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ABSTRACT: The solution viscosity and protein−protein interactions (PPIs) as a function of temperature (4−40 °C) were
measured at a series of protein concentrations for a monoclonal antibody (mAb) with different formulation conditions, which
include NaCl and sucrose. The flow activation energy (Eη) was extracted from the temperature dependence of solution viscosity
using the Arrhenius equation. PPIs were quantified via the protein diffusion interaction parameter (kD) measured by dynamic light
scattering, together with the osmotic second virial coefficient and the structure factor obtained through small-angle X-ray scattering.
Both viscosity and PPIs were found to vary with the formulation conditions. Adding NaCl introduces an attractive interaction but
leads to a significant reduction in the viscosity. However, adding sucrose enhances an overall repulsive effect and leads to a slight
decrease in viscosity. Thus, the averaged (attractive or repulsive) PPI information is not a good indicator of viscosity at high protein
concentrations for the mAb studied here. Instead, a correlation based on the temperature dependence of viscosity (i.e., Eη) and the
temperature sensitivity in PPIs was observed for this specific mAb. When kD is more sensitive to the temperature variation, it
corresponds to a larger value of Eη and thus a higher viscosity in concentrated protein solutions. When kD is less sensitive to
temperature change, it corresponds to a smaller value of Eη and thus a lower viscosity at high protein concentrations. Rather than the
absolute value of PPIs at a given temperature, our results show that the temperature sensitivity of PPIs may be a more useful metric
for predicting issues with high viscosity of concentrated solutions. In addition, we also demonstrate that caution is required in
choosing a proper protein concentration range to extract kD. In some excipient conditions studied here, the appropriate protein
concentration range needs to be less than 4 mg/mL, remarkably lower than the typical concentration range used in the literature.
KEYWORDS: monoclonal antibody, protein interactions, viscosity, NaCl, sucrose, dynamic light scattering, small-angle X-ray scattering,
rheology, temperature sensitivity, flow activation energy

■ INTRODUCTION
Monoclonal antibodies (mAbs) are a fast-growing group of
pharmaceutical molecules1,2 The mAb solutions usually exhibit
peculiar and diverse viscosity−concentration profiles that the
viscosity increases in an exponential manner with increasing
antibody concentration. This behavior is of significant interest
because the rise in viscosity will pose challenges in
manufacturing, administration, and delivery.2−4 In order to
develop general strategies and guidelines to select low-viscosity
candidates at early drug discovery stages, there have been
considerable efforts focusing on understanding the key factors

controlling the viscosity of concentrated mAb solutions.3−15

The discussion of concentration-dependent viscosity behavior
often falls into a colloidal description of protein solutions that
relies predominantly on pairwise intermolecular interactions.
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Under such a framework, elevated viscosities are generally
linked to protein−protein interactions (PPIs), which change
with distance (therefore concentration) and relative protein
orientations, leading to non-ideal solution behaviors. There
have been many efforts to investigate the potential correlation
between the quantifiers of PPIs and measured viscosity.16−18

Experimental determination of the orientation influence on
anisotropic PPIs, such as the PPIs among mAbs, has been a
long-standing challenge. Commonly used parameters to
characterize PPIs, such as the second virial coefficient (B22)
or the diffusion interaction parameter (kD), are the averaged
results over protein orientations and distances and are
measured at low protein concentrations.19 The sign and
magnitude of B22 or kD represent the sum of all underlying
interactions (e.g., electrostatic interactions, van der Waals
interactions, hydrogen bonds, and hydrophobic interactions)
that can exist between mAbs. Several techniques can be used to
measure B22, including osmometry,

20 static light19,21,22/X-
ray23,24/neutron25 scattering, sedimentation equilibrium,26

self-interaction chromatography,27 and size-exclusion chroma-
tography.28 The parameter kD can be obtained by dynamic
light scattering (DLS) using the approximately linear relation-
ship of diffusion coefficient (D) vs concentration (C).29 Values
of kD reflect both thermodynamic and hydrodynamic
interactions. A linear correlation between B22 and kD has
been reported for a substantial number of measure-
ments16−18,30−32 at a wide range of solution conditions (pH
and ionic strength) and many mAbs. Since the measurement of
B22 can be cumbersome and time-consuming, and kD can be
determined by DLS with a high-throughput and small
quantities of proteins, there is a growing trend of using kD as
an indicator of PPIs. In some reports, deviations from the
linear dependence between B22 and kD could also be found,

13,33

especially when a relatively large quantity of excipients, such as
sugars, was added. Caution is required to explicitly consider
the presence of such a solute and its self- and hetero-
interactions.
It has been proposed that kD (or B22) can be reasonably

utilized for the viscosity prediction for different mAbs in the
same formulation; i.e., samples with positive kD values
generally tend to have lower solution viscosity at high
concentrations, whereas negative kD values are linked to
higher viscosity. This proposal is consistent with an intuitive
physical picture that attractive PPIs may introduce reversible
cluster formation, driving the viscosity higher.4,14,15,34−37 In
fact, the analysis of a diverse database (29 mAbs in Connolly et
al.’s work17 and 59 mAbs in Kingsbury et al.’s work18) seems to
indicate that this proposal can be a reasonable approach.
However, results from some other mAbs have not always
agreed with this proposal. For instance, Yadav et al.3

demonstrated a case that kD of a mAb-A is more negative,
indicating relatively stronger attractions in dilute solution as
compared with mAb-H, but mAb-H is more viscous than mAb-
A at high protein concentrations. Moreover, when comparing
mAb solutions in different formulations, the value of kD (or
B22) does not always correlate well with the viscos-
ity.13,32,34,38−42 If using only the value of kD (or B22) as an
indicator of PPIs, one will find in some cases that even large
and qualitative changes in PPIs caused by excipients do not
result in a significant change in solution viscosity, while in
other cases, increased viscosity can be caused by both
increased kD and decreased kD, as shown in Woldeyes et
al.’s32 work on 4 different mAbs under a range of formulation

conditions (i.e., pH and/or ionic strength). This inconsistency
illustrates the limitation of predicting (quantitatively in
particular) the high concentration behaviors by the results
from dilute solutions, further highlights the complex nature of
the PPI−viscosity relation, and raises the question about the
validity of using the value of kD (or B22) as a predictor of the
viscosity behavior of concentrated protein solutions. Since kD
(or B22) offers only averaged interaction information obtained
at relatively dilute conditions, it is not very surprising that kD
(or B22) may not be able to explain the properties at high
concentrations for some proteins.
Temperature is another factor altering PPIs and solution

viscosity, which has not been extensively investigated. The
temperature dependency of quantities that characterize
effective PPIs (i.e., B22 or kD) is influenced by the formulation
conditions and proteins because PPIs depend on the interplay
between proteins and solvent molecules.43−46 And the solution
viscosity of many mAbs11,36,47−49 and globular proteins37,50,51

has been generally observed to decrease with increasing
temperature. However, to the best of our knowledge, very few
studies have been reported to explore the change of PPIs as a
function of temperature and its relationship with viscosity for
mAb systems. Recently, Woldeyes et al.47 studied the
temperature effect on the viscosity of 3 proteins including 2
mAbs, at different pH values and ionic strengths, and discussed
the concentration−temperature−viscosity−PPI relations. The
sensitivity of viscosity to temperature can be described in terms
of an Arrhenius activation energy of viscous flow (Eη), which
assesses the minimum energy required for a molecule of the
solution to escape the influence of its neighbor molecules.
They found that Eη, which is a function of concentration, is
sensitive to the types of proteins but is independent of the
studied formulations. The larger Eη is associated with the
higher viscosity of the concentrated solutions. They also
suggested that the anisotropic attractive interactions, which are
sensitive to temperature, account for the highest rise in
viscosity at high protein concentrations.
However, it is not clear if Woldeyes et al.’s47 observations

can be applied to other mAbs and different types of
formulations. Because of the huge diversity in mAb molecules,
it is thus necessary to explore other mAb systems with
additional formulation conditions. The objective of this work is
to examine the correspondence in temperature dependence of
PPIs and solution viscosity of an industrial mAb and its
impacts by NaCl and sucrose. The IgG1 mAb obtained from
Merck & Co., Inc. (Rahway, NJ, USA) has a net charge of +17
at pH 6. According to the predictions from a work using
machine learning by Lai et al.,8 the viscosity of mAb with the
net charge between 12 and 34 is not only determined by
charge effects but also partly correlated with the hydrophilic
and hydrophobic residues in the Fv regions of mAb. Here, a
common salt NaCl which is generally known to screen
electrostatic interactions and a popularly used tonicity modifier
sucrose which stabilizes proteins by preferential exclusion and
hydration model as explained by Timasheff and Lee52,53 were
chosen as excipients for the purpose of this study. The impacts
of NaCl and sucrose, separately and together, help to identify
the nature of dominated interactions. A correlation based on
the temperature dependence of viscosity (i.e., Eη) and the
temperature sensitivity in PPIs was observed. The information
presented in this study will be beneficial for the development
of a more efficient formulation design methodology.
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■ METHODS
Sample Preparation. Buffers were prepared in distilled,

deionized water (resistivity 18.2 MΩ cm, Millipore): (i) pH
6.0, 10 mM histidine; (ii) pH 6.0, 10 mM histidine with added
150 mM NaCl; (iii) pH 6.0, 10 mM histidine with added 70
mg/mL sucrose; (iv) pH 6.0, 10 mM histidine with added 150
mM sodium chloride and 70 mg/mL sucrose. All buffers were
filtered through a 0.22 μm PES filter (Thermo Fisher
Scientific) and stored at 4 °C prior to further use. The initial
25 mg/mL mAb solutions in 20 mM sodium citrate buffer at
pH 6.0 with 150 mM NaCl (as received from Merck & Co.,
Inc., Rahway, NJ, USA) were dialyzed into the buffers
described above, respectively. To ensure a complete buffer
exchange, a 10 mL starting mAb solution in Slide-A-Lyzer
Dialysis Cassettes (10 kDa MWCO, Thermo Fisher Scientific)
was dialyzed against 1000 mL of the desired buffer using three
12 h buffer exchanges at 4 °C. The dialyzed mAb solution was
then sterile-filtered with a 0.22 μm PES filter. For each
formulation condition, a series of protein solutions with
concentrations covered from 1 to 160 mg/mL were prepared.
Concentrated protein solutions were obtained using 30 kDa
MWCO ultracentrifugal filter units (Millipore) through
membrane centrifugation at 4500g. Concentrations of mAb
solutions were measured by a NanoDrop OneC UV−vis
spectrometer (Thermo Fisher Scientific) using an extinction
coefficient of 1.64 mL mg−1 cm−1. The concentration value
(C) used in this study was the mean value based on 5
replicates. The standard deviation of C was within ±2% for C
≤ 50 mg/mL and ±5% for C > 50 mg/mL.
Microcapillary Viscosity. Viscosity measurements were

conducted using a small-volume microcapillary rheometer
developed by Salipante et al.54 Liquid samples (∼150 μL) were
driven pneumatically through a microcapillary and partially
filled a larger glass capillary with a diameter of 100 μm. The
glass capillary was mounted on an optical linear sensor to track
the air−liquid meniscus in real time and trigger the reversal of
the flow direction by switching a pneumatic valve. Each transit
provided a volumetric flow rate measurement, which was used
with the pressure drop to determine the viscosity as a function
of the shear rate. A given sample was measured over at least 2−
3 decades in shear rate, in the range of 10−105 s−1.
Temperature sweeps (at 4, 10, 20, 30, and 40 °C) were
conducted in situ for each sample. A 5 min thermal
equilibration was allowed before each measurement. All
measured solutions demonstrated a Newtonian fluid response;
i.e., the viscosity was independent of the measured shear rate.
Viscosity was averaged over all shear rates measured with an
estimated uncertainty within ±5%.
Dynamic Light Scattering. Assessment of the interaction

parameter kD was performed using DLS at 4, 10, 15, 20, 25, 30,
35, and 40 °C using a Dynapro Nanostar instrument (Wyatt)
with a scattering angle of 90°. Fifteen minutes were allowed for
thermal equilibration at the targeted temperature. Samples
were filtered through a 0.22 μm PES filter before the DLS
measurement. A total of 20 scans of 30 s each were recorded
and analyzed, and results were averaged for each measurement.
The regularization method was used to calculate the collective
diffusion coefficient D from the intensity autocorrelation
function (G2(t)). The concentration dependence of D was
used to calculate kD and the infinite-dilution diffusion
coefficient (D0) as a function of temperature according to

D D k C(1 )0 D= + (1)

The presented results of D are mean values with standard
error determined in triplicate for each protein concentration.
In sufficiently dilute systems, the average hydrodynamic radius
(Rh) can be calculated from its D using the Stokes−Einstein−
Sutherland equation

D
k T

R6
B

b h
=

(2)

where kB is the Boltzmann constant, T is the temperature, and
ηb is the buffer viscosity. The influence of 150 mM NaCl on
the solvent viscosity is considered to be negligible based on the
viscosity table of aqueous NaCl solutions provided by Kestin et
al.,55 so is the influence of 10 mM histidine due to its very low
concentration. The viscosity of the 70 mg/mL sucrose solution
at different temperatures was calculated based on the available
data and method described by Telis et al.56 Values for buffer
viscosity used in this study are listed in the Supporting
Information. The effect of temperature-dependent reduction of
the refractive index was insignificant within the studied
temperature range based on the findings of Schiebener et
al.,57 and no temperature corrections of the refractive index
were made.
Small-Angle X-ray Scattering. The second virial

coefficients (B22) of mAbs were analyzed by small-angle X-
ray scattering (SAXS). Measurements were performed at the
ID-7A1 Bio-SAXS beamline at the Cornell high-energy
synchrotron source. This instrument employed a photon
energy of ≈9.8 keV with 1.5% bandwidth, had a sample-to-
detector distance of 1648 mm, and probed scattering
wavevector, Q, values of 0.008−0.52 Å−1. Measurements
were conducted at 4, 20, and 40 °C. The sample chamber
was a capillary that oscillated the 50 μL sample back and forth
to minimize the damage from radiation. Each measurement
was made by exposing the oscillating sample to the beam at
least 5 times (up to 100 times for low-concentration solutions
such as C = 1 mg/mL) of 1 or 0.5 s per exposure. Exposures
indicating no radiation damage were then averaged together to
improve counting statistics. Data reduction was performed
using BioXTAS RAW software.58 Background subtraction for
capillary and corresponding buffers were performed.
SAXS intensity for a simple, noncompressible system

consisting of monodisperse scattering particles in a solvent
can be generally expressed as

I Q N C M V P Q Q( ) ( / )( ) ( )S( )A
2 2= (3)

in which V is the molecular volume of the particles (here
proteins), (C/M) is the molar concentration of proteins, and
Δρ is the difference in the scattering length density between
proteins and the solvent. In addition, P(Q) is the normalized
form factor that represents the shape of the scattering objects,
which is unity in the limit-of-zero scattering angle, and S(Q) is
the structure factor that takes into account the effects of
thermodynamic nonideality arising from the PPI, which is
approximately unity at low particle concentrations where the
interparticle interference is negligible.
The accessible low-Q limit corresponds to R = 78.5 nm

(=2π/Qmin) in real space; therefore, part of the Q-range
satisfying the criteria QR < 1.3 (with R ≈ 5.0 nm) is available
for Guinier approximation.59 Extrapolation of the intensity to
zero scattering angle using Guinier approximation59 yields I(0)

I Q I R Qln ( ) ln (0) ( /3)g
2 2= (4)
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Here, Rg is the radius of gyration. Substitution of a value of
unity for P(Q) in eq 3 then gives

I N C M V S(0) ( / )( ) (0)A
2 2= (5)

For convenience, eq 5 is rearranged as

C
I

M
N V S KS(0) ( ) (0)

1
(0)A

2 2= =
(6)

Combination of eq 6 with the relationship

S B C(0) 1/(1 2 ...)22= + + (7)

for the description of thermodynamic nonideality then leads to
the expression60

C
I

B C
K K

B
K(0)

1 2 ... 1 2 C22 22= + + +
(8)

SAXS experiments were performed on a series of mAb
concentrations for each excipient formulation. Equation 8
allows quantification of B22 (mL mol g−2) from the slope/
ordinate intercept ratio of a linear dependence of C/I(0) upon
C. Here, a concentration region of 1−7.5 mg/mL was
subjected to B22 calculation.
With concentration increases, SAXS profiles reflected

contributions from both P(Q) and S(Q). Compared to the
SAXS profiles measured from dilute solutions, where PPIs were
minimal, the appearance of S(Q) was reflected by the deviation
of I(Q) at a low scattering angle. Experimentally, S(Q) was
calculated by comparing the concentration-normalized scatter-
ing intensity at low and high concentrations

S Q
I Q C C

I Q C C
( )

( , )/
( , )/dilute dilute

=
(9)

Here, the experimentally determined structure factor is defined
as “effective” S(Q) because it is affected by the shape and
anisotropy of interactions between molecules. In this study,
Cdilute is ∼1 mg/mL.

■ RESULTS
Viscosity of mAb Solutions. The results of viscosity

measurement are summarized in Figure 1 as functions of
protein concentration and temperature for the 4 sets of
formulation conditions studied. Relative viscosity (ηr) is

defined as the ratio between the total viscosity of mAb
solutions (η) and the corresponding buffer viscosity (ηb) at the
measured temperature. Because ηr is normalized by the solvent
viscosity, the change of ηr as a function of the temperature is
thus mainly driven by the change of the equilibrium structures
formed by proteins and controlled by the protein concen-
tration and PPIs.4 The values of ηr are observed to increase
with increasing protein concentration under all 4 formulation
conditions. This is expected because there are more transient
bindings between proteins in solutions with increasing
concentration.
Adding NaCl effectively decreases ηr. Adding sucrose shows

relatively less reduction on ηr. Samples with lower ionic
strength, i.e., in histidine control and with sucrose-added
conditions, have consistently higher viscosity as compared to
samples with NaCl added. The solution viscosity of the highest
concentration measured (∼160 mg/mL) at 20 °C is 27 cP in
the histidine control condition and 13 cP with 150 mM NaCl
added, respectively. Note that adding NaCl can re-
duce11,12,32,34 or increase13,18,35,41 viscosities or have no effect
on the viscosity10,32,34,35,40 in published reports. The difference
is claimed to be related to the different dependencies of PPIs
on ionic strength.4 Sucrose has also been reported to
reduce2,41,61 or increase11,13,42,61 the solution viscosity, or has
no effect,61 depending on the nature of given mAbs. Despite
the large body of work examining the effects of excipients,
there are currently no methods yet to predict NaCl and
sucrose actions on a given mAb. Note that the pharmaceuti-
cally desirable limit for subcutaneous injection is ∼20 cP at the
target dose concentration, above which the protein solutions
can be difficult to inject.2

With an increase in temperature, ηr decreases for all samples,
as indicated by the downward arrow in Figure 1. The relative
change of the viscosity by temperature is larger for solutions
without added NaCl than those with added NaCl. When the
temperature increases from 4 to 40 °C, the viscosity at ∼160
mg/mL decreases from 127 to 10 cP for the sample in histidine
control buffer, which is by a factor of about 13. However, the
viscosity for the sample in a buffer with 150 mM NaCl changes
from 35 to 7 cP within the same temperature range, which is
by a factor of 5. This is a sign of change in PPIs which will be
discussed later in the paper.
The impact of temperature on the solution viscosity can be

examined quantitatively by extracting the effective Eη using an
empirical Arrhenius-type model

i
k
jjjj

y
{
zzzzA

E

RT
exp=

(10)

where the pre-exponential term (A) is related to an activation
entropy and Eη is the apparent activation energy of viscous
flow.62,63 By taking the natural log of each side of eq 10, a
linear relationship between ln η and 1/T was used to calculate
Eη and ln A. Because the activation energy includes the
contributions of both the solvents and the proteins, the
activation energy of the whole solution (Eη) is subtracted by
the activation energy of the solvent (E0). Thus, (Eη − E0) is
mainly influenced by the interactions between proteins. Figure
2 shows (Eη − E0) as a function of mAb concentration under 4
different excipient conditions. It is evident that (Eη − E0)
increases as a function of concentration. In the case of hard
spheres, the increased solution viscosity at higher concen-
trations is completely due to packing effects, where the

Figure 1. Temperature effect on solution viscosity as a function of
concentration under 4 different excipient conditions: (■) histidine
control; (○) NaCl; (⧫) sucrose; (◁) sucrose + NaCl. For a given
concentration in all samples, the viscosity values follow a decreasing
trend as temperature increases (color darkens from 4, 10, 20, 30, and
40 °C) indicated by the arrow.
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apparent Eη as a function of concentration is expected to be a
constant. This constant Eη behavior has been observed for a
globular protein previously.47 Here, the gradual increase of Eη
values as a function of concentration indicates that additional
PPIs, besides the colloidal crowding effect, play a central role
in viscosity increase at higher mAb concentrations.
In the previous study by Woldeyes et al.,47 it was observed

that (Eη − E0) at a given concentration is independent of the
formulation conditions (pH and ionic strength) but
determined by the type of proteins only. Interestingly, for
the mAb studied here, the extracted (Eη − E0) values vary with
the excipient conditions. Meanwhile, (Aη − A0) seems to be
independent of the buffer conditions within the statistical
uncertainty, as shown in the Supporting Information. There-
fore, according to eq 10, a higher value of Eη should
correspond to higher viscosity in the given formulations. In
Figure 2, samples in the histidine control show the largest Eη,
which corresponds to the highest increases in viscosity at high
protein concentrations. Adding NaCl results in smaller Eη,
which corresponds to less increases in viscosity at high protein
concentrations. Overall, viscosity refers to a fluid’s resistance to
flow. Activation energy is like the energy needed to kickstart a
process. Activation energy influences fluid viscosity. Higher
activation energy means higher viscosity, while lower activation
energy leads to lower viscosity. In the following, we will look
for the relationship between the sensitivity of viscosity to
temperature (Eη) and the temperature dependence of PPIs.
DLS Results. To understand the PPI and its change as a

function of temperature, DLS experiments were conducted
under 4 different excipient conditions. It is important to note
that the values of D and thus Rh are affected by both the mAb
and the buffer conditions due to the inherently multi-
component nature of these solutions. A typical set of
correlation functions (G2(t)) obtained by DLS and their
corresponding best fits for hydrodynamic radius distributions
using exponential functions are shown in Figure 3. There is no
sign of aggregation in all of the DLS-measured samples. For
solutions without added sucrose, the data can be well fit by a
single relaxation mode, whereas for solutions with added
sucrose, there is an additional fast decay, which requires a
double-exponential fit. The fast-decaying mode is due to the
fluctuation of sucrose added to the solution. The slow decaying
mode is due to the motion of proteins in solution with sucrose.
As discussed in the Methods section, care has been taken to
consider the change of the solvent viscosity and refractive
index when extracting the hydrodynamic radius, Rh. The

extracted Rh for the mAb increased by about 1 nm after the
addition of sucrose in the solution. This apparent increase of
the protein size could be due to a corresponding increase in
the thickness of the hydration layer around a protein, similar to
what has been found in Baek et al.’s report.42

To illustrate the different effects of excipients and temper-
ature on D, values of D for samples in a concentration range of
0.5−15 mg/mL, measured at 4, 20, and 40 °C, are shown in
Figure 4A−C, respectively. The first thing to note is the
opposite effects on the concentration dependence of D caused
by NaCl and sucrose. For the samples added with NaCl, D
decreases as a function of the protein concentration in the
dilute region. For the samples added with sucrose, D increases
as a function of the protein concentration in the very dilute
region. For samples with both NaCl and sucrose added, D
remains almost constant with an increasing protein concen-
tration. This observation indicates that NaCl and sucrose
change the overall PPI in different ways. Due to the increase of
the solvent viscosity with added excipients (NaCl and sucrose),
the values of D at (near-) zero concentration are relatively
lower in various degrees as compared to the control group.
Similarly, due to the reduced solvent viscosity at elevated

temperatures, an overall increase of D with increasing
temperature is also noticed. Furthermore, increasing temper-
ature causes various degrees of changes in the slope of D vs C,
depending on the added excipients. A striking example is for
samples in the histidine control condition. At 4 °C (Figure
4A), the entire concentration range with C ≤ 10 mg/mL can
be taken as a linear region with a negative slope. However, with
an increase in temperature to 20 °C (Figure 4B), a linear
model could not be applied over the same concentration range.
Instead, this concentration range breaks down into two
regions, one with a near-zero slope (C < 4 mg/mL) and the
rest with a negative slope, as represented by the solid and
dashed lines from the linear regressions, respectively. With
increasing temperature, the plateau region with a near-zero
slope gradually expands, and it extends to ∼8 mg/mL when the
temperature reaches 40 °C (Figure 4C). The temperature
impact on the concentration range of the linear portion is also
noticeable in samples with added sucrose at low ionic strength
(no added NaCl). Although positive slopes are observed at all
measured temperatures, the linear portion in the D vs C plots
shrinks from C < 8 mg/mL at 4 °C (Figure 4A) to C < 5 mg/
mL at 40 °C (Figure 4C). The variation of the linear
concentration range is less sensitive to temperature for samples

Figure 2. Arrhenius activation energy of solution viscosity (Eη) with
the solvent contribution (E0) subtracted as a function of protein
concentration in 4 different excipient conditions. Error bars represent
standard errors from the computation.

Figure 3. Rh distribution function of two solutions with sucrose (⧫)
and without sucrose (■) at a mAb concentration of ∼1 mg/mL. The
measured temperature is 4 °C. Inset is the corresponding intensity−
intensity time correlation function.
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with NaCl added, regardless of sucrose, indicating that the
cause of temperature sensitivity is electrostatic-related.
These observations not only demonstrate the different

effects of excipient conditions and temperature on D but also
highlight the challenges in extracting kD accurately. The eq 1
used to extract kD is based on a linear approximation when the
concentration is small enough. With increasing concentration,
the thermodynamic nonidealities, crowding effects, and higher-
order interactions can alter net interactions, collective behavior
can be dramatically different from that observed under dilute
conditions.64 In general, to calculate kD from D vs C, 4−6
samples are typically measured with equally spaced protein
concentration in a dilute region. Theoretically speaking, the
smaller the protein concentration range used to extract kD, the
better the approximation. However, if the protein concen-
tration is too small, the DLS signal may become noisy and
sometimes influenced by the buffer molecules. Thus, from the
signal intensity perspective of the DLS measurement, using
larger protein concentrations is desired. Therefore, there is an
optimal range one needs to choose to balance both factors.
The protein concentration range commonly employed in the

literature for linear fit is ≤12 mg/mL3,5,16,32,33 or ≤25 mg/
mL.13,17,31,39,40,44 Even though the choice of concentration
seems to be simple and straightforward, this is nontrivial in our
cases. In some formulation conditions, such as the control
sample at 20 °C (Figure 4B), D is apparently not a linear
function of C at a concentration as low as about 4 mg/mL. The
concentration range of ≤4 mg/mL is much smaller than the
typical concentration range used in many literature reports.
Here, the linear portions of the D vs C curves are chosen by
visually inspecting the graphs and selecting only those data
points that appear to lie on a straight line. The narrow range
for linear extrapolation is due to the intrinsic nonlinearity of
the D vs C curves at low ionic strength.64 When no NaCl is
added, the electrostatic interaction, which is typically long-
ranged, dominates the PPIs in low-concentration regions. The
calculation over the different concentration ranges could lead
to large discrepancies in extracted kD values. Our approach to
improve accuracy is by reducing the spacing between data
points by measuring more samples with smaller concentration
increments. It is also interesting to see from our results that the
temperature-sweep measurement helps to justify the proper
linear portion. This is because the temperature-sweep
measurements generate a series of D vs C plots for the same
set of samples. In the case which may provoke controversy due
to data fluctuation at the signal-to-noise ratio, the general trend
observed in a sequence of temperatures can be used as a
reference and guide our selection for the linear region. The D
vs C data of all temperatures measured are available in the
Supporting Information.
The calculated kD values as a function of temperature in all 4

sets of excipient conditions are plotted in Figure 5. In general,

positive values for kD represent repulsive intermolecular
interactions and negative values represent attraction. Adding
NaCl or sucrose shows opposite effects on the values of kD.
NaCl can screen the electrostatic repulsion, causing a dramatic
decrease of kD values as compared to the control group.
Sucrose increases overall repulsion, causing a significant
increase of the kD values. This is consistent with the physical
picture that adding sucrose can help form a hydration layer of
water around a protein.52,53 This hydration layer essentially
increases the excluded volume of a protein to increase the kD.
Adding NaCl or sucrose also shows opposite effects on the

temperature sensitivity of kD. For the sample in the histidine
control condition, there is a steep increase in kD when T
increases from 4 to 15 °C, and it remains almost constant with
T further increased to 40 °C. Thus, the mAb in this

Figure 4. Concentration dependence of the diffusion coefficient of
mAb solutions under 4 different excipient conditions at 3 temper-
atures: (A) 4 °C; (B) 20 °C, and (C) 40 °C; (■) histidine control;
(○) NaCl; (⧫) sucrose; (◁) sucrose + NaCl. Lines show the linear
fit of D vs C. Error bars represent standard deviation from replicated
measurements.

Figure 5. Temperature dependence of kD of mAb solutions under 4
different excipient conditions. Error bars represent standard errors
from the computation.
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formulation condition has an overall more attractive PPI at 4
°C than that at higher temperatures. Some other proteins also
show stronger attraction at lower temperatures, such as
lysozyme.37 The origin of this temperature-dependent
attraction has not been fully understood.65 One speculation
is that the temperature-sensitive attraction is often related to
the hydrophobic patches on proteins. A similar temperature-
dependent attraction is also observed when sucrose is added to
the solution in our samples. Sucrose, which is known to alter
the hydration property, has little impact on the temperature-
sensitive attractions of the PPIs. Meanwhile, there is no
obvious temperature dependence of kD for samples with 150
mM NaCl. In general, salts can screen the electrostatic
repulsion but are not expected to influence the hydrophobic
introduced attraction between proteins. Therefore, this
interesting temperature-dependent attraction is likely coupled
with the charge interaction. Some future studies are needed to
study the mutual influence between the charge distribution and
potentially hydrophobic introduced attraction.
PPI Assessment by SAXS. There are many reports to

compare the values between B22 and kD.
13,16−18,30−32

Following eqs 4−8 discussed in the Methods section, B22 is
extracted from the SAXS data. The values of B22 from SAXS
data, as well as kD from the DLS data, for samples at 20 °C are
shown in Figure 6. It is noted that contrary to the extreme

sensitivity in the linearity of the D vs C curves at the dilute
range for kD calculation under some formulation conditions as
discussed in the previous section, the SAXS C/I(0) vs C curves
for B22 calculation follow relatively excellent linearity in the
dilute region (1−7.5 mg/mL) for all conditions. Illustrative
examples of the regression of the SAXS data are shown in the
Supporting Information.
Parameter B22 is determined by the effective PPI. In Figure

6, the B22 value in the histidine control buffer is slightly
positive, suggesting a very weakly repulsive PPI. The effects of
NaCl and sucrose on B22 are opposite to each other. Adding
NaCl changes the interaction significantly, as B22 reduces to a
negative value, suggesting an overall attractive PPI. Adding
sucrose changes the interaction dramatically as well because
B22 increases to a much more positive value, suggesting a
stronger repulsive behavior. When adding both NaCl and
sucrose, with NaCl decreasing the repulsive interaction by
screening the long-ranged electrostatic interaction while
sucrose increasing the repulsive interaction by introducing a
potential hydration layer, the combined effect leads to no

obvious change of B22 values compared to the control
condition.
Parameter kD is influenced by both the effective PPI and the

hydrodynamic interactions. The diffusion coefficient can be
expressed as66

D D
H Q
S Q

( 0)
( 0)0= =

= (11)

where the hydrodynamic function H(Q = 0) can be expanded
at relatively dilute concentrations to

H Q k C( 0) 1 H= = + (12)

kH is the hydrodynamic term which is strongly influenced by
the type of PPIs.67−71 Combining this relationship with eqs 7
and 1 leads to

k k B2D H 22= + (13)

The two solid lines in Figure 6 are references with a slope =
2. The intercepts correspond to kH. It is clear that kH varies a
lot between conditions with and without sucrose, which
indicates that sucrose has a strong effect on the hydrodynamic
flow. However, adding NaCl to the control samples or adding
NaCl to the samples with sucrose shows little change to the
intercept, i.e., kH. Therefore, NaCl has little effect on the
hydrodynamic flow. The change of kD when adding NaCl is
mainly due to the change of B22, while the change of kD when
adding sucrose comes from both the B22 and the kH.
At a given (especially high) protein concentration, S(Q) is a

straightforward characterization of PPI. The value of S(Q = 0)
is equal to the osmotic compressibility. When it is lower than
unity, it signifies a repulsive interaction. An upturn at the low-
Q part of S(Q) signifies attractive interaction. Examples of
S(Q) from an intermediate concentration C = 50 mg/mL
under different excipient conditions are shown in Figure 7A. It
is clear that NaCl and sucrose have different effects on the
overall interaction due to the difference at the low-Q part.
Adding NaCl increases the low-Q part of S(Q), indicating an
overall weakening of the repulsion, while adding sucrose lowers
the low-Q part of S(Q), indicating an overall enhancement of
repulsion. This observation is consistent with the kD and B22
measurements. Additional differences caused by NaCl and
sucrose can be seen from the first peak at Q ≈ 0.05 A−1. As
compared to the control group, the presence of NaCl induces a
closer and less regularly packed structure between neighboring
proteins as indicated by the right shift of the peak with
decreased peak intensity. The presence of sucrose does not
alter the first interaction peak; thus, adding sucrose has little
impact on the packing of the nearest neighboring proteins.
Figure 7B shows the S(Q) of the control sample under 3

temperatures. Lowering the temperature from 20 to 4 °C leads
to an overall upturn of the low-Q part, which is an indication of
enhanced attraction at low temperatures and consistent with
the kD measurements. When the temperature is increased from
20 to 40 °C, it is seen at this intermediate concentration C =
50 mg/mL that the low-Q part of S(Q) decreases, implying
that the attraction becomes weaker at high temperatures. This
is not reflected in the kD results. The kD obtained from DLS
measurement remains at almost a constant value between 20
and 40 °C, indicating that the overall average PPI in dilute
solutions does not change. This comparison shows that the
extracted kD values at low protein concentrations do not
comprehensively reflect the actual situation at high protein

Figure 6. Plot containing correlation of kD with B22 values for 4
excipient conditions measured at 20 °C. Two solid lines are references
with slope = 2. Error bars represent standard errors from the
computation.
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concentrations. One other important observation from Figure
7B is that the first peaks of S(Q) remain almost identical
during the temperature change. Thus, the local packing of the
proteins is not influenced by the temperature change. Overall,
the studies of temperature dependence using SAXS provide
rich information about the nature of the PPIs among proteins.
Temperature effects on the scattering profiles of different
formulation conditions are shown in the Supporting
Information. The observations are consistent with the DLS
and viscosity data that samples without NaCl show significant
temperature-induced changes, but samples with NaCl are less
sensitive to temperature.

■ DISCUSSION
The results measured by individual techniques are discussed
above. Here, all of the measurement results are combined to
gain a better understanding of the PPIs measured at different
temperatures and their relationship with the viscosity.
First, we evaluate the relationship between the viscosity and

PPIs of the mAb solutions for a given temperature (e.g., 20
°C). Four types of buffers were used to prepare protein
samples: (i) pH 6.0, 10 mM histidine; (ii) pH 6.0, 10 mM
histidine with added 150 mM NaCl; (iii) pH 6.0, 10 mM
histidine with added 70 mg/mL sucrose; (iv) pH 6.0, 10 mM
histidine with added 150 mM NaCl and 70 mg/mL sucrose.
Formulation conditions influence both viscosity and the PPIs.
The relative viscosity shown in Figure 1 basically is separated
into two groups. Samples without NaCl, (i) and (iii), show
relatively large viscosity. Samples with NaCl, (ii) and (iv),
show relatively low viscosity. The rank order of the relative
viscosity for all four samples at room temperature is (ii) ≈ (iv)
< (iii) ≈ (i). This does not correlate well with the measured kD
(or B22). The rank order of the measured kD (or B22) value
from the most negative to the most positive at 20 °C is (ii) <

(i) < (iv) < (iii). The sample with the most negative kD value
shows the lowest relative viscosity. The sample with the second
most negative kD value shows the highest relative viscosity.
Thus, the average PPI information reflected by kD (or B22) is
not a good indicator of viscosity at high protein concentrations
for the studied mAb here.
Next, we establish the correspondence between the viscosity

and the PPIs based on their temperature dependence because
the excipient conditions influence the temperature dependence
of viscosity and that of PPIs as well. The temperature
sensitivity in viscosity is quantified in terms of Eη. A larger
value of Eη corresponds to a greater change in η vs T. It
correlates very well with the temperature sensitivity in kD vs T
as shown in Figure 5. A larger value of Eη corresponds to a
greater change in kD vs T. There are clearly steep increases in
kD when T is increased under conditions without NaCl added.
Adding NaCl significantly represses the temperature sensitivity
of kD and the value of Eη. Therefore, the high-throughput DLS
measurement at different temperatures should be vital because
the variation of kD vs T could have implications on Eη and thus
viscosity.
Then, we discuss the cause of the failure in correlating the

value of kD (or B22) with the viscosity in our cases by SAXS
measurements of structure factors at relatively higher
concentrations. It cannot be overemphasized that kD (or B22)
represents the average of all underlying interactions. It is very
possible that two different underlying mechanisms bring out
the same apparent net effect. For instance, in our case,
lowering the temperature to 4 °C in the histidine control
condition and adding NaCl both give rise to a net attraction, as
indicated by the almost identical negative kD value (Figure 5).
However, the structure factors (Figure 7) reveal that the
underlying mechanisms are different. In the histidine control
condition, most neighboring proteins remain effectively
repulsive, as indicated by the first peak in the S(Q) profile
shown in Figure 7. In this case, a significantly smaller fraction
of all possible orientations, i.e., anisotropic attractive
interaction which has very large attractive energies, presumably
dominates the net attraction. This anisotropic attraction is also
the cause of the significant rise of viscosity at high
concentrations. Proteins bind each other under certain
orientations and form reversible clusters. The activation energy
after subtracting that of the buffer, Eη − E0, is determined by
the energy needed to break the binding among moving protein
units during a shearing force. Therefore, stronger anisotropy
binding is linked to a larger value of the activation energy. The
anisotropic interaction originates from the uneven distributions
of the hydrophilic/hydrophobic surfaces. Note that only the
hydrophilic surface is charged. Even though the apparent net
charge is positive, uneven distributions of the charged surfaces
can induce an overall attractive interaction. When NaCl is
added, as indicated by the first peak in the S(Q) profile, all
electrostatic interaction is screened, including the electrostatic
interactions between neighboring proteins and the anisotropic
attraction between orientated proteins. By decreasing the
strong binding strength, adding NaCl significantly lowers the
activation energy.
Last, we point out that the information provided by kD vs T

can help to select viscosity candidates. Experimentally, the
measurement of PPI, quantified in terms of kD (or B22), as a
function of temperature can be used to assess certain
conditions where anisotropic strong attractions would
dominate the solution behavior and lead to evaluated viscosity.

Figure 7. (A) Formulation dependence of S(Q) measured at 20 °C;
(B) temperature dependence of S(Q) in the histidine control
condition. The mAb concentration is C = 50 mg/mL.
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Roberts and Blanco72 examined the role of inherently
anisotropic interactions on PPI expressions and tested the
temperature effects by using a simple patchy model. They72

found that, when a significantly smaller fraction of all possible
orientations which have very large attractive energies
dominates the net attraction, a small change in temperature
causes overall PPIs to change dramatically. It seems from our
results that a dramatic change in kD from a small change in
temperature (here 4−15 °C) could be a simple experimental
means to identify this type of anisotropic attraction. To fully
predict viscosity at high protein concentrations, it is important
to find the binding strength of the specific orientations that
contribute to the equilibrium protein structures. The average
PPI information, such as kD and B22, may not necessarily have
the same formulation dependence as the PPI at the relevant
orientations and thus may not predict the viscosity at high
concentrations for certain proteins. But the temperature
dependence of PPI information could help to identify the
difference. It is thus expected that molecular dynamics
simulation may help to extract the orientation dependence
so that it can be better correlated with the extracted activation
energy, which will need to be studied further in the future.

■ CONCLUSIONS
Predicting the protein viscosity is a challenging problem for
mAb-based therapeutic drugs. In the early stages of developing
high-concentration biopharmaceutical formulations, experi-
mental material is often limited. Screening tools, such as
high-throughput and low-volume techniques (DLS), which
help assess viscosity without extensive experimental studies,
become essential to guide formulation decisions. The present
work systematically investigated the viscosity and PPIs of a
mAb at different formulation conditions and temperatures
(ranging from 4 to 40 °C). The viscosity was measured from
about 10 to about 160 mg/mL, and the activation energy of
viscous flow was extracted from the temperature dependence
of solution viscosity. The PPIs were evaluated by measuring kD
with the DLS, B22, and the effective S(Q) using SAXS.
It is found that the PPIs measured by DLS and SAXS are

consistent with each other. There is a direct relationship
between kD and B22. Adding NaCl decreases kD (and B22) as it
screens the long-range electrostatic repulsion. Adding sucrose
significantly increases kD (and B22) due to hydration repulsion.
The value of kD (and B22) reflects only the interaction
information averaged over all orientations and distances
between neighboring proteins, but S(Q) provides additional
details of the interaction between neighboring proteins.
Without NaCl, the interaction between neighboring proteins
is repulsive.
It is also found that the viscosity measurements are

consistent with the PPI results, regarding their temperature
dependence. Samples without NaCl show significant temper-
ature-induced changes, but samples with NaCl are less
sensitive to the temperature. The value of kD is not a good
indicator to predict the viscosity of our mAb at high
concentrations, but its temperature sensitivity is. A correlation
between the viscosity and kD based on their temperature
sensitivity is established. When the net-PPIs are more sensitive
to the temperature variation, it corresponds to a larger value of
Eη and thus higher viscosity at high protein concentrations.
When the net-PPIs are the least sensitive to temperature
change, it corresponds to a smaller value of Eη and thus a lower
viscosity at high protein concentrations. Currently, common

practice to investigate issues with high solution viscosity is only
at a single temperature, typically between 20 and 25 °C. Based
on this finding, we suggest researchers in formulation design
pay attention to the temperature sensitivity of kD. Measuring
kD and viscosity at different temperatures allows us to gain
more insight into the nature of PPIs. Further studies are
underway to assess the applicability of this discovery in other
protein systems.
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