
Understanding and modulating opalescence and viscosity in a
monoclonal antibody formulation

Branden A Salinas1,3, Hasige A Sathish1,3,4, Steven M Bishop4, Nick Harn4, John F
Carpenter2,3, and Theodore W Randolph1,3

1 Department of Chemical and Biological Engineering, University of Colorado, Boulder, Colorado
2 University of Colorado Health Sciences Center, Denver, Colorado
3 Center for Pharmaceutical Biotechnology, University of Colorado
4 MedImmune, LLC. Gaithersburg, MD 20878

Abstract
Opalescence and high viscosities can pose challenges for high concentration formulation of
antibodies. Both phenomena result from protein-protein intermolecular interactions that can be
modulated with solution ionic strength. We studied a therapeutic monoclonal antibody that
exhibits high viscosity in solutions at low ionic strength (~20 centipoise (cP) at 90 mg/mL and
23°C) and significant opalescence at isotonic ionic strength (approximately 100 nephelometric
turbidity units at 90 mg/mL and 23°C). The intermolecular interactions responsible for these
effects were characterized using membrane osmometry, static light scattering and zeta potential
measurements. The net protein-protein interactions were repulsive at low ionic strength (~4 mM)
and attractive at isotonic ionic strengths. The high viscosities are attributed to electroviscous
forces at low ionic strength and the significant opalescence at isotonic ionic strength is correlated
with attractive antibody interactions. Furthermore there appears to be a connection to critical
phenomena and it is suggested that the extent of opalescence is dependent on the proximity to the
critical point. We demonstrate that by balancing the repulsive and attractive forces via
intermediate ionic strengths and by increasing the mAb concentration above the apparent critical
concentration both opalescence and viscosity can be simultaneously minimized.

Introduction
For the treatment of chronic conditions with therapeutic proteins, patient-administered
delivery via subcutaneous injection is preferable.1 Subcutaneous administration imposes a
volume restriction of less than 1.5 mL, which in the case of some proteins, and particularly
antibodies, requires protein concentrations that can surpass 100 mg/mL.2 In addition to
accelerated aggregation rates at high protein concentrations,3 high-concentration antibody
formulations may exhibit undesirable opalescence and high viscosity.4,5,6

Opalescence introduces a potential safety issue because an opalescent solution is easily
confused with turbid solutions which can result from protein aggregation or other particulate
formation. Furthermore, it is challenging to develop placebo formulations for clinical studies
that match the opalescence of the original protein formulation. Opalescence can arise in
solutions that do not contain particulates; the cloudy appearance is simply a result of
Rayleigh scattering.4 Proteins are typically Rayleigh scatterers of visible light as they have
diameters of less than 30 nm.

Likewise, the high viscosities that can be exhibited by antibody solutions introduce several
challenges. Manufacturing processes such as increasing protein concentration or buffer
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exchange with tangential flow filtration may become infeasible. Also, the force and time
required for subcutaneous injection of viscous formulations can result in increased pain on
injection or even preclude this route of delivery altogether.5

Protein-protein interactions play important roles in both viscosity and opalescence of protein
solutions. Sukumar et al describe how attractive mAb interactions can lead to opalescent
solutions in the absence of any significant association between protein molecules.4 The
opalescence is attributed to a simple intermolecular attraction though this may be an
oversimplification as it appears that the proximity to the liquid-liquid phase boundary and/or
the critical point is important.7 Liu et al detail an example of a monoclonal antibody that
reversibly self-associates and thus generates higher viscosity solutions relative to two non-
associating mAbs.6,8

Moon et al., Yousef et al. and Minton have all used membrane osmometry to characterize
the physical behavior of model proteins such as bovine serum albumin and lysozyme at
concentrations above 400 mg/mL.9,10,11 Osmometry is particularly amenable to high
concentration studies as it is not subject to the optical limitations of other techniques such as
analytical ultracentrifugation or light scattering. Various methods of interpreting osmotic
pressure data have been developed. In the case of Moon et al. the protein-protein
interactions are characterized via second virial coefficients for a binary protein mixture at
concentrations up to 100 mg/mL.9 Minton has presented a hard particle model for
characterizing the osmotic pressures of proteins such as BSA and ovalbumin to
concentrations above 400 mg/mL.11,12,13 Ross and Minton have also developed a model for
the viscosity of protein solutions at high concentrations by applying the Mooney equation
for hard-spheres to proteins.14 Yousef et al. characterized the osmotic pressure of BSA and
an IgG up to concentrations above 400 mg/mL with a free-solvent model that reveals
information about protein hydration and protein-ion interactions.10,15

Light scattering is a complimentary method to membrane osmometry for determination of
second virial coefficients as it reveals information about protein molecular weight and net
protein-protein interactions in the given solvent. The second virial coefficient can be divided
into a number of contributing components but is primarily influenced by hard-sphere
repulsion, electrostatic repulsion or attraction and van der Waals attractions.16 When
measured with osmometry or light scattering, the second virial coefficient appears to include
influences of cosolutes on protein nonideality.17 Thus, it should not be considered a measure
of only protein-protein interactions as suggested by the standard statistical-mechanical
definition of second virial coefficients, but rather an overall indication of the protein's
nonideality in solution.17 Even so, second virial coefficients from osmometry or light
scattering measurements provide a useful parameter that has a statistical-mechanical basis
and that is predictive of phase behavior and other events that derive from protein nonideality
in solution.17

Because of their long-range nature, electrostatic forces are expected to be a dominant
influence on the intermolecular interactions responsible for opalescence and viscosity of
protein solutions at pH values where the protein retains a significant effective charge. Ionic
strength influences protein solution viscosities as well as the positions of solution phase
boundaries and cloud points by modulating the electrostatic contribution to the
intermolecular potential.5,6,18 In order to assess the extent of electrostatic interactions
between protein molecules, it is essential to determine the effective charge of the protein.
Recent evidence suggests that the apparent charge on a protein may not reflect the
theoretical charge that is expected from the amino acid sequence, but rather can depend on
the types and concentrations of ions in solution.19,20 Several methods have been employed
to measure the electrophoretic mobility of proteins in the solutions of interest, from which
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the zeta potential, which is the potential at the slipping plane or diffuse layer boundary, can
be estimated. These methods include capillary zone electrophoresis (CZE), membrane
confined electrophoresis and laser Doppler velocimetry.19,21,22 The effective charge of a
protein, as reflected in the zeta potential, plays a key role in intermolecular interactions.23

This work concerns a therapeutic monoclonal antibody (mAb) that exhibits high viscosity
and significant opalescence at concentrations above 30 mg/ml, both dependent on the
solution conditions. At a typical liquid mAb formulation pH of 6, the ionic strength is the
key solution parameter that affects both solution behaviors. Protein-protein intermolecular
interactions are evaluated using membrane osmometry and static light scattering in the
concentration ranges where opalescence and high viscosity are exhibited. Zeta potentials are
measured in order to assess the role of charge repulsion in the intermolecular interactions. A
connection between the electrostatic nature of the mAb and viscosity is elucidated.
Additionally, the connection between opalescence and critical solution behavior, previously
noted by Cromwell et al., is characterized.7 The dependence of viscosity and opalescence on
ionic strength are opposite for this mAb. Furthermore, opalescence reaches a maximum at
some mAb concentration and then decreases at higher concentrations. This allows for the
simultaneous minimization/optimization of the viscosity and opalescence of the final
formulation via intermediate ionic strengths from which a high concentration, self-
administered dosage form could be developed.

Materials and Methods
The fully humanized monoclonal antibody of the IgG1 subclass manufactured by
MedImmune Inc, Gaithersburg (USA) will be referred to as the mAb and has a molecular
weight of 148 kDa. The sample purity (>99%) was analyzed and confirmed by size
exclusion chromatography and gel electrophoresis. Protein concentrations were determined
by UV absorption using an extinction coefficient of 1.61 cm2/mg at 280 nm. All buffer
conditions were achieved via exhaustive dialysis which consisted of a minimum of four
buffer exchanges over a minimum of 24 hours at volume ratio of buffer to sample of greater
than 200:1. The final dialysate was reserved and used for all dilutions, blanks and controls as
needed.

Viscosity
Solution viscosities were measured with a Brookfield (Middleboro, MA) model DV-II+ Pro
cone/plate viscometer with spindle model CPE-40. The shear rate for all samples with a
viscosity below 20 cP was set to 600 s−1 (80 RPM); for samples with viscosities above 20
cP a shear rate of 113 s−1 (15 RPM) was used. The mAb solution viscosity exhibited little to
no dependence on shear rate over the range 10-1000 s−1 (data not shown). A solution
volume of 0.5 mL was used for all samples and the temperature was controlled at 23°C via a
circulating water bath.

In order to interpret the results for the mAb solution viscosity the Mooney hard-sphere
viscosity was calculated for an equivalently-sized hard sphere using equation 1.24

(1)

Where, ηhs is the viscosity of the equivalent hard-sphere solution, ηs is the viscosity of the
solvent, S is a shape parameter, k is a self-crowding factor and Φ represents the volume
fraction of the hard-spheres. For these calculations, an S value of 3.6, as determined by
Monkos for ovalbumin at room temperature, is used as well as a k value of 1.8 which is
independent of temperature.25
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The experimental viscosity data is fit using the Huggins equation given in equation 2.26

(2)

Where ηsp is the specific viscosity, η is the viscosity of the antibody solution, c is the
antibody concentration, ηint is the intrinsic viscosity and KH is the Huggins constant.

Opalescence
Opalescence was assessed by nephelometric turbidity which was measured via light
scattering at 90° on a spectrofluorometer (SLM AMINCO, Urbana, IL, US) equipped with a
temperature-controlled cell holder and 0.2 cm path length quartz cuvette. The excitation and
emission were both set to 510 nm with a 4 nm bandwidth. All samples were measured at
23°C and filtered with a Whatman Anotop 0.1 μm filter immediately prior to the
measurement. The light scattering intensity was converted to nephelometric turbidity (NTU)
using a calibration curve generated from AMCO Clear turbidity standards (GFS Chemicals,
Columbus, OH).

Membrane Osmometry
The osmotic pressure of the mAb solutions was measured with a Wescor (Logan, UT)
Colloid Osmometer Model 4420. A 10,000 MWCO membrane (product # SS-050) was used
with the corresponding dialysate as the reference solution. All measurements were made at
room temperature (~23°C). The Osmocoll N standard (product # SS-025) was used for
calibration. An initial sample injection of 300 μL followed by a minimum of 2 subsequent
50 μL injections were used until a stable pressure reading was obtained.

To interpret the osmotic pressure data the osmotic virial expansion of the van't Hoff
equation is employed.27

(3)

Where Π is osmotic pressure, R is the universal gas constant, T is the absolute temperature,
Mn is a number-averaged molecular weight, and SVC is the osmotic second virial
coefficient. For comparison of the osmotic pressure results to theoretical hard-sphere values
the Carnahan-Starling hard-sphere approximation is utilized.28

(4)

(5)

Where, ρhs is the number density of hard-spheres kB is the Boltzman constant, ξ is the
effective hard-sphere packing fraction and σ is the effective hard-sphere diameter. The
hydrodynamic diameter of for the mAb of 10.2 nm, as measured by dynamic light scattering,
was used for the effective hard-sphere diameter.

Light Scattering
Static light scattering is a complementary method to membrane osmometry for
determination of the osmotic second virial coefficient. An Electro-Optics laser model
1145AP (Hsintien City, Taiwan), a Brookhaven Instruments goniometer and cascade
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photodiode detector model BI-200SM and BI-APD (Holtsville, NY) respectively, were used
to determine the excess Rayleigh ratios at a 90° angle (scattering due to protein only) to the
incident 633 nm light beam. The relationship used to determine the osmotic second virial
coefficient is given here and is derived from the virial expansion of the ideal osmotic
pressure equation.29

(6)

Where Mw is the mass-averaged molecular weight, R90 is the excess Rayleigh ratio at 90°
and the optical constant K is described by equation 7.

(7)

Where n0 is refractive index of the solvent, dn/dc is the refractive index increment and λ is
the wavelength of the incident beam. The Rayleigh ratio is given by equation 8.

(8)

Here r is the distance from the observed volume to the detector, Iinc is the incident intensity
of the laser beam, Iθ is the measured intensity of the scattered light and Vobs is the observed
volume. A refractive index increment of 0.185 mL/g, estimated from a weight averaged
contribution from the protein and carbohydrate portions of the mAb, was used for all light
scattering analysis.30 The constant can be determined from a system for which the Rayleigh
ratio is known, in this case toluene at 633 nm (14*10−6 cm−1). Once the constant is
determined then raw intensity measurements can be converted to Rayleigh ratios and the
excess Rayleigh ratio is simply the Rayleigh ratio of the sample minus that of the solvent.

For the dynamic light scattering the same equipment described above was employed as well
as a BI-9000AT digital autocorrelator (Brookhaven Instruments, Holtsville, NY). A protein
concentration of 1 mg/mL was used for all samples. The resulting correlation functions were
used to determine the diffusion coefficients from which the hydrodynamic diameters were
calculated by the Stokes equation. The temperature for all light scattering measurements was
controlled at 23 °C using a circulating bath temperature controller, and a solvent viscosity of
0.9 cP was used for all hydrodynamic diameter calculations. The mAb's hydrodynamic
diameter (10.2 ± 0.8 nm) did not vary significantly with the solvent conditions used in this
work.

Zeta Potential
A Malvern Zetasizer Nano ZS (Malvern, UK) was used to measure the electrophoretic
mobility of the antibody via laser Doppler velocimetry. The zeta potential is calculated from
Henry's equation using the Smoluchoski approximation which is valid for ionic strengths
above 1 mM.22

(9)

Where μe is the electrophoretic mobility, ε is the dielectric constant or permittivity of the
solution, ks is a model-based constant which from the Smoluchoski approximation is 1.5 and
ζ is the zeta potential. An antibody concentration of 2 mg/mL was used for all samples and

Salinas et al. Page 5

J Pharm Sci. Author manuscript; available in PMC 2014 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the measurement was repeated on three samples at each condition and the errors are reported
as the standard deviation. The temperature was controlled at 23°C.

The effective charge of an equivalent sphere can be estimated via the linearized Poisson-
Boltzman equation, also referred to as the Debye-Hückel approximation, and is given by
equation 10.31

(10)

Where Z is the effective charge, rp is the effective sphere radius, κ is the inverse electric
double layer thickness or inverse Debye length and e is the elementary charge.

The electrostatic contribution to the osmotic second virial coefficient, also referred to as the
Donnan term can be calculated using equation 11.16

(11)

Where SVCelectrostatic is the electrostatic component of the second virial coefficient, M is the
actual molecular weight of the protein, ρs is the solvent density and mions is the molal
concentration of ions.

Results
Viscosity

The mAb viscosity was measured at ionic strengths of approximately 4 and 154 mM
(neglecting the contribution of the polyelectrolytic protein); these solution conditions are
referred to as low and high ionic strength. From Figure 1 it is clear that the viscosity is much
higher in the low ionic strength buffer systems regardless of buffer type; however, the
differences in viscosity were only measurable at mAb concentrations above 50 mg/mL. The
curves shown in Figure 1 are fits to the Huggins equation (equation 2). Addition of 150 mM
NaCl to solutions containing the mAb at concentrations of 80 mg/mL results in an
approximately threefold decrease in the solution viscosity. In fact, in the presence of 150
mM NaCl, the solution viscosity is only slightly larger than that predicted for non-
interacting hard-spheres via the Mooney approximation (equation 1), and this excess
viscosity is apparent only at the highest protein concentrations tested. Finally, the addition of
2 mM NaCl to the 10 mM histidine formulation results in a significant decrease in solution
viscosity.

Opalescence
Nephelometric turbidity, a measurement commonly used in determination of water clarity
that has been applied to protein opalescence, was utilized to quantify the degree of
opalescence.4 Four of the buffer conditions used for the viscosity measurements were tested
for opalescence (Figure 2). To reduce the potential of scattering from insoluble particulates
the solutions were passed through a 0.1 μm syringe filter directly into the clean sampling
cuvette and the scattering intensity was measured immediately. The high ionic strength
solutions are more opalescent than the low ionic strength solutions, although the differences
are only apparent at the higher protein concentrations, in this case above 30 mg/mL. This
ionic strength dependence is opposite to that observed for the viscosity. There is an
approximate threefold increase in opalescence with the addition of 150 mM NaCl to
solutions containing 80 mg/mL mAb. To further elucidate the effect of ionic strength,
opalescence was measured as a function of mAb concentration in solutions containing 10
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mM histidine and either 0, 2, 5, 10 or 150 mM NaCl at a pH of 6 (Figure 5). The ionic
strengths of the solutions are 4, 6, 9, 14 and 154 mM NaCl respectively. It is apparent that at
the lower ionic strengths (<154 mM NaCl), opalescence reaches a maximum at mAb
concentrations in the vicinity 60 mg/mL.

Osmometry and Light Scattering
In order to probe the protein-protein intermolecular interactions in the four solution
conditions of interest, osmotic pressure measurements were used to generate osmotic virial
plots (Figure 3). Similarly, light scattering intensities at 90° were used to produce the Debye
plots (Figure 4). The resulting molecular weights (number-averaged when determined from
osmotic pressure measurements and weight-averaged when determined by light scattering)
and the osmotic second virial coefficients from the linear regressions of the data are
presented in Table 1. All of the measured molecular weights are near that expected for the
monomer (148 kDa) and there is little curvature over the concentration range, measured
suggesting that the antibody is monomeric and there is not a significant amount of antibody
self-association. Additionally, the two low ionic strength buffer conditions generate positive
slopes, indicating net pair-wise repulsion between antibody molecules in the corresponding
buffer systems. The two high ionic strength buffer conditions result in negative slopes,
indicative of net pair-wise attraction between antibody molecules in the given solution. For
the net-repulsive conditions the amount of light scattered is near or slightly less than that
predicted for a hard-sphere solution of monomers, whereas for the net-attractive conditions
the intensity of scattered light is larger than that expected based on hard-sphere predictions.
There is approximately a threefold difference in the Rayleigh ratios or intensity of scattered
light at 40 mg/mL between the low and high ionic strength solutions for each buffer type.

Zeta Potential and Charge Estimates
To determine the role of electrostatics in the solution behavior of this mAb, zeta potentials
were measured for the mAb in the low and high ionic strength buffer systems. The results
are presented in Table 2. The antibody in the two low ionic strength solutions exhibits a zeta
potential an order of magnitude higher than that observed in the high ionic strength
solutions. In fact, the electrophoretic mobility of the mAb in both 150 mM NaCl buffer
systems was barely perceptible by the laser Doppler velocimetry technique used, suggesting
that the molecule possesses a very low effective charge under these conditions. The effective
charge estimates, using the Debye-Hückel approximation (equation 10), are approximately
threefold lower in the high ionic strength solutions compared to effective charges in the low
ionic strength solutions. Interestingly, the theoretical surface charge for the mAb at pH 6 is
+15. Although the zeta potential is still positive, even the 4 mM ionic strength solutions
reduce the effective charge at the slipping plane by a factor of 4. The effective charge at the
slipping plane or diffuse layer boundary is what contributes to the intermolecular
interactions and this can be reflected in the estimate of the electrostatic contribution to the
second virial coefficient.16 The electrostatic contribution to the second virial coefficient is
significant for the low ionic strength buffer conditions. In fact, it is on the same order as the
difference in the measured second virial coefficients for the mAb at the low and high ionic
buffer systems. The electrostatic contribution to the second virial coefficient in the high
ionic strength solutions is insignificant when compared to the total second virial coefficient.
This that the switch from net-repulsive to net-attractive second virial coefficient values at
higher ionic strengths are due to decreases in protein effective charge and increased
electrostatic screening of the remaining charge at high ionic strength.
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Discussion
Charges on the surface of antibodies result in long-range intermolecular forces that
predominate at low ionic strengths and are the primary source of the high solution viscosity.
The Debye length at a 4 mM ionic strength is approximately 4.8 nm, whereas the average
hydrodynamic surface-to-surface antibody spacing is on the same order, approximately 9 nm
at an antibody concentration of 50 mg/mL and 5 nm at 100 mg/mL. This is the primary
source of the large increases in viscosity near 100 mg/mL in the low ionic strength solutions.
Charge repulsion and the related electric double layer have been noted as the source of high
viscosity for proteins and other polyelectrolytes.32 As the intrinsic fluorescence and far
ultra-violet circular dichroism (far UV-CD) signals are unaffected by NaCl for this mAb
(data not shown) the mAb conformation appears to be independent of ionic strength. With
the assumption that the antibody structure is not significantly affected by ionic strength,
there are two main contributions to viscosity which are prevalent at low ionic strengths and
are referred to as electroviscous effects. The first is resistance to movement from the double
layer surrounding each protein molecule. The concentration of ions in the electric double
layer is significantly different than in the bulk solution, the electric double layer then acts as
an effective increase in the hydrodynamic radius of the molecule. The second results from
the charge repulsion from the double layers of other molecules which is directly related to
the zeta potential.

Saluja et al. have shown these electroviscous effects to be important for antibody solutions
at low ionic strengths (4 mM) utilizing high-frequency rheology measurements.33 At ionic
strengths above 10 mM the electroviscous effects become less and less significant as the
electric double layer becomes more similar to the bulk solution, the effective charge on the
protein is reduced and Debye length is shortened due to charge screening. The high ionic
strength solution conditions yield viscosities very near those expected for the equivalent
hard-spheres. This suggests that the short range van der Waals forces responsible for
intermolecular attraction contribute significantly less to the solution viscosity than the long
range, repulsive electrostatic forces. It has been reported that reversible association increases
antibody solution viscosity;6,8 however, electrostatic effects were not directly investigated in
that work. The conclusion was drawn because the extent of reversible association and the
viscosity decreased with increasing ionic strength. The electroviscous effects were not
investigated or identified as possible contributors to the reduction in viscosity. The dominant
source of the high viscosity for this mAb is repulsive and electrostatic in nature.

Opalescence is a phenomenon of Rayleigh scatters and the increased light scattering of
attractive antibody solutions has been attributed to an increased apparent or effective
molecular weight.4 In a recent study of other opalescent mAb formulations, Cromwell et al.
demonstrated through measurement of critical exponents, that critical density fluctuations,
related to proximity to mixture critical points, result in extensive Rayleigh scattering from
monomeric antibody molecules under solution conditions that produce net protein-protein
attraction.7 Opalescence has long been a phenomenon linked to phase behavior near critical
points and is thus often referred to as critical opalescence. Some of the earliest work on the
relationship between opalescence and critical points was performed in the early 20th century
for gases34 and for homogenous and mixed fluid systems.35,36 Later in the century the
theory was applied to solutions of polymers such as polystyrene.37,38,39,40 This type of
critical behavior was later characterized for protein solutions.41,42,43 The connecting theme
is that density fluctuations, which become more significant or longer in range near the
critical point, are the source of the increased light scattering observed as critical
opalescence. An eloquent explanation of this effect is offered by Chu and briefly
summarized here.44 Chu explains that the polarizability of a molecule, the property that
determines the intensity of light scattered, is dependent on the local density. Furthermore,
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any local concentration fluctuations, which become significant near critical points, increase
the intensity of light scattered relative to a more ideal system with less significant density
fluctuations. The magnitude of the density fluctuations is related to the distance in
concentration and temperature space from the critical point, and the closer a given condition
is to the critical point, the more pronounced and longer in range the density fluctuations
become. It is important to note that critical opalescence can persist some distance away from
the critical point. For example, long-range density fluctuations, referred to as off-critical
density fluctuations, were observed for a lysozyme-NaCl system away from its critical
point.45

Since the degree of critical opalescence is determined by the proximity to the critical point,
this allows for interesting formulation strategies; two of which are illustrated in Figures 5
and 6. It is obvious that lowering the protein concentration is one strategy to avoid
opalescence and viscosity issues; however, this is not desirable for many processing steps or
for self-administrable dosage forms. At most of the ionic strengths tested in Figure 5 the
opalescence reaches a maximum near 60 mg/mL. This suggests an apparent critical
concentration in the vicinity of 60 mg/mL. Thus, at concentrations critical concentration, the
distance from the critical point increases with increasing protein concentration, as is
suggested from the hypothetical diagram in Figure 6, where the maximum corresponds to
the critical concentration. As a result, the intensity of the critical opalescence decreases with
increasing protein concentration above the critical point, as predicted in Figure 6B and
shown experimentally in Figure 5. The critical point is expected to be sensitive to ionic
strength, particularly at the low ionic strengths tested here. Increasing ionic strength appears
to increase the critical temperature, whereas the apparent critical concentration does not
seem to depend strongly on ionic strength in the range 4-14 mM range. At the relatively high
ionic strength of 154 mM, no maximum in opalescence is observed as a function of mAb
concentration. This could be due to a shift in the shape of the phase envelope at higher ionic
strength or approach of another phase boundary such as the solid/liquid boundary.

Ideally, the exact location of the critical point could be measured as a function of the ionic
strength and other solution parameters. However, because in the present case we were
unable to observe liquid-liquid phase separation even at temperatures approaching freezing,
it is likely that the critical points are near or below the freezing point of water, and therefore
are not experimentally accessible.

However, with an understanding of critical solution behavior the protein concentration can
be increased above the apparent critical concentration and the solution ionic strength
simultaneously can be manipulated to generate solutions optimized to yield minimal
opalescence and viscosity. An example of this is given by the 6 mM ionic strength solution
(10 mM histidine, 2 mM NaCl) in Figures 1 and 5. At concentrations near 100 mg/mL, the
solution viscosity is reduced significantly compared to that of the 4 mM ionic strength
solution (10 mM histidine), whereas the opalescence is only slightly higher. Furthermore, as
the mAb concentration is increased the difference in opalescence between the 4 and 6 mM
ionic strength solutions is minimized.

Whereas critical opalescence is the phenomenon observed near critical points; cloud points
are the phenomena associated with phase transitions, which can occur away from the critical
point. Cloud point behavior also generates an increase in light scattering which gives a
solution an opalescent appearance. However, strictly speaking, once a new macroscopic
phase is formed it is no longer an opalescence phenomenon but the more general turbidity of
particles larger than Rayleigh scatters. This type of behavior has been characterized for a
lysozyme-polyethylene glycol (PEG) system.46 Because cloud points and mixture critical
points may occur in the same vicinity, increased light scattering of antibody solutions could
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result from either phase separation or critical phenomena. However, for the mAb described
here, no visible phase separation was observed and, as the solutions were filtered
immediately prior to the opalescence measurements, it is not likely that the observed
phenomenon is a cloud point phenomenon.

As a critical phenomenon, mAb opalescence occurs near phase boundaries. It is known that
attractive protein-protein interactions are related to crystalline phase transitions47 as well as
general solubility48 and liquid-liquid phase separation.49 Furthermore, the forces that lead to
attractive protein-protein interactions are known to be short-range, and often lead to liquid-
liquid or other types of phase separation.18,50 For example, Asherie et al. found that the
liquid-liquid phase separation temperature for γIIIb-crystallin increases with increasing
degree of oligomerization.51 In addition to the fact that larger molecules inherently scatter
more light, this may be an additional reason antibodies have a greater tendency to generate
opalescent solutions than smaller proteins.

The connection between opalescence and phase boundaries is further corroborated by the
observation that increasing ionic strength increases both the cloud and crystallization
temperatures for lysozyme in both model52 and experimental systems.18 A similar
conclusion is drawn here as the opalescence increases with increasing ionic strength.
Furthermore, the osmotic second virial coefficient for proteins is known to become more
attractive with decreasing temperature53,54 and the opalescence of this mAb increases with
decreasing temperature. The nephelometric turbidity increases by 45% upon lowering the
temperature from 23°C to 6°C for the 10 mM histidine, 150 mM NaCl solution (data not
shown). This is consistent with critical phenomena being responsible for the observed
opalescence and it also suggests that the critical temperature is significantly lower than 6°C.

Conclusions
The ionic strength effect on the effective charge of the mAb produces a dramatic effect on
the protein-protein interactions that manifest as viscosity and opalescence issues. For this
mAb, we observe both high viscosity and significant opalescence in the absence of any
significant association/aggregation or particulate formation. Even though the effective
charge of the mAb is significantly less than its theoretical value at pH 6, it is still the
primary contributor to the intermolecular interactions at low ionic strength. The electrostatic
static contribution to the second virial coefficient accounts for the difference in the values at
the high and low ionic strengths. This allows for the protein-protein interactions to switch
from a net repulsive to a net attractive environment and governs the observed solution
behaviors. The increased opalescence of this mAb likely arises from critical density
fluctuations. In the low ionic strength formulations the repulsion between mAb molecules
reduces the propensity for phase separation and density fluctuations relative to the attractive,
higher ionic strength formulations. The lower ionic strength solutions are further from the
critical point and thus significantly less light is scattered and the opalescence is reduced.

As the ionic strength and protein concentration can often be altered in a formulation, it
should be a useful formulation strategy to balance the repulsive and attractive forces through
intermediate ionic strengths. As shown for this mAb, it is possible generate solutions which
simultaneously exhibit minimized opalescence and viscosity, even at mAb concentrations
near 100 mg/mL.
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Figure 1.
The concentration dependence of the viscosities of the mAb solutions at pH 6 and two ionic
strengths. Solution conditions are: (●) 10 mM histidine, (□) 2.2 mM sodium phosphate, (○)
10 mM histidine, 150 mM NaCl, (■) 2.2 mM sodium phosphate, 150 mM NaCl, (◆) 10 mM
histidine, 2 mM NaCl, (◇) Viscosity of an equivalent hard-sphere using the Mooney
approximation (Equation 1). Lines represent a fit to the polynomial in Equation 2 where the
solid lines correspond to the closed symbols and the dashed lines correspond to the open
symbols. Error bars represent standard deviation from three samples.
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Figure 2.
Opalescence, measured by nephelometric turbidity, as a function of the mAb concentration
at pH 6. Solution conditions are: (●) 10 mM histidine, (□) 2.2 mM sodium phosphate, (○)
10 mM histidine, 150 mM NaCl, (■) 2.2 mM sodium phosphate, 150 mM NaCl. Lines are
to guide the eye. Error bars from triplicate samples are smaller than the data points.
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Figure 3.
Osmotic pressure of the mAb at pH 6 measured by membrane osmometry. (●) 10 mM
histidine, (□) 2.2 mM sodium phosphate, (○) 10 mM histidine, 150 mM NaCl, (■) 2.2 mM
sodium phosphate, 150 mM NaCl, (◇) Predicted osmotic pressure of an equivalent hard-
sphere using the Carnahan-Starling approximation with a hard-sphere radius equal to the
hydrodynamic radius of the mAb of 5.1 nm (Equation 5). Remaining lines are linear
regressions of the corresponding data sets and the short dashed lines correspond to the open
symbols. Error bars corresponds to ±0.2 mmHg which is the specified sensitivity limit of the
osmometer and is typically larger than the sample to sample variation.
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Figure 4.
Debye plot generated from light scattering measurements of the mAb at pH 6 in various
solutions. (●) 10 mM histidine, (□) 2.2 mM sodium phosphate, (○) 10 mM histidine, 150
mM NaCl, (■) 2.2 mM sodium phosphate, 150 mM NaCl. The long dash, short dash line
represents the predicted light scattering from an equivalent hard-sphere with a radius
equivalent to the hydrodynamic radius of the mAb of 5.1 nm. Remaining lines are linear
regressions of the corresponding data sets and the dotted lines correspond to the open
symbols. Error bars represent standard deviation for three measurements.
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Figure 5.
The effect of ionic strength on mAb opalescence at pH 6. Where the opalescence is
measured by nephelometric turbidity, and the ionic strength is adjusted with NaCl. Solution
conditions are: (●) 10 mM histidine ionic strength = 4 mM, (◆) 10 mM histidine, 2 mM
NaCl, ionic strength = 6 mM (□) 10 mM histidine, 5 mM NaCl, ionic strength = 9 mM (■)
10 mM histidine, 10 mM NaCl, ionic strength = 14 mM (○) 10 mM histidine, 150 mM
NaCl, ionic strength = 154 mM. Lines are to guide the eye. Error bars from triplicate
samples are smaller than the data points.
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Figure 6.
Panel A – Hypothettical liquid-liquid phase separation boundary (solid bold curve). The
dotted line represents an isotherm above the critical temperature.. The dot represents the
critical point at some critical temperature, Tc and concentration, Cc. The connecting line
represents the distance (d) from the isotherm to the critical point. Panel B – The inverse of
the calculated distance, which is directly related to the extent of critical opalescence as a
function of the concentration. In both panels, solid and dashed lines represent hypothetical
phase envelopes.d
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Table 1

Second virial coefficients (SVC) and molecular weights are reported as determined by linear regression of the
data in Figures 3 and 4. All measurements were conducted at a pH of 6. Units of the SVC are mL·mol/g2 and
the units of MW are kDa. Errors represent 95% confidence intervals from the regressions.

Osmometry Light Scattering

Formulation SVC × 105 MW SVC × 105 MW

10 mM Histidine 5.76 ± 2.51 124 ± 17 4.93 ± 0.65 174 ± 10

2.2 mM Sodium Phosphate 13.0 ± 1.9 137 ± 14 10.2 ± 1.2 141 ± 13

10 mM Histidine, 150 mM NaCl −4.30 ± 2.02 163 ± 21 −4.71 ± 0.89 174 ± 11

2.2 mM Sodium Phosphate, 150 mM NaCl −2.36 ± 1.08 140 ± 9 −4.98 ± 1.31 125 ± 9
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Table 2

The measured zeta potentials for the mAb in the four buffer conditions of interest at pH 6, as well as the
corresponding calculations of effective charge and the electrostatic component of the second virial coefficient
(SVC). The units of zeta potential are mV and the units of SVC are mL·mol/g2. Errors represent standard
deviation from three measurements.

Formulation zeta potential (mV) effective charge SVCelectrostatic × 105 (mL·mol/g2)

10 mM Histidine 7.40 ± 0.41 3.83 6.82

2.2 mM Sodium Phosphate 6.93 ± 0.32 3.56 6.80

10 mM Histidine, 150 mM NaCl 0.55 ± 0.86 1.12 0.00952

2.2 mM Sodium Phosphate, 150 mM NaCl 0.56 ± 0.85 1.13 0.00976
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