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to Long-Term Irreversible Aggregation of a Monoclonal Antibody
and Ovalbumin in Solution
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Purpose. The purpose of the study was to investigate the relationship of the second virial coefficient, B22,

to the extent of irreversible protein aggregation upon storage.

Methods. A monoclonal antibody and ovalbumin were incubated at 37-C (3 months) under various

solution conditions to monitor the extent of aggregation. The B22 values of these proteins were

determined under similar solution conditions by a modified method of flow-mode static light scattering.

The conformation of these proteins was studied using circular dichroism (CD) spectroscopy and second-

derivative Fourier transform infrared spectroscopy.

Results. Both proteins readily aggregated at pH 4.0 (no aggregation observed at pH 7.4); the extent of

aggregation varied with the ionic strength and the presence of cosolutes (sucrose, glycine, and Tween

80). Debye plots of the monoclonal antibody showed moderate attractive interactions at pH 7.4,

whereas, at pH 4.0, nonlinear plots were obtained, indicating self-association. CD studies showed

partially unfolded structure of antibody at pH 4.0 compared with that at pH 7.4. In the case of

ovalbumin, similar B22 values were obtained in all solution conditions irrespective of whether the protein

aggregated or not. CD studies of ovalbumin indicated the presence of a fraction of completely unfolded

as well as partially unfolded species at pH 4.0 compared with that at pH 7.4.

Conclusions. The formation of a structurally altered state is a must for irreversible aggregation to proceed.

Because this aggregation-prone species could be an unfolded species present in a small fraction compared

with that of the native state or it could be a partially unfolded state whose net interactions are not

significantly different compared with those of the native state, yet the structural changes are sufficient to

lead to long-term aggregation, it is unlikely that B22 will correlate with long-term aggregation.

KEY WORDS: antibody formulation; monoclonal antibody; protein aggregation; protein stability;
second viral coefficient.

INTRODUCTION

Irreversible protein aggregation is a critical issue during
protein purification, formulation, production, and storage
(1,2). From a therapeutic point of view, these aggregates
could have compromised activity and often lead to enhanced
immunogenicity (3). It is generally believed that irreversible
aggregation proceeds via a nonnative (4Y6), expanded
aggregation-prone conformational state (7,8). This perturba-
tion is followed by formation of the aggregated state, which
has a lower free energy than the native conformation of the

protein and is composed of nonnative states of the protein.
The kinetics of protein aggregation is often described by the
classical Lumry-Eyring equation (9)

N , U ! A ð1Þ

where N represents the native state, U represents the per-
turbed state, and A represents the aggregated state. Whereas
the first step is an equilibrium step, the second step is
governed by the kinetics of aggregation of the aggregation-
prone state. Examples exist to indicate that the aggregation-
prone state could be slightly perturbed or near native state
(10), molten globule-like (11Y14), a partially unfolded inter-
mediate (15Y18), or even the completely unfolded state (19).

The complexities in the mechanism of aggregation are
attributed to the complex structural properties of proteins
and the complex behavior of different proteins under varied
solution conditions toward unfolding and aggregation. Thus,
prediction of long-term aggregation stability from accelerat-
ed stability studies has largely remained a challenge to
protein scientists. This is further complicated by a change in
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the protein structural conformation and properties as a
function of temperature, often leading to a non-Arrhenius
behavior in the kinetics of protein aggregation (20).

Although the role of conformational stability in protein
aggregation has been well documented (21), recently, there
has been interest in the role of colloidal interactions in
protein aggregation under conditions that favor native state
(22Y29). The aggregation mediated through a structurally
altered state is also a result of colloidal interactions, where
intermolecular hydrophobic interactions between partially or
completely unfolded states are overwhelmingly strong over
electrostatic repulsions caused by the exposure of otherwise
buried hydrophobic groups. Whether it is aggregation under
conditions that favor native state or under conditions where
structurally altered species is also present, proteinYprotein
interactions will govern the extent and kinetics of aggrega-
tion. Hence, it is reasonable to assume that an understanding
of proteinYprotein interactions can provide important insights
into the mechanism of irreversible protein aggregation.

One of the experimentally accessible parameter used to
study proteinYprotein interactions is the second virial coeffi-
cient, B22. B22 appears in the virial expansion of the osmotic
pressure term to represent first deviation from ideality in
dilute colloidal solutions (30). Positive B22 values indicate net
repulsive proteinYprotein interactions, and negative B22

values indicate net attractive proteinYprotein interactions.
Through a rigorous theoretical statistical thermodynamic
analysis (31), it has been shown that B22 can be represented
in terms of the excluded volume term and the interaction free
energy, DG, taking into account the steric, electrostatic,
hydrophobic, and short-range interactions along with the
structural and functional anisotropy of the protein molecules
(32)
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where rc is the center-to-center distance on contact for a
particular orientation, DG is the interaction free energy, r12 is
the intermolecular center-to-center distance, and W repre-
sents all possible orientations. The first term in the brackets
represents the excluded volume contribution, which is always
positive, and the second term, which represents the energetic
interactions, leads to positive or negative B22 values depend-
ing on repulsive or attractive interactions. Thus, experimental
work (33Y35) and theoretical analysis (31,32) strongly suggest
that B22 can serve as an important parameter to represent net
proteinYprotein interactions.

Wilson et al. (36 Y38) have established the usefulness of
B22 in predicting the phase behavior of proteins in solution
and conditions where protein crystallization is likely to occur.
Recently, a few reports (22,26,29,39) have emerged on studies
involving B22 and aggregation; however, it still remains un-
clear whether a correlation exists between B22 values and
irreversible aggregation of proteins. For example, Chi et al.
(39) have shown using recombinant human granulocyte
colony-stimulating factor that negative B22 values correlate
with aggregation under conditions where native protein con-
formation is favored, but aggregation was also observed in
solution conditions yielding positive B22 values. This was
attributed to the overwhelming contribution of dimers

instead of the aggregation-prone unfolded monomer species
to the overall B22.

The accurate and reliable determination of B22 values of
proteins in aqueous solutions by the method of batch-mode
static light scattering is often affected by the presence of
higher-order aggregates and dust particles in a solution. We
have recently developed (40) a chromatography-based meth-
od to determine B22 values of proteins in aqueous solutions
that is based on simultaneous measurement of scattered light
intensity and protein concentration following the elution of
the protein through a size-exclusion column. This method
utilizes a custom-designed dual-detector cell in conjunction
with size-exclusion chromatography (SEC) that measures the
intensity of the scattered light through a 90- light scattering
detector and the concentration through a UV detector at the
same time. A single protein injection is sufficient to generate
a range of protein concentrations and corresponding light
scattering intensities in the eluting peak. The concentration
and scattering data are then used to generate Debye plot
using the Debye’s light scattering equation

Kc

R�
¼ 1

M
þ 2B22c ð3Þ

where R� is the excess Rayleigh’s ratio of the protein in a
solution of concentration c and M is the weight average
molecular weight of the protein. K is the optical constant and
is defined as

K ¼ 4�2n2 dn=dcð Þ2

NA1
4
o

ð4Þ

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. Thus, B22 is obtained from the
slope of the linear Debye plot (Kc=R� vs. c). We have shown
that this method provides reliable and accurate estimates of
B22 using such proteins as lysozyme and chymotrypsinogen.
The advantages of using SEC is that the aggregates, dust
particles, and low molecular weight cosolutes are separated
from the monomeric peak, and hence, the virial coefficient
obtained represents that of the pure monomer. Recently, we
have been able to apply this technique to quantitatively
characterize protein self-association, thus making it a very
powerful technique for protein characterization (Sharma et
al., unpublished data). Hence, from a single protein injection,
irreversible aggregates could be separated, and at the same
time, if the protein undergoes reversible self-association, the
association constants can be estimated. Because the associa-
tion results in nonlinear Debye plots, a simple inspection of
the Debye plot will indicate the protein behavior in a solution.

In the present report, we have investigated the relation-
ship between irreversible aggregation upon storage and B22

values to gain a better understanding on the role of B22 in its
ability to relate to the tendency of a protein to undergo
aggregation. We utilized two different proteins for this
investigation, a monoclonal antibody (Mw = 144 kDa, pI =
7Y9) and ovalbumin (Mw = 44 kDa, pI = 4.5). Both proteins
were subjected to storage stability under conditions that led
to aggregation as well as those where these proteins were
completely resistant to aggregation. B22 values were obtained
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under similar conditions using the methodology recently
developed by us (40). We have shown that the second virial
coefficient by itself does not correlate with the extent of
aggregation; however, the Debye plots, used to obtain B22

values, provide important insights into the aggregation
mechanism in conjunction with the spectroscopic studies.

MATERIALS AND METHODS

Materials

All buffer components and chemical reagents used in the
present studies were of the highest purity grade, obtained
from commercial sources, and used without further purifica-
tion. The monoclonal antibody was donated generously by
Pfizer Biologics (St. Louis, MO, USA) and was supplied as a
11.3 mg/mL solution in a 20 mM acetate buffer (pH 5.5)
containing 140 mM NaCl and 0.02% w/v polysorbate 20. The
monoclonal antibody is an IgG2 with kappa light chains and
a Mw of 144 kDa. Ovalbumin, L-glycine, sucrose, and Tween
80 were obtained from Sigma Chemicals Co. (St. Louis, MO,
USA). Double-distilled water that was filtered through a
0.1-mm polycarbonate membrane filter was used for the
preparation of the protein solutions and the mobile phase.

Methods

The following solution conditions were used for deter-
mination of B22 and for aggregation studies: pH 4.0 (m = 0.04
M and 0.3M), pH 7.4 (m = 0.3 M), and pH 5.4 (m = 0.3 M),
0.1% w/v Tween 80 (pH 4.0, m = 0.3 M), 0.3 M glycine (pH
4.0, m = 0.3 M), and 10% w/v sucrose (pH 4.0, m = 0.3 M). The
ionic strength of all solutions was adjusted using NaCl. The
concentration of the buffer was fixed to 10 mM for the studies;
acetate buffer was used for all studies performed at pH 4 and
5.4, whereas sodium phosphate salts were used to make
buffers at pH 7.4. The final pH of all solutions was measured
using a Piccoloplus Hi-1295 digital pH meter (Fisher
Scientific, Pittsburgh, PA, USA) and adjusted to the desired
pH using either 1.0 N NaOH or 1.0 N HCl. Because the
antibody was supplied as a solution, it was dialyzed against
appropriate buffers through ultradialysis. For the purpose of
dialysis, the ionic strength of the solution was kept low
(0.04 M) to prevent aggregation and was later adjusted using
concentrated NaCl solutions. The ovalbumin solutions were
prepared directly by dissolving the protein into the appro-
priate buffer. The pH of all solutions was readjusted
following complete solubilization of the protein. Protein
concentration was determined by measuring absorbance at
280 nm and using an E1% value of 14.0 for antibody and 7.0
for ovalbumin.

Aggregation Studies

Stability studies were carried out to monitor irreversible
physical aggregation of the antibody and ovalbumin upon
storage at 37-C for a period of 3 months. Protein samples
were prepared (7.5 mg/mL) in appropriate buffers, and 1 mL
of the protein solution in each buffer in a 1.5-mL polypro-
pylene microcentrifuge tube was kept (in triplicate) in a
controlled temperature incubator at 37-C. Samples were

withdrawn at 1-month intervals and were analyzed for
monomer content using SEC. To this end, the microcentri-
fuge tubes were first centrifuged at 10,000 rpm for 15 min.
Following this, 150 mL of the protein solution from the
supernatant was injected into a SEC column (YMC-pack
Diol-200, DL20S05-3008WT column, 200-Å pore size, 5-mm
bead size, and 30 � 0.8 cm column dimensions; YMC, Kyoto,
Japan). A Precision Detectors PD 2000 system encasing a
dual-source dual-detector cell with a 90- light scattering
detector along with the UV detector was used for the
molecular weight analysis of the amount of monomer present
in the injected sample (see BDetermination of second virial
coefficient^). The monomer content of the samples kept for
stability, evaluated from the area under the monomer peak,
was compared with that of the initial samples (i.e., at t = 0) to
obtain the percent monomer loss. Note that the aggregates
formed were physical aggregates and not covalent aggre-
gates, as these dissolved completely in 6 M guanidine hy-
drochloride solution.

Determination of Second Virial Coefficient Values

The B22 values of the antibody and ovalbumin in various
solutions were determined at 37-C. As described above, B22

values were obtained from the slope of the linear Debye
plots, wherever applicable. The Debye plots were obtained
using the method recently developed by us and as described
previously (40). This method utilizes a Precision Detectors
PD 2000 detection system that encases a specially designed
dual-source dual-detector cell for simultaneous detection of
protein concentration and scattered light intensity as the
protein elutes from a SEC column. 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. Briefly, 150 mL of the protein solution of a known
concentration (10 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. 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
was used for both proteins.

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 is then converted to Rayleigh’s ratio, R� (light
scattering detector), and concentration (UV detector) as
described below.

The molecular weight of the protein sample in dilute
solutions and for polarized light is related to the intensity of
the scattered light from the sample, through the following
equation:

Mw ¼
NAl4

oR2Is

4�2 sin2 �c dn=dcð Þ2n2Io

ð5Þ
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where NA is the Avogadro’s number, lo 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. (5) can be written as

Mw ¼
Is

A90c dn=dcð Þ2
ð6Þ

where

A90 ¼
Io4�2n2

NAl4
oR2

ð7Þ

Because the intensity of the incident radiation, Io, and the
distance between the sample and detector, R, are 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

NAl4
oA90

¼ K1 ð8Þ

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

R90 ¼
IsR

2

Io
ð9Þ

Combining Eqs. (8) and (9), Rayleigh’s ratio can now be
expressed as

R90 ¼ K1Is ð10Þ

Eq. (10) is used to obtain Rayleigh’s ratio of a given data
point on the light scattering chromatogram once the instru-
ment has been calibrated using bovine serum albumin (BSA)
as the standard (see BCalibration^).

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 ð11Þ

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 concentra-
tions are obtained for data at each time point on the
chromatogram, Debye plot is then generated using the

Debye equation [Eq. (3)]. For estimation of parameter K in
Eq. (3), the dn/dc values were obtained from the differential
refractive index (DRI) detector connected in-line with the
dual-detector cell, following calibration of this detector using
a standard of known dn/dc (see BCalibration^).

In the present studies, linear Debye plots were analyzed
according to Eq. (3). For Debye plots obtained otherwise, the
Debye equation was modified as described in BResults,^
BDiscussion,^ and Appendix.

Calibration

The calibration of the instrument was carried out to
determine the constant A90 for the determination 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. One hundred microliters 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
66,000 were used to calculate calibration constants from the
monomer peak of BSA. Under these conditions, the follow-
ing calibration constants were obtained using the Precision
Analyze software: K90 = (B/A90) = 4569.8 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

BAinj
ð12Þ

where RIsample is the area of the RI chromatogram and Ainj is
the amount of protein injected (in micrograms).

Circular Dichroism Studies

Circular dichroism (CD) measurements were carried out
using a Jasco-710 spectropolarimeter. The far-UV CD studies
were carried out in a 0.05-cm path length cell using a protein
concentration of 0.25 mg/mL. The spectra were collected at a
scan speed of 20 nm/min from 190 to 260 nm. The near-UV CD
studies were carried out in a 1.0-cm path length cell using a
protein concentration of 1.0 mg/mL. The spectra were
collected at a scan speed of 20 nm/min from 240 to 310 nm.
Each scan was a result of five accumulations to increase signal-
to-noise ratio. All scans were normalized for concentration
and number of amino acid residues by converting the obtained
ellipticities to mean residue ellipticities. Secondary structure
content was estimated using the CONTINLL analysis pro-
gram provided with the CDPro software suite (41).

Fourier Transform Infrared Spectroscopy Studies

Fourier transform infrared (FTIR) studies were carried
out on the proteins at pH 4.0 (m = 0.3 M) and that of the
aggregated protein to compare the secondary structure of the
protein in solution and following aggregation. The spectra
were recorded in the region of 4000 to 400 cmj1 on a Nicolet
Magna 560 FTIR spectrometer (Nicolet, Inc., Madison, WI,
USA) equipped with a nitrogen-cooled deuterated triglycine
sulfate detector at a resolution of 4 cmj1. The spectrometer
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was continuously purged with dry nitrogen. The protein
solution with and without aggregates was injected into a CaF2

window cell (6-mm spacer) (42). The absorbance of the buffer
was subtracted from that of the protein to obtain the protein
FTIR spectra. The criterion used was to obtain a straight
baseline in the 1800- to 2200-cmj1 region (43). The subtracted
spectra were smoothed using a nine-point smoothing
function, and the second derivatives of these scans were
obtained in the 1750- to 1550-cmj1 region (amide I). The
derivatized spectra were baseline-subtracted and, finally,
area-normalized to unit areas for relative comparison.

RESULTS

Monoclonal Antibody

Aggregation Studies

Figure 1A shows the percent monomer remaining of the
antibody after incubation at 37-C for a period of 3 months
under various solution conditions. The antibody did not
aggregate at pH 7.4 or 5.4 (m = 0.3 M); however, aggregation
to different extents was observed at pH 4.0 for all solution
conditions. The extent of aggregation increased with an
increase in the NaCl concentration at pH 4.0, 10 mM acetate
buffer (compare 0.04 to 0.3 M, ionic strength), presumably
because at higher ionic strength, effective shielding of
charges takes place, leading to the enhanced hydrophobic
interactions over weakened electrostatic repulsions. At pH

4.0, m = 0.3 M, only sucrose exhibited partial protective ef-
fect, whereas the extent of aggregation further increased with
Tween 80 and glycine. Both insoluble and soluble aggregates
formed at pH 4.0, as indicated by the visible turbidity in the
incubated samples and the presence of high molecular weight
species evident from the SEC chromatograms of the aggre-
gated sample (Fig. 1B).

Second Virial Coefficient Studies

We next examined the B22 values of this protein under
similar solution conditions used for aggregation studies.
Figure 2 shows the Debye plots of the antibody at pH 7.4
(no aggregation observed) and pH 4.0 (aggregation ob-
served) at m = 0.3 M. At pH 7.4, a linear Debye plot is
observed with a negative B22 value (B22 = j8.7 � 10j5).
Although the negative B22 value indicates net attractive
interactions between the protein molecules, this attraction is
not enough to cause aggregation. In fact, this value is much
less as compared with the values reportedly required for the
crystallization of proteins (õ1 � 10j4 to 8 � 10j4), often
referred to as the crystallization slot (36).

At pH 4.0, interestingly, a nonlinear upward-curving
Debye plot is obtained. This type of nonlinearity in Debye
plot is typical of a self-associating system and has been
reported previously by several authors (44,45) and recently
by us (Sharma et al., unpublished data). Thus, these data
indicate that the antibody exhibits reversible self-association
under the solution conditions where it also undergoes
aggregation upon storage, i.e., at pH 4.0 (m = 0.3 M). To
further confirm the fact that conditions which promote
irreversible aggregation also result in protein self-association
in the initial solution for this antibody, we obtained Debye
plots in all solution conditions where aggregation was
observed upon storage. The Debye plots of the antibody in
such solution conditions are shown in Fig. 3AYD for pH 4.0,
m = 0.3 M, 0.3 M glycine (pH 4.0, m = 0.3 M), 0.1% w/v Tween
80 (pH 4.0, m = 0.3 M), and 10% w/v sucrose (pH 4.0, m = 0.3
M), respectively. Clearly, curved Debye plots were obtained in
all cases, indicating that the antibody self-associates in these
solution conditions.

The nonlinear Debye plots were analyzed using the modi-
fied Debye’s equation as described in Appendix [Eq. (20)] to
obtain the association constants, Kdim, monomer molecular
weight, and the second virial coefficient. Table I summarizes

Fig. 1. (A) Percent monomer of the monoclonal antibody remaining

after storage at 37-C for a period of 3 months as determined by size-

exclusion chromatography (SEC). a, pH 7.4 (m = 0.3 M); b, pH 5.4

(m = 0.3 M); c, pH 4.0 (m = 0.04 M); d, pH 4.0 (m = 0.3 M); e, 10% w/v

sucrose (pH 4.0, m = 0.3 M); f, 0.3 M glycine (pH 4.0, m = 0.3 M); g,

0.1% w/v Tween 80 (pH 4.0, m = 0.3 M). (B) SEC chromatograms of

the monoclonal antibody at t = 0 (solid line) and after storage at 37-C

(pH 4.0, m = 0.3 M) for a period of 3 months (dashed line).

Fig. 2. Debye plots of the monoclonal antibody at pH 7.4 (squares)

and pH 4.0 (circles) at m = 0.3 M. The line is obtained after linear

regression of the data points using Eq. (3).
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the results of the analysis for all solution conditions. Note
that linear Debye plot was obtained for pH 5.4 (m = 0.3 M),
where no aggregation was observed upon storage, whereas a
nonlinear Debye plot was obtained for pH 4.0 (m = 0.04 M),
where aggregation was observed. Kdim values obtained were
of the order of 103, indicating moderately strong binding. In
the case of sucrose, a lower Kdim value was obtained at pH
4.0 (m = 0.3 M), indicating that sucrose inhibited the self-
association of the antibody. Rather low values of B were

obtained from the fitting of the Debye plots, indicating that
the nonideality plays only a small role in the association of
the antibody molecules. In our analysis, the molecular weight
was kept as a floating parameter because it allowed better
fitting to the data. This, however, also introduces error in the
estimation, as molecular weight is calculated from the inverse
of the intercept of the fitted curve. Furthermore, because the
Debye plot also depends strongly on the dn/dc of the protein,
error in dn/dc translates into the estimation of molecular

Fig. 3. Debye plots of the monoclonal antibody at pH 4.0 (m = 0.3 M). (A) No excipient; (B) 0.3 M glycine;

(C) 0.1% w/v Tween 80; (D) 10% w/v sucrose. The markers represent the experimental data, and the lines are

obtained after fitting Eq. (20) to the data. The values of the parameters Kdim, Mw, and B or B22 are shown in

Table I.

Table I. Values of the Parameters Obtained by Analysis of the Linear [Eq. (3)] and Nonlinear [Eq. (20)] Debye Plots of the Monoclonal

Antibody and Ovalbumin for Various Solution Conditions

Solution condition Kdim (Mj1) Mm (Da) B � 104 (mol mL/g2)a

Monoclonal antibody

pH 7.4, m = 0.3 M Monomer 142,000 (6000)b
j0.9 (0.06)

pH 5.4, m = 0.3 M Monomer 140,000 (9000) j0.8 (0.1)

pH 4.0, m = 0.04 M 9.03 (0.8) � 103 130,000 (8000) j0.07 (0.01)

pH 4.0, m = 0.3 M 7.76 (0.6) � 103 135,000 (6000) j0.1 (0.04)

0.3 M glycine (pH 4.0, m = 0.3 M) 4.23 (0.5) � 103 130,000 (7000) j0.02 (0.01)

0.1% Tween 80 (pH 4.0, m = 0.3 M) 3.19 (0.9) � 103 140,000 (5000) j0.05 (0.01)

10% sucrose (pH 4.0, m = 0.3 M) 7.54 (0.4) � 102 140,000 (7000) j0.2 (0.08)

Ovalbumin

pH 7.4, m = 0.3 M Monomer 43,000 (3000) j1.01 (0.05)

pH 4.0, m = 0.3 M monomer 44,000 (2000) j0.8 (0.07)

pH 4.0, m = 0.3 M Monomer 42,000 (2000) j1.13 (0.07)

10% sucrose (pH 4.0, m = 0.3 M) Monomer 43,000 (2000) j1.14 (0.03)

0.1% Tween 80 (pH 4.0, m = 0.3 M) Monomer 45,000 (2000) j1.2 (0.06)

a The numbers in parentheses represent the standard deviation (n = 3).
b B represents the deviation from ideality. In the case of a linear plot where only monomer species is present, B is equal to B22. In the case

where the plot is nonlinear (presence of associating species), B represents overall nonideality.
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weight. Despite this, we have observed that the calculated
molecular weight is always obtained within T10% of the true
molecular weight. Overall, these studies showed that in sol-
ution conditions where the antibody aggregated upon storage,
it exhibited self-association in the initial solutions, whereas
linear Debye plots with a negative slope were obtained in sol-
ution conditions where no aggregation was observed.

CD Spectroscopy

To obtain better understanding of the mechanism of
aggregation and self-association, we obtained the far-UV CD
spectra (indicative of secondary structure conformation) and
the near UV-CD spectra (indicative of tertiary structure
conformation) of the antibody under various solution con-
ditions at 37-C in the freshly prepared solutions. The shape
of the spectra indicates a primarily b-sheet structure (mini-
mum at 217 nm), typical of that present in immunoglobulin
(46). No significant change is observed in the far-UV CD
spectra of the antibody at pH 4.0, m = 0.3 M, (aggregation
observed), compared with that obtained at pH 7.4, m = 0.3 M
(no aggregation observed) (Fig. 4). Analysis of the secondary
structure elements using CONTINLL software (41) estimat-
ed 49% total b-sheet content at pH 7.4 and 48% total b-sheet
content at pH 4.0.

The near-UV CD spectra show significant differences in
the structural conformation of the antibody, especially in the
region of 268Y285 nm, indicating changes in the environment
surrounding primarily tyrosines as well as that of tryptophans.
A more intense spectrum at pH 7.4 in this wavelength region
compared with that at pH 4.0 indicates a more compact

protein structure at the former pH in the vicinity of these
amino acids. The fact that subtle changes in protein tertiary
structure are observed at pH 4.0 compared with pH 7.4,
whereas no significant changes are observed in the far UV
region, indicates that the protein attains a partially unfolded
structure at pH 4.0 (47,48). In other words, the changes in
near-UV CD spectra are not a result of the presence of a
small fraction of unfolded protein but are attributed to subtle
changes in protein structure itself. In the presence of sucrose
at pH 4.0 (m = 0.3 M), a near-UV CD spectrum intermediary
to that observed at pH 7.4 and 4.0 (no sucrose) is observed,
indicating that sucrose shifts the equilibrium toward the
native species albeit not to a complete extent. Note that DSC
studies did not provide any additional information (data not
shown) on the unfolding of the antibody because the onset of
unfolding temperature was observed above 40-C at both pH.
A thermodynamic analysis of the unfolding of antibody was
not feasible because of its rapid aggregation at high temper-
atures (more than 60-C).

FTIR Spectroscopy

We next examined the secondary structure of the
antibody in the aggregates compared with that present in
the solution at pH 4.0, m = 0.3 M. Figure 5 shows the area-
normalized second derivative FTIR spectra of this protein at
pH 4.0 (m = 0.3 M) compared with those of the insoluble
aggregates obtained after incubation at 37-C for a period of
3 months at pH 4.0 (m = 0.3 M). At pH 4.0 in the initial
solution, an intense peak is observed at 1637 cmj1, attributed
to the primarily b-sheet structure present in this antibody
(41). The satellite peaks at 1688 and 1670 cmj1 relate to the
b-sheets as well and the turns, respectively, present in the
secondary structure of this antibody. Upon aggregation, a
broad peak is observed with a loss in the intensity of the peak
at 1637 cmj1 compared with that at pH 7.4, indicating loss in
the specific secondary structure of the antibody. The peak
position at 1637 cmj1, however, indicates that the aggre<
gates largely possess a b-sheet structure. These results show
that the protein secondary structure is significantly per-
turbed upon aggregation, pointing to the fact that the aggre-
gation process presumably involves the nonnative species of
the antibody.

Fig. 4. Near-UV (A) and far-UV (B) circular dichroism (CD)

spectra of the monoclonal antibody at pH 7.4 (solid line), pH 4.0

(small dash), and 10% w/v sucrose, pH 4.0 (large dash). The ionic

strength of all solutions was adjusted to 0.3 M with NaCl.

Fig. 5. Area-normalized second-derivative Fourier transform infra-

red spectra of the monoclonal antibody at pH 4.0 (m = 0.3 M) in a

solution at t = 0 (solid line) and upon aggregation at 37-C after

storage for a period of 3 months (dashed line).
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Ovalbumin

Aggregation Studies

Figure 6 shows the percent monomer remaining of
ovalbumin following incubation at 37-C for a period of 3
months. Evidently, no aggregation is observed at pH 7.4 or
5.4, whereas significant aggregation of this protein was
observed at pH 4.0 under all solution conditions. Similar to
the results obtained with the monoclonal antibody, sucrose
provided only partial protective effect at pH 4.0 against
aggregation. Additionally, the extent of aggregation in-
creased with an increase in the NaCl concentration, pointing
to the fact that electrostatic repulsions are weakened at
higher ionic strength. Visual inspection of the samples and
SEC confirmed that ovalbumin also formed soluble as well as
insoluble aggregates (data not shown).

Second Virial Coefficient Studies

Figure 7 shows the Debye plots of ovalbumin at
conditions where no aggregation was observed (pH 7.4, m =
0.3 M) and at conditions where aggregation was observed
[pH 4.0, m = 0.3 M; 0.3 M glycine (pH 4.0, m = 0.3 M); 10%
w/v sucrose (pH 4.0, m = 0.3 M), respectively]. Linear Debye
plots with similar negative slopes were obtained in all
solutions (Table I). This was strikingly in contrast with the
results obtained with the monoclonal antibody, where the
Debye plots showed a different behavior in the solutions
where aggregation was observed compared with those where
no aggregation was observed. In the case of ovalbumin, the
B22 values indicated attractive interactions in all solution
conditions with no evidence of self-association. The attractive
interactions did not lead to aggregation at pH 7.4 but caused
significant aggregation at pH 4.0, although the magnitude of
the attractions was similar, as shown by the magnitude of
virial coefficients in these two solution conditions. Further-
more, ovalbumin did not exhibit self-association, as seen in
the case of the monoclonal antibody.

CD Spectroscopy

To investigate the role of the structural conformation on
ovalbumin aggregation, we examined the far-UV and near-

UV CD spectra at pH 4.0 and 7.4. The far-UV CD spectrum of
ovalbumin at pH 7.4 showed minima at 208 and 222 nm,
typical of primarily alpha-helical structure present in this
protein (Fig. 8). As the solution pH was lowered to 4.0, the
intensity of the spectra decreased, indicating a loss in the
secondary structure of ovalbumin. Analysis of the CD spectra
using CONTINLL software indicated 35% alpha helical and
20% b-sheet content at pH 7.4 compared with 23% alpha
helical and 16% b-sheet content at pH 4.0. Correspondingly,
the near-UV CD spectrum at pH 4.0 showed significant
changes in the wavelength region below 295 nm, indicating
alterations in the tertiary structure of ovalbumin at this pH
(Fig. 8). Furthermore, the changes in tertiary structure are far
more drastic compared with those observed in the secondary
structure. For example, at pH 7.4, a positive near-UV CD
spectrum is observed, whereas, at pH 4.0, a primarily negative
near-UV CD spectrum close to the zero value is observed. It is
difficult to assess based on these observations whether these
changes are caused by the presence of partially unfolded state
of ovalbumin or the presence of a fraction of completely
unfolded state or both. Nevertheless, it is evident that
significant changes in the structure of ovalbumin take place
at pH 4.0 compared with that at pH 7.4. The CD data indicate
that the aggregation of ovalbumin at pH 4.0 is a result of
structural alterations in the proteins that presumably expose
the hydrophobic groups. Similar to that observed in the case of
antibody, sucrose shifts the equilibrium toward the native
form of ovalbumin, although not to a complete extent, which
also correlates with the ability of sucrose to provide partial
protection against aggregation at pH 4.0 (m = 0.3 M).

DISCUSSION

Irreversible physical aggregation is a major impediment
toward development of a successful aqueous protein formu-
lation. Whereas several theories and models have been
proposed to understand the mechanism of physical aggrega-
tion, successful prediction of the aggregation behavior
remains a daunting task to the protein formulation scientist.
Although the role of conformational stability is understood
to play an important role toward aggregation, recently, a few
reports have emerged on the role of colloidal stability as

Fig. 6. Percent monomer of ovalbumin remaining after storage at

37-C for a period of 3 months as determined by SEC. a, pH 7.4 (m =

0.3 M); b, pH 5.4 (m = 0.3 M); c, pH 4.0 (m = 0.04 M); d, pH 4.0 (m =

0.3 M); e, 10% w/v sucrose (pH 4.0, m = 0.3 M); f, 0.1% w/v Tween 80

(pH 4.0, m = 0.3 M).

Fig. 7. Debye plots of ovalbumin at pH 7.4 (circles), pH 4.0, no

sucrose (squares), and 10% w/v sucrose, pH 4.0 (triangles), at m =

0.3 M. The lines are generated by linear regression of the data

points using Eq. (3): pH 7.4 (small dash), pH 4.0, no sucrose (solid

line), and 10% w/v sucrose, pH 4.0 (large dash).

1389Protein Conformation, Virial Coefficient, and Aggregation



measured through the second virial coefficient toward
causing aggregation, especially under solution conditions that
primarily favor native conformation. A detailed study by Chi
et al. on the balancing act of conformational stability vs.
colloidal stability indicated that solution conditions govern as
to which process becomes rate limiting. Thus, using human
granulocyte growth-stimulating factor, these authors have
demonstrated that under certain conditions where the
DGunfolding was comparable, a different extent of aggregation
was observed, and this was attributed to the colloidal stability
as the rate-limiting factor. However, under few conditions,
neither colloidal stability nor conformational stability could
relate to aggregation. This was attributed to interference
from irreversible dimers, which prevented true estimation of
the B22 value of the aggregation-prone monomeric species.

In the present study, we have used an improved method,
recently developed by us, to measure the B22 values of pro-
teins that separate the monomeric species from irreversible
aggregates and other interfering cosolutes and that also
provide quantitative characterization of self-association be-
havior of the protein under study. We studied aggregation of
two proteins, a monoclonal antibody (a multidomain mono-
meric protein at physiological conditions) and ovalbumin (a
globular monomeric protein), and investigated the relation-
ship between the extent of aggregation and the B22 values,
along with the spectroscopic studies, to understand the
structural conformation. The goal of these studies was to
investigate the role of colloidal stability toward aggregation.
Aggregation, whether of the unfolded molecules or of the
native molecules, is, in principle, a colloidal interaction and is

determined by the net outcome of the competing electrostatic,
van der Waals, and hydrophobic interactions [as explained by
the extended Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory]. We hypothesized that B22, a parameter that repre-
sents the net attractive or repulsive soluteYsolute interactions
in the solution, could relate to the behavior of a given protein
for its tendency to undergo irreversible aggregation.

Aggregation studies performed on the monoclonal anti-
body showed that this protein is resistant to physical aggrega-
tion at pH 7.4 and 5.4 but undergoes significant aggregation at
pH 4.0 under all solution conditions (Fig. 1A). The pI of this
antibody lies in the region of pH 7Y9, indicating that the
protein will have a net positive charge at pH 4.0. Hence, the
additional charge at pH 4.0, in principle, should have
provided enough electrostatic repulsion to prevent aggrega-
tion. Evidently, it is not so, indicating that this aggregation is
not a result of the direct interaction between the native
molecules. Additionally, the extent of aggregation is lower at
m = 0.04 M compared with that at m = 0.3 M, indicating that
the net positive charge does provide protection against
aggregation in the absence of enough shielding by salt ions.

At pH 7.4, a linear Debye plot with a negative slope was
obtained, indicating net attractive interactions (Fig. 2);
however, these attractions were not sufficient to lead to
aggregation because the protein was stable up to a period of
3 months at 37-C. Because the protein aggregated at pH 4.0
(m = 0.3 M), according to our hypothesis, a more negative B22

value was expected. However, a nonlinear Debye plot was
obtained under these conditions. This shape of Debye plot
results because of the self-association of a protein, pointing to
the fact that the monoclonal antibody undergoes reversible
self-association at pH 4.0. A qualitative analysis of the
nonlinear Debye plot using a modified Debye equation
(Appendix) yielded a Kdim value of 7.24 � 103 Mj1 at pH
4.0 (m = 0.3 M). Because the monomerYdimer model fits well
to the data, it is concluded that this antibody undergoes
reversible monomerYdimer self-association. Using this value
of Kdim and the equations for monomer and dimer con-
centration in conjunction with the total protein concentration
(Appendix), we obtained that even at 20 mg/mL antibody
concentration, the majority of the species present in the so-
lution are monomeric (õ75%).

The question arises: BAre the native species involved in
the process of self association?^ In general, if a protein self-
associates in its native form at a pH away from pI, then it
would also exhibit self-association or be present in a multi-
meric form at pI, as attractive forces are stronger at pI
because of a lack of net charge on the protein. Thus, in the
case of antibody, if the native species are involved in the self-
association, then the association would also be expected at
pH 7.4, where the net charge is close to zero, as compared
with pH 4.0 (net positive charge), resulting in more attractive
interactions. That neither aggregation nor association is
observed at pH 7.4, whereas both phenomena occur at pH
4.0, and the protein is present as a monomer at pH 7.4, points
to the fact that the native species of this antibody presumably
are not involved in the self-association at pH 4.0.

Note that the Kdim values are similar at m = 0.04 M and
m = 0.3 M (Table I), whereas significant difference in the
extent of aggregation was observed at these two salt
concentrations, indicating that electrostatic interactions do

Fig. 8. Near-UV (A) and far-UV (B) CD spectra of ovalbumin at pH

7.4 (solid line), pH 4.0 (small dash), and 10% w/v sucrose, pH 4.0

(large dash). The ionic strength of all solutions was adjusted to 0.3 M

with NaCl.
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not play a major role in the self-association. In addition, a
lower Kdim value is observed in the presence of sucrose, and
also, a lesser extent of aggregation is observed compared with
that in its absence at pH 4.0 (m = 0.3 M). Sucrose is known to
increase the DGunfolding and hence preserve the native state of
proteins via its preferential exclusion effect. In the present
case, an increase in the population of the native species at pH
4.0 would lead to a lesser extent of aggregation and a lower
Kdim value, if the two phenomena indeed proceed via a non-
native state. Because that is indeed the case, it can be concluded
that both protein aggregation and association proceed via a
nonnative state of the antibody. The self-association of
unfolded states of proteins has also been observed previously,
e.g., in the case of bovine human growth hormone (49).

Far-UV and near-UV CD studies showed subtle changes
in the tertiary structure of antibody with no significant
differences in the secondary structure (Fig. 4), confirming
that this antibody forms a partially folded state at pH 4.0,
whose structure is close to the native form. These studies also
confirm that sucrose indeed provides partial reversal to the
native form of the antibody. However, even a small extent of
unfolding could lead to the exposure of enough hydrophobic
groups, making the protein aggregation-prone or association-
prone. Note that the changes in the near-UV CD of antibody
are attributed to the structural changes caused by the partial
unfolding and not to the presence of dimer, because at the
concentrations used for CD studies (0.5Y2 mg/mL) and based
on the Kdim values, the antibody will be primarily present as a
monomer. Based on these studies, the following simplified
reaction scheme is proposed for the aggregation and self-
association of the antibody:

where N is the native species, P is the partially unfolded
species, D is the dimer, A is the aggregated species, Keq is the
equilibrium constant of protein unfolding, Kdim is the protein
association constant, and k1 is the rate constant of aggrega-
tion. It should be noted that the unfolded species could also
interact with the native species and the dimer to undergo
aggregation. In addition, the dimer could by itself also par-
ticipate toward forming irreversible aggregates (Scheme I,
reaction c). Evidently, these studies and the above-proposed
model point to the complexities that could be involved in the
process of aggregation of this antibody.

The aggregation of ovalbumin showed similar depen-
dence on the pH and ionic strength as that observed in the

case of the antibody. Whereas no aggregation was observed
at pH 7.4 and 5.4, ovalbumin readily aggregated at pH 4.0 in
all solution conditions. Because the aggregation studies were
carried out close to the pI of ovalbumin (pI õ4.5), note that
the difference in the extent of aggregation between 0.3 M
(45% monomer remaining) and 0.04 M (66% monomer
remaining) is less as compared with that observed in the
case of the antibody (32% monomer remaining at m = 0.3 M
and 89% monomer remaining at m = 0.04 M). Thus, solution
ionic strength plays an important role in the aggregation of
these two molecules. Also, in the case of ovalbumin, sucrose
provides a strong protective effect against aggregation at pH
4.0 (m = 0.3 M), however, not to a complete extent (Fig. 6).
This effect of sucrose is attributed to its ability to shift the
equilibrium toward the native state of the protein.

Linear Debye plots of ovalbumin with similar negative
slopes were obtained for all solution conditions studied ir-
respective of whether aggregation was observed or not (Fig. 7;
Table I). Although the B22 values were negative, indicating
net attractive interactions, these values did not explain why
aggregation proceeded in one pH (pH 4.0) and not in the
other (pH 7.4).

Spectroscopic studies using far-UV and near-UV CD
showed loss in the secondary structure (a net 16% loss in the
alpha helical and b-sheet content) as well as in the tertiary
structure of ovalbumin (Fig. 8). These changes could be
attributed to either the partial unfolding of the protein or the
presence of fraction of unfolded species or both. Neverthe-
less, it is reasonable to believe that aggregation of ovalbumin
proceeds through the ensemble of these unfolded species.
Sucrose would shift the equilibrium toward the native state,
and this is confirmed by CD studies, as the loss in secondary
and tertiary structures is not to an extent as that observed in
the absence of sucrose at pH 4.0 (m = 0.3 M). Note that
although significant changes in the protein structure were
observed at pH 4.0 compared with that at pH 7.4, attributed
to either a small fraction of unfolded molecules or to the
partial unfolding of the protein, similar B22 values were
obtained at these two pH. This indicates that the estimation
of B22 values is not sensitive to the presence of a small
fraction of unfolded molecules or subtle changes in the entire
population of the molecules. Clearly, in the case of ovalbu-
min, spectroscopic studies provide a better indication of its
tendency to undergo aggregation than the second virial
coefficient values. Based on these observations, the aggrega-
tion scheme of ovalbumin could be written as:

where N represents the native state, P represents the partially
unfolded state, U represents the unfolded state, and the term
[N,P,U] represents the reaction between various states to
form the aggregated state A.
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CONCLUSIONS

It is concluded from the present studies that the
second virial coefficient, B22, a parameter that represents
proteinYprotein interaction in a solution, did not relate to the
aggregation of proteins, a monoclonal antibody, and ovalbu-
min. Although our technique to determine the B22 values
excludes contributions from aggregates or cosolutes, it cannot
exclude contribution from unfolded or partially unfolded
species, which is the aggregation-prone species in the case of
antibody and ovalbumin as well as in several other aggrega-
tion cases reported in literature. Because even a small
fraction of this species is sufficient to lead to protein
aggregation, the kinetics of aggregation being governed by
the concentration of the aggregation-prone species, the
characterization of this species is more critical than the
determination of the overall proteinYprotein interactions. B22

represents net interactions of all the species present in a
solution and is often a weighted result of contributions from
all species present in a solution. Hence, under the circum-
stances where the native protein is the predominant species,
small changes in the population of the unfolded species will
not affect the B22 value but can significantly affect the extent
of long-term aggregation. Furthermore, in the case of partial
unfolding of the protein, subtle changes in protein structure
may not affect the net second virial coefficient values but
could lead to long-term aggregation as a result of specific
hydrophobic interactions. However, Debye plots (used for
determination of B22 values) provide critical information
about protein behavior in a solution, as seen in the case of
the antibody where evidence of self-association was obtained
under conditions leading to aggregation. Note that the ability
of B22 to predict protein solubility stems from the fact that
solubility involves native state of proteins and B22 values also
present interactions of the native state. However, because
physical irreversible aggregation rarely involves the native
species in the initial step, it is highly unlikely that B22 will
correlate to aggregation. Nevertheless, spectroscopic studies
along with the Debye plots can provide important insights
into the mechanism of physical irreversible aggregation.

APPENDIX

Model for Self-Association and Data Analysis
of Nonlinear Debye Plots

A monomerYdimer equilibrium is written as

M þM,
Kdim

D ð13Þ

where the association constant Kdim is defined as

Kdim ¼
cd½ �

cm½ �2
ð14Þ

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 � ð15Þ

Combining Eqs. (13) and (14), solving the resulting quadratic
equation for positive solution of [cm] and [cd], and converting
molar concentration to grams per milliliter, the monomer and
dimer concentrations can be written as

cmonomer ¼
�1þ 1þ 8000Kdimct=Mmð Þ

1
=2

4000Kdim=Mm
ð16Þ

cdimer ¼
1þ 4000Kdimct=Mm � 1þ 8000Kdimct=Mmð Þ

1
=2

4000Kdim=Mm
ð17Þ

For an associating system, the Debye equation is written as

Kct

R90
¼ 1

Mav
þ Bct

� �
ð18Þ

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 B to represent the nonideality
arising from monomerYmonomer, monomerYdimer, and
dimerYdimer interactions. For an associating system, the
change in the chemical potential of the solvent with solute
concentration is written as (50)

@21

@ct
¼ @cm

@ct �Mm
þ @cd

@ct � 2Mm
þ
@ Bc2

t

� �
@ct

ð19Þ

Substituting for cm and cd from Eqs. (16) and (17), taking
partial derivatives, and using the result in the derivation of
the Rayleigh’s light scattering equation, the following Debye
equation is obtained:

Kct

R90
¼ 1þ 8000Kdimct=Mmð Þ1=2 þ 1

2 1þ 8000Kdimct=Mmð Þ1=2Mm

þ Bct ð20Þ

Equation (20) was used to fit the curved Debye plots for the
parameters Kdim, Mm, and B.
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