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Through Simultaneous Measurement of Concentration
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Purpose. To characterize protein self-association along with second virial coefficient (a measure of

solution nonideality) using size-exclusion chromatography (SEC) utilizing a novel flow cell that is

capable of simultaneously measuring protein concentration and scattered light intensity.

Methods. b-lactoglobulin A (bLg), known to exhibit NaCl-dependent monomer–dimer equilibrium at

pH 3.0, was used as the model protein. A range of concentrations and corresponding scattered light

intensities, obtained in the eluting peak from a single protein injection, in different solution conditions,

were used to generate the Debye plots (Kc/R� vs c). The Debye light scattering equation was modified

to include the monomer–dimer equilibrium model and the second virial coefficient to analyze the data

obtained.

Results. Debye plots of bLg, while linear at pH 2.3, 0 M NaCl (pure monomer) and at pH 3.0, 1 M NaCl

(pure dimer), showed curvature at pH 3.0, for varying NaCl concentrations (0.02–0.5 M). The curvature

was indicative of the association behavior of this protein. The modified Debye light scattering equation,

when fit onto the nonlinear Debye plots, yielded apparent Ka values ranging from 102 to 105 Mj1 under

various solution conditions. The apparent Ka values obtained from this method followed similar trend to

those reported in literature.

Conclusions. SEC combined with simultaneous detection of scattered light intensity and concentration

provides a rapid means of detection of protein self-association. The short duration of sample detection

and analysis combined with SEC makes this method a useful tool for high-throughput characterization of

protein association during early stages of protein formulation.

KEY WORDS: light-scattering (static); proteins; self-association; size exclusion chromatography; virial
coefficient.

INTRODUCTION

The phenomenon of protein self-association is essential
for several physiological and biochemical processes at the
cellular and molecular level (1–4). Understanding protein
self-association is crucial as often the monomeric and the
oligomeric states have different biological and physicochem-
ical properties and the interactions involved in self-association
can be easily perturbed by solution properties, i.e. pH (5,6)
ionic strength, temperature (7) and co-solutes (8,9). Recently,
additional interest has been generated on studying protein

self-association at relatively high concentration, for example,
in the presence of crowding agents as sugars and nonionic
polymers, to understand the effect of molecular crowding on
proteins in cells (10,11). Similarly, reversible protein self-
association is a critical issue in development of high con-
centration protein solutions, especially of antibodies for
therapeutic use (12,13). From a protein formulation point of
view, it is desirable to characterize behavior of a protein
molecule for its tendency to undergo self-association early on
in the development phase and often under several different
solution conditions for rational formulation design. The fast
emergence of proteomics based pharmaceutical biotechnology
industry, hence, demands that protein association behavior be
characterized rapidly, possibly utilizing a high-throughput
based method.

Analytical equilibrium sedimentation (14–19) remains
the method of choice to quantitatively study protein self-
association. Although AUC is presumably the most accurate
method to characterize self-association (and straightforward
for simple monomer–dimer systems), because of the some-
what longer times and often complex analysis, it is seldom
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used as a tool for preformulation analysis and precludes its
use as a high-throughput method. Recently, chromatography-
based new techniques have emerged for characterization of
protein association. These include self-interaction chroma-
tography (20) and frontal gel chromatography (21,22). Al-
though these techniques offer novel methods of evaluating
protein self-association, they are a few concerns. For example,
SIC requires prior immobilization of the protein on the col-
umn, which is often not desirable. Similarly, the determination
of equilibrium constants in frontal gel chromatography is
based on indirect measurement of molecular weights, which
further depends on the magnitude of elution volume in a
chromatogram (22). Another method based on light scatter-
ing has been proposed recently, which utilizes dual syringe
pump method for rapid characterization of protein associa-
tion (23). However, caution must be exercised in preparing
solutions for use of light scattering technique in aqueous
solutions. For example, a pure sample is required that must
be free from other scattering impurities. Furthermore, in this
particular method, the tubing volume from the two pumps
must be exactly same (no time lag) for accurate analysis.

One of the earlier methods to characterize protein self-
association involved batch-mode static light scattering
(24,25). However, this method did not gain enough popular-
ity due to the problems encountered in conducting light
scattering experiments in aqueous solutions and due to the
evolution of the sedimentation equilibrium methodology. We
have recently developed a chromatography-based method to
determine second virial coefficient of proteins (26) in
aqueous solutions that is based on simultaneous measure-
ment of scattered light intensity and protein concentration
following the elution of the protein through a size-exclusion
column. This method was used recently to investigate the
relationship of second virial coefficient with aggregation of a
monoclonal antibody (27).

The method utilizes a custom-designed dual-source dual-
detector cell that measures the intensity of the scattered light
through a 90- light scattering detector and concentration
through a UV detector at the same time in conjunction with
size exclusion chromatography (SEC) (Appendix III). Be-
cause of the use of a SEC column, the irreversible aggregates
and other interfering solutes do not contribute to the solute
peak of interest and a single protein injection is sufficient to
generate a range of protein concentrations and correspond-
ing light scattering intensities in the eluting peak. The
concentration and scattering data is then used to generate
Debye plot using the Debye_s light scattering equation,

Kc

R�
¼ 1

M
þ 2B22c ð1Þ

where, R� is the excess Rayleigh_s ratio of the protein in
solution of concentration c, M is the weight average
molecular weight of the protein and B22 is the second virial
coefficient. K is the optical constant and is defined as,

K ¼ 4�2n2 dn=dcð Þ2

NA�
4
o

ð2Þ

where, n is the solvent refractive index, dn/dc is the refractive
index increment, l is the wavelength of the incident light and
NA is the Avogadro_s number.

It should be noted that the accuracy and precision of the
Debye equation to characterize protein behavior in solution
is based on the fact that the diameter of most proteins is
smaller than l/20, thus making these proteins behave like
isotropic point-scatterers. For example, using a wavelength of
800 nm, one can conveniently use a single angle to study
proteins of the order of õ40 nm in diameter corresponding to
a trimer of an antibody (õ12 nm diameter for a single
monomeric unit) or even an aggregate of the order of 20-mer
of a smaller protein as b-lactoglobulin (õ2 nm diameter for a
single monomeric unit). Under these circumstances, scatter-
ing is independent of the angle of scattering and observation
at a single angle, mostly 90- is accurate for the data analysis.
Thus, measurements at multiple angles to extrapolate data at
a zero angle may not be necessary for most proteins of
interest. Hence the statement that the data obtained by the
dual-source dual-detector cell using single or two angles is
less precise and questionable is irrelevant as long as the
conditions for the isotropic point-scatterers are being met
(28). Nevertheless, the concept of dual-detector, in principle,
can be easily extended to multiple detectors (involving
multiple angles) for high molecular weight species.

In this report, we have investigated the utilization of
SEC in conjunction with the dual-source dual-detector cell to
study self-association of a model protein, b-lactoglobulin
(bLg). We show that the SEC-based method recently
developed by us to obtain second virial coefficient of proteins
could be utilized to simultaneously characterize nonideality
and self-association of a model protein, bLg and apparent
association constants can be obtained under different solu-
tion conditions. The term Bapparent^ is used in the present
study to define the association constant for a nonequilibrium
reversible self-association compared to that for a Btrue^
equilibrium.

bLg (29–32) has been characterized extensively for its
self-association behavior and is routinely used as calibration
standard in sedimentation equilibrium studies. bLg exhibits
salt-dependent monomer–dimer equilibrium at acidic pH. At
low ionic strength and low pH (pH 2.3), bLg exists as pure
monomer (Mw=18.4 KDa), whereas at high ionic strengths
(õ1 M) and moderately high pH (pH 3.0), it exists primarily
as a dimer (29). At intermediate solution conditions bLg
exhibits various levels of monomer–dimer equilibrium
depending on pH and ionic strength. The association
constants of bLg self-association under various solution
conditions are widely reported in literature.

MATERIALS AND METHODS

All buffer components and chemical reagents used in the
present studies were of highest purity grade, obtained from
commercial sources, and used without further purification.
Bovine b-lactoglobulin A (L7880, purity 99% by polyacryl-
amide electrophoresis as per manufacturer_s certificate of
analysis) was obtained from Sigma Chemicals Co. (St. Louis,
MO). Double distilled water that was filtered through a 0.1 mm
polycarbonate membrane filter was used for preparation of
the mobile phase and protein solutions. A 20 mM Glycine–
HCl buffer was used for all studies (prepared by dissolving
glycine in double distilled water and adjusting the pH to 3.0 by
using 1.0 N HCl). The final pH of all solutions was measured
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using a Piccoloplus Hi-1295 digital pH meter (Fisher Scientif-
ic, Pittsburgh, PA).

Solution Conditions

All measurements were carried out at 20-C. The
association behavior of bLg was studied at pH 2.3 using a
20 mM Glycine–HCl buffer (No NaCl) and at pH 3.0 (similar
buffer) in the presence of NaCl (0.02–1 M). The mobile
phase buffer was used to prepare protein solutions. The
concentrations of the final protein solutions were determined
using an E1% of 9.3 cmj1 for bLg.

Chromatography

The Debye plots of the proteins using the dual-detector
cell in conjunction with SEC were generated using a
Precision Detectors_s PD 2000 (Northampton, MA) detec-
tion system modified according to the method described
previously (26). The detection system was connected to a
Spectra Physics P4000 pump in conjunction with a Rheodyne
7725 manual injector with a 200 ml injection loop. A flow rate
of 1.0 ml/min was used for all studies except when the effect
of flow rate was studied, where a flow rate of 0.3 ml/min was
used. Briefly, 150 ml of the protein solution of a known
concentration (15 mg/ml, unless otherwise specified) was
injected into a SEC column and the eluting protein was
simultaneously detected for scattered light intensity and
concentration using a dual-detector cell consisting of a
concentration detector (UV) and a 90- light scattering
detector. A 100 mW laser at 685 nm was used as the incident
light for light scattering. This cell has a volume of 10 ml and
the scattering volume is 0.01 ml. The path length for UV
measurements is 3 mm. A YMC-pack Diol-200, DL20S05-
3008WT column (200 Å pore size, 5 mm bead size and 30�0.8
cm column dimensions) from YMC (Kyoto, Japan) was used.

Data analysis

Data analysis was carried out as described earlier (26).
Following elution from the column, the chromatograms
obtained from the UV detector and the light scattering
detector were analyzed to generate the Debye plot. A range
of concentrations and corresponding scattered light intensi-
ties, which correspond to the data points on the latter half of
the peak were obtained from a single protein injection. Each
data point on the chromatogram is a result of a moving-
average of the signal collected for duration of 0.5 s. Note that
the data points near the baseline with a signal-to-noise ratio
of less than 10 were excluded from the data analysis.
Similarly, the data points near the top 5% of the peak were
also truncated, since these data points produced artifacts in
the Debye plot because of the way the instrument collects
and averages signals near the peak to obtain each data point.
Each data point is then converted to Rayleigh_s ratio, R�

(light scattering detector) and concentration (UV detector)
as described before and summarized in Appendix I (26). For
each solution condition, dn/dc values were obtained accord-
ing to the procedure described in Appendix I.

In the present studies, linear Debye plots were analyzed
according to Eq. 1. For Debye plots obtained otherwise, the

Debye equation was modified as described in the Results and
Discussion section.

RESULTS AND DISCUSSION

Debye Plots of b-lactoglobulin

Figure 1A shows the UV chromatograms and Fig. 1B
shows the Debye plots of bLg at pH 2.3 (No NaCl) and at pH
3.0 (1.0 M NaCl), respectively. At pH 2.3, the main peak in
the SEC chromatograms corresponds to the average mono-
mer molecular weight of õ18,000 Da (calculated over the
whole main peak, using light scattering and concentration
data, Fig. 1A) and the small peak eluting before the monomer
peak corresponds to bLg dimer (õ2.0%). A broader monomer
peak is obtained due to the absence of salt and enhanced
protein–column interactions. Under these solution conditions,
a linear Debye plot is obtained with a positive slope
corresponding to the positive virial coefficient value
(B22=8.5�10j4). As expected, the intercept corresponds to
the inverse of the molecular weight of the monomer of bLg
(Table I). The positive virial coefficient is indicative of net
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Fig. 1. A UV Chromatograms of b-lactoglobulin A following elution

from an SEC column at pH 2.3 , 0 M NaCl (solid line) and at pH 3.0,

1.0 M NaCl (dash line). B Debye plots of b-lactoglobulin A at pH 2.3,

0 M NaCl (empty circles) and at pH 3.0, 1.0 M NaCl (empty squares).

The lines are generated through linear regression of the data points

using Equation 1.
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repulsive interactions between the protein molecules and
hence relates to the tendency of this protein to remain in a
monomeric state under these solution conditions.

At pH 3.0, 1.0 M NaCl, a single peak corresponding to an
average molecular weight of õ36,000 Da is observed (Fig. 1A).
It should be noted that, the pure dimer actually elutes later
(10.85 min) as compared to the monomer (10.4 min). This is
attributed to the effect of solution conditions on the retention
time of these species as there is no NaCl present at pH 2.3,
whereas, 1 M NaCl is used at pH 3.0. At pH 3.0, a linear plot
with a negative slope is observed (B22=j6�10j6). The
molecular weight obtained from the inverse of intercept
corresponds to that of the bLg dimer (Table I) a near zero
(small negative) slope (Fig. 1B) suggests weakly attractive
protein–protein interactions. The data presented above also
emphasizes the fact that SEC alone may not be sufficient to
characterize proteins for molecular weight determination as
the retention times could be dramatically affected by solution
conditions.

Figure 2A shows the Debye plot of bLg at pH 3.0, 0.1 M
NaCl (expanded in Fig. 2B) compared to that at pH 2.3, 0.0 M
NaCl and pH 3.0, 1.0 M NaCl. A distinct upward curvature is
observed in the Debye plot in the presence of 0.1 M NaCl at
pH 3.0. The slope of the Debye plot decreases with an
increase in the concentration of bLg. It is reported in
literature that bLg exhibits monomer–dimer association
equilibrium under these solution conditions (29). The curva-
ture observed in this solution condition is typical of self-
associating systems, and has been previously reported in
batch-mode light scattering as well as in sedimentation
equilibrium studies (33). This form of curvature has also
been reported in osmotic pressure studies of a mixture of
proteins; for example, serum albumin and g-globulin, where

no self-association behavior exists (34). In this instance, the
curvature arises because of a change in the average virial
coefficient of the system (usually written as a z-average), for
example as a function of NaCl concentration, due to different
extent of effect of NaCl on the virial coefficient of each
protein. However, since dimerization of a protein does not
change the charge-to-mass ratio of the protein, the contribu-
tion of nonideality term to the curvature is generally assumed
to be minimal and only shows up at high enough concen-
trations where no further self-association is observed. Hence,
the change in slope, as the concentration increases, is due to
an increase in the weight-average molecular weight of the
protein because of dimerization (a faster rate of increase at
lower concentrations than at higher concentration) (33).

Figure 2C shows the Debye plots for bLg at pH 3.0 at
0.05, 0.1 and 0.2 M NaCl. Similar to the Debye plot at 0.1 M
NaCl, curved Debye plots are also observed at 0.05 and 0.2 M
NaCl pointing to the fact that bLg exhibits monomer–dimer
association equilibrium under these conditions as well.
However, the shape and the position of the Debye plots are
distinctly different for the different NaCl concentrations
studies, which probably relates to the different association
constants under these different solution conditions.

Figure 3A shows the chromatograms obtained for bLg at
pH 3.0 (0.02 M NaCl) following three separate injections and
Fig. 3B shows the resulting Debye plots. These figures
illustrate the reproducibility of the data and the ability of
the technique to minimize scatter in the analysis of the data.
Note that the small peak observed at 9.5 min is due to the
presence of irreversible soluble aggregate in the sample and
was also observed in solution condition where bLg is present
as a pure monomer (pH 2.3, 0 M NaCl). To further assess
that the dimer peak comprises of irreversible aggregates and

Table I. Values of the Parameters Obtained by Analysis of the Linear Debye Plots (Eq. 1) and Nonlinear Debye Plots (Eq. 14) of b-

lactoglobulin A for Various Solution Conditions

Solution Condition (20-C) dn/dc (ml/g) Molecular Weight (Da) Ka (Mj1) B�104 (mol ml/g2)f

No NaCl, pH 2.3 0.162 18250 (T450) –a 8.5 (T0.5)

0.02 M NaCl, pH 3.0 0.156 –c 1.44 (T0.50, 1.05) �102 1.7 (T0.2, 0.3)

19,100 (T105, 500)d 1.14 (T0.20, 1.00) �102 –e

0.05 M NaCl, pH 3.0 0.155 – 1.12 (T0.10, 0.32) �103 0.8 (T0.1, 0.1)

19,900 (T150, 320) 8.48 (T0.08, 1.50) �102 –

0.1 M NaCl, pH 3.0 0.152 – 3.90 (T0.10, 0.63) �103
j0.3 (T0.1, 0.1)

18,000 (T95, 430) 4.10 (T0.06, 0.52) �103 –

0.2 M NaCl, pH 3.0 0.150 – 1.23 (T0.10, 0.13) �104
j0.3 (T0.1, 0.1)

17,500 (T230, 450) 1.70 (T0.05, 0.20) �104 –

0.5 M NaCl, pH 3.0 0.150 – 1.08 (T0.18, 0.32) �105
j0.1 (T0.1, 0.1)

18,300 (T350, 500) 1.08 (T0.07, 0.30) �105 –

1.0 M NaCl, pH 3.0 0.145 37,400 (T940) –b
j0.6 (T0.1, 0.1)

a Primarily monomer present
b Primarily dimer present; analysis was done using Eq. 1. All other solution conditions were analyzed using Eq. 14.
c For each solution condition, the upper row represents the values of parameters obtained by keeping the molecular weight fixed at 18,400 Da,

and the lower row represents the values of the parameters by floating the molecular weight.
d The first number in the parenthesis represents the maximum statistical uncertainty (goodness-of-fit) observed in the fitted value for a single

experiment (1 SD) within 95% confidence interval and the second number represents the standard deviation in the estimation of the
parameter from experiments in triplicate. In the case of pure monomer and dimer, the number in parenthesis is simply the standard deviation
from experiments in triplicate.

e The B values obtained by fitting the data using Eq. 14 with floating molecular weight were not significantly different than those obtained
with fixed molecular weight

f B represents the deviation from ideality. In case of a linear plot, where only monomer species is present, B is equal to B22. In case where the
plot is nonlinear (presence of associating species), B represents overall nonideality.
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did not include the dimer involved in the association equi-
librium, the chromatograms for different solution conditions
were compared. Figure 3C shows the LS chromatograms at
pH 3.0 for 0.02, 0.05 and 0.1 M NaCl. As observed, the
maximum intensity of the dimer peak is similar in all
conditions indicating that the dimer concentration is similar
and is not affected by difference in association behavior. This
indicated that the dimer peak observed is primarily composed
of irreversible aggregates. Furthermore, a higher intensity of
the main peak, as the solution NaCl concentration is increased,
indicated increase in the formation of dimer involved in

equilibrium, presumably corresponding to a higher association
constant.

It is evident from this data that linear Debye plots are
obtained under conditions where bLg exists primarily as a
monomer and as a dimer, whereas, curved Debye plots are
obtained under conditions where bLg exhibits monomer–dimer
association equilibrium. The next step was to build up a model
to analyze these curved Debye plots in an attempt to retrieve
the association constants for monomer–dimer equilibrium.
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Model for Self-Association and Data Analysis

A monomer–dimer equilibrium is written as

M þM,
Ka

D ð3Þ

Where the association constant Ka is defined as,

Ka ¼
cd½ �

cm½ �2
ð4Þ

Where [cd] is the molar concentration of the dimer and [cm] is
the molar concentration of the monomer. The total molar
concentration, [ct], of the protein can be written in terms of
the monomer concentration as,

ct½ � ¼ cm½ � þ 2 cd½ � ð5Þ

Combining Eqs. 4 and 5, following quadratic equation is
obtained,

2Ka cm½ �2 þ cm½ � � ct½ � ¼ 0 ð6Þ

Solving for positive solution of [cm],

cm½ � ¼
�1þ 1þ 8Ka ct½ �ð Þ1=2

4Ka

ð7Þ

Converting molar concentration to g/ml using the expression
[cm]=cm/Mm, where [cm] is molar concentration and cm is
concentration in g/ml, the monomer and dimer concentration
can be written as,

cmonomer ¼
�1þ 1þ 8000Kact=Mmð Þ1=2

4000Ka=Mm

ð8Þ

cdimer ¼
1þ 4000Kact=Mm � 1þ 8000Kact=Mmð Þ1=2

4000Ka=Mm

ð9Þ

Note that the terms 4,000 and 8,000 in Eqs. 8 and 9 instead of
4 and 8 (Eq. 7) are used to maintain consistency between the
volume units in Ka (liters/mole) and concentration (g/ml).

For an associating system, the Debye equation (Eq. 1) is
modified to include the weight-average molecular weight of
all the species present in the solution and the term B22 is
replaced with the term B to represent general two-body
interactions between all macromolecular species (for exam-
ple, monomer–monomer, dimer–dimer, and monomer–dimer
in the case of a monomer–dimer association equilibrium).
The modified Debye equation is written as,

Kct
R�
¼ 1

Mav

þ Bavct

� �
ð10Þ

Where, Mav is the weight average molecular weight of all
the species present in the solution. Note that B22 has been
substituted with the term Bav to represent the average
nonideality arising from monomer–monomer, monomer–
dimer and dimer–dimer interactions. Considering that there
is negligible contribution of nonideality towards the curva-

ture, our first approximation is to assume the term B to be
zero. This assumption is routinely used in the analysis of the
sedimentation equilibrium data (11). The Debye equation is
then simplified to,

Kc

R�
¼ 1

Mav

ð11Þ

For an associating system, the change in the chemical
potential of the solvent with solute concentration is written as
(See Appendix II for details) (35),

@�1

@ct
¼ @cm
@ct �Mm

þ @cd
@ct � 2Mm

þ
@ Bavc2

t

� �
@ct

ð12Þ

Once again, assuming Bav=0 in Eq. 12, substituting for cm and
cd from Eq. 8 and 9, taking partial derivatives and using the
result in the derivation of the Rayleigh_s light scattering
equation, the following Debye equation is obtained (see
Appendix II for details),

Kct
R�
¼ 1

Mav

¼ 1þ 8Kact=Mmð Þ1=2 þ 1

2 1þ 8Kact=Mmð Þ1=2Mm

ð13Þ

Eq. 13 is the modified Debye equation that was used to
fit the nonlinear Debye plots for the parameters Ka using a
monomer molecular weight of 18.4 kDa for bLg. The fitting
was carried out by nonlinear least squares regression using
Scientist software from Micromath (St. Louis, MO). Figure 4A
shows the fit of Eq. 13 to the nonlinear Debye plot obtained
for bLg at pH 3.0 and 0.05 M NaCl solution concentration.
The equation does not fit well to the curved Debye plot as
evident from the distribution of the residuals (Fig. 4A, inset),
which shows that the data at low concentrations are under-
predicted and that at higher concentrations are over-predicted
by the equation. Thus, the association constant, Ka, does not
allow accurate fitting of the data, pointing to the fact that the
nonideality term could also contribute to the curvature.

In view of this, the nonideality term was included into
the Debye Equation, i.e. Eq. 10 was used instead of Eq. 11.
Following the same derivation procedure as described above
using Eq. 12 with inclusion of the B term (See Appendix II
for details), following Debye equation is obtained.

Kct

R�
¼ 1þ 8Kact=Mmð Þ1=2 þ 1

2 1þ 8Kact=Mmð Þ1=2Mm

þ Bct ð14Þ

Note that this is similar to Eq. 13 with an additional term
that represents the first deviation from ideality. As discussed
earlier, the term B represents the overall nonideality (See
Appendix II) of arising from solute–solute interactions
(monomer–monomer, monomer–dimer, dimer–dimer) in so-
lution. Eq. 14 was now used to fit the curved Debye plots for
the parameters Ka and B, using a value of 18.4 kDa for Mm.

Figure 4B, shows the fit of Eq. 14 to the nonlinear
Debye plots obtained for bLg at pH 3.0 for 0.05 M NaCl
solution concentration. Clearly, this equation fits well to the
data (compare Fig. 4B to Fig. 4A), as also evident from the
distribution of the residuals (inset). The sinusoidal-type
pattern in the residuals results because of slight waviness of
the data points in the Debye plot. Hence, the correction of
the nonideality term is necessary for an accurate fit of the data.
In fact, this was observed with all the solution conditions
investigated in the present study. Figure 4C and 4D further
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demonstrate utilization of Eq. 14 for the analysis of the data
of bLg at pH 3.0 for 0.1 and 0.2 M NaCl solution concen-
trations. Evidently, the equation fits well to the data. Note
that, although Eq. 13 did not fit well to the data (Fig. 4A),
the theoretical line still lies close to the data points. Thus, the
major contribution to the curvature still arises from the
association of monomers to form dimers and the contribution
of the nonideality term although small, is important to attain
an accurate fit of the data. In general, it was observed, that
inclusion of the B term slightly reduced the Ka value. For
example, a Ka value of 1.64�103 Mj1 was obtained at pH 3.0,
0.05 M NaCl (Figs. 4A and 6), when B was not included in the
model as against a value of 1.12�103 Mj1, when B was
included (Figs. 4B and 6). Overall the data indicated that even
though the dependence of Ka was small on B, inclusion of B
was still necessary to obtain a good fit of the data.

The fact that the term B plays an important role in
obtaining accurate fit to the data indicates the presence of
nonideality in this particular system. The values of B

obtained from the current analysis decrease as the pH is
raised (for example, pH 2.3 and pH 3.0) and as the NaCl
concentration is increased (pH 3.0) and even becomes

negative at high NaCl concentrations. As reported previously
and also observed in these studies, an increase in pH and
solution NaCl concentration results in an increase in the
population of dimers in solution. Theoretically, based on an
increase in the dimer radius, the B value, calculated from
simple hard sphere contributions, would be eight times more
for a dimer–dimer interaction than for a monomer–monomer
interaction. However, clearly, the B values actually decrease
with an increase in dimer population. This shows that
interactions other than excluded-volume contributions as
the charge–charge interactions (presumably opposite charge
interactions) play an important role in contributing towards
the nonideality in the present case. However, it should be
noted that the present study does not allow deconvoluting
the contribution of individual monomer–monomer, mono-
mer–dimer, and dimer–dimer interactions to the net B term.

The fitting yields the apparent Ka values and the B
values, which are summarized in Table I for various solution
conditions used to study bLg. Evidently, this method could
track the Ka values over three orders of magnitude (102–
105 Mj1). Note that the molecular weight of the bLg was
used as a fixed parameter; however, it can also be used as a
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Fig. 4. Analysis of the nonlinear Debye plots of b-lactoglobulin A by nonlinear least squares regression. The markers represent the

experimental data and the lines represent the fit to the experimental data using Eq. 13 at pH 3.0 for A 0.05 M, and using Eq. 14 at pH 3.0 for B
0.05 M, C 0.1 M, and D 0.2 M NaCl concentrations. The insets show the distribution of residuals between the experimental data and the

theoretical fit.
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floating parameter. We observed that when Mm was used as a
floating parameter, the molecular weight obtained always lay
within 10% of that reported in literature and did not
significantly affect the apparent Ka values (Table I). This
shows that the present method can also be used without prior
accurate knowledge of the protein molecular weight.

Assessment of Equilibrium: Effect of Initial Solution Protein
Concentration and Flow Rate

In SEC, while irreversible aggregates can be resolved by
choosing appropriate column and solution conditions, the
behavior of reversibly associating species would depend on
the equilibrium and the interaction of these species with
column, thus affecting the profile of the eluting peaks (36–
38). Three cases of equilibrium could exist; slow equilibrium
between the two species, intermediate equilibrium and rapid
equilibrium. In case of slow equilibrium, the column will
separate the associating species present in solution within the
time frame of the experiment and these species will elute into
different peaks. For this equilibrium, the ratio of the
monomer-to-dimer peak areas would change for different
concentrations injected because of different proportions of
the two species present in the injection solution as defined by
Ka. In the case of rapidly equilibrating associating species,
the associating species will rapidly re-equilibrate following
elution from column and the dimer and the monomer will not
be resolved resulting in a peak with a polydisperse molecular
weight distribution. For the intermediate case, one would
expect some separation as well as asymmetry in the eluting
peak depending on Ka and initial concentration.

The three different types of cases could be distinguished by
injecting solutions of different initial protein concentrations and
different flow rates. For example, for a rapidly equilibrating
species, different flow rates will not affect the distribution of the
associating species, whereas, the flow rate will have a distinct
effect in the case of slowly equilibrating species. Hence, by
varying initial protein concentration and flow rate, it would be
feasible to study the type of equilibrium and whether equilib-
rium conditions are maintained during the time of study.

To test whether equilibrium conditions were maintained,
the effect of initial protein concentration injected into the
column and the flow rate on the estimation of apparent Ka

values was investigated. Figure 5 shows the effect of initial
protein concentration on the Debye plots at pH 3.0 (0.1 M
NaCl). As observed, parallel Debye plots, which lie in close
proximity to each other, were obtained for the two protein
concentrations evaluated (15 mg/ml and 7.5 mg/ml). Although,
exact overlap of the plots was not obtained, analysis indicated
only slight differences in the apparent Ka values obtained
(Table II) pointing to the fact that conditions close to
equilibrium were maintained under these solution conditions.

Varying the flow rate slightly affected the apparent Ka

values depending on the solution NaCl concentration. At low
solution NaCl concentration (0.05 M NaCl), corresponding to
a relatively lower apparent Ka value, flow rate did not
appreciably affect the estimated Ka values (Table II). This is
consistent with the effect of concentration on apparent Ka

values, since at 0.1 M NaCl concentration, as discussed above,
Ka values were not significantly affected. At higher solution
NaCl concentration (0.5 M NaCl), corresponding to a rela-

tively higher apparent Ka value, a lower flow rate resulted in a
moderate increase in the estimation of the Ka value. This
indicated that presumably equilibrium between the monomer
and dimer species of bLg was affected slightly by the change in
flow rate at 0.5 M NaCl solution concentration. However, note
that the difference is only moderate indicating that the
conditions were maintained near the Btrue^ equilibrium of
the system.
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The presence of equilibrium under varying conditions of
initial protein concentration and flow rate was further
assessed by evaluating the percent main peak and percent
dimer peak in the chromatograms. Nonequilibrium or slow
equilibrium conditions will affect the distribution of the
percent monomer and could also alter the shape of the main
peak. Figure 5B and 5C show the LS chromatograms for
varying initial protein concentration at pH 3.0 (0.1 M NaCl)
and varying flow rate at pH 3.0 (0.05 M NaCl), respectively.
As seen in Fig. 5B, the chromatogram for higher initial
protein concentration (15 mg/ml) is similar in shape and
profile to that of the low protein concentration (7.5 mg/ml),
In fact, the percent dimer and percent main peak have similar
values (2.0% dimer) indicating presence of fast equilibrium
in these solution conditions. Similar results were also
obtained for the chromatograms obtained with different flow
rates. Note that while the resolution of the dimer is affected
by the flow rate (highest at low flow rate of 0.3 ml/min), the
overall, profile of the chromatogram and the percent main
peak and percent dimer (2.0–2.3%) is similar across different
flow rates. These data clearly affirm that conditions close to
equilibrium were maintained in the current solution con-
ditions evaluated. These data also further corroborate the
fact that the dimer peak observed is primarily comprised of
irreversible aggregates. In addition, no significant difference
in the B values was observed across different flow rates and
initial protein concentrations under these solution conditions
further asserting presence of equilibrium (Table II).

The above data demonstrates the strength of this tech-
nique to assess whether equilibrium is maintained during these
studies as investigated by varying initial concentration and flow
rate. It should be noted that although true equilibrium may not
be achieved for certain solution conditions and proteins, a
simple analysis based on the shape of Debye plots from a single
injection along with concentration and flow rate effects makes
this technique a powerful tool to rapidly discern between
associating and nonassociating species with minimum sample
and time requirements. In the event that the data indicates
nonequilibrium, subsequent detailed equilibrium sedimentation
studies could be performed to obtain true binding constants.

Comparison with Literature Values

Figure 6 compare the values of apparent Ka obtained using
the present method with those reported in literature for bLg
(29). As evident, the values reported by us follow the same
trend as those reported in literature, thus, validating the use of
this method for determining equilibrium association constants
of protein self-association. The somewhat lower values of Ka

were attributed to the following factors. First, the inclusion of B
value in the model lowers the Ka values obtained through fitting
of the data. This is because both B and Ka values contribute to
the negative slopes in the Debye plots. This is also illustrated in
Fig. 6, that is, if the fitting of the data is carried out without
incorporating the B value (as has been done in literature for
bLg), higher values of Ka are obtained as compared to those
when B value is used for fitting. Second, the use of SEC
removes higher order aggregates, e.g., soluble irreversible
dimers that are already present in the original material, and

Table II. Effect of Initial b-lactoglobulin Solution Concentration and Flow Rate on the Estimation of Association Constants at pH 3.0

Condition

Initial protein concentration (1.0 ml/min flow rate, 0.1 M NaCl) Ka (Mj1) B�104 (mol ml/g2)

15 mg/ml 4.10 (T0.06, 0.52)a �103
j0.3 (T0.1, 0.1)

7.5 mg/ml 4.40 (T0.15, 0.63) �103
j0.4 (T0.1, 0.1)

0.05 M NaCl 0.5 M NaCl

Flow rate (15 mg/ml protein concentration) Ka�10j2 (Mj1) B�104 (mol ml/g2) Ka�10j5 (Mj1) B�104 (mol ml/g2)

8.48 0.8 1.08 j0.1

1.0 ml/min (T0.08, 1.50) (T0.1, 0.1) (T0.07, 0.30) (T0.1, 0.1)

10.8 0.6 3.40 j0.08

0.6 ml/min (T0.12, 1.50) (T0.1, 0.2) (T0.10, 0.45) (T0.1, 0.1)

11.3 0.7 6.42 j0.1

0.3 ml/min (T0.16, 1.80) (T0.1, 0.2) (T0.09, 0.40) (T0.1, 0.1)

a The first number in the parenthesis represents the maximum statistical uncertainty (goodness-of-fit) observed in the fitted value for a single

experiment (1 SD) within 95% confidence interval and the second number represents the standard deviation in the estimation of the

parameter from experiments in triplicate.
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could contribute towards Ka values if it remains in the sample
under study. Finally, a nonequilibrium state compared to a
Btrue^ equilibrium state could also contribute to the slightly
lower apparent BKa^ values. The similarity in the trend,
however, demonstrates the application of this technique to
screen different conditions for protein self-association behavior.
It should be noted that we have evaluated a simple association
model to assert the validity of this method. Currently, studies
are underway to use this methodology and to develop models
for more complicated self-association systems.

CONCLUSIONS

Rapid detection of (typically less than 1 h) of protein self-
association behavior along with estimation of solution non-
ideality (as determined through second virial coefficient) can be
achieved using the present method that is based on simulta-
neous measurement of protein concentration and scattered light
intensity in flow-mode in conjunction with size-exclusion
chromatography. The dependence of scattered light intensity
on protein concentration shows a typical curvature for an
associating system in the Debye plots that can be analyzed to
yield apparent association constants for relative scaling of
different solution conditions. This method offers several advan-
tages such as no interference from irreversible aggregates or
dust particles and most importantly, amenability to high-
throughput screening due to the use of automated HPLC-based
method that can be used early on in protein formulation
development with low sample requirements.
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APPENDIX I

Molecular weight of the protein sample in dilute solutions
and for polarized light is related to intensity of the scattered
light from the sample through the following equation (26),

Mw ¼ NA
4
oR2Is

4 2 sin2 �c dn=dc

� �2

n2Io

ðA1Þ

Where, NA is the Avogadro_s number, l is the wavelength of
the incident radiation, R is the distance of the sample from
the detector, Is is the intensity of the scattered light, Io is the
intensity of the incident light, c is the concentration of
protein sample, dn/dc is the refractive index increment of
protein solution, � is the angle between the plane of the
incident polarized light and the scattering detector, and n is
the refractive index of the solvent. Collecting all the
constants and instrument parameters into an overall light
scattering instrument constant, A90, Eq. 1 can be written as,

Mw ¼ Is

A90c dn=dc

� �2
ðA2Þ

where,

A90
Io4�2n2

NA�4
oR2

ðA3Þ

Since the intensity of the incident radiation, Io, and the
distance between the sample and detector, R, is fixed, the
ratio of these two parameters can be obtained by rearranging
the above equation and is represented as K1, i.e.,

R

Io

2

¼ 4�2n2

NA�4
oA90

¼ K1 ðA4Þ

Hence, K1 can be simply obtained from the Instrument
constant A90, wavelength of the incident light (685 nm), and
refractive index of the solution. Rayleigh_s ratio at 90-
scattering angle is defined as

R� ¼
IsR

2

Io
ðA5Þ

Combining Eq. 4 and 5, Rayleigh_s ratio can now be
expressed as,

R� ¼ K1Is ðA6Þ

Eq. A6 is used to obtain Rayleigh_s ratio of a given data
point on the LS chromatogram, once the instrument has been
calibrated using bovine serum albumin (BSA) as the standard
(see calibration).

The concentration for each corresponding data point on
the UV chromatogram was estimated from the UV signal
intensity. In the present instrument configuration, the UV
chromatogram represented the intensity of the transmitted
light. Hence, the concentration of the injected protein at each
data point was estimated using the following equation,

c g=mlð Þ ¼ log
I100%T � I0%T

Ia � I0%T

� �
� 10= E1%bð Þ ðA7Þ

where, c is the concentration of the protein, I100%T is the
intensity of the UV signal at the baseline, I0%T is the signal of
the UV detector in off-mode, Ia is the UV signal at a given
time point on the chromatogram, E1% is the extinction
coefficient of 1% protein solution and b is the path length
of the UV cell (3 mm).

Once the R� values and the corresponding concen-
trations are obtained for data at each time point on the
chromatogram, Debye plot is then generated using the
Debye equation. For estimation of parameter K in Eq. 1,
the dn/dc values were obtained from the differential refrac-
tive index detector connected in line with the dual-detector
cell, following calibration of this detector using a standard of
known dn/dc (see calibration).

Calibration. The calibration of the instrument was
carried out to determine the constant A90 for the determina-
tion of R� and the DRI constant, defined as B, to determine
the dn/dc of a given protein. For this purpose, BSA was used
as the standard. 100 ml of a 2 mg/ml BSA solution in pH 7.4
was injected into a TSK3000SWXL size exclusion column. A
dn/dc of 0.167 and molecular weight of 66000 was used to
calculate calibration constants from the monomer peak of
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BSA. Under these conditions, following calibration constants
were obtained using the Precision Analyze software: K90=(B/
A90)=4,569.8 and B=54,618.1. A90 is then obtained by
dividing B with K90. Once the DRI constant, B, is obtained,
the dn/dc of any given protein for a given solution condition
is determined using the following equation:

dn=dc ¼
RIsample

B �Ainj
ðA8Þ

where, RIsample is the area of the RI chromatogram and Ainj

is the amount of protein injected in micrograms.

APPENDIX II

The chemical potential of the solvent in a two component
system as a function of solute concentration is written as (35)

�1 �G0
1 ¼ �RTV0

1

c2

M2
þ Bc2

2 þ Cc3
2 þ . . .

� �
ðA9Þ

where, m1 is the chemical potential of the solvent, G0
1 is the

molar free energy of pure solvent, R is the gas constant, T is
temperature, V0

1 is the molar volume of the solvent, c2 is
solute concentration (g/ml), M2 is the molecular weight of the
solute, B and C are the second and the third virial coefficients,
respectively.

For an associating species, where total solute concentra-
tion c2 or ct=cm+cd, the contributions of the two solutes are
added and Eq. A9 is written as,

�1 �G0
1 ¼ �RTV0

1

cm

Mm
þ cd

2Mm
þ Bavc2

2 þ . . .

� �
ðA10Þ

Where, Mm is the molecular weight of the monomer. The
term Bav represents the z-average second virial coefficient
(defined by the quadratic mixing rule) (39) and for a
monomer–dimer associating system is defined as,

Bav ¼ Bmx2
m þ Bdx2

d þ Bmdxmxd ðA11Þ
where, Bm, Bd, Bmd, are the second virial coefficient values
for the monomer–monomer, dimer–dimer, and monomer–
dimer interactions, respectively, and xm and xd represent the
mole fractions of the monomer and dimer, respectively.
Defining, xm=[cm]/[ct]; xd=[cd]/[ct]; [ct]=ct/Mm, [cm]=cm/Mm;
and [cd]=cd/2Mm, where, [cm] and cm represent the molar
concentration and g/L concentration, respectively, Eq. A11
can be written as,

Bavc2
t ¼ Bmc2

m þ
Bdc2

d

4
þ Bmdcmcd ðA12Þ

Using the definitions of cm and cd from Eq 8 and 9, re-
spectively, Eq. A12 can be written as,

Bavc2
t ¼ Bm

Mm

4Ka

� �2

D� 1ð Þ2

þ
Bd

Mm

4Ka

� �2
4Kact

Mm
þ 1�D

� �2

4

þ Bmd
Mm

4Ka

� �2

D� 1ð Þ 4Kact

Mm
þ 1�D

� �
ðA13Þ

Where,

D ¼ 1þ 8Kact

Mm

� �1=2

ðA14Þ

The change in the solvent chemical potential as a function of
the total solute concentration can be represented in the form
of a partial differential equation of Eq. A10,

� 1

RTV0
1

@�1

@ct
¼ @cm

@ct �Mm
þ @cd

@ct � 2Mm
þ
@ Bavc2

t

� �
@ct

ðA15Þ

or

� 1

NAkTV0
1

@�1

@ct
¼ 1

Mm

@cm

@ct
þ 1

2

@cd

@ct

� �
þ
@ Bavc2

t

� �
@ct

ðA16Þ

The left term in Eq. A16 appears in the derivation of the light
scattering equation for Rayleigh_s scattering as (35),

is
I0
¼

2�2n2 dn=dcð Þ2 1þ cos2 �
� �

ct

�4r2 � 1=V1kTð Þ @�1=@ctð Þ½ � ðA17Þ

Defining R� as,

R� ¼
isR

2

Io 1þ cos2 �ð Þ ðA18Þ

and combining with Eq. A16, Eq. A17 can be written as

Kct

R�
¼ 1

Mm

@cm

@ct
þ 1

2

@cd

@ct

� �
þ
@ Bavc2

t

� �
@ct

ðA19Þ

where, K is defined by Eq. 2 in the main text. Using Eqs.
8 and 9 for cm and cd, respectively, and Eq. A13 for the term
Bavc2

t , the following partial derivatives are obtained,

@cm

@ct
¼ 1

1þ 8Kact=Mm

� �1=2
ðA20Þ

@cd

@ct
¼ 1� 1

1þ 8Kact=Mm

� �1=2
ðA21Þ

@ Bavc2
t

� �
@ct

¼ Mm

8Ka

� �
D� 1

D

� �

4Bm þ Bd
4Kact

Mm
þ 1�D

� �
þ 4Bmd

4Kact

Mm D� 1ð Þ þD� 2

� �� �

ðA22Þ
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where, D is defined by Eq. A14. Substituting Eqs. A20–A22
in Eq. A19, and upon simplification the following expression
is obtained,

Kct

R�
¼ 1þ 8Kact=Mmð Þ1=2 þ 1

2 1þ 8Kact=Mmð Þ1=2Mm

þ Mm

8Ka

� �
D� 1

D

� �

4Bm þ Bd
4Kact

Mm
þ 1�D

� �
þ 4Bmd

4Kact

Mm D� 1ð Þ þD� 2

� �� �

ðA23Þ

Note that this expression involves five parameters to be
fitted, namely, Ka, Mm, Bm, Bd, and Bmd. A fitting routine
using five parameters would easily fit a nonlinear curve,
however, is prone to introduce more error in the estimation
of the value of the parameter involved. To simplify the above
equation and to improve reliability of the parameters
obtained, we use a single parameter B instead of Bm, Bd,
and Bmd, to reflect the overall nonideality of the system. This
approximation is often used to analyze the sedimentation
equilibrium data for associating species involving nonideality
(40–42). This simplification improves the fitting analysis, yet
provides an estimate of nonideality present in the system.
Following equation is obtained upon this simplification,

Kct

R�
¼ 1þ 8Kact=Mmð Þ1=2 þ 1

2 1þ 8Kact=Mmð Þ1=2Mm

þ Bct ðA24Þ

APPENDIX III

The dual-detector dual-source cell for simultaneous
measurement of light scattering intensity and protein con-
centration is illustrated in Fig. 7 (43). The flow-cell includes a
sample cell, 1, defining an interior volume, 2, a first side

occupied by a sample inlet, 3, and a second side occupied by
a sample outlet, 4. The sample cell may be termed a Bflow-
through^ cell that is configured to receive a continuous flow
of protein solution from a SEC column (not shown) at its first
side via the sample inlet, 3, and to continually discharge such
flow at its second side via the sample outlet, 4.

Ports 5, 6, 7, 8, and 9, shown schematically in Fig. 7
occupy respective third, fourth, fifth, sixth, and seventh sides
of the cell for permitting light and/or light beams to pass into
the interior volume, 2, of the cell, into and through a solution
passing through the cell (e.g., a protein solution), and/or
outward of the interior volume, 2, of the cell for measure-
ment of scattered light and/or concentration (e.g., protein
concentration). A laser light source 10 is interoperably
coupled to the cell via the port 5 for directing a laser light
beam (not shown) into the cell, a detector 11 is interoperably
coupled to the cell via the port 6 for receiving and detecting
90- scattered light from the laser light beam emerging from
the cell, and a detector 12 is interoperably connected to the
cell via the port 7 for receiving and detecting 15- scattered
light from the laser light beam emerging from the cell.

An ultraviolet (UV) light source 13 is interoperably
connected to the cell via the port 8 for directing a UV light
beam into the cell, and a detector 14 is interoperably connected
to the cell via the port 9 for receiving and detecting unscattered
UV light from the UV light beam emerging from the cell. Ports
8 and 9 are aligned with each other and oriented at
approximately a 90- angle to the laser light beam (not shown)
directed by the laser light source, 10, into the cell so as to
minimize the potential for interference between and among the
detectors 11, 12, 14. The laser and UV light sources 10, 13 and
the detectors 11, 12, 14 are all shown schematically for the sake
of convenience and simplicity.

In the present set up, a laser light source was employed
that produced collimated light at a wavelength of 685 nm. In
addition, a fiber-optic cable type UV light source hosting a
deuterium lamp and manufactured by MiniDATA UV
(Analytical Instrument Systems, Flemington, NJ), and a
detector for detection of transmitted UV light at 280 nm,
were employed. The cell volume in the experimental system
was 10 ml and the scattering volume was 0.01 ml. The path
length for UV measurements was 3 mm.
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