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Abstract
The goal of this work is to develop a preclinical method for quantitative hydrodynamic and thermodynamic analysis of 
therapeutic proteins in crowded environments like human serum. The method utilizes tracer amounts of fluorescently labeled 
monoclonal antibodies and the Aviv AU-FDS optical system. We have performed sedimentation velocity experiments as a 
function of mAb, human serum albumin and human IgG concentration to extract self- and cross-term hydrodynamic non-
ideality effects. SV measurements are consistently complicated by weak mAb–mAb and mAb–IgG interactions (Wright 
et al. in Anal Biochem 550:72–83, 2018). In an attempt to explore different approaches we have investigated measurements 
of diffusion coefficients by traditional synthetic boundary experiments. Here we present a new technique incorporated into 
SEDANAL that can globally analyze the full time course of synthetic boundary experiments. This approach also utilizes 
F-mAb against a high concentration of unlabeled carrier protein (HSA or IgG). In principle both diffusion and sedimenta-
tion coefficient information can be extracted including hydrodynamic and thermodynamic nonideality. The method can be 
performed at a traditional low speed (5–7K rpm) or at high speeds. The high speed method can also be used to measure D 
and s for small molecules like fluorescein (often contaminants of F-HSA and F-mAb). The advantage of synthetic boundary 
over the standard sedimentation velocity method is that it allows for higher precision determination of diffusion coefficients. 
The concentration dependence of D can be corrected for hydrodynamic nonideality effects by plotting D * (1 + kijcj) vs total 
carrier concentration. The slope of the fitted data allows an alternate approach to determine self- and cross-term thermo-
dynamic nonideality. This method can also explore cross-term diffusion coefficient effects. These results are compared to 
dynamic light scattering approaches which are limited to kD determinations for solutions of pure protein.

Keywords Second virial coefficient · Diffusion · Hydrodynamic nonideality · Sedimentation velocity · Synthetic boundary · 
Thermodynamic nonideality

Introduction

Sedimentation velocity has been useful for the analysis of 
weak macromolecular repulsive interactions for 70 years. 
The approach has been used to measure the concentration 

dependence of sedimentation ks and diffusion kD. The meas-
urement of ks from sedimentation velocity (SV) experiments 
is straight forward and has been implemented by many inves-
tigators utilizing different optical systems (Kegeles and Gut-
ter 1951; Harrington and Schachman 1953; Schachman and 
Harrington 1954; Hersh and Schachman 1955, 1958; Hard-
ing and Johnson1985a, b; Solovyova et al. 2001; Saluja et al. 
2010; Yadav et al. 2011; Correia et al. 2016; Wright et al. 
2018). The measurement of kD has been commonly per-
formed by orthogonal methods like dynamic light scattering 
(DLS; Solovyova et al. 2001; Saluja et al. 2010). Determina-
tion of the second virial coefficient B can then be performed 
by application of a difference equation kD = 2BM − k* that 
reveals that kD comprises both hydrodynamic and thermody-
namic contributions, and k* is derived from a linear plot of s 
vs c (see “Discussion”; Harding and Johnson 1985a; Saluja 
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et al. 2010). Since the sedimentation of a macromolecule 
also is influenced by both hydrodynamic (ks) and thermody-
namic (2BM) nonideality, it should in principle be possible 
to extract both parameters directly from SV data analysis 
alone (Solovyova et al. 2001; Wright et al. 2018). This can 
be seen in the following empirical expressions for concen-
tration dependence and nonideality (Stafford and Sherwood 
2004).

When expressed in this way, both ks and 2BM can in 
principle be determined by global direct boundary fitting 
of SV data collected over a range of concentrations by the 
sedimentation analysis program SEDANAL (Stafford and 
Sherwood 2004). Recent studies on monoclonal antibodies 
in serum proteins (Correia et al. 2016; Wright et al. 2018; 
Yang et al. 2018) have attempted to implement this approach 
and have found that weak association reduces or masks ks 
values. This means both nonideality and self-association are 
present in the solution and the result is typically a reduced 
apparent ks value or a reduced apparent weak association. In 
addition, in the presence of a weak association, 2BM values 
are often negligible, the best fit goes to zero, and becomes 
difficult to determine by SV. This is thought to be due to 
the combination of thermodynamic nonideality and weak 
association effects on boundary shape. As the equation for 
D above shows, increases in 2BM cause boundary spread-
ing while increases in ks cause boundary sharpening, and 
thus offset one another. Thus, there appears to be a need 
for alternative ways of estimating 2BM from AUC methods.

Sedimentation velocity is usually performed at high speed 
under conditions where s is readily determined, but diffu-
sion may be minimal for large macromolecules. Here we 
demonstrate that synthetic boundary (SB) experiments are 
amenable to determining s and D through direct boundary 
fitting with SEDANAL. When performed as a function of 
concentration this allows the extraction of 2BM values from 
the slope of plots of Dapp (1 + ksc) vs c. When implemented 
with the Aviv Fluorescence Detection System (AU-FDS; 
Macgregor et al. 2004; Kroe and Laue 2009; Lyons et al. 
2013) methods, this approach can also measure cross-term 
virial coefficient effects, Bij, or the thermodynamic nonideal-
ity of mAbs in the presence of serum proteins. This method 
is appropriate for repulsive (positive BM) or attractive 
(negative BM) interactions and has proven useful in verify-
ing the weak association of mAbs (Solovyova et al. 2001; 
Saluja et al. 2010; Yadav et al. 2011, 2012). Here we present 
detailed methods for AUC Aviv-FDS synthetic boundary 
measurements and their application to the determination of 
monoclonal antibody diffusion coefficients in the presence of 
high concentrations of serum proteins human serum albumin 

(1 and 2)s =
s0

1 + ksc
and D =

Do(1 + 2BMc)

(1 + ksc)

(HSA) and human IgG. The result is self- and cross-term 
2BijMj values that can verify thermodynamic nonideality or 
the presence of weak association.

Materials and methods

Samples

The NIST mAb and golimumab therapeutic IgG antibodies 
(100 mg/ml) were provided by Boehringer-Ingelheim. The 
second lot of golimumab (100 mg/ml) was also purchased 
from the University of Mississippi Medical Center phar-
macy. Human serum albumin was purchased from Sigma-
Aldrich in the fatty-acid free form (A3782). A heteroge-
neous mixture of the total human IgG serum fraction was 
obtained from Golden West Biologicals, Inc., Temecula, 
CA (HGG1000). Analytical ultracentrifugation experiments 
were run in phosphate-buffered saline (PBS; 150 mM NaCl, 
2.7 mM KCl, 20 mM  Na2HPO4, and 1.8 mM  KH2PO4, pH 
7.4). HSA, IgG and mAbs were stored as stock solutions dia-
lyzed into PBS using Slide-A-Lyzer MINI Dialysis devices 
(Thermo Scientific).

Protein labeling

NIST mAb and golimumab were labeled with Alexa-Fluor 
488 carboxylic acid, succinimidyl ester (Molecular Probes 
A20100). HSA was labeled with fluorescein 5(6)-isothio-
cyanate (Sigma-Aldrich F3651). Thermo Scientific (Alexa-
Fluor 488) and Sigma fluorescein 5(6)-isothiocyanate 
(FITC) protocols for fluorescence labeling were followed. 
Typically 3–4 Alexa-488 molecules covalently bound per 
mAb, and ~ 0.5 FITC bound per HSA. Each labeled protein 
was run pair-wise in tracer level amounts with unlabeled 
carrier protein.

Analytical ultracentrifugation

All experiments were performed in a Beckman Coulter 
Optima XL-A analytical ultracentrifuge equipped with an 
Aviv AU-FDS fluorescence optical system at 20 °C. Samples 
were made up at the desired concentration (100–200 nM 
tracer and a range of unlabeled carrier concentrations) and 
loaded into double sector, 3 mm pathlength synthetic bound-
ary cells (40 µl on sample side; Spin Analytical Spin50-
SB-3 mm; Fig. 1). FC-43 (a fluorocarbon oil from Beckman, 
20 µl) was introduced to the centerpiece in advance of the 
sample to remove the base of the sample from the optical 
artifact due to cut-off of the cone of FDS laser light. The 
centrifuge cells were placed into an An-60 Ti rotor and the 
temperature of the AUC was equilibrated for at least 1 h 
before the run began. Low speed runs were performed at 
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7K rpm. High speed experiments were done at 35K rpm 
for HSA, 24K rpm for mAbs, and 50K rpm for small com-
pounds like fluorescein. These higher speeds are chosen 
to give a reduced molecular weight, � =

MB�
2

RT
 , of approxi-

mately 10 and provide optimal chance to estimate both s 
and D. Sedimentation was monitored by measuring absorb-
ance at 280 nm for unlabeled protein samples, 492 nm for 
fluorescein, and by FDS for fluorescently labeled samples. 
Attempts to measure labeled protein sample via absorb-
ance by the label (~ 488 nm) in high concentration carrier 
protein backgrounds failed due to the presence of signifi-
cant Schlieren effects caused by the carrier protein gradient 
deflecting light out of the optical tract (Colfen and Harding, 
1995; Dhami et al. 1995).

The density of PBS was measured in an Anton Paar DMA 
5000 density meter. The buffer viscosity was estimated with 
Sednterp (Laue et al. 1992; Hayes et al. 1994). The partial 
specific volume (vbar) was calculated from sequence infor-
mation if available. For HSA, the concentration of the unla-
beled component ranged from 1 to 40 mg/ml. Measurements 
on IgG runs ranged from 1 to 20 mg/ml. The experiments 
involving the unlabeled therapeutic antibody as the back-
ground molecule varied from 1 to 20 mg/ml. These ranges 
were chosen because typical serum has 30–35 mg/ml HSA 
and 12–15 mg/ml IgG. SEDANAL internally uses concentra-
tion units of mg/ml and thus ks and 2BM have units of ml/mg 
to make ksc or 2BMc dimensionless (Eqs. 1 and 2). However, 
the field tends to use ml/g (Rowe 1977; Harding and Johnson 
1985a, b; Solovyova et al. 2001; Saluja et al. 2010; Yadav 

et al. 2011) and thus we plot data vs mg/ml, but report data 
in units of ml/g. This also avoids reporting numbers with lots 
of digits (0.0033 ml/mg vs 3.3 ml/g). Carrier protein con-
centrations were estimated from absorbance measurements 
on dilutions of stock solutions with extinction coefficients 
based upon amino sequence as estimated by the program 
Sednterp (Laue et al. 1992): NIST ε280 = 1.44 ml/mg/cm; 
golimumab ε280 = 1.49 ml/mg/cm; HSA ε280 = 0.52 ml/mg/
cm. For total IgG, the extinction coefficient is provided by 
the vendor: ε280 = 1.36 ml/mg/cm. The fluorescein extinc-
tion coefficient is taken from the Molecular Probes web site: 
ε238 nm = 39,800 M−1. Fluorescein SB experiments were per-
formed with 150 nM by FDS or 35 µM by  Abs485 nm at both 
7k and 50k rpm. Sedimentation and diffusion coefficient data 
were extrapolated to infinite dilution and corrected to so

20,w 
and Do

20,w. For presentation purposes carrier protein concen-
trations are plotted as mg/ml to match the phenomenological 
form of the concentration dependence (Eqs. 1 and 2). Tracer 
and fluorescein concentrations are listed as nM or μM to 
reflect the optical limitations of the AU-FDS system (Lyons 
et al. 2013).

SB experiments are traditionally done by layering buffer 
on the sample. This creates a gradient of the carrier protein 
in the background of the tracer gradient that may influence 
the diffusion of the tracer material through cross-term diffu-
sion coefficients (Correia and Stafford 2015). We call these 
gradient method experiments (Fig. 1). It is also possible to 
layer carrier protein onto carrier protein plus tracer. This 
creates a constant background (Fig. 1, CB method) of carrier 
protein that allows for the measurement of the diffusion of 
the tracer in the absence of other gradients. The CB method 
is especially prone to convective mixing. It may be neces-
sary to add 0.5–2% sucrose or some other stabilizer to the 
sample solution to minimize or prevent convection (Hersh 
and Schachman 1955; Vinograd et al. 1963).

Theory

These experiments allow for the determination of the non-
ideality that arises from the excluded volume and charge 
perturbation a macromolecule has on itself (self-term non-
ideality) or other components (cross-term nonideality). 
Equation 3 describes a two component macromolecular 
system where nonideality can be determined empirically 
through pair-wise specific experiments. In these studies the 
pair-wise experiments consist of any two of the following 
components: mAb (component 1), HSA (component 2), and 
IgG (component 3). The self-term nonideality is described 
by the kii or Bii term where i = i (Eqs. 3 and 5). For the cross-
term nonideality, the term is denoted as kij or Bij where i ≠ j 
(Eqs. 3 and 5). The sedimentation coefficient of the labeled 
species as a function of the unlabeled species determined 

Fig. 1  Synthetic boundary centerpiece. Upon acceleration, buffer 
or solvent from the left sector flows via the etched channel onto the 
protein solution in the right sector creating a sharp boundary for 
observing diffusion and sedimentation. The upper panel shows gra-
dient mode: buffer (light blue) layering onto labeled tracer (yellow) 
plus carrier protein (dark blue). The lower panel shows constant back-
ground or CB mode: carrier protein layering onto labeled tracer (yel-
low) plus carrier protein (dark blue)
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for pair-wise interactions for both the self- and cross-term 
nonideality can be expressed as

For plotting purposes, the relationship can be simplified 
and rearranged into a linear equation due to the low concen-
tration (100–200 nM) of the labeled component k11c1 which 
renders it negligible:

where the y-intercept is 1/s0
1
 and the slope is the k12∕s01 term. 

The slope gives the hydrodynamic nonideality exerted by the 
unlabeled component (in this case component 2 or HSA) on 
the labeled component (component 1 or mAb). The ks (k12 
in Eq. 4) value is determined by dividing the slope by the 
1/so

1
 value.

The diffusion coefficient of the labeled species as a func-
tion of the unlabeled species determined for pair-wise inter-
actions for both the self- and cross-term nonideality can be 
expressed as (Stafford and Sherwood 2004; Correia and Staf-
ford 2015; Wright et al. 2018)

and then plotted as

to determine the thermodynamic nonideality 2B12M2 from 
the slope of the line. Note the B11 and k11 terms are elimi-
nated because the labeled tracer concentration is low. The k12 
or ks values used were determined by sedimentation veloc-
ity experiments presented elsewhere (Wright et al. 2018). 
The experiments presented here test the ability of SB to 
accurately determine s and plots of s vs c to independently 
determine ks values.

There are two general mathematical forms for concen-
tration dependence of s: so (1 − k*c) and so (1 + ksc)−1. 
Throughout the text we will differentiate between the two 
plots by referring to k* or ks. A relationship between the 
two constants is derived in the discussion. The (1 + ksc)−1 
form may be transformed into a 1/s vs c plot which is pre-
ferred because it is linear over a wider concentration range 
(Schachman 1959). The concentration used in a s vs c or a 
1/s vs c plot from a traditional SV run must be corrected 
for radial dilution (co/c = (r′/rm)2) if s is determined by the 
program DCDT (Stafford 1992) or WDA (Stafford and 
Braswell 2004). The average position of the scans used in 
the analysis (r′ = rm + (r−rm)/2) must be used to correct the 

(3)s1 =
s0
1

1 + k11c1 + k12c2

(4)
1

s1
=

1

s0
1

+
k12

s0
1

c2

(5)D1 =
D0

1
(1 + 2B11M1c1 + 2B12M2c2)

(1 + k11c1 + k12c2)

(6)D1

(

1 + k12c2
)

= D0

1
(1 + 2B12M2c2)

average concentration, thus the average nonideality of the 
boundary is exposed during the run up to the time of analysis 
(Trautman and Schumaker 1954; Patel et al. 2018). This in 
principle also applies to synthetic boundary analysis and 
s or D vs c plots. However, we perform direct boundary 
SEDANAL fits that extract s and D values corresponding 
to the initial concentration. This is because Claverie (1976) 
solutions to the Lamm equation simulate the boundary posi-
tion from time zero and thus correct for radial dilution. Since 
the SEDANAL fitting function is a single-component model, 
the results will be influenced by the presence of aggregated 
dimer or trimer species which are present in HSA and all 
IgG and mAb solutions. This is especially true at low speeds 
where the measured diffusion will reflect the distribution of 
species present and thus give an average s and D (see Fig. 9). 
Since the unlabeled carrier protein concentration is being 
plotted, we must also trust that the dilution factor for each 
optically invisible sample is correct. This may be in error if 
scattering artifacts alter the initial concentration determina-
tion, or if aggregates spin out of solution during the run and 
alter the actual concentration producing the nonideality.

Irreversible thermodynamics hypothesizes that coupled 
diffusion occurs in mixtures and serum solutions (Fujita 
1975; Katchalsky and Curran 1975; Correia and Stafford 
2015) as expressed in the modified Lamm equation shown 
below.

The summation terms over Dij are derived from the cou-
pled flow equation starting with the phenomenological equa-
tions that included Onsager’s reciprocal relations Lij = Lji:

where J’s are the flows, L’s are Onsager cross coefficients, μi 
are chemical potentials and ∂μi/∂x are the forces. Substitut-
ing for chemical potential and differentiating, thereby yields 
Fick’s equation for two independent diffusional flows.

This equation shows that flow in a multicomponent sys-
tem is coupled to total gradient of all components. Combin-
ing Eqs. 10 and 11 shows that D12 ≠ D21

(7)
∑

(

�ci

�t

)

r

= −
∑ �

r�r

[

ci�
2sir

2 −

n
∑

j=1

Di,jr

(

dcj

dr

)

t

]

(8)J1 = −L11
��1

�x
− L12

��2

�x

(9)J2 = −L21
��1

�x
− L22

��2

�x

(10)J1 = −D11

c1

RT

��1

�r
− D12

c2

RT

��2

�r

(11)J2 = −D21

c1

RT

��1

�r
− D22

c2

RT

��2

�r
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The presence of coupled flow and cross-term diffusion 
coefficients is tested by comparing gradient and constant 
background experiments in pair-wise tracer experiments.

DLS

Measurements were performed on a DynaPro NanoStar 
instrument (Wyatt Technology) equipped with Dynamics 
V7 version 7.19 software. Samples (50–100 µl) were spun 
for 3 min at 20 °C and 50K rpm in a Beckman Optima TLX 
ultracentrifuge to avoid the presence of dust in the sample. 
Cells were loaded with 10 µl of sample directly from the 
centrifuge tube to avoid contaminating the sample with dust. 
The laser power was set at 50%. Measurements consisted of 
ten 5 s acquisition times that were averaged and repeated 
three times. The diffusion coefficient data were plotted vs 
concentration (mg/ml) as a mean ± SD of three repeats. The 
data were fit to the standard equation

and kD compared to 2BM values as determined above. kD 
values are reported in units of ml/g. All results (so

20,w, ks, k*, 
2BM, kD and Do

20,w) are summarized in Table 1.

(12)D12 = L11
��1

�c2
+ L12

��2

�c2

(13)D21 = L21
��1

�c1
+ L22

��2

�c1

(14)D = Do(1 + kDc)

Results

A synthetic boundary centerpiece allows a buffer or pro-
tein solution to layer onto a protein solution to create a 
sharp boundary. Typical data are shown in Fig. 2 where 
Alexa-488-NIST mAb sediments and diffuses in 5 mg/ml 
unlabeled NIST mAb at (A) low and (B) high speed.

Analysis of these data was performed in SEDANAL 
with a modification of the Claverie (1976) algorithm that 
allows a sharp boundary or a band as an initial condi-
tion. Philo (1994) developed a synthetic boundary analy-
sis option in his program SVEDBERG (newest version 
7.0.7 that also works with FDS SB high speed data) and 
observed that the first few scans typically show convec-
tive optical imperfection and suggested using later scans 
for the initial scan in the fit. We observe the same effect 
and typically use scan 9 (~ 800 − 1200 s depending upon 
speed) to initialize the Claverie algorithm. The Svedberg 
equation

contains three unknowns and only two of those are inde-
pendent variables. Thus, SVEDBERG can fit for s and M, or 
D and M or s and D. Data for this study were typically fit to 
a single-species s and D model to extract both sedimentation 
and diffusion coefficients.

(15)
s

D
= M(1 − v�)∕RT

Table 1  Summary of the 
measured parameters

a 7K rpm
b 35K rpm
c DLS
d Gradient
e CB
f 24K rpm

so
20,w (S) ks (ml/g) k* (ml/g) 2BM (ml/g) kD (ml/g) Do

20,w (F)

HSA 4.61 3.3 2.9 5.1 4.5 5.47a

3.0 5.50b

5.30c

Fluorescein 0.21 42.13
NIST 6.99 − 1.4 − 1.4 0.3 − 2.5 3.95d

4.06e

4.00c

Golimumab 7.04 − 0.8 − 0.8 − 6.5 − 5.3 4.39a

− 7.2 4.52f

4.11c

NIST/HSA 7.21 7.1 5.6 3.2 4.17d

2.6 4.19e

NIST/IgG 6.96 − 3.4 − 3.3 0.6 3.99a

6.74 1.9 2.6 6.3 4.22f
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Synthetic boundary experiments with human serum 
albumin

HSA was our initial test system using both absorbance and 
FDS optics at both low (7K) and high (35K) speed (Fig. 3). 
BSA has been studied extensively and has a D20,w of 5.94 F, 
s20,w of 4.31 S, and 2BM of 3 ml/g (Tanford 1961) and HSA 
values are expected to be similar. Figure 3a shows that up 
to 10 mg/ml, Dapp values determined from synthetic bound-
ary experiments are scattered widely. The scatter results in 
a negative slope and a Do value that is too large. Correcting 
the data for hydrodynamic nonideality (1 + ksc) corrects the 
slope, but the data are still scattered. In addition, values of 
2B22M2 could not be determined reliably (1.6 ± 7.3 ml/g). 
We believe that the problems may stem from the fact that the 
FITC-HSA tracer samples show evidence (raised baseline in 
SV runs) of non-covalently bound dye that was not removed 
by dialysis or spin-column buffer exchange. The dye slowly 
leaches from the HSA binding sites. Consequently, the diffu-
sion data for HSA are too heterogeneous (Fig. 3) to provide 
reliable fitted values to a single-species model. However, 
data acquired using the absorbance optics also are scattered, 
suggesting that the problem may also arise from convective 
artifacts.

To test whether convection artifacts were the problem, 
we performed experiments with sucrose (1–5%; only the 
1% data are presented here) included in the solution to den-
sity stabilize against convection. Furthermore, the data were 
analyzed using a two-species model to account for free label 
(Fig. 4). The correction for the additional viscosity (η) of 1% 
sucrose is small, ηT,b/η20,w ~ 2%.

The s20,w and D20,w(1 + ksc) data from FDS experiments 
conducted at 7K and 35K rpm, over a wide HSA con-
centration range (1–40 mg/ml), and including 1% sucrose 
are presented in Fig. 4. The raw data were fit to a two-
species model with fluorescein s value fixed at 0.214 S 
(see experiments below) and D for fluorescein was allowed 
to float in the fit. The HSA sedimentation coefficient at 
7K rpm is poorly determined. The boundary has mini-
mal movement, with an intercept so of 4.60 ± 0.23 S, a 
positive slope and an average value of 4.65 ± 0.32 S. The 
sedimentation coefficient measured at 35K rpm is much 
better determined with an intercept  so of 4.61 ± 0.15 S and 
a k*22 = 2.9 ± 1.4 ml/g (k22 = 3.3 ± 1.6 ml/g). The k*22 and 

Fig. 2  Typical synthetic boundary data (100 scans) collected with the 
Aviv-FDS at a 7K rpm or b 24K rpm. Sample is 100 nM Alexa-488-
NIST mAb in 5 mg/ml unlabeled IgG. The meniscus is indicated by 
the red line

Fig. 3  Synthetic boundary diffusion coefficient data for unlabeled 
HSA (circles) by Abs and FITC-HSA by Aviv-FDS (squares). 
a Dapp vs c plots and b Dapp(1 + Ks*c) vs c Dapp data are corrected 
with (1 + 0.0094 * c) from prior SV experiments (Wright et al. 2018). 
These data may be influenced by convective mixing, but most impor-
tantly by the influence of free FITC due to HSA reversible binding of 
small molecules
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k22 values determined here are small compared with values 
determined from SV experiments (Wright et al. 2018; see 
“Discussion”). The diffusion coefficient data at 7K give an 
intercept Do of 5.47 ± 0.15 F (where F = 1 × 10−7 cm2/s) 
with a positive 2B22M2 = 5.1 ± 1.7 ml/g. The 35K rpm 
data yield a Do of 5.50 ± 0.50 F with a poorly deter-
mined 2B22M2 of 3.0 ± 4.0 ml/g. The fitted value of D for 
fluorescein was 24.3 ± 6.2 F with a signal ratio F/HSA 
of 0.17 ± 0.08 at 35K  rpm. Data obtained using DLS 
are shown on the same plot (D20,w vs c) and give a Do 
of 5.30 ± 0.04 F and a kD = 4.5 ± 0.3 ml/g. Thus, adding 
sucrose and fitting with a two-species model improves 
the quality of the HSA synthetic boundary data and gives 
2B22M2 values that are very similar to those arising from 
DLS  kD measurements. All results are summarized in 
Table 1.

The so, Do and 2B22M2 values are similar to the values 
for BSA (Tanford, 1961) while k*22 and k22 are signifi-
cantly smaller, but similar to one another. There is more 
scatter in the SB D20,w data than in the DLS data, espe-
cially at low concentrations. The scatter in the SB data 
may arise from having to fit the additional parameters in 
the two-species model, or it might reflect the presence 
of convection. Furthermore, although we used a model 
that consists of two non-interacting species, the sys-
tem actually contains reversibly interacting components 
(FITC + HSA↔ FITC-HSA), as well as the covalently 
bound FITC-HSA complex. Fitting synthetic boundary 

and band forming data with complex reversible binding 
models is currently under development in SEDANAL and 
will be presented elsewhere (see “Discussion”).

Synthetic boundary experiments with fluorescein

To help interpret the FITC-HSA data (Fig. 4), SB experi-
ments were performed on free fluorescein in the presence 
and absence of 1 mg/ml unlabeled HSA or IgG. This allows 
for separate measurement of the diffusion and sedimenta-
tion coefficient of fluorescein and the influence of these 
serum proteins on its diffusion (Fig. 5). At low speed there 
is no appreciable sedimentation (Fig. 5a), while at high 
speed a slight motion, indicated by the cross over point, 
is evident (Fig. 5b). The fluorescein sedimentation coeffi-
cient cannot be determined reliably from the 7K rpm data 
(0.448 ± 0.394 S), but at 50K rpm fluorescein sapp is reason-
ably well determined (0.214 ± 0.016 S; Table 1). It should 
be noted that the buoyancy term (1 − νρ) was adjusted for 
fluorescein to 0.3727 so that s/D equaled the MW of fluores-
cein, ~ 332.31. For a measured buffer density of 1.00849 g/
ml, the vbar for fluorescein can be estimated to be 0.622 ml/g. 
At both speeds there is extensive diffusion back towards the 
meniscus, consistent with the small size of fluorescein. The 

Fig. 4  Synthetic boundary D20,w and s20,w data on FITC-HSA + 1% 
sucrose (viscosity corrected) at multiple speeds, 7K (open symbols) 
and 35K (solid symbols), plotted vs unlabeled carrier protein concen-
tration. D20,w data are corrected with (1 + 0.0094 * c) from prior SV 
experiments (Wright et  al. 2018). Also shown are DLS D20,w data 
(red squares) for HSA

Fig. 5  SB FDS experiments (100 scans) with 150 nM fluorescein in 
a buffer at 7K rpm and b 1 mg/ml HSA at 50K rpm. The meniscus 
is indicated by the red line. Note, at 50k rpm a fraction of fluorescein 
pellets due to binding to HSA
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average measured D20,w for fluorescein is 40.78 ± 1.71 F, 
obtained from data acquired at both speeds with both FDS 
and absorbance optical systems. The D20,w value for fluores-
cein in 1 mg/ml HSA, 38.79 ± 0.55 F, is lower, but within 
the uncertainty of the protein-free value. Evidence of weak 
binding of fluorescein to HSA is revealed in Fig. 5b as: (a) 
the apparent pelleting of the dye and (b) the lower plateau 
concentration of the dye in the presence of HSA than in 
its absence (Fig. 5a). Dye binding by HSA may, in part, 
explain the large uncertainty in the HSA results (Fig. 3). 
In contrast, the average D20,w for fluorescein (± 1 mg/ml 
IgG) is 41.77 ± 0.98 F (see Table 1) which is in reasonable 
agreement with data obtained by FCS (42.5 ± 0.01; Kapusta 
2010). The interpretation of data from mixtures of free label 
and label-binding proteins like HSA will require additional 
modeling, but the general impact on fitting is shown here. 
In the past, SB has been used to look at small peptides or 
proteins that do not form sharp boundaries in a standard 
sedimentation velocity run (Philo 1994; Schuck et al. 1998). 
To our knowledge there has been no systematic comparison 
of data acquired using Aviv-FDS SB and FCS. Since both 
methods are useful for measuring macromolecular diffusion 
coefficients in complex solutions, future comparisons might 
be informative (Sudhaharan et al. 2009).

NIST and golimumab mAb self‑diffusion coefficients

A comparison using Alexa-488 labeled NIST mAb vs 
NIST mAb as the carrier protein in gradient and constant 

background (CB) mode is shown in Fig. 6. The data show 
no impact of the presence or absence of a gradient. Strictly 
this is a one-component system (ignoring the label on the 
tracer), so no difference is expected. There is scatter in 
the low concentration D20,w data, so CB data were gath-
ered twice with 0.5% sucrose to verify reproducibility 
and the impact of a density stabilizer (open triangles). In 
general, sucrose improves the reproducibility and agrees 
with the trend of the other data. The s20,w data were fit 
jointly with so = 6.99 ± 0.07 S and poorly determined k11* 
(− 1.4 ± 1.2 ml/g) and k11 (− 1.4 ± 1.2 ml/g) values. The 
negative k11* and k11 values suggest weak association. Both 
the gradient and CB data give well-determined values of 
Do (3.95 ± 0.02 F; 4.06 ± 0.10 F) and variable 2B11M1 val-
ues (2.7 ± 0.5 ml/g; − 1.5 ± 3.4 ml/g). A joint fit to the data 
gives 2B11M1 = 0.3 ± 2.2 ml/g. The DLS data are graphi-
cally in general agreement with Do = 4.00 ± 0.02 F and 
kD = − 2.5 ± 1.9 ml/g, and consistent with weak association. 
Taken together, nonideality data (k11* and k11, 2B11M1 and 
kD) for NIST mAb suggest a masking between hydrody-
namic nonideality and self-association (Table 1; Wright 
et al. 2018). The apparent association is slightly larger than 
the nonideality, but reflects the presence of both effects. This 
result has encouraged us to directly measure the association 
constant, K2, assuming dimerization, by global SEDANAL 
fitting of SV data over wider concentrations ranges, up to 
120 mg/ml (Wright et al. 2018).

A comparison using Alexa-488 labeled golimumab 
mAb vs golimumab mAb as the carrier protein in gra-
dient and CB mode is shown in Fig.  7. The gradient 

Fig. 6  Comparison of Alexa-488 NIST mAb vs NIST mAb in gradi-
ent (closed symbols) and CB (open symbols) mode at 7K rpm. Both 
s20,w (upper data) and D20,w (lower data) values are plotted. D20,w data 
are corrected with (1 + 0.0034 * c) from prior SV experiments (Wright 
et al. 2018). Also shown are DLS D20,w data (red squares) for NIST 
mAb. The 0.5% sucrose data are also corrected for sucrose viscosity 
(open triangles)

Fig. 7  Comparison of Alexa 488 golimumab mAb vs golimumab 
mAb in gradient (closed symbols) mode at 7K (squares) and 24K rpm 
(triangles). D20,w data were corrected with (1 + 0.0018 * c) from prior 
SV experiments (Wright et al. 2018). Also shown are DLS D20,w data 
(red squares) for golimumab mAb
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experiment was repeated at 24K and gave similar results. 
The data are in general agreement with the presence of 
weak self-association. The diffusion data have similar 
intercepts (Do = 4.39 ± 0.05 F, 4.52 ± 0.04 F) and slopes 
(2B11M1 = − 6.5 ± 1.1 ml/g; − 7.2 ± 1.1 ml/g) consistent with 
self-association. The DLS data are in general agreement 
with Do = 4.11 ± 0.03 and kD = − 5.3 ± 1.9 ml/g and consist-
ent with weak association. The s20,w data are also consist-
ent with weak association although poorly determined k11* 
and k11 values (so = 7.04 ± 0.05 S; k11* = − 0.8 ± 0.7 ml/g; 
k11 = − 0.8 ± 0.6 ml/g). In general, the data suggest goli-
mumab is a weakly associating mAb with a Do = 4.34 ± 0.21 
F. The k11, k*11 and 2B11M1 data are all consistent with asso-
ciation; however, no detailed association mechanism can 
be extracted from these graphical data. There is probably 
both nonideality and association occurring that masks one 
another’s magnitude. Detailed direct boundary global fit-
ting by SEDANAL of SV data at higher concentrations is 
required to extract K2, k11 and 2B11M1 separately (Hopkins 
et al. 2018; Wright et al. 2018; Yang et al. 2018).

NIST mAb cross‑term effects with HSA

Figure 8 shows the results of Alexa-488-NIST run against 
HSA carrier protein in gradient and CB mode. Both the 
gradient and CB data give well-determined Do (4.17 ± 0.03 
F; 4.18 ± 0.06 F) and  2B12M2 values (3.2 ± 0.3  ml/g; 
2.6 ± 0.6 ml/g) that agree within error. There is no significant 
difference between the two modes, suggesting that cross-term 
diffusion coefficients are small under these conditions. The 

s20,w data were fitted jointly and gave k*12 = 5.6 ± 0.2 ml/g. 
A 1/s20,w vs c plot gives a k12 = 7.1 ± 0.3 ml/g which is very 
close to the value determined by SV (6.5 ml/g; Wright et al. 
2018). The extrapolated  so (7.21 ± 0.04 S) seems large and 
indicates the influence of aggregates. Both 2B12M2 and k12 
values are consistent with nonideality with no evidence of 
association between NIST and HSA. There also appears 
to be no free Alexa-488 present. These experiments were 
not repeated at 24K rpm because the NIST would sediment 
faster than the HSA and move away from the HSA gradient, 
thus negating the point of the experiment. This phenomenon 
is termed unmixing (see Wright, et al. 2018). Note further 
that a cross-term kD effect cannot be measured by DLS 
because the carrier protein and not the NIST mAb would 
do all the scattering.

NIST mAb cross‑term effects with IgG

Figure 9 shows Alexa-488 labeled NIST mAb runs against 
IgG as carrier protein in gradient and CB mode at 7K and 
24K. There is no apparent cross-term diffusion coefficient 
as evidenced by the similarity of the data (see open and 
closed symbols and joint fits). There is an obvious speed 
dependence that may be due to the influence of aggregates 
or small oligomers on both sapp and Dapp at low speed. At 
7K rpm the Do is 3.99 ± 0.04 F with a 2B13M3 value of 
0.6 ± 0.9 ml/g. At 24K rpm the Do is 4.22 ± 0.12 F with a 
2B13M3 value is 6.3 ± 2.5 ml/g. The lower diffusion coef-
ficient at 7K rpm could be due to aggregates or oligomers 

Fig. 8  150 nM Alexa-488 NIST with HSA carrier protein in gradient 
(closed symbols) and CB (open symbols) mode at 7K  rpm in PBS 
without sucrose. Both s20,w (circles) and D20,w (squares) values are 
plotted. D20,w data were corrected with (1 + 0.0065 * c) from prior SV 
experiments (Wright et al. 2018)

Fig. 9  150  nM Alexa-488 NIST with IgG carrier protein in gradi-
ent (solid symbols) and CB (open symbols) mode at 7K (solid lines) 
and 24K rpm (dotted lines) in PBS. Both s20,w (upper data) and D20,w 
(lower data) are plotted. D20,w data are corrected with (1 + 0.0019 * c) 
from prior SV experiments (Wright et  al. 2018). Gradient and CB 
data at each speed are jointly fit to estimate k13* and 2B13M3
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not resolving and contributing to the single-component fit. 
The sedimentation data seem to support this assessment. At 
7K rpm the sapp values are larger with so = 6.96 ± 0.12 S and 
k13* = − 3.4 ± 1.9 ml/g (k13 = − 3.3 ± 1.9 ml/g). At 24K rpm 
the values are so = 6.74 ± 0.06 S and k13* = 2.6 ± 1.4 ml/g 
(k13 = 1.9 ± 0.7 ml/g) and suggest aggregate resolving or 
pelleting and not contributing to the fit (see Table 1). Note 
this value of k13 is reasonably close to the value determined 
by SV (1.9 ml/g; Wright et al. 2018). The data suggest that 
heterogeneity due to aggregates or weak association can 
be a speed-dependent issue with these measurements. One 
way to explore this is to simulate heterogeneous and weakly 
interacting systems as a function of speed and then fit with 
various simple models. This will be a topic in our next 
manuscript on band sedimentation which seems to be more 
amenable to complex model fitting.

Both the NIST mAb in HSA and the NIST mAb in IgG 
datasets (Figs. 8, 9) suggest small cross-term diffusion coef-
ficients (D12 or D13). This is surprising since the irreversible 
thermodynamics of this is rigorous and well supported by 
theory (Fujita 1975; Katchalsky and Curran 1975; Correia 
and Stafford 2015). A different model system or much higher 
concentrations may be required to test this further. Most 
cross-term diffusion measurements have been done with 
salts or small molecules (Gosting 1956; Miller 1959). In 
one polymer example, Comper and Preston (1992) reported 
significant cross-term diffusion effects in an AUC SV ter-
nary system involving dextran (T70 and T200 at 5, 10 and 
20 mg/ml) and albumin (at concentrations of 50, 100 and 
200 mg/ml). The experimental design produced concentra-
tion inversion and convective flow regimes. If inversions 
were observed in our experiments, the dataset was usually 
rejected.

Discussion

Synthetic boundary cells were first designed by Kegeles 
(1952) and separately by Pickles et al. (1952). They were 
utilized by numerous workers in the 1950s to study the 
basis for the concentration dependence of sedimentation 
(Kegeles and Gutter 1951; Schachman and Harrington 
1954; Hersh and Schachman 1955, 1958). The approach, 
very similar to our CB method because they layer protein 
on protein plus an indicator, utilized Schlieren optics and 
created well-resolved peaks that then informed on self- 
and cross-term concentration dependence. The systems 
used included spherical (Bushy Stunt Virus, 130 s) and 
rod-shaped viruses (TMV, 170 s) that had large excluded 
or swollen volumes (Rowe, 1977, 1992) and thus very 
large back flow. In two sets of experiments, DNA and BSA 
actually moved backwards or with a negative sedimenta-
tion rate when run in the presence of BSV (Schachman 

and Harrington 1954; Hersh and Schachman 1958). To 
interpret these results Hersh and Schachman (1958) used 
the (1 − k*c) form of hydrodynamic nonideality since 
(1 + ksc)−1 does not generate negative sedimentation 
coefficients. The analysis incorporated a sum of terms 
for each component (1 − k1*c1 − k2*c2 −  ···) analogous to 
the (1 + k1c1 + k2c2 + ···)−1 formulations used in SEDA-
NAL (Stafford and Sherwood, 2004; Correia and Stafford 
2015; Correia et al. 2016). At 10 mg/ml, TMV reduced 
the sedimentation coefficient of BSV by 64% which cor-
responds to a cross term k* of ~ 33 ml/g; the BSV self 
k* was ~ 9  ml/g. (These values are estimated directly 
from the figure in Harrington and Schachman (1953)). 
The original treatment of concentration dependence by 
Johnston and Ogston (1946) utilized k(c1 + c2) or a global 
constant and total concentration. This approach was suc-
cessful because the two components had similar s(c). 
Subsequently Schachman proposed both backflow and 
viscosity as major sources of hydrodynamic nonideality 
(Harrington and Schachman 1953; Schachman 1959), 
although numerous factors including asymmetry, ionic 
strength and primary charge effect (Pederson 1958) were 
suggested as additional sources of concentration depend-
ence. The AUC field began to focus on dilute solutions 
and concentration-dependent association reactions in the 
1960s (Yphantis 1964). A primary use of synthetic bound-
ary then became initial concentration measurements by 
interference optics for application to short-column sedi-
mentation equilibrium methods to measure weight average 
molecular weights (Yphantis 1960; Correia and Yphantis 
1992). Recently Philo and Maluf (2015) rediscovered this 
approach and applied it to the colloidal stability of protein 
pharmaceuticals.

Diffusion measurements were primarily performed with 
the Gosting diffusiometer in the 1950s (Baldwin et al. 1955; 
Dunlop and Gosting 1955; Gosting 1956). Measurement 
of D by synthetic boundary plot (A/Hmax)2 vs time from 
Schlieren or interference optics (Svedberg and Pederson 
1940; Fujita and MacCosham 1959; Stafford and Szent-
Gyorgyi 1978; Philip et al. 1979) with a reported error of 
6%. The method was considered to be extraordinarily dif-
ficult and not convenient for determination of molecular 
weight or shapes due in part to the poor dependence of D on 
size (M−1/3; Cantor and Schimmel 1980). Convection from 
thermal fluctuations, vibrations, or density instability was a 
major concern (Hersh and Schachman 1955, 1958; Cantor 
and Schimmel 1980). Today, DLS and inelastic LS are con-
sidered the preferred methods for rapid and accurate deter-
minations of diffusion properties. However, these methods 
work best on single, pure components and generally do not 
work with complex mixtures of macromolecules like serum. 
The Aviv-FDS SB method provides a unique opportunity to 
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study complex solution nonideality of mixtures, e.g., serum 
or cell extracts (Wright et al. 2018).

The DLS and AUC field has treated diffusion coefficient 
concentration dependence in a similar manner (Harding 
and Johnson 1985a, b). The relationship is

where the k* term is derived from the Fujita approximation 
for sedimentation

If ks is determined from a 1/s vs c plot, then it is derived 
from the more linear form of the concentration dependence 
equation for s (Schachman 1959).

Dishon et al. (1967) showed 50 years ago that if it is 
assumed that

then by rearrangement

which is a general expression that does not require assump-
tions about small kc values or any assumptions about the 
first term of a Taylor expansion. It is a useful expression 
when simulating concentration-dependent solutions to the 
Lamm equation. In general, our measurements suggest k* 
and ks are equivalent in estimating thermodynamic nonide-
ality (Table 1) and agree with previous SV estimates (Cor-
reia et al. 2016; Wright et al. 2018) when association is not 
masking the nonideality effect (Figs. 8, 9).

A more general equation can be derived by assuming

and after similar rearrangement shows that

which is equivalent to the k* expression above and also 
neglects any assumptions about small kc. It demonstrates 
that the DLS nonideality term kD is both a hydrodynamic 
and a thermodynamic nonideality term derived from the 
concentration dependence of the frictional coefficient and 
the second virial coefficient, respectively.

Recent AUC transport studies have focused on orthog-
onal methods to measure hydrodynamic and thermody-
namic nonideality coefficients (Solovyova et  al. 2001; 

(16)kD = 2BM − k∗,

(17)s = so(1 − k∗c)

(18)s =
so

(1 + ksc)

(19)(1 − k∗c) =
1

(1 + ksc)

(20)k∗ =
ks

(1 + ksc)
,

(21)(1 + kDc) =
(1 + 2BM1c)

(1 + ksc)

(22)kD =
(2BM1 − ks)

(1 + ksc)
,

Saluja et al. 2010). These authors assume nonideality of 
the form given by Eq. (16). Crystallographers have used B 
to predict solution conditions that favor crystallographic 
propensity (George and Wilson 1994; Tessier and Lenhoff 
2003). Solovyova et al. (2001), thus focused on solvent 
conditions that were useful for crystallography conditions 
for halophilic malate dehydrogenase. The magnitude of 
2BM also depends upon preferential interactions of the 
protein with solvent components. Solovyova et al. (2001) 
have argued that sedimentation velocity experiments alone 
could be used to determine the concentration dependence 
of sedimentation, k*, and diffusion, kD. The requirements 
seem to be that the macromolecule is non-associating, and 
both k* and kD must be either positive or negative, where 
k* > kD, because the expression 2BM − k* comprises terms 
of equal magnitude that almost cancel. Saluja et al. (2010) 
introduced the idea that k* and kD can have different signs 
that complicate the determination and evaluation of BM1. 
Yadev et al. (2011, 2012) have described the use of sec-
ond virial coefficient and kD data in the development of 
therapeutic proteins. These nonideality indicators have 
been related to intermolecular interactions and predictors 
of protein precipitation, solubility and crystallization. As 
discussed above, negative 2BM and kD values are consist-
ent with molecular association and may be a means of 
screening and potentially rejecting candidates for future 
development. The pharmaceutical industry tends to use 
2BM to predict what they call colloidal stability (Ahamed 
et al. 2007; Yadev et al. 2011, 2012). The presence of 
molecular association is generally considered something 
to be avoided.

The interpretation of kD and k* or ks for associating 
systems becomes problematic (Rowe 2011; Wright et al. 
2018). The problem is attractive interactions as reflected 
in a negative 2BM do not indicate the nature or strength of 
the interaction. To extract a mechanism with appropriate 
equilibrium constants, the data must be fit to a reversible 
interacting model. This is done most easily with sedimen-
tation velocity or equilibrium methods (Solovyova et al. 
2001; Rowe 2011; Wright et al. 2018). Since these data 
are usually collected at high concentration, repulsive inter-
actions will be significant and must be added to the fit-
ting model (including parameters K2, ks and 2BM). This 
suggests that negative 2BM, when measured by DLS or 
synthetic boundary methods described here, is a sum of 
effects that includes both repulsive and attractive interac-
tions. This further explains the difficulty in assigning a 
meaning to a particular value of ks, kD or 2BM. Neverthe-
less, much effort has gone into interpreting hydrodynamic 
nonideality for uncharged spheres and asymmetric mac-
romolecules (Batchelor 1972; Rowe 1977, 1992; Harding 
and Johnson 1985a). More recent work is trying to parse 
the contributions, both the sign and the magnitude, of ks 
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and 2BM to nonideality and reversible association (Wright 
et al. 2018; Yang et al. 2018).

The data collected here by synthetic boundary experi-
ments and analyzed by s20,w and D20,w vs concentration plots 
are summarized in Table 1. Our data are in general agree-
ment with the observations of previous workers. (Solovyova 
et al. 2001; Saluja et al. 2010). First, the magnitudes of k*, 
ks, BM1 and kD are quantitatively similar, and thus in typi-
cal difference formulations, kD = 2BM − k*, may cancel. For 
golimumab mAb an average 2BM − k* = − 6.8 − (− 0.8) = − 
6.0 which is close to the measured kD = − 5.3. Alternatively, 
for HSA an average 2BM − k* = 4.0 − 3.1 = 0.9 which essen-
tially cancels and is not equal to kD = 4.5. In addition for 
NIST mAb an average 2BM − k* = 0.3 − (− 1.4) = 1.7 which 
has the opposite sign of kD = − 2.5. What is more evident 
in the data is that BM1 and kD are usually of the same mag-
nitude as evident in the similar slope of all the DLS D20,w 
data and AUC data plotted as D20,w(1 + ksc) (Figs. 4, 6, 7). 
Second, trends consistent with self-association are evident 
in all the parameters. This often means they have the same 
sign. NIST mAb has a negative ks and k*, a near-zero aver-
age 2BM and a negative kD, all consistent with weak self-
association. Golimumab mAb has negative ks, k*, 2BM and 
kD values, which are also all consistent with weak self-asso-
ciation. Thus, evidence that mAb might not be good candi-
dates for development as therapeutic antibodies is easy to get 
by multiple methods (Yadev et al. 2011, 2012). A factor not 
generally discussed by these authors is that self-associating 
mAbs will also exhibit nonideality, and the measurements 
indicate the relative strength of the association, but not the 
magnitude. A negative ks and 2BM simply means a positive 
nonideal ks and 2BM has been masked by a larger negative 
ks and 2BM due to association. To fully dissect the con-
tributions and determine both ks and K2 (if dimerization) 
requires more careful work (Rowe 2011; Wright et al. 2018). 
This usually means global fitting of SV data with a model 
that includes ks, 2BM and an association constant K2. We 
have recently discovered that experiments with mAb up to 
120 mg/ml are capable of yielding ks, 2BM and K2, with 
the additional cost that higher order terms like k′sc2 must 
be included in the fitting above ~ 60 mg/ml. This means 
the plots are no longer linear and higher order terms are 
required.

The second virial coefficient B is a measurement of weak 
interactions between solutes. For pure solutes, Tanford 
derived equations for excluded volume effects for numer-
ous shapes (Tanford 1961). Batchelor (1972) derived an 
expression for ks for uncharged spheres, and Rowe (1977) 
derived an expression that includes a (f/fo)3 shape factor. 
Charge effects for 2BM are described by the Donnan effect 
which accounts for salt exclusion associated with macro-
molecular charge (Williams et al. 1958; Roark and Yphantis 
1972). The value of B depends upon (Z/M)2 divided by the 

salt concentration; therefore, high salt can suppress charge 
effects. The second virial coefficient of mAbs has tradi-
tionally been measured by static and dynamic light scat-
tering methods. Sedimentation equilibrium is also a highly 
appropriate approach to measure B and higher order virial 
coefficients even in the presence of association (Roark and 
Yphantis 1972). However, there is no good theory for the 
impact of charge, pH or salt concentration on hydrodynamic 
nonideality (ks) measurements (Moody and Shepard 2004). 
The nonideality will reflect the effective radius of the macro-
molecular Debye ion cloud (Onsager and Fuoss 1932; Fuoss 
1959) and what Laue (2011) terms proximity energies. More 
importantly, salt may alter association reactions thus further 
complicating the interpretation. Additional experiments are 
needed to address these issues.

These are the first reported AU-FDS measurements by 
the SB technique. For our initial experiments, we compared 
absorbance and FDS optical methods for HSA and fluores-
cein and found reasonable consistency under low concentra-
tion conditions (Figs. 3, 5). We did not present data with IgG 
as a tracer because the initial absorbance data did not agree 
with the FDS data. There was a significant difference in Do 
which suggested labeling was either altering the properties, 
or selectively labeling a subset of the total IgG fraction. This 
is a potential problem with FDS in general, that must be 
addressed for each molecular system studied. Nonetheless, 
in general the method gives reasonable indications of self- or 
cross-term nonideality or associating interactions. The sig-
nal-to-noise ratio for the FDS method is comparable to that 
for the absorbance system and exhibits similar statistics and 
reliability as measured by Fstat or bootstrap. The major issue 
with SB continues to be the tendency to exhibit convection 
even in the presence of low sucrose concentrations. In the 
absence of convective optical artifacts, the measurement of 
s and D is also sensitive to small amounts of aggregates pre-
sent in HSA and mAb samples. At low speeds especially, s 
and D determinations by single-component models are aver-
age values that reflect the contributions from dimer, trimer 
and higher order aggregates. Higher speeds seem to improve 
this situation in some cases (Fig. 9). Parallel to these meas-
urements, we have also performed band sedimentation stud-
ies (Vinograd et al. 1963; Dishon et al. 1969) and found 
less convection and improved resolution due to a longer 
sedimentation path. Aggregates and reversible interactions 
resolve more clearly during the later stages of the run allow-
ing fitting with more complex models. We will present these 
results in a separate publication.
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Conclusions

Methods are presented for performing synthetic boundary 
experiments to extract hydrodynamic ks and thermodynamic 
2BM nonideality parameters for the interaction of mAbs 
with serum proteins HSA and IgG. The method involves 
directly fitting Aviv AU-FDS synthetic boundary data with 
SEDANAL to extract s20,w and D20,w information. The data 
are then plotted vs carrier protein concentration to extract k*, 
ks and 2BM values. These graphical results reveal that mAbs 
may undergo weak self-association with negative nonideal-
ity parameters. The results are discussed in terms of future 
global direct boundary fitting methods that can be applied 
to resolve nonideality and weak association constants. This 
approach may be useful for a complete characterization of 
high concentration mAb formulations.
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