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ABSTRACT
Purpose To explain the effects of cationic amino acids and
other co-solutes on the viscosity, stability and protein-protein
interactions (PPI) of highly concentrated (≥200 mg/ml) mono-
clonal antibody (mAb) solutions to advance subcutaneous
injection.
Methods The viscosities of ≥200 mg/ml mAb1 solutions with
various co-solutes and pH were measured by capillary
rheometry in some cases up to 70,000 s−1. The viscosities
are analyzed in terms of dilute PPI characterized by diffusion
interaction parameters (kD) from dynamic light scattering
(DLS). MAb stability was measured by turbidity and size ex-
clusion chromatography (SEC) after 4 weeks of 40°C storage.
Results Viscosity reductions were achieved by reducing the
pH, or adding his t id ine, arginine, imidazole or
camphorsulfonic acid, each of which contains a hydrophobic
moiety. The addition of inorganic electrolytes or neutral
osmolytes only weakly affected viscosity. Systems with reduced
viscosities also tended to be Newtonian, while more viscous
systems were shear thinning.
Conclusions Viscosity reduction down to 20 cP at 220 mg/ml
mAb1 was achieved with co-solutes that are both charged and
contain a hydrophobic interaction domain for sufficient bind-
ing to the protein surface. These reductions are related to the
DLS diffusion interaction parameter, kD, only after normali-
zation to remove the effect of charge screening. Shear rate
profiles demonstrate that select co-solutes reduce protein net-
work formation.
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ABBREVIATIONS
CF Centrifugal filtration
CSA Camphorsulfonic acid
DLS Dynamic light scattering
Gdm Guanidinium
Im Imidazole
kD Diffusion interaction parameter
LD Lyophilization dilution
mAb Monoclonal antibody
pI Isoelectric point
PPI Protein-protein interactions
Tre Trehalose
ηinh Inherent viscosity

INTRODUCTION

Hundreds of monoclonal antibodies (mAbs) are under devel-
opment for treating various diseases including cancer, auto-
immune diseases, and asthma (1). To avoid the need for intra-
venous delivery of dilute mAb solutions in the clinic, it would
be desirable to deliver a high (often ≥100 mg) dose in a 1 to
2ml injection subcutaneously (2). At such high concentrations,
the interactions between closely spaced mAbs often result in
high viscosities, i.e. above the ~20 cP limit for subcutaneous
injection, (2–4) which would require more than 30 N of force
to inject a 1.5 ml solution within one minute (5). Furthermore,
concentrated mAbs are prone to reversible and irreversible
aggregation, which degrades their efficacy and has the poten-
tial to produce immunogenic responses (2,6,7). Although the
viscosity and stability may be improved bymodifying the mAb
sequence via genetic mutation, (8–10) this approach is time
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consuming and may have unpredictable effects on the thera-
peutic efficacy (4).

The viscosities of protein solutions increase exponentially
with concentration due to increased protein-protein interac-
tions (PPI) as surface separation decreases (11,12). At short
surface-to-surface distances, short-ranged attractive interac-
tions from both electrostatic (opposite local charges) and hy-
drophobic forces become strong. Short-ranged local aniso-
tropic electrostatic attractive interactions are produced by
the alignment of oppositely charged regions on the mAb sur-
face and by charge-dipole interactions (3,13,14). Hydrophobic
interactions are also short-ranged as they form between
patches of hydrophobic residues and thus also require protein
alignment to occur (15). Studies have shown that mAb solu-
tion viscosity increases with the strength of these attractive
interactions, (8,16) particularly when they are strong enough
to cause protein self-association, and oligomerization
(3,11,16–21). Recent studies have shown that in some cases
the viscosity and self-association of mAbs can be dominated by
a few specific attractive interaction sites (8–10,22). These spe-
cific interaction sites most often occur between fAb regions
particularly between the complementary determining regions,
(9,10,12) though they have been shown to also form between
negatively charged fAb and positively charged fc regions, par-
ticularly for mAbs of class IgG1 (3,13,17).

The challenge of measuring PPI at high concentrations is a
major hurdle in understanding the stability and viscosity of
concentrated protein solutions. In some cases advanced
techniques have been used, including static light scattering,
(21,23) small angle x-ray and neutron scattering, (16,19,20)
neutron spin echo, (19,20) osmometry, (24) and rheology
(18,20,25). However, for many of these measurements, it is
difficult to model the strength and structure of the PPI.
Therefore, PPI are much more often measured at dilute pro-
tein concentrations, often characterized by the second virial
coefficient or the diffusion interaction parameter (kD). In some
cases, these properties are correlated with the high concentra-
tion viscosity for different mAbs at a given pH and co-solute
composition (8). However, these correlations have received
very limited attention for a given mAb with different co-
solutes or concentrations of co-solutes and are not well under-
stood (8).

An increasingly common strategy for manipulating PPI is
to add co-solutes that indirectly or directly interact with resi-
dues on the mAb surface. Inorganic electrolytes such as NaCl,
NaSCN and Na2SO4 screen charges on the protein surface,
which may potentially weaken both long-range global electro-
static repulsion and short-ranged local electrostatic attraction
between mAbs (14,26). However, it has been found that, de-
pending on the nature of the PPI for a given mAb, salt can
either increase or decrease net attraction at high
concentration and consequently decrease, (11,12,19,27) not
influence, (18,19) or increase mAb viscosities (20,21,24). In

addition to simple screening of charge, salt effects on mAbs
have been shown to sometimes be specific ion dependent,
particularly for anions, (28) loosely following the Hofmeister
series, generally with more chaotropic salts resulting in larger
viscosity reductions, (11,12) presumably due to the breaking of
water structure by chaotropic salts (29).

In addition to salts, organic co-solutes, which function as
osmolytes or depletants, have been added to mAb solutions to
influence the stability and viscosity. Neutral saccharides and
amino acids are excluded from the mAb surface resulting in
osmotic compression or depletion attraction that raises the
accessible free volume and thus the entropy of the depletant
to minimize the protein surface area (30–32). Given that
folded protein is typically more resistant to irreversible aggre-
gation than unfolded protein, osmolytes are often added as
protein stabilizers (30,33,34). Additionally, the smaller occu-
pied volume for more compact protein theoretically may lead
to lower solution viscosities (12,31). However, several saccha-
ride osmolytes have been shown to increase the viscosity of
various mAbs (35).

A third class of co-solutes, organic hydrophobic electrolytes
can produce drastic viscosity reductions (15). In addition to
screening electrostatic PPI, these organic electrolytes can
weaken hydrophobic PPI by binding to hydrophobic sites.
Several studies have used arginine (Arg) to achieve large vis-
cosity reductions (8,16,24,27,36–38) as it binds to proteins and
modifies PPI (39–41). In particular, it interacts with aromatic
hydrophobic residues much more strongly than other cations
such as lysine (Lys) (39,40). Whereas histidine (His) is also
known to interact with aromatic residues, (42,43) it has not
been shown to reduce viscosity as generally as Arg. In some
cases, these three amino acids yield similar viscosity reductions
(27), or Arg and Lys may yield greater reductions than His,
(37) or Arg greater reductions than Lys (36) depending upon
the particular protein. Furthermore, the effect of pH, which
influences the co-solute charge, has received very little atten-
tion, which is particularly important for co-solutes such as His
with pKa values in the physiological pH range. It would be
desirable to investigate the effects of co-solutes on viscosity and
storage stability simultaneously. Finally, little is known about
the effect of co-solutes on PPI at high concentrations, versus
measurements of PPI at dilute conditions by static or dynamic
light scattering.

Herein, we compare the effects of three cationic amino
acids, His, Arg, and Lys on the viscosity and storage stability
of concentrated mAb solutions up to 277 mg/ml over a range
of pH from 5.0 to 7.6. To attempt to understand how these co-
solutes modify PPI we systematically examine the effects of
simpler classes of co-solutes starting with several inorganic
electrolytes along the Hofmeister series to determine the ef-
fects of charge screening. We additionally test neutral
osmolytes including the disaccharide trehalose (Tre) and the
amino acid alanine (Ala) which provide osmotic compression
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that may increase protein folding and lower the effective pro-
tein volume fraction to perturb the PPI. Additionally, to fur-
ther improve understanding of the three cationic amino acids,
additional organic electrolytes are studied including the free
side chain of His, imidazole (Im), and the hydrophobic anion,
camphorsulfonic acid (CSA). These co-solutes help demon-
strate which specific co-solute qualities cause viscosity reduc-
tions in mAb solutions, such as the sign of the electrolyte’s
charge (cationic or anionic), the magnitude of the charge
based on pKa, and the strength of hydrophobic interactions.
The co-solutes are studied from pH 5 to 7.3 to vary the charge
of His and Im, which change significantly with pH unlike the
stronger bases Arg and Lys which remain fully protonated in
this range. We hypothesize that the lowest viscosities may be
achieved when the co-solute is charged tomodify the PPI. Key
systems are studied by shear rate dependent rheology, DLS
diffusion interaction parameter (kD), and storage stability by
size exclusion chromatography, allowing us to compare the
effects of co-solutes on viscosity, self-association, PPI and stor-
age stability.

MATERIALS AND METHODS

The monoclonal antibody used in this study (mAb1) is an
IgG1 obtained from AbbVie at ~120 mg/ml in a proprietary
buffer. The isoelectric point (pI) of mAb1 as provided by
AbbVie is 9.3. Alanine, arginine, arginine hydrochloride,
camphorsulfonic acid, histidine, histidine hydrochloride
monohydrate, hydrochloric acid, imidazole, lysine, lysine hy-
drochloride, sodium chloride, sodium sulfate and sodium thio-
cyanate were purchased from Fisher Scientific, Fairlawn, NJ.
Sodium camphorsulfonate was purchased fromTCI America,
Portland, OR. Trehalose dihydrate was obtained from Ferro
Pfanstiehl Laboratories Inc., Waukegan, IL.

CENTRIFUGAL FILTRATION

For each sample the mAb1 solution was diluted in a buffer
containing the desired concentrations of co-solutes. The
resulting solution was then centrifuged in an Eppendorf
Centrifuge 5810R (Hamburg, Germany) at 4500 rcf in a cen-
trifugal filter with a molecular weight cutoff of 30 kDa for
15 min. The retained protein solution was then re-diluted
using the same buffer and then centrifuged again. This process
was repeated until the volumetric fraction of original buffer
was less than 1% assuming ideal mixing. After diafiltration the
solution was concentrated by centrifugal ultrafiltration until
the desired concentration was reached. The large volume
samples used for viscosity versus shear rate measurements were
made by combining and mixing the retentate from six

separate filters. The co-solute concentrations selected for
diafiltration are explained in the supplemental section.

Samples with multiple reported concentrations were con-
centrated to the highest reported concentration then diluted
for lower concentration measurements. The pH reported is
that at the highest concentration, but the pH change upon
dilution was always <0.1 pH units.

LYOPHILIZATION DILUTION (LD)

Some mAb1 samples were made by lyophilization dilution
(LD), in which lyophilized protein powder was mixed into
an aqueous buffer to achieve 100–150 μl of a ~ 250 mg/ml
mAb1 solution. The lyophilized powder contained a 0.2:1
mass ratio of trehalose to mAb1 without any other solids.
Therefore, all LD solutions contain ~130 mM trehalose and
all additional co-solutes are added via the solvent. The lyoph-
ilized powder was made by centrifugal diafiltration of mAb1
into DI water and then adding a solution of 300 mg/ml tre-
halose to achieve the 0.2:1 mass ratio. The solution was then
frozen at −40°C in a freezer (Industrial Freezer Sales), and
lyophilized in a VirTis AdVantage Plus tray lyophilizer (SP
Scientific, Warminster, PA) at −40°C for 1250 min and then
−25°C for 4250 min before being ramped to 25°C over the
course of 300 min.

VISCOSITY MEASUREMENTS

Rheosense m-VROC

The viscosities of the samples made by CF were measured
using a microfluidic Viscometer/Rheometer-on-Chip (m-
VROC, Rheosense Inc. San Ramon, CA) with a C05 chip
for samples viscosities >10 cP and a B05 chip for samples with
viscosities <10 cP. Viscosity measurements were taken at
shear rates of 500 s−1 and 1000 s−1, until the measurement
stabilized (at least two consecutive runs with measured viscos-
ities within 5%). The viscosity and standard deviation report-
ed is from the average and standard deviation of the measure-
ments at 1000 s−1 after the measurement had stabilized,
though Newtonian behavior was observed for all samples in
this shear range.

The viscosities were measured at 25 ° C as a function of
shear rate using both a C05 chip and an E04 chip, and con-
sistency was observed in the overlap region. The shear rate
was increased and decreased at least twice to check for revers-
ibility. This process was first performed with Newtonian stan-
dards N35 and N10, (Cannon Instrument Company, State
College, PA), shown in Fig. S1, to demonstrate the reliability
of the measurement and the consistency between chips.
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Due to their small volume, the viscosity of LD samples was
measured in triplicate at 25°C with a capillary syringe viscom-
eter calibrated using viscosity standards as described previous-
ly (38). The shear range measured by this viscometer is shown
in Fig. S2.

PROTEIN CONCENTRATION

The concentration of the mAb1 solutions were measured in
duplicate, where 2 μl of solution was mixed into 998 μl of
50 mM pH 6.4 phosphate buffer. The background-
corrected absorbance of the resulting solution was measured
over a spectrum of 400 to 250 nm using a Cary 3E UV-visible
spectrophotometer. The concentration was determined from
the corrected absorbance using Beer’s law (A280corr ¼ ε*b*c )
where A280corr is the absorbance at 280 nm after correcting for
scattering. The method for removing the scattering contribu-
tion from the absorbance was adopted from prior work by
Englander and Epstein and is described in the supplemental
material (44), ε is the extinction coefficient (1.42 ml mg−1

cm−1 for mAb1 as provided by AbbVie) and b is the cell path
length (1 cm). Representative absorbance spectra can be seen
in Fig. S3.

PROTEIN TURBIDITY

The protein turbidity, τ, was measured using a Cary 3E UV-
visible spectrophotometer over a spectrum of 1100 to 200 nm.
The turbidity was measured in triplicate on both the full con-
centration sample without any dilution and the protein-free
solvent. Representative turbidity spectra can be seen in
Fig. S4. The reported values of τ are the average measured
A350 of the sample minus that of the solvent divided by the
path length (0.2 cm). The normalized turbidity, τ/Cp, is equal
to the value of τ divided by the protein concentration, Cp, in
g/ml during the measurement.

DYNAMIC LIGHT SCATTERING (DLS)
FOR DIFFUSION INTERACTION PARAMETER
(KD) MEASUREMENT

The diffusion coefficients of mAb1 solutions were measured
by DLS at a scattering angle of 90° with a Brookhaven
ZetaPlus using the diffusion coefficient calculated from the
quadratic cumulant algorithm. Each sample was run four
times for 2 min. The diffusion interaction parameter (kD)
was obtained by fitting the diffusion coefficients at 2, 5,
10, 15 and 20 mg/ml with the equation D ¼ D0 1þ kdCpð Þ
where D is the measured diffusion coefficient, D0 is the fit

diffusion coefficient at infinite dilution and Cp is the protein
concentration. The data plots to determine kD are available
in Fig. S5.

SIZE EXCLUSION HIGH PERFORMANCE
LIQUID CHROMATOGRAPHY (SE-HPLC)

The measurement of irreversible aggregation was measured
by SE-HPLC as described previously, (38) with a Tosoh
Biosciences TSKgel3000SWXL column (Tosoh Corporation,
Tokyo, Japan).

ACCELERATED STORAGE

Small aliquots (50 μL) of the final mAb1 solutions were
stored at 40°C in a convection oven (model number
107905; Boekel Industries, Feasterville, PA) for four weeks
in 300 μL HPLC vial inserts inside 1 mL HPLC vials sealed
with caps as well as two layers of Parafilm surrounding a
layer of aluminum foil. The mAb1 concentration of each
sample stored can be found in Table SI under the column
title BCp,2 (mg/ml)^. For the samples that do not have value
in this column, the mAb1 concentration was diluted to
~200 mg/ml for storage.

RESULTS AND DISCUSSION

Effect of pH on Viscosity With Low Co-Solute

To determine the effect of charge on the behavior of mAb1,
highly concentrated solutions were made at pH 5, 6 and 7 by
CF with minimal co-solute, 30 mMHis-HCl buffer to control
the pH. However, due to the low ionic strength of the solution
at pH 7, the final pH drifted up to 7.6 (45); therefore, another
sample was made at a slightly lower pH of 6.8, which only
drifted to 7.2. As shown in Fig. 1, the mAb1 solution viscosity
increases exponentially with concentration for all pH values
tested, as previously seen for other mAbs (11,12). The viscosity
for a given concentration decreases markedly with pH from
7.6 to 5.1 at each mAb concentration. Given that the pI is 9.3,
part of this reduction in viscosity was driven by the change in
the charges on the protein (26).

Upon reducing the pH below the pI, the electrostatic and
charge dipole interactions are influenced in two ways. First,
the increase in the net positive charge of themAb increases the
global long-ranged charge repulsion. Additionally, lowering
the pH will neutralize some negative charges on the mAb
surface weakening the anisotropic local electrostatic attraction
between opposite charges and dipoles. Several studies have
demonstrated the importance of anisotropic attractive
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electrostatic interactions near physiological pH for IgG1 anti-
bodies, in which the fc region is positively charged and the fAb
region is often negatively charged (3,13,17). In this case, a
decrease in pH reduces the number of negative charges in
the fAb region, weakening local anisotropic attractive fAb-fc
electrostatic and charge-dipole interactions. Therefore, as the
pH is lowered starting at the pI of 9.3, the local attractive
protein-protein interactions (PPI) become weaker and the
repulsive PPI become stronger, both of which would be
expected to decrease net attraction and therefore reduce the
viscosity, (8,13,16) as is seen in Fig. 1.

A widely used equation to fit viscosity versus concentration
data for protein solutions is the Ross-Minton equation (Eq. 1),
(11,12)

ηrel≡
η
η0

¼ exp
η½ �Cp

1− η½ � k
v
Cp

0
B@

1
CA ð1Þ

which relates the relative viscosity, ηrel, which is the ratio of the
solution to solvent viscosity, η/η0, to the protein concentra-
tion, Cp, the intrinsic viscosity, [η], the crowding factor, k, and
the Simha (shape-determining) parameter, ν. The curves
shown in Fig. 1 are fits to Eq. 1 using [η] and k/ν as adjustable
parameters and 1 cP for η0. Because of the limited number of
data points used for some of these fits (given the availability of
the mAb and large quantities needed for viscosity measure-
ment), the fits are only meant to be semi-quantitative. The
inherent viscosities, ηinh, at protein concentrations of
~200mg/ml are reported in the inset of Fig. 1, and are shown
to decrease from 29.1 to 14.6 ml g−1 at pH values from 7.6 to
5.1. All reported ηinh are measured at ~200 mg/ml unless

otherwise stated. The ηinh is more appropriate for comparing
formulations than η in order to mitigate the large dependence
of η on protein concentration (46). Since η increases exponen-
tially with Cp, (11) a small difference in Cp has a large influence
on η. On the other hand, the change in ηinhwith concentration
is much more gradual, as shown by Eq. 2 determined by
simultaneously solving the definition of inherent viscosity,
ηinh ≡ ln(η/η0)/Cp, with the Ross-Minton equation (Eq. 1).

ηinh≡
ln η=η0ð Þ

Cp
¼ η½ �

1− η½ � k
v
Cp

ð2Þ

Thus, ηinh is useful in comparing formulations with varia-
tions or error in Cp on the order of 200 ± 10 mg/ml; however,
it becomes less precise for larger variations. For example a
change in Cp on the order of 20 mg/ml typically produces a
change in ηinh of <1 ml g−1. A summary of the ηinh at
~200 mg/ml of these systems can be found in Fig. 2a.

The PPI of these solutions were also measured under dilute
conditions by the diffusion interaction parameter (kD). The kD
is a common measurement of PPI as strong correlations have
been shown between the kD measured under dilute conditions
and the viscosity at high concentration for manymAbs (8). PPI
are measured by kD based on how increased interactions,
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through increased concentration, affect the rate of diffusion.
When increased concentration slows down diffusion the
resulting kD will be negative corresponding to attractive inter-
actions. Alternatively when diffusion speeds up with concen-
tration the kD will be positive corresponding to repulsive inter-
actions. Themeasured kD of the 30mMHis-HCl solutions are
displayed in Fig. 2b, showing a small decrease in kD from pH 5
to pH 6 and a large drop between pH 6 and 7. The high
concentration viscosities of these systems qualitatively match
the kD as the systems with more repulsive interactions by kD
have lower viscosities.

Effect of Inorganic Electrolytes on Viscosity

Since charge was shown to have a major effect on mAb1
viscosities through pH, the next step was to test how the ma-
nipulation of charge through ionic strength affects mAb1 vis-
cosity. As stated earlier, decreasing the pH simultaneously
strengthens global repulsion and weakens local attraction
between mAbs, decreasing net attraction. Increasing ionic
strength screens all electrostatic interactions and therefore
weakens both attractive and repulsive electrostatic
interactions, and may thus produce various net effects on
mAb interactions, (26) which explains why the effects of salt
on viscosity is mAb dependent (19). For systems in which salts
reduce net attraction and therefore, reduce mAb solution vis-
cosities the viscosity minimum tends to occur around an ionic
strength of 150 to 500 mM, (11,12,27,36,37) and thus
250 mM was chosen for the current study. As seen in Fig. 3
and Tables I and SI, mAb1 solutions weremade with 220mM
NaCl and 30mMHis-HCl at pH values of 5.1, 6.0 and 6.9. At
pH ~5, the NaCl weakly increased the solution viscosity with
ηinh increasing from 14.6 to 14.9 ml g−1, while at pH 6 it

caused a minor decrease in ηinh from 19 to 17.5 ml g−1, and
at pH 7 it caused a major decrease in ηinh, 29.1 to 17.7 ml g−1.
This behavior likely occurs because NaCl is screening all elec-
trostatic interactions which are more repulsive at low pH and
more attractive at high pH, so at pH 7 the NaCl is screening
significant attractive interactions and is thus causing a large
reduction in viscosity, while at pH 5 it screens more repulsive
than attractive interactions. In addition to NaCl the inorganic
electrolytes NaSCN and Na2SO4 were added to 30 mM His-
HCl systems, to achieve a total ionic strength of ~250 mM,
and these electrolytes resulted in similar viscosities as NaCl as
seen in Fig. S6, indicating at most a weak Hofmeister effect
implying that the effects of NaCl are likely general for inor-
ganic electrolytes. Therefore, the screening of local electrostat-
ic attractive interactions from an ionic strength of 250 mM is
not sufficient to significantly alter mAb1 PPI to reduce viscos-
ities at low pH.

The kD was measured for the NaCl solutions, shown in
Fig. 2b. Although the solutions with 30 mM His-HCl at
pH 5 and 6 with and without 220 mM NaCl had similar
viscosities at high concentration, the kD measurement shows
far stronger attractive interactions with NaCl, as the addition
of 220 mMNaCl reduces the kD from 12.0 to −10.0 ml g−1 at
pH 5 and 8.0 to −14.7 ml g−1 at pH 6. The kD is measured
under dilute conditions where the average protein-protein
separation is much larger than under the high concentrations
during the viscosity measurements. Therefore, the length
scales relevant to PPI are different for measurements of kD
and viscosity with greater emphasis on longer ranged forces
for kD measurements. Since inorganic electrolytes screen both
long-ranged global electrostatic repulsion and short-ranged
local electrostatic attraction, the relative significance of repul-
sion will be overemphasized under dilute conditions, such as a
kD measurement. Therefore, even though at high concentra-
tion ionic screening causes similar reductions in attractive and
repulsive electrostatic PPI, under dilute conditions the reduc-
tion in repulsion from screening is far greater than that of
attraction, leading to a net increase in measured attraction.

Effect of Neutral Organic Osmolytes on Viscosity

A second method to lower viscosity is to lower the protein
volume fraction by forming more compact folded protein
structures, as shown in Eq. 1, where compact structures will
have lower [η] (12,31). Additionally, the folding generally in-
ternalizes more hydrophobic residues, reducing attractive hy-
drophobic PPI. More compact structures may be formed by
osmotic compression with neutral saccharides or amino acids,
which are preferentially excluded from the protein surface
(30). Fig. S7 and Tables I and SI show that the addition of
either of two common osmolytes, the disaccharide trehalose
(Tre), or the amino acid alanine (Ala) at 220 mM to concen-
trated mAb1 solutions at pH 6 causes an increase in viscosity.
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Although osmolytes promote compact protein conformations,
which could theoretically lead to lower viscosity, (12,31) they
also may promote protein attraction through depletion attrac-
tion. This attraction likely causes the increase in viscosity for
mAb1 as with other mAbs previously tested (35).

Effect of Organic Electrolytes on Viscosity

Lysine (Lys)

Several studies have shown that organic electrolytes, for ex-
ample the cationic protonated amino acids Lys, His and Arg,
can cause significant viscosity reductions for certain mAbs,
(15) possibly due to their ability to hydrogen bond with the
protein tomodulate surface charge. Adding 250mMLys-HCl

tomAb1 resulted in a ηinh of 17.2ml g−1 with a viscosity profile
similar to the samples containing inorganic electrolytes, as
seen in Fig. S6. This suggests that the effects of Lys-HCl on
viscosity occur mainly through ionic screening, similar to the
inorganic electrolytes. In comparison, much larger viscosity
reductions were observed for the other cationic amino acids
as will now be described.

Histidine (His)

Unlike Lys, His is known to interact with aromatic residues on
proteins via its imidazole ring (42,43). The ηinh at pH 6 with
250 mM His-HCl dropped down to 14.8 ml g−1 (Fig. 4), sig-
nificantly lower than the value of 17.2 ml g−1 achieved with
Lys-HCl or 19.0 for 30mMHis-HCl. In fact, it was essentially

Table I Overview of Co-Solutes Systems on Viscosity and Stability. Reports inherent Viscosity, Normalized Turbidity, and SE-HPLC Percent Aggregates After
4 weeks of 40°C Storage of CF Samples at ~200 mg/ml for Systems with (A) Low Co-Solute (B) Inorganic Electrolytes (C) Osmolytes (D) Organic Electrolytes

(A) Co-solutes pH ηinh (ml g
−1) τ/Cp (ml g−1 cm−1) Percent Aggregates

30 mM His-HCl 5.1 14.6 ± 0.4 1.22± 0.29 6.0

30 mM His-HCl 6.0 19.0 ± 0.5 1.61± 0.11 11.8

30 mM His-HCl 7.2 26.2 ± 0.3 – –

30 mM His-HCl 7.6 29.1 ± 0.3 1.890± 0.11 13.8

(B) Co-solutes pH ηinh (ml g
−1) τ/Cp (ml g−1 cm−1) Percent Aggregates

30 mM His-HCl,
220 mM NaCl

5.1 14.9 ± 0.2 – –

30 mM His-HCl,
220 mM NaCl

6.0 17.5 ± 0.2 2.29± 0.11 3.8

30 mM His-HCl,
220 mM NaCl

6.9 17.7 ± 0.2 – –

30 mM His-HCl,
220 mM NaSCN

6.0 19.2 ± 0.3 2.37± 0.12 1.7

30 mM His-HCl,
73 mM Na2SO4

6.2 16.7 ± 0.5 2.01± 0.10 4.6

(C) Co-solutes pH ηinh (ml g
−1) τ/Cp (ml g−1 cm−1) Percent Aggregates

30 mM His-HCl, 220 mM Ala 6.0 19.0 ± 0.8 – 4.5

30 mM His-HCl, 220 mM Tre 6.1 20.3 ± 0.4 – 0.5

(D) Co-solutes pH ηinh (ml g
−1) τ/Cp (ml g−1 cm−1) Percent Aggregates

250 mM Lys-HCl 6.0 17.2 ± 0.2 2.58± 0.28 4.6

250 mM His-HCl 5.0 13.3 ± 0.3 1.81± 0.12 0.3

250 mM His-HCl 6.0 14.8 ± 0.3 1.85± 0.07 1.4

250 mM His-HCl 6.9 – – 2.8

250 mM His-HCl 7.3 19.0 ± 1.2 3.36± 0.10 6.8

250 mM Arg-HCl 5.3 13.1 ± 0.3 1.60± 0.06 1.9

250 mM Arg-HCl 5.9 13.7 ± 0.3 1.59± 0.10 3.1

250 mM Arg-HCl 6.9 14.4 ± 0.3 1.83± 0.08 1.8

250 mM Im-HCl 6.0 13.9 ± 0.2 – 2.5

250 mM Im-HCl 7.0 15.5 ± 0.4 – 3.7

30 mM His-HCl, 220 mM Na-CSA 6.1 14.7 ± 0.8 – 8.0

30 mM His-HCl, 220 mM Na-CSA 6.9 13.3 ± 0.4 – 6.1

250 mM Arg-CSA 5.9 13.8 ± 0.4 1.32± 0.21 1.1

250 mM Arg-CSA 6.8 12.7 ± 0.8 1.95± 0.12 2.4

Boxes with – were not tested
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as low as the sample with 30 mMHis-HCl at pH 5. Thus, the
addition of His is an interesting alternative to pH for weaken-
ing PPI to lower viscosity.

Another difference between His and the cationic amino
acids Lys and Arg is its weaker basicity. The side-chain of
His has a pKa of ~6.0, relative to ~10.5 and ~12.5 for the
stronger bases, Lys and Arg, respectively. Therefore, at pH 7,
the fraction of protonatedHis is ~10% and at pH 6 it is ~50%
as shown in Fig. S8. To test the effects of His charge on mAb1
viscosity, 250 mMHis-HCl was added to concentrated mAb1
solutions. As with 30mMHis-HCl, the pH of the pH 7 sample
drifted upward during ultrafiltration to 7.3, so a new sample
was made at lower pH to achieve a final pH closer to 7. As
seen in Fig. 4 and Tables I and SI, the viscosity of mAb1 with
250 mM His-HCl decreased with pH, as seen for previous
systems. However, unlike at 30 mM His-HCl, the viscosities
were very similar at pH values of 5 and 6 with ηinh values of
13.3 and 14.8 ml g−1, respectively, well below the value of
19.0 ml g−1 at pH 7. At each pH value tested, increasing the
His-HCl concentration from 30 to 250 mM decreased the
viscosity. However, this reduction was much smaller at
pH 5, where mAb1 is already highly repulsive and the viscos-
ity was already quite low.

To complement these results, mAb1 solutions with similar
formulations were made by lyophilization dilution (LD). An
advantage of LD is that the final concentration of the co-solute
is completely known, because all of the components are mea-
sured gravimetrically and mixed into the sample. In contrast
for CF, partitioning of co-solutes across the filter leads to un-
certainty in the final co-solute concentration (45).

For these LD samples, the mAb1 was concentrated to
~250 mg/ml with either 30 mM or 250 mM His-HCl over
the same 5–7.5 pH range. Due to the strong buffer capacity of
the lyophilized protein powder, the pH of the 30 mM His
samples only ranged from 5.5 to 7. Unlike the CF samples,
the LD samples all contained 130 mM Tre in addition to the
His-HCl, as Tre was used as lyo-protectant during formation
of the lyophilized powder. This amount of Tre did not affect
the viscosity, as seen for CF samples in Fig. S9 and Table SII.

Although the LD samples were more turbid, as discussed in
the supporting information, the final viscosities for CF and LD
systems were similar for a given formulation and mAb1 con-
centration, as shown in Fig. 5 (data in Tables SI and SIII), in
terms of the ~250 mg/ml ηinh. For 250 mMHis, ηinh decreases
sharply with pH from 7.5 to 6, then remains relatively steady
between pH 6 and 5. As shown in Fig. 6, the ηinh continually
decreases with His-HCl concentration over the full range test-
ed of 30 to 750 mM for LD samples at pH 5.5. This trend was
also seen for CF samples at pH 6 as increasing the His-HCl
concentration from 250 to 500 mM further reduced the vis-
cosity (Fig. 6 and Table SII). The rate of reduction of ηinh
decreases steadily with co-solute concentration, suggesting
that His-HCl may begin to saturate protein interaction sites,
or that changes in PPI become progressively smaller. Figure 7
combines the effects of His-HCl concentration and pH into
one plot for these LD samples, showing that increasing His-
HCl concentrations and reducing pH both reduce the ηinh
across the spectrum tested. The upper right-hand region of
Fig. 7 (corresponding to high concentration His-HCl and high
pH) is not filled in because His is not sufficiently soluble in this
pH region.

The large viscosity reduction for His-HCl at pH 6 versus the
minor reductions for the other electrolytes, Lys-HCl and in-
organic electrolytes, may be used to infer indirectly how the

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200 250 300

V
is

co
si

ty
 (

cP
)

mAb1 Concentration (mg/ml)

pH 5.0

pH 6.0

pH 6.9

pH 7.3

0

5

10

15

20

25

30

pH 5 pH 6 pH 7

in
h
 (

m
l g

-1
)

250 His-HCl

30 His-HCl

Fig. 4 Effect of mAb concentration and pH on viscosity of mAb1 solutions
containing 250 mM His-HCl made by CF. Lines represent fits to the Ross-
Minton equation. Error bars are standard deviations of measurements, some
error bars are too small to be seen. The inset shows the inherent viscosity of
these systems at the measured concentration closest to 200mg/ml mAb1 and
compares them to the inherent viscosities at 200 mg/ml for samples contain-
ing only 30 mM His-HCl.

12

14

16

18

20

22

24

26

28

30

5.0 5.5 6.0 6.5 7.0 7.5 8.0

in
h
 (

m
l g

-1
) 

at
 2

50
 m

g
/m

l m
A

b
1

pH

CF 30 His-HCl

LD 30 His-HCl

CF 250 His-HCl

LD 250 His-HCl

Fig. 5 Effect of pH and His-HCl concentration on inherent viscosity of
~250 mg/ml mAb1 solutions made by CF and LD. Hollow symbols represent
samples made by centrifugation filtration (CF), while filled symbols represent
samples made by lyophilization dilution (LD). Blue diamonds contain 30 mM
His-HCl, while red squares contain 250 mM His-HCl. Error bars were de-
termined by propagation of errors in measurement of concentration and
viscosity.

200 Dear, Hung, Truskett and Johnston



co-solutes are modulating PPI. The screening of the charges
on the protein surface by ions in the diffuse layer could poten-
tially weaken both global repulsive and local anisotropic at-
tractive electrostatic interactions. Given very limited viscosity
reduction for Lys-HCl and the inorganic electrolytes, other
factors must be present for His-HCl. Similarly to Lys, the
carboxylate and amino groups of His may interact with the
charged sites on the protein via hydrogen bonding, and
charge-dipole interactions and therefore bind to the surface,
increasing the effective charge of the mAb (47–49). However,
these interactions only caused minor viscosity reductions for
Lys. Unlike Lys, the aromatic imidazole group of His is known
to bind to hydrophobic aromatic residues through cation-π,
and π-π stacking interactions, (42,43,50) which have interac-
tion strengths on the same order as hydrogen bonds (50,51).

Furthermore, it may even interact with positively charged sites
as imidazole rings have been shown to bind to other imidazole
and guanidyl groups, even when both are positively charged
(50). In contrast, Lys may bind more weakly to the mAb as it
does not have an aromatic functionality. Thus bound HisH+

can neutralize negatively charged residues, add positive
charge to neutral aromatic residues, and strengthen the posi-
tive charge of surface Arg and His residues. These changes
may strengthen the global electrostatic repulsion by increasing
net charge and simultaneously weaken the local anisotropic
electrostatic attraction, by neutralizing negatively charged sur-
face sites. Eventually, for His-HCl concentrations >250 mM,
the degree of co-solute binding and/or these changes in
charge appear to get saturated and the viscosity reduction
with added co-solute slows down. Furthermore the effect will
be limited at pH 7 where only ~10% of the His is protonated,
which explains why fully ionic NaCl causes a greater viscosity
reduction than His at pH 7. Finally, the smaller viscosity re-
ductions from His at pH 5 may be attributed to a large num-
ber of positively charged sites even without added co-solute.

In addition to modulating the electrostatic PPI, His can
block attractive hydrophobic interactions that have been
hypothesized to play a large role in self-association, which
is known to raise protein solution viscosities (10,15,23,46).
The replacement of a hydrophobic aromatic site with a
positive charge could have a large influence on PPI, as
removing hydrophobic residues via mutations has had
dramatic effects on PPI (9,10,22). Even bound neutrally
charged, zwitterionic His could reduce hydrophobic inter-
actions, as proteins interact weakly with zwitterions (52).
This behavior may partially explain why His can cause a
large viscosity reduction at pH 7, even when ~90% of it is
net neutral.

Arginine (Arg)

The third and final naturally occurring cationic amino
acid, Arg, like His is known to interact with aromatic
residues via its side-chain, in this case a guanidyl group
(39,40). Arg is a strong base with a pKa of ~12.1 and
therefore like Lys is essentially 100% positively charged
from pH 5 to 7 (Fig. S8). As seen in Fig. 8 and Tables I
and SI, the ηinh values for mAb solutions containing
250 mM Arg-HCl are 13.1, 13.7 and 14.4 at pH values
of 5.3, 5.9 and 6.9 respectively. Not only are these values
much more pH independent than previous systems, but
they are exceptionally low. Direct comparisons of systems
with low His-HCl, high His-HCl, NaCl, and Arg-HCl at
pH values of 5, 6 and 7 (Figs. S10–S12) show that
250 mM Arg-HCl causes larger viscosity reductions than
the other systems at all pH values tested, with larger dif-
ferences at higher pH. The effect of Arg-HCl on the
mAb1 PPI v i scos i ty -concentra t ion prof i l e (and
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consequently PPI) relative to that of 30 mM His-HCl
sample, both at pH 6, is shown in Fig. 9a and b with
the Ross-Minton equation (Eq. 1) and its linearized ver-
sion Eq. 3 (53)

ηinh≡
ln η=η0ð Þ

c
¼ k

v
η½ �ln η=η0ð Þ þ η½ � ð3Þ

As seen in Fig. 9b, the linearized representation of the low
co-solute system has significant curvature indicating attractive
interactions beyond hard quasi-spherical interactions, while
the Arg-HCl system displays linear behavior. Thus Arg-HCl
weakens the non-ideal PPI exhibiting behavior closer to hard
particles (21).

The dilute PPI for both the 250 mM Arg-HCl and His-
HCl solutions yielded very similar results having kD values of
approximately −5 ml g−1 at pH 5 and 6 and approximately
−8 ml g−1 at pH 7, as seen in Fig. 2b. Since the viscosities of
Arg-HCl and His-HCl systems at pH 5 and 6 are similar, and
the two co-solutes have similar ionic strengths under these
conditions, it is unsurprising that the kD values were similar.
Unexpectedly the kD values were more attractive for these
high co-solute systems than their 30 mM His-HCl counter-
parts, at both pH 5 and 6, despite the lower viscosities. This
behavior may be explained by the large effect of screening of
electrostatic repulsion with added electrolyte at dilute condi-
tions, as was seen with the NaCl solutions. Screening of this
repulsion had little influence on viscosity at high concentra-
tions, where the local attractive anisotropic electrostatic inter-
actions are strong. Note that the kD values of the His-HCl and
Arg-HCl solutions were less attractive than the ones with con-
centrated NaCl at similar ionic strength. Since Arg-HCl, His-
HCl and NaCl screen long-ranged global electrostatic

repulsion similarly, the increase in kD for His-HCl and Arg-
HCl relative to NaCl must correspond to reductions in other
attractive interactions such as hydrophobic PPI. At pH 7 on
the other hand, the viscosities were much lower for Arg-HCl
than His-HCl, despite similar kDmeasurements, because most
of the His is uncharged at pH 7, resulting in a lower ionic
strength and therefore less screening of electrostatic repulsion.
Figure 10 shows a heat map suggesting that the ηinh is corre-
lated to a combination of the measured interactions under
dilute conditions through kD, and the strength of electrostatic
screening, represented by the solvent Debye length. The plot
reveals that for a given Debye length the ηinh increases with
decreasing kD, as has been reported previously (8). However,
due to the large effect of screening of long-ranged electrostatic
repulsion under dilute conditions, low viscosities at high pro-
tein concentrations can be achieved for solutions with relative-
ly low kD when strong ionic screening is present. This analysis
shows some generality amongst mAbs, as it qualitatively
agrees with prior results from Connolly et al., in which the kD
and viscosity were tested for 16 unique mAbs each in two
formulations, one with and one without 200 mM Arg-HCl
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(8). Connolly’s data and the data from the current study were
simultaneously fit to calculate a predicted ηinh from both the
measured kD and the solvent Debye length. This predicted ηinh
is correlated to the measured ηinh in Fig. S13 (described in
supplemental).

To further test PPI modulation by co-solutes, the shear rate
dependence of viscosities of concentrated mAb1 (~220 -
230 mg/ml) solutions was investigated for both 30 mM His-
HCl and 250 mM Arg-HCl at pH 6, as well as 30 mM His-
HCl at pH 5 (with fewer data points to conservemAb). As seen
in Fig. 11, a shear thinning viscosity profile is seen for the
30 mM His-HCl solution, while the Arg-HCl and low pH
solution exhibit mostly Newtonian behavior. Shear thinning
has been seen for concentrated solutions of other mAbs due to
shear-induced deformation of mAb networks (18,25).
Therefore, the high viscosity for the 30 mMHis-HCl solution
at pH 6, as well as the shear thinning behavior suggests for-
mation of reversible aggregates and networks for this mAb. In
contrast, the low viscosity and Newtonian behavior for the
Arg-HCl and pH 5 systems may be attributed to the weaken-
ing of the attractive PPI, disrupting network formation. Due
to limitations on the pressure sensors of the instrument, the
viscosity could not be measured at the highest shear rates for
the 30 mM His-HCl solution; therefore it was diluted from
220 to 205 mg/ml, where it still displayed shear thinning
behavior (Fig. 11). As has been seen previously, the shear
thinning is more pronounced at the higher mAb concentra-
tion, due to stronger network formation (25). Previous work
has shown that shear thinning of another mAb could be re-
duced by the addition of NaCl; (18) however, the NaCl also
resulted in an overall viscosity reduction, likely because
screening electrostatic attraction was sufficient to disrupt

networks of the mAb studied. The addition of NaCl only
weakly reduced the viscosity of the pH 6 mAb1 solutions test-
ed (Fig. 3), and as seen in Fig. 11, did not remove the shear
thinning behavior, indicating the presence of protein networks
at 200 mg/ml. The low shear viscosities were similar for the
~230 mg/ml pH 5 system and the ~200 mg/ml NaCl system.
However strong shear forces only reduced the viscosity of the
latter system, as only it had networks to break. The shear
thinning was quantified with the Carreau model, (25)
(described in supplemental) with parameters shown in
Table SIV.

In addition to mAb1, Arg has been shown to reduce the
viscosity of various proteins, (8,16,24,27,36,37) by preferen-
tially interacting with the protein surface (39–41,47). Like His,
these surface interactions can include double-layer screening,
hydrogen bonding through the amino, carboxylate and the
side chain (guanidyl group). Also like the imidazole group of
histidine, the guanidyl group preferentially interacts with aro-
matic residues as well as other neutral and positively charged
guanidyl and imidazole groups, allowing it to bind with Arg
and His residues on the mAb surface (50,51). Therefore the
guanidyl group of Arg functions analogously to the imidazole
group of His, allowing Arg to screen both electrostatic and
hydrophobic interact ions. Stat ic l ight scatter ing
measurements have shown that Arg directly binds to mAb
surfaces, (23) which would increase the effective charge of
the mAb. Arg reduces the viscosity much more significantly
than His at high pH, but only slightly more at low pH where
the weaker base His becomes protonated. Further evidence
that the higher charge of Arg is largely responsible for the
greater viscosity reduction relative to His is that 500 mM
His-HCl at pH 6, with ~250 mM in the protonated HisH+
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state, produces approximately the same viscosity as 250 mM
fully protonated Arg-HCl at pH 6, as seen in Fig. S14.
However, in addition to charge other more complex factors
may also influence the interactions. For example, Arg is a
larger and more flexible molecule than His, and simulations
have shown that Arg forms stacks in solution increasing its
interactions with protein surfaces (40,41).

It is instructive to compare co-solute effects on various types
of proteins with a range of types of PPI. For instance, viscosity
reductions were similar for human serum albumin (HSA) (37)
and mAb JM1 (27) for all electrolytes tested including several
inorganic electrolytes, Arg-HCl and Lys-HCl. It is likely that
the electrostatic interactions were dominant for these proteins,
such that the additional hydrophobic screening of Arg-HCl
hadminimal effect. At pH 7.4 whereHis-HCl is <5% charged
(Fig. S8), it did not reduce the viscosity of HSA as in the
uncharged state it does not screen these electrostatic PPI.
Alternatively, another study from Inoue et al. showed that
Arg-HCl caused greater viscosity reductions than Lys-HCl
or NaCl with polyclonal gamma globulin (36). Therefore,
polyclonal gamma globulin likely has significant hydrophobic
PPI as seen for mAb1. For a second mAb, JM2, studied by
Wang et al. (27) viscosity reductions were greater for the cat-
ionic amino acids, Arg-HCl, His-HCl, and Lys-HCl over oth-
er salts tested. The fact that Lys caused a similar viscosity
reduction asHis and Arg for JM2was consistent with the weak
aromatic hydrophobic PPI reported by three dimensional
excitation-emission-intensity (27).

Imidazole (Im)

Given the large viscosity reduction for His, it is instructive to
investigate the behavior of its side chain the basic co-solute
imidazole (Im). As shown in Fig. S15 and Tables I and SI, at

pH 6, 250 mM Im-HCl and His-HCl yield similar ηinh values
of 13.9ml g−1 and 14.8ml g−1, respectively. At pH 7 however,
the ηinh was 15.5 ml g−1 for Im-HCl much smaller than His-
HCl at 19.0 ml g−1. This result is consistent with those above
for cationic bases, as seen in Fig. S8, approximately half of the
stronger base Im is positively charged at pH 7, much higher
than the ~8% for His, allowing Im to screenmore interactions
and produce a larger increase in the number of positive
charges on the mAb surface and thus cause a greater reduc-
tion in viscosity. His-HCl is approximately half charged at
pH 6 and lowers the viscosity more than half-charged Im-
HCl at pH 7. This difference likely occurs for two reasons:
one, the protein itself is inherently more positively charged at
lower pH regardless of the co-solute; and two, the uncharged
His still contains a zwitterionic moiety and therefore may still
screen hydrophobic interactions, unlike neutral Im.

Camphorsulfonic Acid (CSA)

Recent studies have shown viscosity reductions of mAb solu-
tions from anionic organic co-solutes, for example
camphorsulfonic acid (CSA) which contains both a negative
sulfonate group and a bulky aliphatic hydrophobic moiety
(15). Adding 220 mMNa-CSA to a concentrated mAb1 solu-
tion containing 30 mM His-HCl at pH 6, caused a large
viscosity reduction similar to that of cationic 250 mM His-
HCl as shown in Fig. S16 and Tables I and SI. Likewise, at
pH 7 the viscosity reduction from Na-CSA was similar to that
obtained with Im-HCl. Since direct binding of the anionic
CSA to the mAb surface would add negative charges to a
positively charged protein, below its pI, it would be expected
to increase the viscosity by increasing net attraction. Thus, the
addition of positive charges is not a necessary condition for
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viscosity reduction. Instead, screening of both electrostatic and
hydrophobic PPI is likely how CSA reduces the viscosity.

Since ArgH+ yielded the lowest viscosities for all of the
cations tested and CSA− for the anions, these two ions were
used together to test for synergistic behavior. However, as seen
in Fig. S17 and Tables I and SI Arg-CSA yielded similar to
slightly higher viscosities than Arg-HCl or Na-CSA. Without
measurements of co-solute binding for the various cases, the
interpretation of this result is unclear, but it is likely that the
binding sites for these co-solutes became saturated such that
the increased concentration in total binding organic electro-
lyte had a minimal effect.

Effects of Co-Solutes and pH on Turbidity and Storage
Stability

For pharmaceutical applications, it is essential to maintain
high mAb stability during processing and storage.
Therefore, the initial (pre-storage) stabilities of several of the
CF samples, reported in Tables I and SI, were measured at
full concentration (~200 mg/ml) via turbidity, τ, at 350 nm
and were reported as both a τ and a normalized τ/Cp. As all of
the samples were visually transparent, the measured τ were all
relatively low, less than 0.5 cm−1, except for 250 mMHis-HCl
at pH 7.3 where it was 0.79 cm−1. The τ/Cp values reported in
Table I, generally increase with pH for a given co-solute type
and concentration. This trend is expected as the higher pH is
closer to the pI of the mAb where stronger attractive PPI (26)
promote aggregation resulting in higher turbidity, and viscos-
ity (3,11,12,17,19–21). Consequently, Fig. 12a shows a corre-
lation is present between τ/Cp and ηinh. Interestingly, ηinh in-
creases much faster with turbidity with 30 mM co-solute than
with 250 mM co-solute.

To characterize storage stability, the irreversible aggregate
formation for CF samples was measured by SE-HPLC after
accelerated storage at 40°C for four weeks. The percent of
aggregates is reported instead of the percent of monomer, as
we were unable to de-convolute the monomer peak from the
first degradate peak in some samples; the full SE-HPLC chro-
matograms can be found in Fig. S18. The largest degradate
peaks are seen for the samples at pH ≥7 and the sample con-
taining 220 mM Tre.

As shown inTables I and SI, the stability of the 30mMHis-
HCl samples steadily decreased with an increase in pH. The
stability also decreased with pH for all high co-solute samples
tested at multiple pH values, except for Arg-HCl which had a
maximum at pH 6 and Na-CSA which had the lowest storage
stability of any co-solute system tested. For a given pH, the
addition of any co-solute improved the storage stability above
the low co-solute 30 mM His-HCl case as has been seen with
other mAbs stored at high concentration (27). Particularly low
aggregate formation was seen for the organic electrolytes His-
HCl, Arg-HCl and Arg-CSA, the inorganic electrolyte

NaSCN and the osmolyte Tre, as seen in Tables I and SI.
Figure 12b shows a correlation between the aggregate forma-
tion during storage and the initial value of τ/Cp. As was also
seen in Fig. 12a, in Fig 12b the rate of aggregates formed
during storage increases with turbidity much more rapidly
for the low co-solute (30 mM) systems than for the 250 mM
systems, indicating the important role of co-solute for improv-
ing stability.

CONCLUSIONS

For a mAb solution with a viscosity highly sensitive to pH, the
addition of various classes of co-solutes caused very different
effects on the viscosity and stability. In particular, large viscos-
ity reductions were achieved with the addition of the basic
amino acids arginine (Arg), and histidine (His) as well as im-
idazole (Im) when protonated in the cationic state, and anionic
camphorsulfonic acid (CSA). At pH 7 where His is mostly
uncharged, it lowered the viscosity significantly less than the
other stronger bases that were protonated and cationic.
Furthermore, co-solutes without hydrophobic sites that only
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Fig. 12 Correlation between normalized turbidity at ~200 mg/ml and (a)
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of 40°C accelerated storage at ~200 mg/ml for mAb1 solutions containing
30 mM and 250 mM ionic co-solute. Data for plots can be found in Table I.
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screened electrostatic interactions, including inorganic elec-
trolytes and Lys-HCl, also had little effect on the viscosity at
pH 6. Thus, it is likely that weakening of both local anisotropic
electrostatic and hydrophobic attractions was necessary for
achieving large viscosity reductions by breaking protein net-
works. This analysis was supported by the lack of shear-
thinning behavior for the Arg-HCl system. At high concentra-
tions where the average protein-to-protein surface separation
is small, short-ranged interactions are very important, and
thus viscosities were not correlated with kD measured at dilute
conditions. However, the viscosity reduction at high concen-
tration was correlated with kD for systems with similar electro-
static screening. After accounting for this contribution of
screened electrostatic repulsion, the kD was found to charac-
terize the effect of the remaining attractive interactions which
play an important role for the highly concentrated solutions.
The effects of the co-solutes on viscosity were similar when the
mAb solutions were made by either centrifugation filtration or
lyophilization dilution, despite the opposite pathways, indicat-
ing the protein likely did not get trapped in different metasta-
ble states. In addition to reducing viscosities, co-solutes in-
creased the accelerated storage stability of mAb1 during
4 weeks at 40°C, as measured by SE-HPLC. In particular,
protein solutions formed with the basic co-solutes that led to
the lowest viscosities also had high storage stabilities, as both
properties are improved by weakening PPI.
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