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ABSTRACT The purpose of this work was to establish ultrasonic storage modulus (G9) as a novel parameter for characterizing
protein-protein interactions (PPI) in high concentration protein solutions. Using an indigenously developed ultrasonic shear
rheometer, G9 for 20–120 mg/ml solutions of a monoclonal antibody (IgG2), between pH 3.0 and 9.0 at 4 mM ionic strength, was
measured at frequency of 10 MHz. Our understanding of ultrasonic rheology indicated decrease in repulsive and increase in
attractive PPI with increasing solution pH. To confirm this behavior, dynamic (DLS) and static (SLS) light scatteringmeasurements
were conducted in dilute solutions. Due to technical limitations, light scattering measurements could not be conducted in
concentrated solutions. Mutual-diffusion coefficient, measured by DLS, increased with IgG2 concentration at pH 4.0 and this trend
reversed as pH was increased to 9.0. Second virial coefficient, measured by SLS, decreased with increasing pH. These ob-
servations were consistent with the nature of PPI understood from G9 measurements. Ultrasonic rheology, DLS, and SLS
measurements were also conducted under conditions of increased ionic strength. The consistency between rheology and light
scattering analysis under various solution conditions established the utility of ultrasonic G9 measurements as a novel tool for
analyzing PPI in high protein concentration systems.

INTRODUCTION

Protein-protein interactions (PPI) are critical determinants of

protein behavior in a solution, be it a pharmaceutical liquid

protein formulation or a physiological fluid (1–3). Often, the

concentration of proteins in these solutions exceeds the dilute

solution regime and they occupy large volume fractions (0.1

and higher) of the solutions (4,5). These solutions are thus

classified as concentrated solutions if a single solute is present

in high concentration or as crowded solutions if a solute is

present in a concentrated solution of another solute. Solution

formulation of monoclonal antibodies is a good example of

concentrated solutions. Application ofmonoclonal antibodies

for therapeutic purposes, especially in the fields of oncology

and immunology, often necessitates preparation of high con-

centration solutions of these proteins (6,7). In such solution

formulations, PPI not only govern the physical properties of

the solution like osmotic pressure, diffusion coefficient,

viscosity, etc., but also govern its stability against reversible

and irreversible processes including association, aggregation,

and amorphous precipitation during early production and

purification as well as during long-term storage (8). Biolog-

ical fluids offer examples in which proteins are present in

crowded solutions. Muscle cells contain ;23% protein by

weight, and red blood cells have;35% protein by weight (9).

Eye lens contains crystallin proteins at concentrations of 20–

50% by weight (10). PPI in these biological fluids play a

crucial role in the etiology of various diseases and disorders.

Examples include cataract, due to aggregation and precipi-

tation of lens crystallins (11), neurodegenerative diseases

including Alzheimer’s and Parkinson’s disease, due to amy-

loid fibril deposition (12), systemic amyloidosis (13), poly-

glutamine disorders like Huntington’s disease, and diseases

of the peripheral tissue like the familial amyloid polyneurop-

athy (14). Thus, to gain an insight and appreciate the sig-

nificance of intermolecular interactions in governing such

physical and physiological phenomenon, it becomes im-

perative to characterize the nature of PPI in concentrated

conditions. However, currently available techniques for

characterization of PPI are limited to dilute solution analysis.

Over the recent past, we have been involvedwith the analysis

of solution rheology of high concentration protein solutions

using an indigenously developed shear rheometer capable of

working at ultrasonic frequencies (15–17). The broad objective

of our work has been targeted toward the generation of a novel

tool/parameter for characterizing PPI in high protein concen-

tration solutions. Our studies have indicated that ultrasonic

storage modulus (G9), a measure of fraction of applied energy

stored by a system, can provide valuable information regarding

the nature of PPI in high concentration protein solutions. The

reasons for believing that sucha correlation between solutionG9
andPPI could exist can bebetter appreciated ifwebriefly review

the molecular origins of flow properties of a liquid.

The viscosity, or resistance to flow, of a fluid is a result of

momentum transfer between the flowing layers which itself

is a result of molecular interactions, i.e., the viscosity of a
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system, is determined by how molecules, which constitute

the system, interact. Any movement of molecules (e.g.,

rotational, translational etc.) or interaction between them is

associated with a temperature-dependent relaxation process

characterized by a relaxation time (t). For pure liquids, t
ranges from 10�14 to 10�11 s (18). Liquid water has a t of

;10�12 at 25�C (19). In solutions, additional relaxation pro-

cesses involving solute-solute and solute-solvent interactions

exist that are associated with their characteristic t. Rotational
and translation diffusion of protein molecules in solutions,

segmental motions, and conformational rearrangements oc-

cur on the timescale of 10�7–10�9 s (20–26). Relaxation of

boundwater occurs around 10�10–10�11 s (27). The timescale

of these relaxations is governed not only by temperature but

also by the solvent and solute concentration. PPI affect con-

formational rearrangements and segmental motions in protein

solutions and thus alter their characteristic t, e.g., strongly
interacting systems (high viscosity solutions of partially un-

folded protein and protein gels) exhibit increased values of t
over weakly interacting systems.

Dynamic rheology experiments involving applications of

oscillatory strain to the sample can be employed to determine

t. The frequency of the applied strain is utilized to gain insight
into the relaxation process in these studies. For studying

processes at timescales of 10�7–10�9 s, measurements at

MHz frequencies need to be conducted, since 1/v should be of

the order of t of the process. Ultrasonic rheometry is a

powerful technique for nondestructive analysis (28) of pro-

cesses relaxing at nanosecond scales (29,30). The pioneering

work in this field was done by Mason and co-workers (31),

who studied viscosity and high-frequency elasticity of several

polyisobutylene fluids at ultrasonic frequencies by employing

quartz crystal vibrating in the torsional and shear modes.

Since then, the technique has evolved as a nonconventional

means of assessing rheological characteristics of various

fluids. In principle, ultrasonic rheometers (32,33) measure the

storage (G9) and loss (G$) modulus of liquids that character-

ize elastic storage and viscous loss of energy in a solution,

respectively. The moduli are related to the fundamental t of

the liquid through the following relationships (34):
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When t � 1/v, i.e., when lower frequency strain is applied,

molecules have enough time to reorient and relax within a

single strain cycle, resulting in complete dissipation or loss

of the applied energy. Consequently, G$ has a finite value

but G9 is nonexistent. As 1/v decreases, i.e., v increases and

approaches t, vt / 1, molecules cannot relax completely

and the system begins to store a part of the applied energy

resulting in a finite value of G9.
Macromolecules in solution are dynamic molecules with

numerous randomly contorted conformations that are contin-

uously changing. In dilute solutions, the average conforma-

tion of such a molecule is determined by the relative energy

minima of various isomeric conformations. The rapidity with

which the conformations change is determined by solute-

solvent interactions. In concentrated or crowded solutions,

interparticle interactions significantly affect the selection of

the thermodynamically stable state as well as the rate of

change in molecular conformations (35). Thus, a relaxation

process in macromolecular solutions usually exhibits a spec-

trum of relaxation times instead of a single discreet relaxation

time (35,36). The moduli for macromolecular solutions are

thus represented as
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with the relative contribution of each relaxation process to

solution modulus (or viscosity) dependent on frequency of

analysis.

In protein solutions, PPI affecting t can be studied through
themeasurement of dynamicmoduli at frequencies consistent

with the t of the relaxation processes. Single-frequency mea-

surements can be used to determine change in moduli with

solution condition, and thus assess the effect of solution

condition on the relaxation process, as long as the frequency is

close to the average t of the relaxation spectrum (1/v is an

order of magnitude around t) and not orders of magnitude

away from it (35). If the frequency is too low, G9 is non-

existent or negligibly small and G$ is insensitive to solution

conditions. If the frequency is too high, the moduli approach

limiting values, thereby compromising sensitivity to the

changing solution environment. In principle, either of the two

moduli can give information regarding the changing t of the
system.However, in the frequency domain around t, such that
0.1 # vt # 10, G$ first increases and then decreases with

increasing t (as vt / 1 and then exceeds 1) (Eq. 2) but G9
constantly increases with t (Eq. 1). Thus, whereas an increase
in t of a system will always result in an increasing G9, it may

result in an increasing or decreasing value of G$. Conse-
quently, G9 is a more reliable parameter for predicting and

understanding change in PPI in protein solutions from single

frequency rheology measurements. From this brief introduc-

tion, it can be gathered that for protein solutions, G9 mea-

surements at MHz frequencies, consistent with a timescale of

10�7–10�9 s, should provide information regarding PPI in

these solutions.

Techniques for characterizing PPI in relatively dilute

solutions include among others analytical ultracentrifuga-

tion, static light scattering (SLS), and dynamic light scat-

tering (DLS). SLS has been routinely used for measurement

of a thermodynamic nonideality parameter, i.e., second virial

coefficient (B22) which characterizes solute-solute interactions

and indirectly solute-solvent interactions (37,38). B22, a
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dilute solution property, has been found to correlate

remarkably well with protein solubility (39,40), crystalliza-

tion (37,41) and protein precipitation (42) from super-

saturated solutions. It is an established parameter for

characterizing PPI in protein solutions. Zimm (43) in 1946

studied the osmotic second virial coefficient of protein to

quantitate the deviation from ideality of a dilute solution.

The osmotic pressure (
Q
) of dilute solution follows Eq. 5,

which reduces to a van’t Hoff relation for an ideal solution

when B22 vanishes:

P ¼ RTc
1

Mw

1B22c1 . . . . . .

� �
: (5)

In the above equation, R is the universal gas constant, T
is the absolute temperature, c is the solute concentration, and
Mw is the average molecular weight. Whereas the value of

B22 reflects the magnitude of deviation from ideality, its

sign reflects the nature of this deviation. A positive value

corresponds to net repulsive interactions between the solute

molecules wherein the osmotic pressure increases above that

for an ideal solution whereas a negative value corresponds to

net attractive interactions between the solute molecules with a

consequent decrease in solution osmotic pressure below that

for an ideal solution (44). In terms of a solute’s activity in

solution, B22 can be related to the molar activity coefficient

(g2) by the following relationship (45):

g2 ¼ exp 2B22c1
3

2
B222c

2 1 . . . : :

� �
; (6)

where B222 represents the third osmotic virial coefficient

corresponding to interaction of three solute molecules.

DLSmeasures the diffusion coefficient of a solutemolecule

in solution. The diffusion coefficient depends on the hydro-

dynamic diameter (dH) of a solute molecule and interparti-

cle repulsive and attractive forces (46,47). For solutions in

which interparticle interactions are too weak to influence the

diffusion of the solute particle, the diffusion coefficient is

independent of solute concentration and themeasured dH is an
absolute dH.However, for strongly interacting solute systems,

the so-called mutual-diffusion coefficient (Dm) is concentra-

tion-dependent and approaches a self or tracer diffusion

coefficient (Ds) under infinitely dilute solution conditions

with c/ 0, i.e., in a strongly interacting system, themeasured

dH is an apparent diameter that approaches the true particle

diameter as c/ 0 (48,49). Therefore,Ds measures the true dH
and Dm measures an apparent dH of the solute particle. The

dependence ofDm on solute concentration can be represented

by the following relationship (50):

Dm ¼ Dsð11 kDcÞ; (7)

in which, kD (}slope) is a measure of interparticle interaction

and is represented by (50,51)

kD ¼ 2B22Mw � z1 � 2ysp; (8)

where z1 is the coefficient of the linear term in the virial ex-

pansion of the frictional coefficient as a function of solute

concentration, and ysp is the partial specific volume of the

solute. The contribution of B22 to kD arises from the role of

chemical potential in driving the diffusion process, whereas

the last two terms represent the hydrodynamic drag (52,53).

A positive value of kD results in an increase in Dm over Ds,

which translates to a decrease in the apparent dH through the

Stokes-Einstein equation (Eq. 9), indicating a facilitation of

the diffusion of the solute and thus repulsive interparticle

interactions:

Dm ¼ kT

3phdH

: (9)

In Eq. 9, k is the Boltzmann constant, T is the absolute

temperature, and h is the solution viscosity. A negative value

of kD results in a decrease in Dm below Ds, which translates

to an increase in the apparent dH through the Stokes-Einstein

equation, indicating an inhibition of diffusion of the solute

and thus attractive interparticle interactions.

The work presented here was undertaken to investigate if

the understanding generated from ultrasonic G9 measure-

ments regarding PPI in moderate to high concentration

solutions of a model protein, a monoclonal antibody (IgG2)

could be corroborated with classical techniques for analyzing

PPI, i.e., SLS and DLS in relatively dilute solutions. The

reasons for using two different concentration regimes were

twofold. First, wewanted to compare our ultrasonicG9 results
with classical and universally accepted parameters for

characterizing PPI, which are B22 and kD. This was necessary
to establish the utility of ultrasonic G9 for analyzing PPI.

However, both these parameters characterize nonideality in

dilute rather than concentrated solutions. Second, currently

available biophysical techniques for characterization of mac-

romolecular interactions do not permit analysis of concen-

trated protein solutions due to contribution of higher order

coefficients in the virial expansion of solute properties,

i.e., osmotic pressure, diffusion coefficient, and frictional

coefficient. Quantitation of higher order coefficients is not

trivial.

It is well-appreciated in the literature that an accurate

quantitation of a concentrated solution property cannot be

made based on dilute solution measurements because of the

contribution of higher coefficients. However, in most cases

the qualitative effect of changing solution conditions on

protein behavior can be expected to be similar for dilute and

concentrated solutions, with the PPI becoming stronger in

concentrated solutions. This is because the fundamental

properties of a molecule-like net charge, volume, hydropho-

bicity, etc., that eventually govern the PPI, do not usually

change with concentration. This however, does not under-

mine the significance of measurements in high concentration

solutions since differences in PPI, as a function of changing

solution condition, might not be measurable or be insignif-

icant in dilute protein solutions, whereas they might become
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significant and large in concentrated solutions. Besides, if the

conformation and/or geometry of a molecule were to change

with concentration, it would further necessitate analysis of

PPI under intended concentrated solution conditions.

MATERIALS AND METHODS

Materials

The monoclonal antibody was generously donated by Pfizer Biologics (St.

Louis, MO) and was supplied as a 11.3 mg/ml solution in a 20 mM acetate

buffer (pH 5.5) containing 140mMNaCl and 0.02%w/v polysorbate 20. The

monoclonal antibodywas an IgG2, withk-light chains and amolecularweight

of 144,000. Measurements for isoelectric point determination revealed four

bands between pH 8.75 and 9.25 on the isoelectric focusing gel. The supplied

stock solution was stored at 4�C. All other chemicals including, sodium

chloride, acetic acid, sodium acetate, monobasic, and dibasic sodium

phosphate and tris(hydroxymethyl) aminomethane, hydrochloric acid, and

sodium hydroxide were obtained from Fisher Scientific (Fair Lawn, NJ).

Deionized water equivalent to Milli-QTM grade was used to prepare all

solutions.Millipore’s (Billerica,MA)AmiconUltra centrifugation tubeswith

a molecular weight cutoff of 5,000 were obtained from Fisher Scientific.

Methods

For the purpose of this work, analysis was conducted at a temperature of

25�6 0.1�C. Phosphoric acid-monobasic sodium phosphate (pH 3.0), acetic

acid-sodium acetate (pH 4.0, 4.7, 5.4, and 5.9), monobasic-dibasic sodium

phosphate (pH 6.4 and 7.4), and tris(hydroxymethyl) aminomethane-

hydrochloride (pH 9.0) buffers were prepared to maintain the solution pH.

The buffer strength was 10 mM for 40 mM and 300 mM ionic strength

buffers and 1 mM for 4 mM ionic strength buffers. The ionic strength was

adjusted with sodium chloride. The procedure for sample preparation is

described in a recent publication (15).

Ultrasonic shear rheometry

Measurements of G9 for the model IgG2 solutions by ultrasonic rheometry

were conducted in a previous work (15). A brief description of the rheometer

is included here. An ultrasonic shear rheometer capable of operating at MHz

frequencies has been developed in our laboratory (16). The instrument can

perform fast analysis of solution rheology of small microliter sample

volumes and allows for calculation of solution viscosity, G9 and G$. The
rheometer is based on a piezoelectric quartz crystal, which is sensitive to the

mechanical properties of the liquid placed on top of it. The change in

mechanical properties of a liquid including its viscosity and moduli can be

determined by measuring the change in the crystal’s conductance (G) and

the series resonance frequency (fGmax), defined as the frequency where the

conductance of the crystal is the highest, after loading the liquid on the

crystal. These two parameters are used to calculate the change in the series

resistance (R) and reactance (X) of the crystal brought about by the liquid,

i.e., RLiq and XLiq. The following equations can then be used to determine the

moduli of the liquid in which A is the electromechanical calibration constant

determined separately using water-glycerol mixtures of known density and

viscosity and rLiq is the density of the liquid:

G9 ¼ R
2

Liq � X
2

Liq

A
2
rLiq

(10)

G$ ¼ 2RLiqXLiq

A
2
rLiq

: (11)

The measurement setup is enclosed in a circulating water bath for temper-

ature control of the sample droplet. For further details, the interested reader is

referred to recent publications (15–17) regarding the development of the

instrument and its applications.Ultrasonic rheology studies, formeasurement of

G9 and G$, were conducted at 25 6 0.1�C on IgG2 solutions ranging in

concentrations from 20 to 120 mg/ml using the developed rheometer.

Dynamic light scattering

DLS studies were conducted on Malvern Instruments’ (Worcestershire, UK)

Zetasizer Nano S at 25�6 0.1�C. For DLS analysis, the buffers were filtered

through sterile 0.1 mm Millipore’s Millex-W syringe filters before dialysis.

After dialysis, the concentrationof IgG2 in the solutionwas adjusted to 12mg/ml

and pH was checked to ensure consistency with the desired pH. The protein

solutions were then centrifuged on a Costar (Cambridge,MA)minicentrifuge

at 56003 g for 10min before analysis. TheMalvernZetasizer Nano S utilizes

a 632.8 nmHelium-Neon laser and analyzes scattered light at an angle of 173�
by utilizing a novel Non-Invasive Back-Scatter technique. Back-scatter

measurement reduces interference from multiple scattering as the light beam

does not travel through the entire sample solution and thus allows for higher

concentrations solutions to be analyzed. It also limits the interference from

dust particles, which behave as large particles and do not scatter significantly

in the back direction. Malvern Instruments’ DTS2145 low volume glass

cuvettewas used for holding the sample. The sample volumeused for analysis

was 70 ml. A total of 10 scans, each with a duration of 5 s, were accumulated

for each sample analyzed. Samples were analyzed at 4, 8, and 12 mg/ml for

each solution condition. All the samples were analyzed in triplicate. The

viscosity of each solutionwasmeasured on the ultrasonic shear rheometer and

was used in the calculation of Dm. Malvern’s DTS software analyzes the

acquired correlogram (correlation function versus time) for calculation of

hydrodynamic diameter (dH). The measured dH can then be used in the

Stokes-Einstein equation for calculation of Dm.

Static light scattering

SLS studies were conducted on Precision Detector’s (Bellingham, MA)

PDDLS Cool Batch system connected to a PD2000DLS light scattering

detector through a 5-mm optical cable. For SLS analysis, all the buffers were

filtered through Millipore’s 0.05-mm membrane filters before dialysis. After

dialysis, protein solutions were filtered through Whatman’s (Florham Park,

NJ) 0.2-mm syringe filters, and IgG2 concentration was adjusted to 6 mg/ml.

The protein solutions were then centrifuged on a Costar minicentrifuge at

56003 g for 10 min before analysis. The PDDLS Cool Batch uses an 800 nm

laser light source and detects scattered light at 90� from 0.03 ml volume

of the sample solution. A standard quartz cuvette with a capacity of 850 ml

was used as the sample holder. A minimum volume of 100 ml was required

for analysis with the cuvette used. Scattered intensity was accumulated at

intervals of 1 s for a period of 60 s. Scattered intensity .3% of the average

scattered intensity was regarded as noise and not used during further

averaging. This was done to reduce the contribution of dust particles to the

average scattered intensity. Samples were analyzed at 6 mg/ml and then

sequentially diluted to lower concentrations to get at least seven concen-

tration points for each solution condition. All the samples were analyzed in

triplicate. The acquired scattered intensities were used to calculate B22 by

constructing the Debye plot according to the following equation:

Kc

Ru

¼ 1

Mw

1 2B22c; (12)

where K is the optical constant given by

K ¼ ½2pnðdn=dcÞ�2
NAl

4

0

: (13)
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In the above equations, Ru is the excess Rayleigh ratio, i.e., a measure of

light scattered by the solute; n is the solvent refractive index; dn/dc is the

refractive index increment of the solute;NA is theAvogadro number; andl0 is

the wavelength of the incident light. For conversion of scattered intensity to

Rayleigh ratio, a conversion factor, A, was calculated as follows: A standard

IgG molecule of known molecular weight was analyzed on a size exclusion

chromatography column connected in series to a dual detector cell assembly,

housing an ultraviolet and light scattering detector, and a refractive index

detector (54). The setup allows for calculation of dn/dc of a solute in a given

solution condition as defined by the mobile phase. The mobile phase used for

this purpose was pH 5.4, 40 mM, acetate buffer. Once the dn/dc was cal-

culated (0.184), the optical constantK for the static light scattering instrument

was calculated using Eq. 13. Equation 12 can then be written as

Kc

ðIP � IBÞA ¼ 1

Mw

1 2B22c; (14)

where IP is the scattered intensity from the protein solution, IB is the scattered

intensity from solvent, i.e., the buffer and A is the Rayleigh ratio conversion

factor. A series of concentration of the standard IgG were then analyzed for

scattered intensity (IP and IB) on PDDLSCool Batch in pH5.4, 40mM, buffer

and constant A was calculated from intercept (as Mw was known). For the

model IgG2, dn/dc values for different solution conditions were determined

on the triple detector size-exclusion chromatography set up as detailed above

for the standard IgG. For different buffers studied, dn/dc values for the model

IgG2 ranged between 0.183 and 0.187. Thus, an average value of 0.185 was

used for calculation of constant K. This value for dn/dc was also found to be

consistent with the value reported for IgG in the literature (55,56). The solvent

refractive index, n, values for the buffers used were taken from literature (57).

RESULTS AND DISCUSSION

Fig. 1 a shows the change in solution G9 with IgG2 concen-

tration at different pH. An existence of G9 for most of these

solutions indicates that they behave as viscoelastic liquids at

the frequency employed for measurement and are unable to

lose all the applied energy by flowing with the applied strain.

However, solutions at pH 5.4 do not exhibit a measurable

solution G9 at concentrations below ;60 mg/ml, i.e., these

solutions behave as Newtonian liquids at 10 MHz, either

because the interactions between the molecules are too weak

or the concentration of the interacting molecules is too less

for the system to store energy in the allowed time. The same

is true for pH 7.4 and 9.0 solutions at and below 40 mg/ml.

At concentrations of 40 mg/ml or less, pH 3.0 solutions (and

pH 4.0 solutions (15), data shown in Fig. 4 b), exhibit a
measurable G9. As the concentration of IgG2 increases,

solutions at pH 7.4 and 9.0 begin to exhibit a sharp increase

inG9 compared to pH 5.4 solutions, with pH 9.0 showing the

most dramatic increase. However, pH 3.0 solutions do not

exhibit such a steep increase as pH 7.4 and 9.0 although the

measured G9 stays higher than the corresponding concen-

tration solution at pH 5.4. Solution G9 as a function of IgG2

concentration was also measured at other solution pH be-

tween pH 3.0 and 9.0 (data not shown) and pH 5.4 solutions

exhibited the minimum G9 as compared to corresponding

concentration solutions at other pH. Fig. 1 b summarizes the

effect of pH on solution G9 for one such solution concen-

tration, i.e., 120 mg/ml for all the pH studied. This kind of

behavior of the model IgG2 indicates that the nature of inter-

actions governing the storage of energy in IgG2 solutions is

different at solution pH above and below pH 5.4. Solution

ultrasonic G9 for the model IgG2 data has been discussed in

greater detail in a recent work (15).

In solutions of charged proteins, the sum of the potentials

of the mean interparticle forces (W22) contributing to

nonideality can be expressed by the following equation (42):

W22ðrÞ ¼ WhsðrÞ1WchargeðrÞ1WdispðrÞ1WosmðrÞ
1WassðrÞ1WdipðrÞ: (15)

In the expression, r is the interparticle center-center dis-

tance, Whs is the hard sphere (excluded volume) potential,

Wcharge is the electrostatic charge-charge potential,Wdisp is the

van der Waals dispersion potential, Wosm is the attractive

potential due to the osmotic effect of added salt, Wass is the

square-well interaction that accounts for self-association of

proteins, and Wdip is the interaction due to permanent and

induced dipoles. Under low to moderate ionic strength

conditions (,0.1 M), Wosm is not significant, and other terms

in Eq. 15 contribute to the total interparticle interactions.

Among these interactions, charge-charge forces, which are

FIGURE 1 Solution storage modulus (G9) for IgG2 solutions at a

frequency of 10 MHz measured using the ultrasonic shear rheometer (15)

(a) as a function of IgG2 concentration at different solution pH and (b) for

120 mg/ml IgG2 solutions as a function of solution pH. The buffer ionic

strength was 4 mM. The line in Fig. 1 b connects the points to guide the eye
and is not a result of a model fitting to the data. The error bars if not visible

are smaller than the symbols used.
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repulsive in nature, play the predominant role in dilute so-

lutions unless the molecules have a tendency to self-associate,

when the last term also contributes significantly (42,58) . In

concentrated solutions, repulsive-excluded volume effect and

attractive van der Waals and dipole forces, all of which are

short-range, begin to contribute significantly in addition to

charge-charge repulsive forces.

Previous investigation (15) into the contributing interac-

tions responsible for the aforementioned behavior of the

model IgG2 has revealed the contribution of higher effective

volume (intrinsic viscosity) and electrostatics (z-potential) at
lower pH studied in this work. Both intrinsic viscosity and

z-potential gradually decreased as the pH was increased from

4.0 to 9.0, indicating a decrease in repulsive PPI. In the cited

work, pH 9.0 solutions exhibited the greatest scattered light

intensity measured at 600 nm and at an IgG2 concentration of

10 mg/ml, whereas pH 4.0 solutions exhibited the least

scattered intensity. Concentrated solutions (120 mg/ml) at

pH 9.0 also exhibited slight opalescence, which could not be

removed by centrifugation. However, solutions became clear

on reducing the solution pH, indicating the presence of some

soluble and reversible higher molecular weight species in pH

9.0 solutions at 120 mg/ml. The reversibility of the opales-

cence also indicated that it was not a result of precipitation or

irreversible aggregate formation. Our results thus indicated

the gradual transition from highly repulsive PPI to less

repulsive or more attractive PPI with increasing pH. To

investigate if such an understanding regarding PPI generated

from ultrasonic rheology and biophysical characterization

studies of IgG2 solutions was indeed correct, light scattering

studies were undertaken.

Fig. 2 a shows the effect of solution pH and protein

concentration on the measured dH (apparent) of the model

IgG2 solutions at an ionic strength of 4 mM. Hydrodynamic

diameter changes both with solution pH and protein

concentration. A decrease in dH with IgG2 concentration is

observed for pH 4.0 solutions and an increase is observed for

pH 9.0 solutions. Using Stokes-Einstein equation, the

measured dH and solution viscosity values were used to

calculate Dm for the model IgG2 molecule. These calculated

values have been plotted in Fig. 2 b in which the lines

represent a linear fit (Eq. 7) to the data. With an increasing

solution pH, a decrease in the slope of the plots is observed.

In our studies, the average value of the intercept of Fig. 2 b,
which corresponds to Ds for the model IgG2, was calculated

to be 4.20 6 0.16 3 10�7 cm2/s, which corresponds to a dH
of 11.3 6 0.8 nm. This size is equal (within experimental

error) to the dH reported in the literature for a protein with

Mw of ;144,000 (59,60). From Fig. 2 b, it can be seen that

with increasing solution pH, PPI become more attractive and

less repulsive, consistent with the behavior understood from

solution G9 measurements. During DLS studies, the poly-

dispersity index for all the samples analyzed was #0.1,

which is consistent with a monodisperse sample, i.e., no

aggregates were present in the solutions analyzed.

Subsequently, SLS studies were conducted to determine

B22, a classical measure of interparticle interactions. Fig. 3

shows theDebye plots for themodel IgG2 solutions at an ionic

strength of 4 mM at different solution pH. pH 4.0 solutions

exhibit the most positive slope and pH 9.0 solutions exhibit

the least positive slope. Unlike DLS measurements (Fig. 2 b),
the slope of theDebye plot at pH9.0 is not negative, indicating

the net PPI to be less repulsive than pH 4.0 but not attractive.

This observation can be explained based on the nature of

interactions contributing to SLS and DLS for a macromolec-

ular solution under given experimental conditions. The last

two terms in Eq. 8 represent the hydrodynamic interactions

(kH)of the solute molecules, whereas the first term involving

B22 represents thermodynamic contribution (kT) involving

direct interactions (61,62), i.e.,

kD ¼ kT � kH; (16)

where

kT ¼ 2B22Mw (17)

and

FIGURE 2 (a) Hydrodynamic diameter (dH) and (b) mutual-diffusion

coefficient (Dm) for IgG2 molecules as a function of concentration and

solution pH at 4 mM ionic strength and 25 6 0.1�C measured using DLS.

The measurements were conducted in triplicate. Dm was back calculated

from the measured dH using the Stokes-Einstein equation (Eq. 9) and

solution viscosities measured on the ultrasonic shear rheometer. In Fig. 2 a,

lines connect the data points and are not a result of model fitting, and in Fig.

2 b, lines are linear best fits with the slope and intercept representing DskD
and Ds (self-diffusion coefficient), respectively (Eq. 7).
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kH ¼ z1 1 2ysp: (18)

Hydrodynamic interactions contribute to calculated diffu-

sivity ofmolecules in solution in the ‘‘hydrodynamic regime’’

(63), which exists when i), the measurement time in DLS (tD)
is larger than the average collision time (tc) between the solute
molecules, and ii), the scattering wave number q as repre-

sented by Eq. 19 is small enough such that q�1 is larger than

the center-to-center interparticle distance (64):

q ¼ 4pn

l
sin

u

2

� �
: (19)

In Eq. 19, n represents the solution refractive index, u is

the scattering angle, and l is the wavelength of incident light.

In our experiments, tc for IgG2 molecules at the lowest

concentration used for DLS measurements, i.e., 4 mg/ml,

was measured to be ;9 3 10�6 s, using Eq. 20 (65), and

decreased to ;3 3 10�6 s at 12 mg/ml:

tc ¼ ð4pDsdHrnÞ�1
: (20)

In Eq. 20, rn is the protein number density defined as

number of protein molecules per unit volume and is depen-

dent on protein concentration. The tD calculated from the

decay of the correlation function was ;4 3 10�5 s. The

center-center distance at 4mg/mlwas calculated as r
�1=3
n to be

;31 nm, which reduced to;22 nm at 12mg/ml, whereas q�1

was ;39 nm for our experiments. Therefore, although SLS

measurements were affected by thermodynamic interactions,

DLS measurements were affected by hydrodynamic interac-

tions in addition to thermodynamic interactions (65). The

negative slope at pH 9.0 in Fig. 2 b is thus a result of a kD
exceeding kT. Table 1 summarizes the results for DLS and

SLS analysis conducted on the model IgG2. Although the

slopes in Figs. 2 b and 3 for pH 9.0 solutions have different

signs for the reason explained above, the overall behavior of

the IgG2 in solutions as elucidated by SLS measurements is

consistent with DLS measurements, i.e., the PPI are most

repulsive at pH 4.0 and least repulsive at pH 9.0. Both kD and

kT (}B22) exhibit a monotonic decrease with increasing

solution pH.

After conducting these light scattering studies, the behavior

of the model IgG2 in solution can be summarized as follows:

Three different kinds of interactions play a role in governing

solution behavior of IgG2 molecules. Long-range charge-

charge interactions, which are repulsive in nature, dominate at

acidic pH in lower concentration IgG2 solutions (pH 3.0 and

4.0 solutions exhibit larger G9 at lower concentrations). At
acidic pH and higher IgG2 concentrations, both excluded

volume and charge-charge interactions predominantly con-

tribute to solution behavior. Specific attractive PPI, the nature

of which is yet undetermined, contribute more significantly at

pH 7.4 and 9.0 and cause a sharper increase in solution G9 as
compared to repulsive interactions with increasing IgG2

concentration. The dominant role of repulsive and attractive

interactions switches around pH 5.4 and consequently these

solutions exhibit a minimum in solution G9.
To investigate the correlation between G9 and PPI further,

ultrasonic rheology and light scattering measurements were

conducted on IgG2 solutions of increasing ionic strength at

various solution pH. The ionic strength was adjusted with

sodium chloride. Fig. 4, a and b, show the effect of ionic

strength on IgG2 solution G9 at different pH. Fig. 4 a shows

data for 120 mg/ml and Fig. 4 b for 40 mg/ml IgG2 solutions.

From Fig. 4 a, it can be observed that solutionG9 increases at
pH 4.0 and 5.4, and decreases at pH 9.0 with increasing

solution ionic strength. At pH 7.4, such a monotonic increase

or decrease in solution G9 with ionic strength is not observed
asG9 decreases from 4mM to 40mM and then increases from

40 mM to 300 mM, althoughG9 at 300 mM is still lower than

that at 4 mM. It has been discussed earlier in this section that

when PPI are highly repulsive (below pH 5.4 from Fig. 1 a),
G9 is higher for solutions with lower concentration of IgG2.

As the interactions become less repulsive and more attractive

(with pH increasing above 5.4), solutions with higher IgG2

concentrations exhibit higher solutionG9. FromFig. 4 b, it can
be observed that at 40 mg/ml, ionic strength does not sig-

nificantly affect the solution G9, although the measured G9 is
highest at pH 4.0 as mentioned earlier during discussion of

Fig. 1 a. Therefore, the increase in G9 with ionic strength

observed for pH 4.0 and 5.4 (Fig. 4 a) is a result of PPI

becoming less repulsive or more attractive. The increase

cannot be due to PPI becoming more repulsive since no

significant changewas observed for lower IgG2 concentration

solutions (40 mg/ml). For pH 7.4 and 9.0 solutions in Fig. 4 a,
the predominant effect of ionic strength is to decrease G9 at
higher protein concentrations, whereas lower protein con-

centration (Fig. 4 b) solutions do not exhibit a significant

change in G9 with ionic strength. This kind of behavior

indicates that the interactions become less attractive or more

repulsive with increasing ionic strength with pH 9.0 solutions

being affected more than pH 7.4 solutions. However, the

FIGURE 3 Debye plots for IgG2 solutions as a function of solution pH at

4 mM ionic strength. The second virial coefficient and molecular weight

calculated from the slope and intercept, respectively, of the Debye plots have

been summarized in Table 1. The measurements were conducted at 25 6
0.1�C in triplicate for each solution.
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increase in repulsive interactions is not large enough to

increaseG9 at lower protein concentrations. Thus, the overall
effect of increasing ionic strength is to neutralize the effect of

solution pH on PPI and solution rheology in the model IgG2

solutions (increasingG9 at pH4.0 and 5.4 andmaking PPI less

repulsive or more attractive and decreasing G9 at pH 7.4 and

9.0 and making PPI more repulsive or less attractive).

Fig. 5 summarizes the effect of ionic strength on kD for the

model IgG2 in solutions of different solution pH. A scale

break has been included in the x axis to compare the low and

high ionic strength regions. A more extensive study of the

effect of ionic strength on kD was conducted between 4 mM

and 40 mM, with small increments in ionic strength. The

reason for this is explained in the next few lines. At pH 4.0 and

5.4, kD exhibits a steep decreasewith increasing ionic strength
consistent with decreasing repulsive PPI. At pH 9.0, an

increase in kD is observedwith ionic strength, although it stays
negative. The behavior at pH 9.0 is consistent with decreasing

attractive PPI. However, even at the highest ionic strength

studied, kD does not increase as much or the interactions do

not become as repulsive as those exhibited by pH 4.0 and 5.4

solutions at ionic strengths below ;20 mM. Another obser-

vation from Fig. 5 is the fact that the effect of pH on solution

behavior of IgG2 is more or less neutralized by 40 mM salt,

i.e., the value of kD / constant value (�1.0 ml/gm in this

case) for all the pH studied. Thus, to study the true effect of

ionic strength, more salt concentrations were studied in this

narrow range from 4 m to 40 mM. Between the ionic strength

of 60mM–300mM, kD can be observed to be almost constant.

TABLE 1 Parameters calculated for IgG2 in solution using static and dynamic light scattering measurements at 25 6 0.1�C. The
buffers were formulated at 4 mM ionic strength; each solution was analyzed in triplicate

pH Ds 3 10�7 (cm2/s)* dH (nm)y B22 3 10�4 (mol ml/gm2) Mw (31000)z kD (ml/gm)§ kT (ml/gm){ kH (ml/gm)k

4.0 4.19 6 0.11 11.6 6 0.3 13.6 6 1.1 153 6 17 16.7 6 0.7 392.4 6 31 375.7

5.4 4.10 6 0.03 11.8 6 0.1 7.1 6 0.1 139 6 2 10.1 6 0.2 202.3 6 3 192.2

7.4 4.40 6 0.02 11.0 6 0.0 2.4 6 0.1 147 6 2 0.5 6 0.1 69.5 6 2 69.0

9.0 4.47 6 0.02 10.8 6 0.0 1.1 6 0.1 149 6 3 �2.5 6 0.1 31.2 6 1 33.7

*From intercept of plots in Fig. 2 b.
yTrue hydrodynamic diameter calculated at c / 0.
zFrom Debye plots (Fig. 3).
§Slope (plots in Fig. 2 b)/Ds.
{Calculated using Mw of 144,000.
k6 SD not given as value calculated is the difference between average kD and kT.

FIGURE 4 Solution G9 for IgG2 solutions at a frequency of 10 MHz

measured using the ultrasonic shear rheometer as a function of ionic strength

and pH at (a) 120 mg/ml and (b) 40 mg/ml protein concentration. The ionic

strength was adjusted using sodium chloride, and analysis was conducted at

25 6 0.1�C in triplicate. The error bars if not visible are smaller than the

symbols used. A scale break has been included in the x axis. The lines connect

the points to guide the eye and are not a result of model fitting to the data.

FIGURE 5 Calculated kD values for IgG2 molecules in solution of

different pH with ionic strength ranging from 4 mM to 300 mM. The ionic

strength was adjusted using sodium chloride. The data points have been

connected to guide the eye. A scale break has been included in the x axis.

The lines do not represent the result of model fitting to the data.
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Fig. 6 shows the effect of increasing ionic strength on B22

of IgG2 in solution. A scale break has been included in the x
axis. Solutions at pH 4.0 and 5.4 show a decrease in B22

value with increasing ionic strength, the effect being greater

at pH 4.0. These measurements further confirm that increase

in ionic strength of these solutions results in a decrease in

repulsive PPI. Solutions at pH 9.0 and 300 mM ionic

strength show a relatively small increase in B22 as compared

to lower ionic strength solutions. Although a negative B22

was not observed unlike a negative kD (Table 1) for 4 mM

ionic strength solutions at pH 9.0, the effect of ionic strength

on B22 is consistent with the change in kD, i.e., increasing
repulsive PPI or a decreasing attractive PPI. Consistent with

the observations from Figs. 4 and 5, the increase in repulsive

interactions at 300 mM is not large enough to result in as

positive a B22 as those observed for pH 4.0 and pH 5.4 at

4 mM ionic strength. In agreement with the DLS data, an

ionic strength of 40 mM is just enough to neutralize any pH-

mediated effect on B22 of IgG2 in solution. Thus, there is a

strong correlation between the predicted behavior of IgG2,

from G9 measurements done on concentrated solutions, and

that understood based on DLS and SLS measurements con-

ducted on dilute solutions.

Significance of high concentration measurements

Despite the qualitative correlations observed and discussed

above between high concentrationG9measurements and dilute

solution B22 and kD data, certain differences in the dilute and

concentrated solution behavior were also observed for the

model IgG2 solutions. Inour studies, opalescencewas observed

for high concentration solutions of IgG2 at pH 9.0 and 4 mM

ionic strength. The observed opalescence was reversible upon

dilution and with changing solution condition. This kind of

behavior indicates the presence of attractive PPI in concen-

trated IgG2 solutions. The steep increase in solution G9 with
IgG2 concentration above pH 5.4 also indicates the presence of

strong attractive interactions in concentrated solutions. How-

ever, a negativeB22, which is believed to be consistent with net
attractive PPI, was not observed from dilute solution studies.

Such a behavior of the model IgG2 is similar to the results of a

recent work conducted on an IgG1 molecule (8), which

demonstrates the presence of reversible self-association and

thus net attractive interactions in high concentration solutions

of a monoclonal antibody. In the cited work as well, the B22

valuesmeasuredby the authorswere found tobepositive (2.36
0.12ml-mol/gm2).Althoughwedid not analyze the presenceor

absence of self-association in concentrated solutions of the

model IgG2, a reversible phenomenon was indeed observed.

Due consideration also needs to be given to the interparticle

distance (inverse cube root of protein number density, r
�1=3
n ) as

a function of concentration. The center-center interparticle

distance decreases with increasing concentration. For IgG

molecules, this distance is;22 nm at 20mg/ml and reduces to

12 nm at 120 mg/ml, which is close to the average hydrody-

namic size of the molecule. This would signify that at the

highest concentration used in our work, surfaces of the mole-

cules are in close proximity to each other, which would en-

hances the probability of molecular collisions and formation

of higher order species of a monomer. The small separation

distance also enhances the magnitude of attractive forces

including van der Waals and dipole interactions, which are

short-range forces as compared to long-range charge-charge

repulsive forces.

Fig. 7 demonstrates the difference in dilute and concen-

trated solution behavior. The figure shows the change in IgG2

solutionG9, measured at 120 mg/ml, and kD values measured

from relatively dilute solution analysis, for pH9.0 solutions as

a function of solution ionic strength. Both the parameters

exhibit themaximumchangewith ionic strength up to 40mM.

However, between 40 and 300 mM, whereas solution kD
changes insignificantly (signifying that attractive PPI existing

at lower ionic strengths have already been neutralized by

FIGURE 6 B22 values for IgG2 molecules in solutions of different pH as a

function of ionic strength. The results are an average of three measurements

conducted at 256 0.1�C. A scale break has been included in the x axis. The

lines do not represent the result of a model fit to the data.

FIGURE 7 Solution G9 (¤), at 120 mg/ml IgG2, and kD values ()),

calculated fromrelatively dilute solutionmeasurements (4–12mg/ml IgG2), for

IgG2 solutions as a function of solution ionic strength. A scale break has been

added in the x axis to focus on low and high ionic strength regions. The lines

connect the points to guide the eye and are not a result of a model fit to the data.
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40mMionic strength), solutionG9 continues todecrease (a scale
break has been incorporated in the x axis in Fig. 7 to focus on
low and high ionic strength regions). Similar correlation was

observed for other solution pH as well (data not shown)

wherein an increase in kD coincided with a decrease inG9 and
vice versa up to 40 mM ionic strength after which effect of

ionic strength on kD saturates butG9 continues to change with
ionic strength. This phenomenon can also be observed from

Fig. 6, where the effect of ionic strength, beyond 40 mM, on

B22 (dilute solution) is much smaller than on solutionG9 (Fig.
4 a, concentrated solution).

The aforementioned observations signify that a measurable

effect of a solution variable (pH, ionic strength, excipients, etc.)

on a solution property at relatively lower solute concentrations

can be used to predict the solution behavior at higher solute

concentrations. However, the absence of any such measurable

change at lower solute concentrations cannot be a reliable

predictor of the solution behavior, with respect to that solution

variable at higher solute concentrations. Thus, to understand the

behavior of proteins in high concentration and crowded solu-

tions, it is critical to analyze the nature of PPI under the actual

concentrated solution conditions. Ultrasonic solution G9 mea-

surement can be powerful tool for performing such an analysis.

SUMMARY AND CONCLUSIONS

The storage modulus or G9 of a protein solution measured at

ultrasonic frequencies can provide valuable information re-

garding the nature of PPI in concentrated protein solutions. The

need for conducting measurements at ultrasonic frequencies

arises due to the timescale of movements that occur in protein

solutions. These movements are affected by the nature of PPI.

These include rotational and translation diffusion of protein

molecules in solutions, segmentalmotions, and conformational

rearrangements. The results presented in this work demonstrate

the correlation between the nature of PPI as understood and

predicted by ultrasonic G9 measurements with traditionally

used parameters for characterizing PPI, i.e., B22 and kD. An
understanding of the behavior of amodel protein, amonoclonal

antibody (IgG2), generated fromG9measurements agrees well

with the light scattering measurements (static and dynamic) of

B22 and kD. Since methods for characterization of PPI are

limited to the analysis of solutions relatively dilute than those

employed for measurement of solution G9, the consistency

between ultrasonic rheology and light scatteringmeasurements

has been established in qualitative rather than quantitative

terms. Results presented here also demonstrate that in certain

cases where dilute solution analysis fails to capture the effect of

solution environment on protein behavior, analysis under

higher concentrations can be successfully used to distinguish

this effect.UltrasonicG9measurement is a tool that is applicable

to the analysis of PPI in high protein concentration solutions.
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