species, 
and the potential impact of polydispersity on the measurement 
remains uncertain. Therefore, the inability to account simulta
neously for polydispersity and protein interactions in nonideal 
macromolecular solutions has substantially hampered the 
study of therapeutic formulations at the high concentrations 
on the order of 100 mg/mL typically required.

For dilute antibody solutions, typically up to a few mg/mL, 
sedimentation velocity analytical ultracentrifugation (SV) is a gold 
standard for quantitation of trace aggregates, orthogonal to size- 
exclusion chromatography (SEC).24,25 To briefly recapitulate the 
physical basis, separation is achieved in SV by virtue of the high 
centrifugal field during ultracentrifugation that causes strongly 
size-dependent migration of macromolecular particles free in 
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solution, and leads to the formation of sedimentation boundaries. 
These are optically measured and mathematically modeled to 
determine the diffusion-deconvoluted sedimentation coefficient 
distributions “c(s)”.26,27 Since the experiment is matrix-free and 
does not depend on particular mobile phases, SV has become an 
important technique to complement the more high-throughput 
SEC25,28,29 for detecting traces of potentially immunogenic irre
versible aggregates of misfolded protein populations with high 
sensitivity and oligomeric resolution.24,30-33

Another traditional application of SV is the characterization 
of protein–protein interactions.34–39 Because the geometry of 
an SV experiment is such that faster sedimenting species 
remain in a bath of virtually undiluted sample solution at all 
times, dissociation of weakly bound oligomeric species is 
balanced by continuous re-association of monomers. As 
a consequence, in contrast to chromatographic separation 
techniques, even reversible oligomeric populations are main
tained during the experiment and will not be diluted out.34 

Dependent on the life-time of the complex, the oligomers will 
be resolved, or reflected in a boundary pattern governed by the 
time-average sedimentation velocity of dynamically coupled 
systems.34,39

We have recently introduced an extension of SV that 
incorporates a mean-field approximation of hydrodynamic 
and thermodynamic nonideal interactions.23 This “nonideal 
cNI(s0)” analysis permits, for the first time, size-distribution 
analysis of concentrated, strongly nonideal solutions. In 
model applications with small proteins at concentrations up 
to 80 mg/mL, we have demonstrated how the greater con
centration range of SV allows the detection of ultra-weak 
protein self-association.40 Additionally, as part of the non
ideal c(s) fit, the nonideality coefficients of sedimentation 
and diffusion (kS and kD) are obtained, which report on 
even weaker attractive or on repulsive interactions reflected 
in the interparticle distance distribution and in the solution 
structure. They are directly related to the second osmotic 
virial coefficient B2, which is of great interest for predicting 
the long-term stability of formulations.41–45

These features should be useful in the study of concentrated 
solutions of therapeutic antibodies, due to the ability of this 
method, for the first time, to simultaneously measure reversible 
self-association, weak attractive or repulsive far-field interac
tions, while also hydrodynamically resolving irreversible aggre
gates and other particles. The aim of this work is to evaluate the 
performance of the new nonideal SV analysis in the character
ization of a panel of model monoclonal antibodies (mAbs) with 
previously examined published properties.4,15,18,46-49 We find 
that the new SV approach can seamlessly extend the conven
tional SV analysis of trace aggregates and oligomeric popula
tions from dilute solutions to macromolecular concentrations 
exceeding 40 mg/mL. Overall, the measured mAb properties 
are consistent with those previously measured by SV and 
determined with other techniques. In this study, due to higher 
concentrations that can be used in the experiments, better 
detection limits for weak self-association are achieved. Based 
on these results, we believe the nonideal cNI(s0) approach sig
nificantly improves the comprehensive characterization of the 
colloidal state and protein–protein interactions of therapeutic 
antibodies close to formulation conditions.

Results

Quantitative analysis of sedimentation coefficient 
distributions of mAbs at high concentrations

Relative to SV in dilute solution, sedimentation boundaries at 
high concentrations are distorted in multiple ways as a result of 
the locally concentration-dependent macromolecular sedi
mentation rate. This is highlighted in Figure 1(a), which 
shows experimental data of mAb A at a concentration of 
37 mg/mL (solid lines) in comparison with the expected con
centration profiles (dotted lines) based on the sedimentation 
and diffusion properties of the same molecule measured in 
dilute conditions. Besides the overall retardation of the bound
ary midpoints at high concentration, the boundary spread is 
much reduced (traditionally referred to as “self-sharpening”) 

Figure 1. Distortions in the sedimentation boundaries and apparent sedimentation coefficient distributions in nonideal sedimentation. a, Measured concentration 
profiles of 37 mg/mL mAb A at select times during sedimentation at 45,000 rpm (solid lines; later times indicated by higher color temperature) in comparison with the 
theoretical sedimentation of a macromolecule with sedimentation properties as measured for the monomer or mAb A under dilute conditions (dotted lines; 
corresponding to a species with 6.5 S and frictional ratio 1.6). b, Lines show different sedimentation coefficient distribution models derived by fitting the sedimentation 
data: standard c(s) with unphysical best-fit f/f0 of 4.0 (blue); apparent sedimentation coefficient distribution g*(s) (purple); and nonideal cNI(s0) fixing f/f0 at 1.6 as 
measured in dilute solution by ideal c(s) analysis (magenta). The dashed vertical line indicates the s-value of the mAb A monomer measured at 100-fold lower 
concentration in dilute solution. In (a) and (b) the boundary and distribution features corresponding to trace aggregates are highlighted by shaded areas (arrows).
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and changes very little with time. Not discernable in this pre
sentation are distortions of the boundary amplitudes in multi- 
component mixtures, which magnify slowly moving species 
and obscure fast-moving species. As a result of this substan
tially altered migration process, nonideal SV data cannot be 
reliably analyzed with standard size-distribution models.

The data in Figure 1 are representative for the sedimenta
tion behavior of all mAbs at high concentrations, since the 
hydrodynamic and thermodynamic nonideality is an obligate 
consequence of macromolecular volume exclusion and solvent 
viscosity. Although nonideality has long been incorporated in 
single (or a few discrete) species models,50,51 this typically 
provides only a very rough fit (with a root-mean-square devia
tion (rmsd) of 0.32 fringes for the data in Figure 1(a)), and does 
not capture the detailed information contained in the experi
mental boundaries. For example, the traces of faster sediment
ing species – critical information for pharmaceutical samples – 
are revealed in the slowly increasing solution ‘plateaus’ (red 
shaded highlight in Figure 1(a)), and would be missed in 
a single species fit. On the other hand, force-fitting an imposter 
ideal sedimentation coefficient distribution c(s) still results in 
a poor fit (rmsd 0.09 fringes), and boundary self-sharpening is 
mistaken for low diffusion, resulting in an unphysical best-fit 
frictional ratio f/f0 of 4.0. Furthermore, without accounting for 
nonideality any sedimentation coefficient distribution shows 
peaks at too low s-values, and the Johnston-Ogston effect will 
invariably mask faster boundary components and produce 
underestimates of trace aggregate species.23,52

The new nonideal cNI(s0) does not suffer from these distor
tions and leads to an excellent fit (rmsd 0.042 fringes). 
Generally, rmsd values of cNI(s0) analyses fall within a few 
thousands of the loading concentration, comparable to the fit 
quality obtained in the standard c(s) for dilute solutions. For 
the present example of mAb A, the distribution is shown as 
magenta line in Figure 1(b), and the corresponding fit to the 
raw sedimentation data is shown in Figure 2(a). In this non
ideal distribution analysis, hydrodynamic shape parameters 

can generally be fixed to those measured in dilute solution 
(hereby keeping f/f0 = 1.6 constant). The distribution cNI(s0) 
reports sedimentation coefficients in the same units s0 as in 
infinite dilution, and therefore measurements across different 
concentrations can be directly compared. Thus, the slight shift 
of the cNI(s0) peak at 37 mg/mL (magenta) compared to the 
measured value at 100-fold lower concentrations (dashed line 
in Figure 1(b)) is indicative of ultra-weak self-association of 
mAb A. Although this shift may be close to the limit of preci
sion, it is supported by measurements across different concen
trations shown in Figure 3(a), and in the isotherm fit of Figure 
4. By inherently correcting for Johnston-Ogston distortions, 
cNI(s0) represents all species equally well including the trace 
aggregates (shaded areas in Figure 1). In addition, cNI(s0) 
analysis reveals an average nonideality coefficient kS and kD, 
which can be interpreted in the context of interparticle distance 
distributions and virial coefficients.45 In the present case, the 
best-fit kS = 5 mL/g and kD = 1 mL/g, which yield a second 
virial coefficient B2 of 3 mL/g, suggest slightly attractive 
interactions.

As described previously, a limitation in the maximum pro
tein concentration arises from refractive index gradients in the 
sedimentation boundaries and concomitant lensing artifacts.23 

This can be suppressed effectively by using centerpieces with 
short optical pathlengths. With IgGs, in this work, we found 
that solutions up to ~20 mg/mL can be studied distortion-free 
in commercial 3 mm pathlength centerpieces, and up to 
~45 mg/mL in the most recent custom 3D-printed 
centerpieces53 with 1 mm optical pathlength. Above these 
concentrations, we observed overly sharp concentration pro
files characteristic of lensing artifacts, as well as integral fringe 
offsets in neighboring camera pixels characteristic for imaging 
excessively steep refractive index gradients. In the absence of 
optical aberrations, a welcome side effect of working at high 
concentration is the remarkable signal/noise ratio and the low 
sensitivity to refractive index signals from sedimenting buffer 
salts.

Figure 2. Comparison of measured sedimentation boundaries of mAb A (a) and mAb D (b). Concentrations are 37 mg/mL for mAb A and 46 mg/mL for mAb D, and 
sedimentation at 45,000 rpm is represented by every 10th data point (points) of every 3rd scan (time intervals of 120 sec). The solid line is the best-fit nonideal cNI(s0) 
model fixing the frictional ratio f/f0 at the value measured in dilute solution, while refining the best-fit values for kS and kD (see Table 1). This results in a ratio of rmsd/ 
loading signal of 0.42% for mAb A and 0.41% for mAb D. The corresponding best-fit sedimentation coefficient distributions cNI(s0) are shown in Figure 3.
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Comparison of sedimentation patterns of different mAbs 
dependent on concentration

The nonideal cNI(s0) distribution is a seamless extension of the 
standard c(s) analysis widely used for dilute solutions, and the 
results can be interpreted in the same way since all nonideality 
effects are computationally absorbed in the nonideality coeffi
cient kS and kD. This opens a window of opportunity to observe 
and interpret in a straightforward manner the rich details of 
various self-association and aggregation behavior exhibited by 
mAbs, much closer to formulation conditions than previously 
possible. Although, at first, boundary sharpening effects would 
seem to represent an analytical difficulty and nuisance, it turns 
out that the suppression of apparent diffusional broadening 
and retardation of the boundaries can greatly improve the 
hydrodynamic resolution for detecting different species, com
pensating for the decreased signal amplitudes suffered by faster 
sedimenting species (as a result of the Johnston-Ogston effect).

As an example for the sedimentation behavior exhibited by 
different mAbs at high concentration, Figure 2 contrasts the 
sedimentation patterns at 45,000 rpm of mAb A at 37 mg/mL 
(Figure 2(a)) with those of mAb D at 46 mg/mL (Figure 2(b)). 
We have already pointed out above the sloping plateaus of 
mAb A reflecting populations of faster sedimenting oligomeric 
species (Figure 1(a)). By contrast, mAb D shows a substantially 
different behavior with much stronger oligomerization, as may 
be discerned visually from the multi-modal boundary pattern 
reflecting significant populations of faster-sedimenting oligo
mers (Figure 2(b)). This is borne out in the corresponding 
sedimentation coefficient distributions shown in (Figure 3(a, 
d), respectively). At this point of inspecting the sedimentation 
patterns and their modeling, it is important to note again that 
exquisite fits with rmsd of a small fraction of 1% of the loading 
signal can be achieved to all data. This supports both the 
validity of the mean-field approximation of nonideality under
lying the cNI(s0) model, as well as the detailed interpretation of 

Figure 3. Different protein interactions exhibited by a panel of different mAbs A – E. Shown are concentration-dependent sedimentation coefficient distributions cNI(s0) 
of the mAb at concentrations indicated in the legend. Insets expand scale > 7 S.
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the resulting sedimentation coefficient distributions (below). 
The remaining residuals stem from systematic errors rather 
than stochastic noise, as a result of the very large loading signal.

An important question is whether the detected faster- 
sedimenting states are stable aggregates, or species in slow or 
rapid self-association equilibrium. This can be addressed in 
a concentration series allowing samples to attain chemical 
equilibrium at different dilutions of stock solutions prior to 
the SV experiment. When studying samples across a large 
concentration range that spans ideal and strongly nonideal 
sedimentation behavior, it is useful to recognize that for IgG 
samples at low concentrations (below 0.5 mg/mL) nonideality 
is typically virtually absent and diffusion behavior can be 
measured well, whereas for high concentrations (above 
10 mg/mL) diffusion information is obscured by dominant 
boundary self-sharpening originating from nonideality. 
Therefore, we applied a 3-step strategy. Initially, we carried 
out a conventional ideal c(s) analysis of the most diluted 
sample still with significant signal (e.g., at 0.3 mg/mL) to 
determine the average frictional ratio f/f0. Next, this was 
inserted and kept fixed as prior knowledge in the cNI(s0) ana
lysis of the most concentrated sample (where diffusion is 
masked most by self-sharpening). This provides a good esti
mate of the nonideality of sedimentation kS, since the highest 
concentrations are maximally exhibiting nonideality. SV 
experiments do not carry as much information on kD as they 
do on kS, since nonideality of diffusion becomes a second-order 
effect when diffusion is largely masked. Therefore, in this step, 
we found the best strategy to achieve convergence to the best- 
fit model is to initially constrain kD (e.g., to a small value of 
log10(kD) = −3 or −2.5) while optimizing kS, followed by 
a release of the constraint on kD and optimizing both kS and 
kD. In rare cases we found it advantageous to release the 

constraint in f/f0, to allow for the effect that rapid chemical 
conversion of species on the time-scale of sedimentation can 
enhance boundary broadening in excess of solely diffusion- 
based estimates. Finally, since the scale of sedimentation coef
ficients (s0-values) returned in cNI(s0) depends chiefly on kS, it 
is important that this parameter is well defined. For this reason, 
in the analysis of the intermediate concentrations we fixed kS 
(and kD) to the value obtained in the analysis of the highest 
sample concentration, which reflects best the nonideality of the 
solution. For low concentrations, this parameter would not be 
well defined. If the highest sample concentration was below 
~10 mg/mL, we found that kS may best be fixed to average 
expectation values for mAbs. This strategy allows for nonide
ality corrections to samples under close-to-ideal conditions.

The resulting sedimentation coefficient distributions cNI(s0) 
for a panel of five different mAbs (A – E) are shown in Figure 3. 
The comparison highlights rich information on different beha
vior that can already be visually discerned, including weak and 
strong self-association, size and stability of oligomers, and the 
presence of trace oligomers. As should be expected, they all 
exhibit the monomer peak at the correct position (in contrast 
to other methods, as shown in Figure 1(b)). As is the case with 
c(s),27,54 in cNI(s0) sedimentation coefficients of trace aggregates 
will not be as well defined as the major peaks, though peak 
integrals are more faithful than s-values. Nevertheless, irrever
sible dimeric aggregates can be discerned clearly in the small 
peaks at 8–10 S in panels 3a and 3b, based on the observation 
that their relative population (integral) does not change very 
much across the wide concentration range studied. Kinetically 
stable but concentration-dependent reversible dimer and 
higher oligomer formation is indicated by the ≈8 S and ≈10 
S peaks in panel 3d. Finally, we note the peak patterns con
forming more with the expected shifts in position and ampli
tude of rapidly reversible oligomerization in panels 3 c and 3e.

Quantitation of interaction properties of different mAbs

Interactions can (1) act on the molecular distance distribution 
in solution, or (2) they can lead to physical contacts and 
reversible formation of oligomeric complexes, or (3) they can 
create stable oligomeric species (aggregates).

First, modulations of the molecular distance distribution 
can be attractive or repulsive, and may be driven, for example, 
by steric volume exclusion, electrostatic, or hydrodynamic 
interactions. Such interactions are captured in the nonideality 
coefficients kS and kD resulting from the cNI(s0) analysis, which 
are listed for the panel of mAbs in Table 1. They may be 
assessed by comparison with values expected for hypothetical 
molecules purely exhibiting volume exclusion. Rowe has sug
gested the hydrodynamic volume as a gross estimate for hydro
dynamic volume exclusion effects, which, together with 
Batchelor’s theory of the hydrodynamic interactions in suspen
sions of noninteracting spheres, leads to an estimate of kS ≈ 
4.8×(f/f0)3.45,55 Based on this estimate, the kS-values from Table 
1 project slightly attractive interactions for all mAbs, and 
stronger attractive interactions for mAb E.

Figure 4. Isotherms of weighted-average sedimentation coefficients sw (symbols) 
and best-fit self-association models (lines) for different mAbs. sw-values were 
determined by integration of the cNI(s0) distribution of Figure 3. For best-fit self- 
association parameters, see Table 1.
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Second, similar to sedimentation in sufficiently dilute solu
tions that render physical nonideality negligible,37 reversible 
complex formation will increase the time-average sedimenta
tion velocity of the sedimenting protein molecules. This is 
reflected in the weighted-average sedimentation coefficient sw, 
which can be measured – independent of the complex lifetime – 
by integration of cNI(s0). Since all nonideality is already 
absorbed into the parameters kS and kD, just as in dilute 
solution,37 the isotherm of sw as a function of loading concen
tration can be interpreted as a reflection of mass action law 
shifting the time-average population of different states. These 
isotherms of sw(c) are shown in Figure 4.

A qualitative ranking of self-association can be easily estab
lished visually on the basis of increasing sw-values, even with
out quantitative analysis, with self-association of mAb 
B < A < E < D < C. For the quantitative analysis, a mass action 
law model must be invoked. For the selection of the model, the 
cNI(s0) distributions in Figure 3 may be inspected, as men
tioned above, following the same principles as interpreting 
ideal c(s) distributions.37 In principle, for long-lived complexes 
cNI(s0) peaks represent species s-values, with different ampli
tudes representing different species populations. By contrast, 
for short-lived transient oligomers, the cNI(s0) peaks represent 
time-average s-values representative of different sections of the 
sedimentation boundary. While for the weakest self-associa
tion processes the simplest model of a monomer-dimer self- 
association may be invoked (B, A, E), the discrete peaks of 
cNI(s0) for mAb D demonstrate the presence of higher-order 
oligomers such as trimers or tetramers. Thus, mAb D was 
modeled with an isodesmic self-association model. For mAb 
C, the multimodal peak structure with the strong peak at 
>10 S suggests a two-step self-association that we have modeled 
as a monomer-dimer-tetramer system. The resulting KD-values 
representing the affinities of these binding interfaces are shown 
in Table 1 (as customary, using notation of upper case KD for 
the equilibrium dissociation constant and lower case kD for the 
nonideality coefficients of diffusion); they follow the empirical 
ranking from comparison of the isotherms, the weakest one for 
mAb A with KD > 10 mM, and the strongest one for mAb 
C with KD ≈ 40 µM. mAb D was found to exhibit a strong 
dimerization followed by weak further self-assembly to higher- 
order oligomers with KD ≈ 1 mM.

Third, to the extent that irreversible aggregates elevate the 
sw-values, and assuming that the aggregate populations are 
concentration-independent, at least on the time-scale of the 
SV experiments, it is possible to obtain an estimate of irrever
sible aggregate fractions from the isotherm analysis. This can 

be achieved by constraining the monomer s-value in the iso
therm model to the cNI(s0) peak of the monomer, as measured, 
for example, in the most dilute conditions. Then, the mass 
action law model in the isotherm can be extended by an 
oligomeric fraction incompetent of participating in the con
centration-dependent chemical equilibrium. The fraction of 
mAb dimer so obtained (where possible) was consistent within 
2% with that from the estimate provided by c(s) integration at 
the lowest concentration (Table 1).

Discussion

The solution behavior of concentrated macromolecular sus
pensions is of wide interest in many fields, ranging from 
colloidal chemistry to cell biology and biotechnology. Their 
study, however, is significantly hampered by the lack of tech
niques that can observe macromolecular size distributions, in 
addition to short-lived complex formation and modulations of 
intermolecular distance distribution, under hydrodynamically 
and thermodynamically nonideal conditions. In particular, this 
poses a methodological problem for the characterization of 
therapeutic proteins under formulation conditions. The 
experimental simplicity of using centrifugal force to achieve 
hydrodynamic resolution of macromolecular states migrating 
free in solution provides a unique opportunity to combine the 
description of polydispersity and nonideality.

Here, we have demonstrated the application of SV to char
acterize protein interactions and polydispersity of mAbs at 
concentrations up to ~45 mg/mL. This brings a substantially 
higher concentration range into view for characterization by 
SV than previously possible. The increase is driven by a new 
computational approach for nonideality cNI(s0),23 and lever
aged by recently developed experimental improvements for 
thin sample holders.53 The panel of antibodies we used here 
to test the new methodology was previously characterized by 
some of us.4,15,18,46-49 Since self-association and nonideality 
properties depend on formulation conditions,13,46 we have 
chosen phosphate-buffered saline (PBS) for comparability 
with previous studies of these molecules. With regard to their 
distinct self-association properties, the current results are gen
erally in good agreement, within the caveats arising from 
different observables and limitations in different techniques.

In particular, the strongest self- 
association was observed for mAb C, consistent with previous 
measurements.15,46,47 Even though prior work comes to con
flicting conclusions with regard to the self-association scheme, 
which is notoriously hard to determine, the results agree that 

Table 1. Best-fit binding parameters from the analysis of concentration-dependence of sedimentation.

mAb model
monomer 

s-value (S)(a) f/f0 KD kS (mL/g) kD (mL/g) % dimer isotherm % dimer dilute c (s)

A 1–2 6.45 1.60(b) 13 mM 5.0 1.0 7.4 5.7
B 1–2 6.52 1.70(b) n/a 6.5 2.8 1.8 3.4
C 1 – 2 – 4 6.89 1.43 39 µM step 1–2 

33 µM step 2–4
3.6 0.1(c) 11(d) 11

D 1 – 2 – 3 – 4 . . . 6.50 1.60(b) KD,12 (80 µM), KD,iso(1.0 mM) 3.5 9.5 6.4(d) 6.4
E 1–2 6.48 1.48 0.91 mM 0.2 15 0.4 2.3

(a)The monomer s-value was determined from the c(s) analysis of sedimentation under ideal conditions at 0.3 mg/mL (b)Nonideal cNI(s0) analysis was carried out with 
frictional ratio fixed to the value measured under dilute conditions. (c) kD could not be determined and was fixed to upper limit. (d) In the isotherm analysis, the fraction 
of incompetent irreversible dimer could not be independently determined and was fixed to the value determined from c(s) analysis in dilute conditions.
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there is a first step exhibiting an (effective) KD in the few tens of 
μM, the fact that self-association extends to at least two states, 
and that the second step (effective) KD is similar or slightly 
weaker. The present results are consistent with this, and 
inspection of the concentration-dependent peaks in the cNI 
(s0) profiles and the range of s-values observed leads us to an 
isotherm model with monomer-dimer-tetramer system, with 
best-fit KD-values of 39 μM and 33 μM for first and second step, 
respectively. It was not possible, however, to raise the concen
tration to 45 mg/mL as with the other mAbs; this would have 
significantly increased the population of the larger species, 
which may have clarified the nature of the larger oligomers.

The second strongest self-association was found with mAb 
D. In the most quantitative previous study, a monomer-dimer- 
irreversible dimer model was applied leading to an estimate of 
KD of 600 μM, in the presence of 2% irreversible dimer.15 At 
the previously highest concentration of 15 mg/mL, this model 
implies the population of the reversible dimer to be only 7% 
(mass fraction). Such a low abundance makes precise measure
ment of reversible and irreversible dimers quite difficult. This 
situation is more favorable in the present study, where at the 
highest concentration of ~35 mg/mL the reversible dimer 
fraction is projected to be >30%, allowing for improved quan
titation. Our result from modeling the sw-isotherm also sug
gests a significantly stronger dimerization with KD of 80 μM, 
coexisting with 6.4% irreversible aggregate. In addition, the cNI 
(s0) profiles clearly resolve additional larger oligomers, which 
fit to a weak isodesmic growth model with KD of ≈1 mM. This 
highlights the advantage in sensitivity when higher concentra
tions can be used.

All other mAbs exhibit only very weak self-association, if 
any. For mAb E we observe dimerization with a best-fit KD of 
0.9 mM, close to the previously reported value of 1.03 mM.15 

Similar to mAb D, the increased concentration in the pre
sent work approximately doubles the population of the 
dimer, aiding in the accuracy of its characterization. Whereas 
both mAbs A and B were previously found to be non- 
interacting,15 the higher concentrations now possible allowed 
us to detect ultra-weak dimerization for A with a best-fit KD of 
13 mM. The latter is confirmed in light scattering experiments 
(manuscript submitted).

Turning to the nonideality coefficients that describe inter
particle distance distributions, it is important to note that the 
new cNI(s0) analysis absorbs hydrodynamic nonideality into the 
best-fit coefficients kS. Therefore, within the framework of 
cNI(s0) distributions these nonideality coefficients do not con
sider as part of nonideality those complexes that are resolved in 
cNI(s0) as faster-sedimenting species. The best-fit kS-values 
were all slightly below the theoretical values of 6.55�vfr

3 for non- 
interacting spheres with the measured hydrodynamic radius 
(with the exception of mAb E, which was significantly below), 
suggesting the presence of attractive interactions modulating 
particle distance distributions in addition to the reversible 
complex formation discussed above.

The comparison of these values with those observed in 
other techniques and with other analysis tools, however, is 
problematic. A major difficulty arises from the operational 
definition of nonideality coefficients and the question to what 
extent self-association states are recognized and separately 

accounted for. For example, in dynamic light scattering 
(DLS) a nonideality coefficient of diffusion is customarily 
determined from the concentration-dependence of the overall 
z-average diffusion coefficient, whereas in the analysis of 
static light scattering, similar to SV, the self-association in 
different oligomeric states can be explicitly modeled.56 As 
a result, all kD values from the entire panel of mAbs, measured 
by DLS were previously found to be negative,15 whereas those 
from SV in the same previous work (and also those in the 
present work) are positive. Similar differences in the thermo
dynamic reference frame have long been discussed for second 
virial coefficients for self-associating molecules.22 Even in the 
interpretation of SV, diverging approaches have been taken. 
In one approach, kS is assigned to be simply the concentra
tion-dependence of experimental sw-values,57 whereas in 
another approach using explicit sedimentation models any 
self-association is not considered part of the nonideality.15 

These are valid, but different concepts, and will lead to very 
different results that are mutually incompatible. We will 
examine the interrelationship between self-association and 
nonideality models in application to different techniques in 
a forthcoming communication.

Finally, the only mAb in this study for which no self- 
association was detected and these confounding factors should 
not apply is mAb B. The best-fit kS from cNI(s0) analysis was 
6.5 mL/g (±0.2 mL/g, 68% confidence interval), slightly lower 
than the value of 8.8 mL/g reported previously.15 The origin for 
the difference is unknown, but small differences will arise from 
different concentration measurements (in cNI(s0) entirely based 
on refractometric signal increment of 2.75 fringes×(mg/ 
mL)−1× cm−1) and potentially from different framework for 
buffer density and viscosity corrections, which in cNI(s0) is 
solvent-based consistent with statistical fluid mechanics pic
ture of Batchelor.23,58

From a methodological point of view, the new SV approach 
can replace a two-step analysis for concentrated antibody solu
tions proposed recently.15,57 Previously, in a first step, poly
dispersity was approximately assessed in an apparent 
sedimentation coefficient distribution g*(s). Lacking both dif
fusion and nonideality corrections, this distribution can only 
reveal a limited, qualitative picture of the sedimentation 
process.27,59 Critical drawbacks of this step are that oligomers 
are hydrodynamically poorly resolved, their peak amplitudes 
underrepresent true populations due to Johnston-Ogston 
effects, and that reversible self-association is masked – some
times entirely – by opposing effects of nonideality on the 
sedimentation velocity. This makes g*(s) distributions even 
qualitatively difficult to interpret. This was followed by 
a second step that models SV data with computational solu
tions to the Lamm equation explicitly accounting for the spa
tio-temporal evolution of the sedimentation/diffusion/reaction 
process. This step is more rigorous in that it can include 
nonideality, but it is bound by the well-known problems and 
limitations of discrete Lamm equation modeling, chiefly the 
lack of accounting for polydispersity and 
microheterogeneity.27,34,60 Such neglect of polydispersity is 
a critical point, in particular, when raising the experimental 
concentrations with concomitant increased propensity for 
aggregation. Previously both steps could be applied only to 
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small data subsets, and thus did not take advantage of the 
information in the full temporal evolution of sedimentation 
profiles.

The new cNI(s0) analysis overcomes these limitations. It is 
appealing because it enables seamless extension of workflows 
well-known in the characterization of ideal solutions by SV, 
and can fit remarkably well scan data representing the entire 
sedimentation process. In the cNI(s0) analysis all effects of 
nonideality are absorbed into the mean-field nonideality coef
ficients kS and kD, which are available for separate interpreta
tion. As in standard c(s) analysis, stable species can be resolved 
in cNI(s0) with high hydrodynamic resolution, their s-values 
can be assessed directly based on mass and friction as in dilute 
solution, and the integrated cNI(s0) peaks are proportional to 
weight concentrations. Thus, it can be applied very similar to 
the widely used analysis of trace aggregates of mAbs by c(s) 
analysis, and the interpretation of self-association can proceed 
identically to the well-known analyses of more dilute interact
ing systems. For reversible systems, the concentration- 
dependence of peaks reflects on the kinetic stability, and the 
thermodynamic analysis of binding models can be based as 
usual on sw-isotherms derived from integration of sedimenta
tion coefficient distributions.34,37

It should be noted that Rayleigh interference optical, 
refractive index-based detection must be used for nonideal 
cNI(s0) analysis, since detection of the evolution of the total 
macromolecular concentration is essential for the mean-field 
approximation at the core of cNI(s0). From this optical 
requirement derives the currently limiting factor for protein 
concentrations, which is lensing aberrations in the optical 
detection in the presence of strong refractive index gradients 
associated with steep sedimentation boundaries. This is 
strongly dependent on the optical pathlength. For molecules 
the size of IgG sedimenting at 45,000 rpm, we found maximal 
concentration to be ~20 mg/mL in Epon 3 mm pathlength 
centerpieces (Beckman Coulter, Indianapolis, IN; or Spin 
Analytical, Berwick, ME), or ~45 mg/mL when using 3D- 
printed 1 mm pathlength centerpieces, and we assume inter
mediate concentration limits will apply for commercial 
1.5 mm pathlength titanium centerpieces (Nanolytics 
Instruments, Potsdam, Germany).

Interestingly, the fluorescence optical detection system 
(FDS, Aviv Instruments, Lakewood, NJ) was proposed to 
provide superior performance for sedimentation analysis of 
fluorescently labeled mAbs in concentrated solutions.57,61-64 

A well-known technical concern when working with extrinsic 
fluorescent tags is the extent of alteration of the macromole
cular behavior due to fluorescent labeling.65 This question 
becomes more pertinent when studying highly concentrated 
macromolecular solutions, where weak ‘nonspecific’ interac
tions and ultimately even contributions of the tag to excluded 
volume may alter the macromolecular properties under study. 
Even if this can be experimentally controlled, a more funda
mental problem arises in the study of nonideality using tracer 
molecules in SV in the presence of other untagged macro
molecules, since nonideality is due to volume occupancy of all 
macromolecules in solution, not only those that are detected. 
In the special case that the fluorescence signal represents an 
even fraction of the total sedimenting material, it may be 

possible to apply cNI(s0) to FDS data analysis, although the 
effects of existing refractive index gradients on FDS data and 
the applicable concentration limits still remain unclear. If, on 
the other hand, the non-fluorescent material is sedimenting 
differently from the fluorescent molecules, then the sedimen
tation boundaries and back-diffusion profiles of this majority 
‘invisible’ material will dynamically modulate nonideality of 
the visible molecules to an unknown extent, and this will 
make a quantitative sedimentation analysis problematic with 
any method. In fact, it is precisely the ability to monitor the 
total concentration and its evolution with time that makes the 
cNI(s0) analysis of polydispersity and nonideality possible, and 
this is one major difference between the FDS approach and 
the refractive-index-based method presented here.

In summary, we demonstrate the utility of a new approach 
of SV analysis for nonideal mAb solutions at concentrations 
up to ~45 mg/mL. It overcomes the existing limitations of 
mutual exclusivity between nonideality and polydispersity 
analysis, and therefore can report simultaneously on size- 
distributions of irreversible aggregates, as well as a wide spec
trum of reversible self-association, including formation of 
complexes ranging from strong to ultra-weak. The ability to 
work at high concentrations and to achieve hydrodynamic 
resolution of different size species provides the opportunity to 
distinguish these oligomerization events better from nonide
ality parameters that reflect slightly attractive or repulsive 
modulations of interparticle distance distributions. This posi
tions nonideal SV analysis uniquely among biophysical tech
niques for the characterization of mAbs colloidal solution 
state.

Materials and methods

Antibodies

All five mAbs A-E described here were provided by 
AstraZeneca (Gaithersburg), purified by a series of chromato
graphy and membrane separation steps. Each mAb was dia
lyzed into PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
and1.8 mM KH2PO4, pH 7.4) overnight at 2–8°C, after which 
the stock concentration was measured by UV spectrophoto
metric analysis at 280 nm as described previously.15 All mAbs 
were of subclass IgG1 except mAb D, which was IgG2.

Sedimentation velocity analytical ultracentrifugation

SV experiments were carried out using a ProteomeLab analy
tical ultracentrifuge (Beckman Coulter, Indianapolis). 
Samples in concentrations ranging from 0.2 to 46 mg/mL 
were diluted from stock in PBS, mixed well and kept to 
equilibrate overnight at 4°C. They were then loaded into cell 
assemblies with sapphire windows and two-sector Epon cen
terpieces with 12 mm pathlength for samples below 1 mg/mL, 
Epon centerpieces with 3 mm pathlength for samples between 
1 and 14 mg/mL, or 3D-printed Microfine Green centerpieces 
with 1 mm pathlength53 for concentrations >14 mg/mL, 
respectively. Next, the assemblies were placed in an 8-hole 
An-50 Ti rotor, and temperature equilibrated at a set point of 
20°C while resting in vacuum in the rotor chamber for at least 
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2 h. Independently measured rotor temperatures in the dif
ferent instruments used for different experiments were 19.6°C 
(mAbA), 19.8°C (mAbB and mAbD), 20.1°C (mAbC) and 
21.6°C (mAbE), respectively.26,66 After acceleration to 
45,000 rpm data acquisition commenced using the Rayleigh 
interference optical detection system.

Data were corrected for scan time errors67 using the software 
REDATE (kindly provided by Dr. Chad Brautigam), analyzed 
using the cNI(s0) model in SEDFIT23 versions 16.2– 16.34, cor
rected for temperature and radial calibration errors as 
described,66 and followed by sW isotherm analysis using different 

binding models in SEDPHAT version 15.2e, and results plotted 
with GUSSI68 (kindly provided by Dr. Chad Brautigam). For 
comparison, apparent sedimentation coefficient distributions g* 
(s) were calculated by DCDT+69 version 2.4.3 (kindly provided 
by Dr. John Philo).

Nonideal sedimentation coefficient distribution analysis

The recently introduced mean-field approximation for noni
deal sedimentation coefficient distribution analysis cNI(s0) is 
key for enabling our study at high concentrations.23 We briefly 
recapitulate the basic structure of the analysis model. 
Analogous to the well-known ideal case of c(s) analysis,27 it is 
rooted in a Fredholm integral equation defining the 
distribution: 

aðr; tÞ ffi εd
ðsmax

smin

cNIðs0ÞχNI s0;Dðfr; s0Þ; r; tð Þds0 (1) 

i.e., we model the complete evolution of observed signal a(r,t) 
as a superposition with weights cNI(s0) for each s0-value, where 
ε is an extinction coefficient and d the optical pathlength, and 
χNI denotes the species spatio-temporal sedimentation pattern 
at unit concentration based on its sedimentation and diffusion 
coefficient, the latter as usual approximated via 
a hydrodynamic scaling law characterized by a common trans
lational frictional ratio fr.27

The key problem in nonideal sedimentation is that motion of 
all molecules is coupled, which strictly makes the distribution 
problem intractable. The extension of the standard c(s) model 
into the nonideal regime becomes possible with a mean-field 
approximation. This is based on the recognition that sedimenta
tion nonideality is the dominant factor in SV, and that more 
than 80% of the magnitude of kS is due to solvent backflow,70 

which, in turn, depends principally on the total hydrodynamic 
volume occupied by all sedimenting species, with lesser depen
dency on precise shape and charge heterogeneity. In this first- 

order approximation of nonideality effects across the particle 
size distribution, the sedimentation χi,NI(r,t) of each class of 
particles follows the Lamm partial differential equation71 

@χi;NI

@t
¼ �

1
r
@

@r
siðctot; r; tÞω2r2χi;NI � Diðctot; r; tÞr

@χi;NI

@r

� �

(2) 

with species sedimentation and diffusion coefficients locally 
dependent on the local total macromolecular concentration 
χtot(r,t) following 

The latter dependence on the entire sedimentation coefficient 
distribution still reflects the interdependence of sedimentation 
patterns, but can be taken as a recursive recipe for calculating 
cNI(s0). In the limit of low concentrations, the nonideality 
terms vanish and the Lamm equation approaches the ideally 
sedimenting case. Fitting of cNI(s0) was combined with max
imum entropy regularization to achieve the most parsimonious 
distribution consistent with experimental data.27 Other than 
the incorporation of nonideality coefficients into the sedimen
tation model, the interpretation of cNI(s0) follows the same 
principles as c(s).

Analysis of self-association equilibria

The analysis of self-association can proceed analogously to the 
analysis of self-association in ideal solutions.37,72 Integration of 
cNI(s0) across peaks reflecting interacting species provides well- 
defined signal weighted-average s-values, sw, which can be 
assembled into binding isotherms as a function of total concen
tration ctot.27 Generally, the isotherm for self-associating systems 
can be modeled based on the laws of mass conservation and mass 
action for formation of an oligomer of size i from monomers at 
concentration c1 with equilibrium association constant Ki

(4) 
swðctotÞ ¼

1
ctot

X

i
isiKic1

i

ctot ¼
X

i
iKic1

i 

with sedimentation si for the different oligomers (and using the 
definition K1 = 1). For convenience, ctot was taken in molar 
protomer concentration units. In theory, small corrections to 
the ‘effective’ loading concentrations may be applied that reflect 
slight dilution of the sedimentation boundary in the sector- 
shaped solution column.27,37,73 Here, we considered these cor
rections negligible compared with uncertainties of protein 

siðctot; r; tÞ ¼ s0;i 1 � kSctotðr; tÞð Þ ¼ s0;i 1 � kS

ð

cNIðs0ÞχNIðs0; r; tÞds0

� �

Diðctot; r; tÞ ¼ D0;i 1þ kDctotðr; tÞð Þ ¼ D0;i 1þ kD

ð

cNIðs0ÞχNIðs0; r; tÞds0

� � (3) 
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concentration measurements, uncertainties in the binding mod
els, and typical confidence intervals of best-fit equilibrium 
constants.

In the analysis of the isotherms with the model Eq. 4, it may be 
observed that the best-fit monomer s-value can be inconsistent 
with the known s-value from the monomer peak of the sedimenta
tion coefficient distribution. This can be a result of irreversible 
aggregates that do not participate in the reversible oligomerization. 
Thus, the isotherm analysis in SEDPHAT can be extended by 
considering a fraction of irreversible, association-incompetent 
material in a certain oligomeric state. In this way, irreversible 
dimer fractions can be estimated from the isotherm analysis if 
the monomer s-value is constrained to the known c(s) or cNI(s0) 
peak value (Table 1).
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