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ABSTRACT
Purpose To investigate relationship between second virial
coefficient B2 and viscosity and aggregation propensity of
highly concentrated monoclonal antibody (MAbs) solutions.
Methods Intermolecular interactions of 3 MAbs solutions
with varying pH were characterized according to B2
estimated by analytical ultracentrifugation sedimentation equi-
librium with initial loading concentrations <10 mg/mL.
Viscosity measurements and stability assessments of MAb
solutions at concentrations higher than 100 mg/mL were
conducted.
Results B2 of all MAb solutions depended on solution pH and
have qualitative correlation with viscosity and aggregation
propensity. The more negative the B2 values, the more
viscous the solution, acquiring increased propensity to aggre-
gate. Solutions with B2 values of ~2×10−5 mL·mol/g2 acquire
similar viscosity and aggregation propensity regardless of amino
acid sequences; for solutions with negative B2 values, viscosity
and aggregation propensity differed depending on sequences.

Results suggest attractive intermolecular interactions repre-
sented by negative B2 values are influenced by surface
properties of individual MAbs.
Conclusions B2 can be used, within certain limitations, as an
effective indicator of viscosity and aggregation propensity of
highly concentrated MAb solutions.

KEY WORDS aggregation . analytical ultracentrifugation
sedimentation equilibrium . monoclonal antibody . second virial
coefficient . viscosity

INTRODUCTION

Several different therapeutic antibodies have recently
entered the market, and many more are currently in
clinical trials for the treatment of diseases such as cancer,
infectious diseases, allergies, autoimmune diseases, cardio-
vascular diseases, and inflammation (1). Antibody treatment
generally involves administration of high doses of anti-
bodies. Therefore, intravenous (IV) administration is often
the first choice for an administration route. IV administra-
tion, however, requires a significant amount of time, and
sufficient care needs to be provided by skilled healthcare
professionals. Therefore, patients must receive treatments
at clinics specializing in antibody treatment. More conve-
nient administration routes such as subcutaneous (SC) and
intramuscular (IM) routes are favorable because they would
reduce the burden on patients, and for both routes, the
maximum injection volume should be below approximately
1.5 mL per dose. However, for achieving a therapeutic
effect, an antibody solution with a concentration as high as
100 mg/mL needs to be administered in a single injection.

Development of high-concentration antibody solutions is
challenging because unfavorable phenomena such as
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increased viscosity and aggregation are frequently induced
by increases in the concentration of antibody solutions (2,3).
These properties introduce challenges in effective manu-
facture, formulation development, analytical characteriza-
tion, and administration of therapeutic antibodies.
Although direct measurements of the viscosity and aggre-
gation propensity using high-concentration solutions pro-
vide useful information, the preparation of such solutions
remains challenging, even on a small scale. In addition, it is
technically difficult to measure the very weak intermolec-
ular interactions (Kd~mM) that become dominant at
concentrations above 100 mg/mL (4,5). Furthermore, even
in cases where successful measurements have been made,
interpretation of the data is extremely difficult since no
concrete theory regarding this has yet been established. For
example, the contribution of the repulsive interactions due to
the excluded volume effects becomes more significant (6,7),
and the shorter interactive intermolecular distances changes
the short-range intermolecular interactions as the concentra-
tion increases. This causes the intermolecular interaction
profile to become more complicated (8,9). In practice, an
analytical technique for estimating potential issues involved
in developing high-concentration antibody solutions is
strongly required.

Reversible self-association of antibodies is thought to
induce high viscosity (5,10,11) and aggregation at high
concentrations (12–14). The mechanism of self-association
at the molecular level is complicated. Different types of
intermolecular forces are involved in reversible intermolec-
ular interactions, such as electrostatic interactions, van der
Waals forces, and hydrophobic interactions (15). Environ-
mental factors such as pH, ionic strength, and additives can
alter the intermolecular interaction profile drastically
(14,16–18). In our recent study, we reported that ionic
strength has a significant effect on the reversible self-
association of an antibody, leading to liquid-liquid phase
separation and an increase in viscosity at low ionic
conditions (19). These studies indicate that the selected
formulation is critical for reducing viscosity (5,20). As for
the relationship between self-association and aggregation,
Wu et al. reported that hydrophobic patches on the surface
of monoclonal antibody (MAb) molecules cause low
solubility and induce aggregation due to self-association
(21). Primary and higher-order structures of MAbs are also
important factors, and different types of self-association
have been reported such as Fab–Fab and Fc–Fc interac-
tions (22). Kanai et al. reported that self-association between
Fab fragments is responsible for high viscosity at high
concentrations where electrostatic interactions are a major
driving force for self-association (11). However, this is not
always true for all MAbs. The types and strength of
interactions are highly dependent on the amino acid
sequence of the MAbs.

Several approaches have been used to evaluate the
intermolecular interactions (10,13,15,23). The second virial
coefficient (B2) is a parameter that represents the degree of
intermolecular interactions in dilute solutions. This param-
eter can thus be used as an indicator of intermolecular
interaction. It is generally understood that a positive B2

value implies the presence of repulsive intermolecular
interactions, while a negative B2 value indicates the
presence of attractive intermolecular interactions (24,25).
B2 values of MAbs solutions have been estimated using
static light scattering (SLS) (26–28) and self-interaction
chromatography (SIC) (29,30). The interaction parameter
(kd), which relates to B2, can be derived from dynamic light
scattering (DLS) (12,28). Instead of making direct measure-
ments, such as quantifying the extent of aggregation and
viscosity, the use of an indicator for intermolecular
interactions that can be estimated with a small amount of
sample has been proposed in order to make predictions of
solution behavior at high concentrations of MAbs. SIC
provides a means for measuring B2 values under different
solution conditions by an automated HPLC technique.
There is a concern, however, that B2 values determined
from SIC do not correspond to the interaction of proteins
in solution because SIC measures the interaction of
molecules in solution with molecules immobilized on the
column matrix. In addition, degradation and conforma-
tional changes in MAbs that occur during the preparation
of columns and nonspecific interactions of MAbs with the
column matrix are also of concern.

Analytical ultracentrifugation sedimentation equilibrium
(AUC-SE) is a conventional technique for determination of
the apparent molecular weight (MW,app). This method is
applicable to samples over a wide range of concentrations
and of various solvent compositions (4,5). AUC-SE evaluates
the equilibrium concentration gradient in the cell being
centrifuged, and typically a 3-fold or higher concentration
region relative to the initial loaded concentration can be
generated near the bottom of the cell at sedimentation
equilibrium.

In this study, we first carried out AUC-SE of three
MAbs at nine different concentrations for the establish-
ment of a concentration range suitable for the estima-
tion of B2. Then, B2 was determined in solutions of
varying pH for three different MAbs. We also measured
the viscosity and aggregation propensity of MAb solutions
at high concentrations. All MAbs showed a marked B2

trend as a function of pH, and this is in good qualitative
agreement with both the viscosity and the aggregation
propensity. Our present study demonstrates that B2 values
derived from AUC-SE using antibody solutions below
10 mg/mL as the initial loading concentration can be a
reliable qualitative indicator of MAb behaviors at high
concentrations.
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MATERIALS AND METHODS

Materials

The humanized monoclonal antibody A (IgG1 subclass,
MAb-A), B (IgG1 subclass, MAb-B), and C (IgG1 subclass,
MAb-C) were produced and highly purified at Daiichi
Sankyo Co., Ltd., Tokyo, Japan. All MAbs are humanized
IgG1 but recognize different antigens. The theoretical
isoelectric points (pI) of MAb-A, MAb-B, and MAb-C are
6.7, 8.9, and 8.8, respectively. The molecular weights
(MW) of MAb-A, MAb-B, and MAb-C calculated from
amino acid sequences with 2 oligosaccharide chains (MW,

cal) are 150, 147, and 148 kDa, respectively. All MAbs
were stocked at –80°C in 10 mM sodium citrate buffer
and 140 mM sodium chloride (pH 6). MAbs were dialyzed
against the desired buffers (pH 5, 6, 7, and 8) before use,
and the concentrations were determined based on the
absorbance at 280 nm. MAbs were diluted to adjust the
desired concentration prior to each experiment. Sodium
chloride was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), and sodium phosphate
and sodium acetate were purchased from Kanto Chemical
Co. (Tokyo, Japan). Four buffers of different pH were
prepared. The composition at pH 5 was 10 mM sodium
acetate buffer containing 140 mM NaCl, and that at pH
6, 7, and 8 was 10 mM sodium phosphate buffer
containing 140 mM NaCl.

Sedimentation Equilibrium Studies

Sedimentation equilibrium was carried out using XL-I
(Beckman Coulter, Inc., Brea, CA). A volume of 100 μL of
each solution was applied into the sample sectors of six
holes, charcoal-filled epon centerpiece (1.2 cm) with
sapphire windows, and 100 μL of reference solutions were
applied into the reference sectors. The runs were carried
out at 11,000 rpm at 20°C by using the An-60Ti rotor. The
concentration gradient was acquired by Rayleigh interference
(IF) optics. The concentration gradients were acquired at two-
hour intervals and were judged to be at equilibrium when the
three successive gradients were completely superimposed.
MW,app was estimated by nonlinear least-squares fitting of
data according to Eq. 1 using the program Microcal Origin,
ver 4.1:

cðrÞ ¼ c0 exp
MW;appð1� nrÞw2

2RT
r2 � r2o
� �

� �
þ Baseline ð1Þ

where, c(r) (mg/mL) is the protein concentration at the radial
position r (cm), c0 is the protein concentration at the
reference radial position r0, ν (cm

3/g) is the partial specific
volume of solute, ρ (g/cm3) is the solvent density, ω (rad/s) is

the angular velocity, T (K) is the absolute temperature, and
R is the gas constant. Partial specific volume and solvent
density were calculated using the software Sednterp (31).
Partial specific volumes of MAb-A, MAb-B, and MAb-C
according to the amino acid compositions were 0.7261,
0.7272, and 0.7275 cm3/g, respectively. Buffer densities were
1.00521 g/cm3 for 10 mM sodium acetate buffer containing
140 mM NaCl, and 1.00461 g/cm3 for 10 mM sodium
phosphate buffer containing 140 mM NaCl.

B2 was obtained from the slope when the inverse ofMW,app

was plotted against the concentration according to Eq. 2,
where MW is the weight average molecular weight at infinite
dilution and c is the initial loading concentration.

1
MW;app

¼ 1
MW

þ 2B2c ð2Þ

Estimation of Concentration Dependence of Diffusion
Coefficient by DLS

A 20 μL volume of 1.0, 2.0, 4.0, 6.0, 8.0, and 10 mg/mL
sample solutions (after filtration with a 0.22-μm filter) was
applied to 384-well optical clear-bottom microtiter plates.
Following centrifugation at 50g for 3 min to remove
bubbles, the diffusion coefficient was measured using a
DynaPro Plate Reader (Wyatt Technology Corp., Santa
Barbara, CA) at 20°C. The interaction parameter (kd) was
calculated using Eq. 3, where Dm is the measured diffusion
coefficient, Ds is the diffusion coefficient at infinite dilution,
and c is the concentration of MAb (mg/mL) (12,28).

Dm ¼ Ds 1þ kdcð Þ ð3Þ
where kd represents the thermodynamic term of B2 and the
hydrodynamic term of (ξ1+ν) as shown in the following
equation:

kd ¼ 2B2MW � x1 þ nð Þ ð4Þ
where, ξ1 is obtained from the virial expansion of the
concentration-dependent frictional coefficient.

Viscosity Measurement

Samples were concentrated and buffer exchanged using a
Vivapore-2 concentrator device (Sartorius AG, Goettingen,
Germany). Following centrifugal filtration (filter size:
0.45 μm), samples were adjusted to a concentration of
150 mg/mL. The concentrations of the sample were
determined by size exclusion chromatography (SEC) using
reference solutions for the respective MAbs; the concen-
trations of these solutions were calculated based on the
absorbance at 280 nm. SEC analysis was conducted with a
TSK gel G3000SWXL (TOSOH Co., Tokyo, Japan)
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column using the mobile phase of 30 mM sodium
phosphate buffer and 300 mM NaCl (pH 6.7) at a flow
rate of 1.0 mL/min and a column temperature of 20°C.
The sample solution was diluted to approximately
1.0 mg/mL, and 50 μL of each solution was injected
for analysis. The peak area was monitored at 280 nm
using a UV detector. Viscosity was measured by VROC
(RheoSense, Inc., San Ramon, CA) at the controlled
temperature of 20°C (19).

Stability Study

Volumes of 100 μL of 100 mg/mL antibody solutions
were applied in triplicate to a 96-well polypropylene
polymerase chain reaction (PCR) plate with cap. Plates
were stored at 40°C for 2 or 4 weeks. Each sample was
diluted to 1.0 mg/mL, and their aggregation profiles
were analyzed by SEC, DLS, and turbidity analysis. It
was confirmed that there was no change in concentra-
tion during storage.

SEC

Diluted samples of 1.0 mg/mL were filtered using 96-well
filtration plates (0.45 μm). The SEC analysis was carried
out with a TSK gel G3000SWXL (TOSOH Co.) column,
using 30 mM phosphate buffer and 300 mM NaCl (pH 6.7)
as the mobile phase at a flow rate of 1.0 mL/min and a
column temperature of 25°C. A 50 μL volume of each
solution was injected in the column. The peak area was
monitored at 280 nm by a UV detector. The percentage of
aggregates, determined from the sum of peaks eluted in
front of the monomer peak, was estimated by dividing the
aggregate peak area by the total peak area. The rate of
increase in the aggregates, the aggregation rate (% per
week), was estimated from least-squares fitting of the time
dependence of the percentage of aggregates.

DLS

Volumes of 20 μL of samples were applied to 384-well
optical clear-bottom microtiter plates. Following centrifu-
gation at 50g for 3 min to remove the large particulates and
bubbles, the average hydrodynamic diameter was measured
at 20°C using a DynaPro Plate Reader.

Turbidity Measurement

Volumes of 200 μL of samples were applied to 96-well
optical clear-bottom microtiter plates. The turbidity was
monitored at 350 nm by a SpectraMax M2 plate reader
(Molecular Devices, Sunnyvale, CA). The optical path
length d was determined experimentally based on the

published method (32). The turbidity of the solution was
calculated according to the following equation:

Turbidity AU=cmð Þ ¼ A350

d
ð5Þ

where A350 is the absorbance at 350 nm.

Thermal Stability Assessment by DLS

Samples were diluted with buffers to a concentration of
1.0 mg/mL. Volumes of 20 μL of sample solutions after
filtration (0.22 μm) were applied to 384-well optical clear-
bottom microtiter plates. Following centrifugation at 50g
for 3 min to remove bubbles, samples were covered with
10 μL of mineral oil to prevent evaporation. Thermal
stability assessments were performed using a DynaPro Plate
Reader. The average hydrodynamic diameter (dH) was
acquired by DYNAMICS Ver. 7.0.2 (Wyatt Technology
Corp.) The plate temperature was increased from 50°C to
75°C at temperature increment of 1°C. The plate
temperature was monitored during the assay. The dH at
each temperature was measured after the plate temperature
became stable at the set temperatures. Consequently, the
average heating rate was approximately 0.032°C/min±
0.005°C/min. Tm

* was defined as the temperature where
the average dH drastically jumps from the value of the MAb
monomer (approximately 10 nm) to that over 200 nm,
which corresponds to a large aggregate.

RESULTS

B2 Measurement by AUC-SE

Figure 1 shows the concentration dependence of 1/MW,app,
from which B2 could be estimated for all MAbs. It is
generally understood that a positive B2 value, from Eq. 2, is
obtained from an increase in 1/MW,app with an increase in
concentration. This indicates the presence of repulsive
intermolecular interactions. Negative B2 values obtained
from a decrease in 1/MW,app and an increase in concen-
tration indicate the presence of attractive intermolecular
interactions. Three MAbs showed significant differences in
the concentration dependences of 1/MW,app. The 1/MW,app

of MAb-A decreased as the concentration increased,
indicating the presence of attractive intermolecular inter-
actions. On the other hand, 1/MW,app of MAb-C increased
as the concentration increased, indicating the presence of
repulsive intermolecular interactions. The concentration
dependences of 1/MW,app were successfully fitted using a
linear model for MAb-A and MAb-C with the correlation
coefficients (R) of R>0.95 in the tested concentration range
from 1 to 12 mg/mL (see Supplementary Material for the

400 Saito et al.



residual plots). The concentration dependence of 1/MW,app

of MAb-B was different from that of MAb-A and MAb-C;
1/MW,app of MAb-B was observed to increase in the
concentration range of 1 to 3 mg/mL and decrease in the
higher concentration range of 4 to 12 mg/mL. Obviously, a
linear model could not be applied to MAb-B over the entire
concentration range examined. Then, the concentration
range was divided into two ranges, and linear regressions

were calculated for each concentration range. The lower
range was defined as 0 to 3 mg/mL, at which the fitting was
successful as confirmed by R=1.00. The higher range was
defined as 4 to 12 mg/mL. The linear fitting using the data
at higher concentration range provided a slope that is clearly
different from the slope obtained for the lower range. Thus,
two B2 values were obtained from the different concentration
ranges. The MW values of MAb-A, MAb-B, and MAb-C at
infinite dilution obtained by AUC-SE according to Eq. 2
were 150, 147, and 147 kDa, respectively. As for MAb-B,
the B2 value obtained for the lower concentration range was
employed. All MW values were in good accordance with
MW,cal values (150, 147, and 148 kDa). These results
indicate that concentration dependences of 1/MW,app for all
MAbs are represented as linear models and that reliable B2
values can be obtained for the concentrations examined.

Thus, in the present study, subsequent AUC-SE measure-
ments of MAb-A and MAb-C were carried out at 1, 5, and
10 mg/mL, from which 1/MW,app values for B2 were
estimated. AUC-SE measurements of MAb-B were per-
formed at 1, 2, 3, 5, 7.5, and 10 mg/mL. B2 values of
MAb-B were estimated from the concentration dependence of
1/MW,app values at 1, 2, and 3 mg/mL, or the concentration
dependence of 1/MW,app values at 5, 7.5, and 10 mg/mL.

pH Dependence of B2

B2 and kd have been investigated as a function of solution
pH because pH is recognized as an important parameter
influencing intermolecular interactions by changing the
electrostatic environment of proteins. In fact, B2 and kd are
known to vary according to pH (10,13,33). In the present
study, we also investigated the effect of pH on the
intermolecular interactions of MAbs. B2 determined by
AUC-SE at different pH values is shown in Fig. 2. All three

Fig. 1 Concentration dependence of 1/MW,app obtained from AUC-SE.
The results of MAb-A (●), MAb-B(□), and MAb-C (▲) in 10 mM citrate
buffer containing 140 mM NaCl (pH6) are shown. Regression lines are
generated from the least-squares fitting of the concentration dependence
of 1/MW,app. The data obtained over the entire concentration range 1 to
12 mg/mL are used for MAb-A and MAb-C. Those with lower
concentrations 1 to 3 mg/mL or higher concentrations 4 to 12 mg/mL
are used for MAb-B. The error bar was estimated from 3 independent
experiments under the same conditions. The intercepts of the regression
line is 1/MW according to Eq. 2, and the values of MAb-A, MAb-B, and
MAb-C were 6.69, 6.81, and 6.81×10−6 kDa−1, respectively,
corresponding to MW values of 150, 147, and 147 kDa, respectively.

Fig. 2 pH dependence of second virial coefficient (B2) for MAb-A (a), MAb-B (b), and MAb-C (c). B2 was obtained from the concentration dependence
of MW,app at 3 different concentrations in 10 mM sodium acetate buffer containing 140 mM NaCl (pH 5) or 10 mM phosphate buffer containing 140 mM
NaCl (pH 6, 7, and 8). B2 of MAb-A and MAb-C were obtained from concentrations 1, 5, and 10 mg/mL. B2 of MAb-B was obtained from the 2
concentration ranges at 1, 2, and 3 mg/mL (×) and 5, 7.5, and 10 mg/mL (□).
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MAbs clearly show remarkable pH dependence of B2 with
only small standard deviations estimated from three
repeated experiments. B2 values of MAb-A increased with
an increase in pH; they were negative at pH 5 and 6 and
positive at pH 7 and 8. These results indicate that attractive
intermolecular interactions dominate at pH 5 and 6, while
repulsive intermolecular interactions dominate at pH 7 and
8. In contrast, B2 values of MAb-C decreased as the pH
increased. As for MAb-B, the B2 values were estimated
from two concentration ranges. Obviously, the pH depend-
ences of both B2 values were qualitatively comparable: both
B2 values were observed to decrease with an increase in pH.
On the other hand, the absolute magnitudes of B2 values
from the two different concentration ranges were different
from each other at all pH values examined. This indicates
that the magnitude of the intermolecular interactions
depends upon the concentration. These results indicate
that attractive intermolecular interactions of MAb-B and
MAb-C become dominant at high pH.

kd Measurement by DLS

DLS is widely used for estimating intermolecular interac-
tions. It has the advantages of high throughput and
operability and requires small samples. DLS has been
employed to investigate kd based on the concentration
dependence of the diffusion constant using Eq. 3. kd is
regarded as the factor that reflects the extent of intermo-
lecular interactions (12,28).

The results indicate that all MAbs show decreases in Dm

with increased concentration under all pH conditions,
resulting in negative kd values. As shown in Fig. 3, MAb-A
has a more negative kd value as the pH decreases. In
contrast, kd of MAb-B and MAb-C becomes gradually less
negative as the pH decreases, except for the kd of MAb-C at

pH 8. Consequently, the kd value of MAb-C was minimal at
pH 7.

Thermal Stability Assessment by DLS

Aggregation induced by thermal unfolding can be moni-
tored by measuring the average dH value with elevated
temperatures. The diameter of a MAb monomer is
approximately 10 nm, while above the Tm

*, the observed
diameter is greater than several hundred nm, indicating the
formation of large aggregates. Figure 4a–c illustrate the
average dH with elevated temperatures for three MAbs with
different pH values. The Tm

* of MAb-A is clearly
dependent on pH (Fig. 4d). The lowest thermal stability
was confirmed at pH 5 and was found to be enhanced
according to the following trend: pH 5<pH 6<pH 7=pH
8. Herein, MAb-A showed unique behavior at pH 7 and 8,
where dH was observed to first increase to approximately
100 nm with a subsequent jump to more than 200 nm at
higher temperatures. The higher temperature was defined
as Tm

* of MAb-A. No significant difference among Tm
*

values was confirmed in both MAb-B and MAb-C for all
pH values investigated.

Viscosity of MAb Solutions at High Concentration

The viscosities of the three MAbs at a concentration of
150 mg/mL were measured at different pH values. Figure 5
indicates that the viscosities of all MAb solutions are clearly
dependent upon the pH of the solution. The viscosity of the
MAb-A solution is higher at low pH (pH 5 and 6). In
contrast, the pH dependencies of MAb-B and MAb-C are
different from that of MAb-A, where viscosity is markedly
increased at high pH. In all cases, the quantities of
aggregates were unchanged when observed by SEC (data

Fig. 3 pH dependence of kd based on DLS. kd was obtained from 6 different concentrations—1.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mg/mL for 3 MAbs.
MAb-A (a), MAb-B (b), and MAb-C (c) were formulated in 10 mM sodium acetate buffer containing 140 mM NaCl (pH 5) and 10 mM phosphate buffer
containing 140 mM NaCl (pH 6, 7, and 8). The error bar was estimated from 3 independent experiments performed under the same conditions.
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Fig. 4 pH dependence of thermal stability based on DLS. The hydrodynamic diameter dH was obtained by elevating the temperature from 50°C to 75°C.
MAb-A (a), MAb-B (b), and MAb-C (c) were formulated in 10 mM sodium acetate buffer containing 140 mM NaCl (pH 5) and 10 mM phosphate buffer of
140 mM NaCl (pH 6, 7, and 8). Tm

* values are plotted as a function of pH for MAb-A (●), MAb-B(□), and MAb-C (Δ) (d). The error bar was estimated from
3 independent experiments performed under the same conditions.

Fig. 5 pH dependence of viscosity. Viscosity was measured using MAb solutions with a concentration of 150 mg/mL. MAb-A (a), MAb-B (b), and MAb-C
(c) were formulated in 10 mM sodium acetate buffer containing 140 mM NaCl (pH 5) and 10 mM phosphate buffer containing 140 mM NaCl (pH 6, 7,
and 8). The error bar was estimated from 3 independent experiments performed under the same conditions.
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not shown), indicating that the differences in viscosity
cannot be attributed to differences in the aggregate content.

Aggregation Propensities of Highly Concentrated
MAbs During Storage

Stability assessment under accelerated conditions (40°C) was
carried out for highly concentrated solutions (100 mg/mL) of
all three MAbs. In this study, changes in the aggregate profile
during storage were evaluated by SEC, DLS, and turbidity in
order to monitor the wide ranges of aggregates in terms of size
(34). SEC is widely used for the evaluation of small soluble
aggregates (invisible aggregates of sizes less than 0.1 μm) that
pass through the SEC column. DLS is suitable for the
detection of sub-micron particles (subvisible aggregates of
sizes between 0.1 to 1 μm: subvisible). Turbidity measure-
ments are capable of detecting insoluble aggregates (visible
aggregates of sizes greater than 1 μm).

Figure 6 illustrates the amount of soluble aggregates
obtained and the rate of aggregation increase per week as
estimated from SEC measurements. The amount of small
soluble aggregates was observed to increase for all MAbs at
40°C. MAb-A clearly shows pH dependence where the
aggregation rate accelerates as the pH decreases. In
contrast, the pH dependencies of the aggregation rates for
MAb-B and MAb-C accelerate as the pH increases.

The results of turbidity measurements are summarized
in Table I. The absorbance increase due to particulate
formation was not observed for all MAbs. The formation of
submicron-sized particles represented by dH on DLS is also
shown in Table I. No significant change in dH was observed
during storage. These results indicate that neither submi-
cron particulates nor insoluble aggregates are formed under
any pH conditions.

DISCUSSION

Correlation Between Intermolecular Interaction
at Low Concentration and Physical Properties at High
Concentration

The purpose of the present study was to investigate the
relationship between B2 and viscosity or aggregation
propensity so that one can select MAbs with superior
physical properties such as low viscosity and low aggrega-
tion propensity. This will enable us to optimize formula-
tions at the high concentrations required for alternative
routes of administration. Direct measurements of viscosity
and aggregation propensity using highly concentrated
solutions are desirable. However, it is difficult to prepare
highly concentrated solutions, and large amounts of
samples are required for the measurements. These draw-

backs reduce the numbers of candidate MAbs and
formulation parameters for comprehensive characterization
and cause MAbs to be selected in the context of specific
formulations for further development without sufficient
data on the physical properties of the MAbs. Instead of
direct measurements, estimations of viscosity and aggrega-
tion at high concentrations have been performed from the
solution properties of diluted solutions.

There are two approaches for characterizing the
intermolecular interactions of MAbs. The first approach is
to measure the effective intermolecular interactions under
physiological conditions within a variety of realistic for-
mulations for therapeutic MAbs. This approach is suitable
for measuring the physical properties of proteins in the
native state under isotonic solution conditions at ambient

Fig. 6 Quantification of aggregates by SEC. MAbs were stored at 40°C at
4 different pHs. (a) Aggregates (%) were measured after 0, 2, and
4 weeks of storage. The error bar was estimated from 3 independent
experiments performed under the same conditions. (b) The increase in
the rate of aggregation was estimated from the increase in the population
of aggregates (%) per week.
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temperature. Therefore, this approach is applicable for the
screening of specific parameters that are required for
formulation development. The second approach is to
explore the factors influencing the physical properties under
non-physiological conditions that are not used in the
formulation and/or during the storage of therapeutic
MAbs, such as low ionic strength and high temperature.
This approach is useful for elucidating the types and
mechanisms of intermolecular interactions because the
potential intermolecular interactions that are hardly detect-
able under physiological conditions are enhanced.

We primarily used the first approach with respect to
development of MAb pharmaceuticals. The relationships
between intermolecular interactions at low concentrations
and (1) viscosity and (2) aggregation propensity at high
concentrations were investigated under physiological con-
ditions. B2 values obtained by AUC-SE were investigated to
assess the extent of intermolecular interactions occurring at
low concentrations of MAbs. As a first step toward
estimation of B2 under different conditions, the concentra-
tion dependencies of 1/MW,app were precisely observed at
concentrations between 1 and 12 mg/mL. With regard to
MAb-A and MAb-C, the 1/MW,app values were observed to
change linearly as the concentrations increased. This
observation is supported by the fact that concentration
dependences of 1/MW,app in the whole concentration range
could be fitted to a linear regression with high R values. In
contrast, it was unexpectedly found that the concentration
dependence of 1/MW,app for MAb-B was required to be
described by two linear regressions with different slopes and
intercepts. Fitting of the values at concentrations ranging
from 1 to 3 mg/mL and from 4 to 12 mg/mL to linear

regressions successfully provided two different B2 values as
indicated by the residual plot (see Supplementary Material).
In the case of MAb-B, attractive interactions that contrib-
ute to the association are negligible, and repulsive inter-
actions are essential within the concentration range of 1 to
3 mg/mL. On the other hand, attractive interactions
become gradually dominant above 4 mg/mL. This change
in the type and/or sign of intermolecular interactions (as
indicated by the B2 values) with increasing concentration
leads to the unique concentration dependence of 1/MW,app.
Importantly, although the two B2 values of MAb-B differ
from each other under all pH conditions, they similarly
vary as the solution pH changes (Fig. 2b). Hence, the
relationship of B2 with pH showed a similar pattern in the
concentration ranges 1 to 3 mg/mL and 4 to 12 mg/mL
(Fig. 2b). In addition, the two B2 values of MAb-B, which
are either positive or negative, coincide with each other
under all pH conditions.

Our primary aim is to reveal the relationship between
intermolecular interactions at low concentrations and solution
properties at high concentrations of MAbs. Inter-molecular
interactions at low concentration can be evaluated using
AUC-SE. Our study demonstrated that B2 values as a
function of pH at concentrations lower than 10 mg/mL
are in good qualitative agreement with measurements of
viscosity and aggregation propensity at concentrations higher
than 100 mg/mL for all three MAbs. Each MAb used in this
study recognizes different antigens and has a different
primary structure. Therefore, all MAbs have different pI
values and amino acid compositions. This suggests that our
approach could be applicable for other MAbs. Thus, for
MAb solutions under physiological conditions, we can infer

Table I Stability Assessments Based on Turbidity and the Hydrodynamic Diameter

Turbidity (AU/cm) dH (nm)

Initial 40°C Initial 40°C

MAb-A pH5 0.14±0.01 0.12±0.00 10.6±0.1 10.9±0.1

pH6 0.14±0.00 0.13±0.00 10.6±0.1 10.7±0.0

pH7 0.14±0.00 0.12±0.00 10.7±0.2 11.0±0.0

pH8 0.14±0.01 0.13±0.00 10.5±0.1 11.6±0.4

MAb-B pH5 0.14±0.01 0.13±0.00 10.4±0.0 10.5±0.1

pH6 0.13±0.01 0.13±0.00 10.4±0.1 10.5±0.0

pH7 0.13±0.00 0.13±0.00 10.5±0.1 10.7±0.1

pH8 0.13±0.00 0.13±0.00 10.5±0.1 11.1±0.1

MAb-C pH5 0.14±0.01 0.13±0.00 10.4±0.0 10.8±0.2

pH6 0.13±0.00 0.13±0.00 10.4±0.1 10.8±0.5

pH7 0.13±0.00 0.13±0.00 10.6±0.1 10.6±0.2

pH8 0.13±0.01 0.13±0.00 10.5±0.0 11.3±0.5

MAbs were stored at 40°C for 4 weeks at 4 different pH values. The hydrodynamic diameter dH was obtained from DLS. The error value was estimated
from 3 independent experiments performed under the same conditions
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that there is qualitative consistency of intermolecular
interactions at low and high concentrations.

As an example of the second approach, Yadav et al. showed
that intermolecular interactions at low concentrations of
MAbs assessed by kd derived from DLS is qualitatively
inconsistent with the viscosity at high concentrations of four
different MAbs (35). Based on this result, it was concluded
that it is difficult to estimate physical properties at high
concentrations based on behavior at low concentrations
because the types of intermolecular forces change in a
manner that depends on the concentrations of MAbs. This is
a specific case with respect to the low ionic conditions in this
previous study, but it should also be true for our MAbs if
they are investigated under similar solvent conditions. At low
ionic strength, electrostatic interactions among MAbs are not
shielded and become significant, particularly at high con-
centrations. In fact, it seems that in this previous study, the
intermolecular interactions observed at low concentrations
that were assessed by DLS are in agreement with the
intermolecular interactions observed at high concentrations
that were assessed using an ultrasonic shear rheometer for all
MAbs under high ionic strength conditions.

It should be noted that the kd value obtained by DLS may
be misleading with respect to the magnitude of intermolecular
interactions because kd is related not only to B2, but also to ξ1,
which depends upon the shape and hydration state of the
MAb as described in Eq. 4 (36–38). Thus, if the shape and
size of the molecule change depending on the concentration,
the kd value does not reflect the only type of intermolecular
interaction. On the contrary, AUC-SE directly provides a B2
value based on the concentration dependence of MW,app.
Therefore, proper estimation of intermolecular interactions
can be established. The relationship between kd and B2 for
MAb-A, MAb-B, and MAb-C are indicated in Fig. 7.
According to Eq. 4, the slope and intercept of the plot of B2
versus kd represent the 2MW and hydrodynamic term -(ξ1+ν),
respectively. Since 2MW is constant for a given MAb, the kd
value can be used for development of the formulation of the
same MAb if the hydrodynamic term is significantly un-
changed. However, in the case that the hydrodynamic term
changes with the solution condition, kd values under different
solution conditions should be compared cautiously. For
example, even in the development of the same MAb, the
effect of sugar alcohols and detergents on the intermolecular
interactions might meet this case. In the present study, the
intercept of MAb-C is significantly different from that of the
other two MAbs (Fig. 7). This result might imply that the
hydrodynamic properties of MAb-C are different from those
of MAb-A and MAb-B. The different hydrodynamic
properties could be attributed to different hydration states
and/or different three-dimensional structures.

In addition, light scattering techniques such as DLS and SLS
provide an indication of both solute-solute interactions and

solute-solvent interactions, whereas AUC-SE and osmometry
only indicate solute-solute interactions (39,40). In fact,
we observed an exception in the linear relationship
between kd and B2. The kd of MAb-C at pH 8 falls in a
position (B2, −1.06×10−5 mL·mol/g2 and kd, −6.9 mL/g)
that deviates from the linear regression produced using values
obtained at pH 5, 6, and 7. This exception might be explained
by the contribution of different solvent-solute interactions.

It is known that kd becomes negative even if there is a
repulsive interaction due to the large contribution of
hydrodynamic properties (ξ1+v) as shown in Eq. 4 (35,37).
Therefore, a special conversion of kd, which takes hydro-
dynamic properties into account, is required when the sign
of the interaction is necessary. As shown in Fig. 8a, the
viscosities of all the MAb solutions studied were found to be
well correlated to the B2 values when repulsive interactions
are present (positive B2). In the region where attractive
interactions exist (negative B2), the viscosities become larger
than those in the region where repulsive interactions exist.
These features are useful for the selection of MAbs and
formulations of MAbs as mentioned below. Thus, AUC-SE
is suitable for the assessment of intermolecular interactions.

Relationship Between Viscosity and B2

Figure 9 describes a model of MAb self-association and
aggregation via several different pathways. In pathway I,
high viscosity would be induced at high concentrations due
to transient cross-linked networks among MAbs formed via
weak reversible self-association. The relationship between
self-association of antibodies and the viscosity of antibody

Fig. 7 Correlation of B2 with kd of MAb-A (●, dotted line), MAb-B (□,
solid line), and MAb-C (Δ, dashed line). B2 was obtained from AUC-SE
and kd was obtained from DLS. Regression lines were obtained from B2
and kd at 4 different pH values except for MAb-C, where values at pH
8 (▲) were eliminated for fitting to the regression line because of a
deviation from the trend.
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solutions has been investigated by Liu et al. who showed
that viscosity is enhanced at about the pI and low ionic
conditions in a specific IgG1 via reversible self-association
(5). Yadav et al. evaluated the self-association of the same
IgG1 based on the ultrasonic storage module, and suggested
that short-range electrostatic interactions such as dipole-
dipole and dipole-charge interactions play significant roles
in highly concentrated solutions (10). A similar case was
reported by Chari et al. for an IgG2 (15). These intermo-
lecular interactions attributed to the high viscosity via
pathway I can be evaluated by B2 estimated from MAb
solutions in the native state at relatively low concentration,
as indicated in the present study. In fact, higher viscosities

were observed at the pH levels where MAbs have lower B2
values for all of the MAbs, as indicated in Fig. 8a (generated
from the values described in Fig. 5 and Table II). These
results support the presence of pathway I and indicate that
B2 (determined by AUC-SE at low concentrations) could be
a reliable indicator of the viscosity of the highly concentrated
MAb solution. The viscosities of three MAbs vary signifi-
cantly with respect to conditions that provide larger negative
B2 values. In contrast, the viscosities of the three MAb
solutions were found to have similar values as B2 increased
and finally converged under conditions that provide positive
B2 values. This behavior could be rationalized by the
relationship between the intermolecular forces and the
enhancement of viscosity. The major contributors of repul-
sive interactions of proteins are charge-charge repulsion and
the excluded volume effect. In general, charge-charge
repulsion is negligible in the presence of high concentrations
of salt. The excluded volume is dependent on the size of the
molecules and its magnitude is essentially constant for all
MAbs. Thus, the viscosity of MAb is expected to be constant
in the absence of any attractive interactions. On the other
hand, there are various types of attractive interactions, such
as dipole-dipole and hydrophobic interactions, the
magnitudes of which are largely dependent on the state
of the protein surface. Each MAb has a primary-order
and a higher-order structure, which provide specific
functions including binding to its specific antigen.
Therefore, the profile of attractive intermolecular interactions
is largely dependent on the constituent amino acid sequence of
MAbs.

As shown in Fig. 8a, the exceptional point (B2, 2.03×
10−5 mL·mol/g2 and viscosity, 9.7 mPas) was confirmed for
MAb-B in the plot of B2 vs viscosity when B2 was estimated
from the lower concentration range of 1 to 3 mg/mL. As
mentioned above, the viscosity vs B2 relationships for the
three MAbs converge well when B2 is in the concentration
range of 4 to 12 mg/mL for MAb-B.

Fig. 9 Model of self-association and aggregation. B2(F-F) is the second
virial coefficient among MAbs in the folded state and B2(U-U) is the
second virial coefficient among MAbs in the unfolded state. ΔG1 is the free
energy difference between MAbs in the folded and unfolded state.
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Fig. 8 Correlation of B2 with viscosity (a), aggregation propensity (b), and thermal stability (c) of MAb-A (●), MAb-B (□), and MAb-C (Δ). B2 was obtained
from AUC-SE. kd and Tm

* were obtained from DLS. Viscosities were obtained at a concentration of 150 mg/mL, and aggregates were based on SEC.



These results suggest that B2 values estimated from
rather high concentrations might be suitable for predicting
the viscosity at high concentrations, although the higher
virial coefficient would be necessary in the case of highly
concentrated solutions.

Relationship Between Aggregation Propensity and B2

To predict the aggregation propensity of antibody solu-
tions, the physical properties of the antibodies must be
assessed in terms of colloidal stability and conformational
stability. Colloidal stability is attributed to intermolecular
interactions where improved stability arises from repulsive
intermolecular interactions. On the other hand, conforma-
tional stability is attributed to a free energy difference, ΔG,
between folded (F) and unfolded (U) states of protein where
improved stability arises from a larger ΔG. Each aspect of
stability is related to aggregation via different pathways, as
shown in Fig. 9 (17,41,42). One major pathway (pathway
II), which is related to colloidal stability, is initiated by
reversible self-association of a MAb in the folded state. The
other pathway (pathway III), which is related to conforma-
tional stability, is initiated by structural and chemical
changes resulting in the accumulation of MAb in the
unfolded state, followed by successive formation of large
aggregates via the formation of small aggregates. In the
present study, aggregation was observed to accelerate under
conditions that provide a large negative B2 corresponding
to the presence of more attractive intermolecular inter-
actions in all MAbs (Fig. 8b). However, the relationship
between B2 and aggregation propensity is limited and
rather qualitative. These results suggest that colloidal
stability is related to the formation of aggregates as
previously mentioned (17,41) and B2, estimated from

AUC-SE of MAbs solutions at low concentrations, is an
effective indicator of stability for highly concentrated
solutions. The aggregation propensity showed a similar
trend with respect to viscosity by indicating that different
MAbs have similar aggregation propensity values as B2

increases. This behavior might be accounted for by the
same mechanism that is functioning in the case of viscosity.

Conformational stability provided by pathway III, in
which the difference in free energy between folded and
unfolded states contributes to aggregation, was investigated
based on the thermal stability assessed by DLS (Fig. 5 and
Table II). In this pathway, intermolecular interactions
among MAbs in the folded state (represented as B2(F-F))
do not contribute to the formation of aggregates, whereas
intermolecular interactions between unfolded states (repre-
sented as B2(U-U)) contribute to the formation of aggre-
gates (Fig. 9). B2 values determined by AUC-SE at ambient
temperature do not reflect aggregation occurring via
pathway III. In fact, there is no significant correlation
observed between B2 and Tm

* (Fig. 8c). In one exception,
B2 showed good qualitative agreement with Tm

* in MAb-A.
In this case, intermolecular interactions between MAbs in
the unfolded state could be attributed to B2 because the
population in the unfolded state should be larger in MAbs
with smaller Tm

* values.
In conclusion, B2 determined by AUC-SE is a qualitative

indicator for aggregation via the pathway initiated by the self-
association of MAbs. This pathway is considered to contrib-
ute to the formation of aggregates during storage. This is not
a stressing condition where unfolding is slightly induced.
Therefore, it is useful to select formulations of MAbs that
have promising stability. On the other hand, aggregation via
the pathway initiated by unfolding did not necessarily
correlate with B2. In this case, a combination of B2 and Tm

Table II Summary of Physical Parameters for MAb-A, MAb-B, and MAb-C

pI pH B2 (×10−5mL mol g−2) kd (mL/g) Tm
* (°C) Viscosity (mPs s) Aggregation rate (%/week)

MAb-A 6.7 5 −2.71 −12.2±1.7 57 11.7 0.53

6 −1.28 −8.6±0.9 61 10.4 0.45

7 1.15 −5.5±1.1 70 9.1 0.30

8 2.08 −4.6±0.3 70 8.7 0.30

MAb-B 8.9 5 0.34 (2.03) −6.7±0.5 67 9.7 0.48

6 −0.72 (−0.77) −7.8±0.2 68 10.3 0.58

7 −1.15 (−1.83) −8.1±1.0 67 11.4 0.80

8 −1.49 (−3.21) −9.3±1.0 67 12.7 1.08

MAb-C 8.8 5 2.03 −6.2±1.0 70 8.8 0.45

6 0.76 −8.1±1.2 71 9.4 0.78

7 −0.22 −9.7±0.9 70 10.9 1.18

8 −1.06 −6.9±0.2 70 13.7 1.45

B2 was obtained from AUC-SE. For MAb-B, B2 was obtained from the concentrations of 1, 2, and 3 mg/mL (in parenthesis), and 5, 7.5, and 10 mg/mL.
kd and Tm

* were obtained from DLS. Viscosities were obtained at a concentration of 150 mg/mL, and aggregation rate was estimated from SEC
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determined by DLS and/or other techniques, such as
differential scanning calorimetry, will provide effective infor-
mation for estimating the aggregation propensity.

Selection of Antibodies and Formulations Based
on B2

Selection of optimal formulations and MAbs with superior
physical properties are important for the development of
therapeutic MAbs. AUC-SE provides useful information in
terms of viscosity and aggregation propensity. As men-
tioned in the Results section, the pH dependence of B2 (as
measured by AUC-SE) is in good qualitative agreement
with the dependence of B2 on viscosity and aggregation
propensity in all MAbs. Here, we propose an approach to
select a formulation with more positive or less negative B2

values. Additionally, for the selection of MAbs with
superior physicochemical properties from various candidate
MAbs, B2 can serve as an effective indicator. Positive B2

values were found to be quantitatively consistent with
viscosity regardless of the type of MAbs (Fig. 8a). Therefore,
selection of MAbs with more positive B2 values will be a
good approach to achieve lower viscosity in highly
concentrated MAb solutions. On the other hand, negative
B2 values were quantitatively inconsistent with viscosity
when different MAbs were compared. In addition, there
was no quantitative correlation between B2 and aggregation
propensity among different MAbs regardless of the negative
or positive B2 values. In this case, B2 values of different
formulations should be examined in order to assess the
possibility of improving formulations by optimization.
Herein, we suggest assessing the pH dependence of B2

and selecting MAbs that have more positive or less negative
B2 values in acidic pH. MAb-B and MAb-C are examples
of such MAbs. Major degradation, including deamidation
of proteins, is accelerated under basic conditions; therefore,
formulations with high pH levels are not preferable. Thus,
MAbs that are more stable under acidic conditions are
suitable as therapeutic MAbs. Conclusively, B2 determined
by AUC-SE provides an opportunity to identify appropriate
formulations and MAbs with favorable physical proper-
ties from small amounts of samples at low concentra-
tions, thereby reducing the time required for developing
therapeutic MAbs.

CONCLUSION

Aggregation and viscosity are difficult problems to over-
come in the development of therapeutic antibodies.
Therefore, a reliable strategy for the prediction of viscosity
and aggregation propensity in the evaluation of antibody
solutions is an important requirement. In this study, we

investigated the intermolecular interaction of MAbs by
determining B2 from AUC-SE measurements. As a whole,
we ensured that the intermolecular interactions at low
concentrations are qualitatively comparable to those deter-
mined at high concentrations. In fact, B2 determined by
AUC-SE was in good qualitative accordance with viscosity
and aggregation propensity for all the MAb solutions
studied. In particular, the correlation was confirmed by
the finding that repulsive interactions dominate when B2

values are positive. However, the relationship was found to
be only qualitative in the presence of attractive interactions
that are indicated by negative B2 values. We also
determined (based on the comparison of AUC-SE data
with DLS data) that AUC-SE provides B2 values that are
qualitatively consistent with viscosity and aggregation
propensity. A good qualitative relationship was confirmed
between B2 determined from AUC-SE and kd determined
from DLS. AUC-SE and DLS have been widely used for
the evaluation of dispersion in protein solutions. However,
an exception was observed in the correlation of kd with
viscosity and aggregation propensity. These results indicate
that B2 determined from AUC-SE is a better indicator for
the estimation of the viscosity and aggregation propensity of
highly concentrated solutions. Although AUC-SE is recog-
nized as a low throughput technique, the information
obtained from this technique is highly valuable and can
provide useful details about the type of dominant intermo-
lecular interactions and the critical physical parameters of a
target therapeutic protein.
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