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ABSTRACT: Non-native protein aggregation is a key degradation
pathway of immunoglobulins. In this work, the aggregation kinetics
of an immunoglobulin gamma-1 monoclonal antibody (IgG1 mAb)
in different solution environments was monitored over a range of
incubation temperatures for up to seven months using size
exclusion chromatography. Histidine and citrate buffers with/
without sodium chloride were employed to modulate the mAb’s
conformational stability, solubility (in the presence of polyethylene
glycol, PEG), and protein−protein interactions as measured by
differential scanning calorimetry, PEG precipitation, and static light
scattering, respectively. The effect of these parameters on the
mechanism(s) of mAb aggregation during storage at different
temperatures was determined using kinetic models, which were
used to fit aggregation data to determine rate constants for
aggregate nucleation and growth processes. This approach was used to investigate the effects of colloidal protein−protein
interactions and solubility values (in PEG solutions) on the mechanisms and rates of IgG1 mAb aggregation as a function of
temperature-induced structural perturbations. Aggregate nucleation and growth pathways for this IgG1 mAb were sensitive to
temperature and overall conformational stability. Aggregate growth, on the other hand, was also sensitive to conditions affecting
the solubility of the mAb, particularly at elevated temperatures.

■ INTRODUCTION

Non-native protein aggregation, or the assembly of proteins
into conformationally altered agglomerates, is a multistep
process that can occur by different mechanisms through various
molecular and colloidal steps.1−3 In the biopharmaceutical
industry, non-native aggregation of therapeutic proteins is a
highly undesirable phenomenon because the presence of
protein aggregates can compromise drug efficacy by decreasing
potency and/or by increasing product immunogenicity
potential (i.e., formation of antidrug antibodies).4−10 The
process of non-native, irreversible protein aggregation (here-
after referred to as aggregation) can result in aggregates ranging
in size from soluble dimers to insoluble macroscopic particles.11

The extent of protein aggregation is largely determined by the
sequence and structure of the protein itself,12,13 solution
environment (e.g., pH, ionic strength, cosolutes),14−16 and
stress condition applied to induce aggregation (e.g., temper-
ature, mechanical agitation, light, etc.).17 Recent studies, for
example, suggest that mechanical agitation induces aggregation
of protein molecules at the air−solution interface18 whereas
incubation at elevated temperatures promotes aggregation of
proteins in bulk solution.19 Cosolutes may affect protein

aggregation mechanisms and/or rates by modifying protein
conformation, protein structural stability, protein solubility,
and/or reversible protein−protein interactions in solution.20

Traditionally, protein aggregation has been mechanistically
interpreted using the Lumry-Eyring model, in which a
reversible conformational change of the protein is followed
by an irreversible association step.21 If aggregation follows the
Lumry-Eyring model, the kinetics will be highly sensitive to the
fraction of partially unfolded species because of the second
order concentration dependence described by the model. For
this reason, evaluating measures of protein conformational
stability is often used to understand protein aggregation.
Differential scanning calorimetry is one technique that is
commonly employed for this purpose because it can be used to
measure endothermic transitions attributed to protein unfold-
ing as a function of temperature under different solution
conditions.
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Contrary to the Lumry-Eyring model, there are examples of
native proteins associating prior to undergoing a conforma-
tional change to form an aggregate.21,22 Quantifying the
concentration of such transient encounter complexes by direct
experimental methods is technically challenging because of the
reversible and thermodynamically unstable nature of these
intermediates, which may cause them to exist for only a short
time in extremely small quantities. In several studies, one
approach to address this challenge involved the observation
that protein aggregation propensity in different solutions
correlated to solubility values measured in the presence of an
inert crowding agent.22,23 Other studies have used descriptive
parameters derived from precipitation profiles (e.g., midpoint
values) as a means of rapidly rank ordering different solutions
conditions for pharmaceutical development.22−24 Middaugh
and co-workers used an extrapolation method to determine the
apparent thermodynamic activity of saturated protein solutions
from protein precipitation data in solutions with different
polyethylene glycol (PEG) concentrations.25 Measures of
nonspecific, weak protein−protein interactions (referred to
hereafter as PPI) under different solution conditions are
commonly used to interpret protein aggregation data under
those same conditions. The rationale behind such approaches is
that mechanistically protein aggregation must have one or more
association steps. Weak PPI are often characterized using
experimental measures of protein charge and/or the second
osmotic virial coefficient (B2).

19,26,27 Using statistical mechan-
ics, the second osmotic virial coefficient can be defined as

∫ π= − − −B
N
M

W r k T r dr
2

{exp[ ( )/ ] 1}42
A

2 22 B
2

(1)

where M is the molecular weight of the protein, NA is
Avogadro’s number, kB is the Boltzmann constant, T is the
absolute temperature, and W22(r) is the protein−protein
potential of mean force (averaged over all orientations) as a
function of center-to center distance, r.28−30 If a protein is
globular, and if two protein molecules effectively stick together
irreversibly upon association, the kinetics of protein aggregation
should closely follow the theory of slow coagulation31
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where k is the rate of association, D1 and D2 are the diffusion
coefficients of the aggregating species (1 and 2), and Rs1and Rs2
are the spherical radii of the aggregating species. W12(r) is the
interaction potential between species 1 and 2 as a function of
center-to-center distance r. In the scenario described above, we
can assume that protein aggregation should directly correlate to
B2. There are several prominent examples in the literature,
however, where observed protein aggregation results do not
necessarily show any apparent direct correlation to such PPI
values.32,33

In this work, we seek to understand the role of protein−
protein interactions and protein solubility on the mechanism(s)
and rate(s) of aggregation for a model IgG1 mAb. We propose
that multiple aggregation mechanisms are possible and
hypothesize that different pathways may dominate depending
upon the fraction of structurally perturbed mAb in solution.
Therefore, we present several theoretical kinetic models to
explain why protein aggregation may appear to correlate with
weak PPI, solubility values, and conformational stability in
some cases but not in others. To this end, we generated

aggregation data from a stability study with the model IgG1
mAb at different incubation temperatures, time points and
solution conditions, to induce varying extents of mAb structural
perturbation, and apply our models to examine how protein−
protein interactions and solubility values (measured in the
presence of PEG), hereafter simply to as solubility, affect mAb
aggregation at different temperatures. We then seek to
quantitatively investigate and deconvolute the inter-relation-
ships of colloidal protein−protein interactions and solubility on
aggregate nucleation and growth steps as a function of
temperature-induced structural perturbations of a model IgG1
mAb.

TheoryKinetic Model of Protein Aggregation. This
model uses the framework of the Lumry-Eyring nucleated
polymerization model developed by Roberts and co-workers, to
consider protein aggregation, in bulk solution, as a multistep
process that may involve several competing nucleation and
growth pathways.34,35 The formation of an irreversible dimer
(nucleation event) can be described by one or more of the
following potentially competing pathways:

* + * ← →⎯⎯⎯⎯⎯⎯ * ← →⎯⎯⎯⎯⎯ *
* * *

N N N F A{ }
K k

N2 2,{ }
N N Na1,( , ) nuc,{ }2

2 (3a)

* + ← →⎯⎯⎯⎯⎯ * ← →⎯⎯⎯⎯⎯ *
* *

N m N m A{ }
K k

N m2,{ }
N m N ma1,( , ) nuc,{ }

(3b)

+ ← →⎯⎯⎯⎯ ← →⎯⎯⎯⎯m m m A{ }
K k

m2 2,{ }
m m ma1,( , ) nuc,{ }2

2 (3c)

Where N* is a conformationally altered monomer, m is a native
monomer, and A2, {encounter complex} is an “irreversible” dimer (net
thermodynamic irreversibility relative to the current solution
environment) that has formed through an encounter complex
intermediate. {N*}2, {N* m}, and {m}2 are reversible
encounter complexes whose initial structures should depend
upon the structure of the associating species. Ka1,(N*, N*),
Ka1, (N*, m), and Ka1, (m, m) are the equilibrium association
constants for the reversible dimeric encounter complex
formation. Please note that encounter complex formation
does not have to be at equilibrium, rather that its formation is
reversible and can be described by a forward and reverse rate
constant. The subscript of the equilibrium association constant
in parentheses is used to differentiate between the aggregating
monomer species. knuc is a rate constant describing conforma-
tional rearrangement of an encounter complex to an irreversible
aggregate (referred to as nucleation in the LENP model). The
subscript of knuc specifies the type of encounter complex
undergoing the nucleation event. Figure 1 is a visual scheme
depicting the nucleation mechanisms described by eqs 3a−3c.
After the nucleation event, the existing dimer may enter a

growth phase where the oligomeric state of the aggregate grows
through the addition of a native monomer, conformationally
altered monomer, or an aggregate to the existing structure. This
association process is thus represented by the following
equations:

+ * ← →⎯⎯⎯ * ← →⎯⎯⎯⎯ +
* *

A N N A A{ }
K k

j j j 1
N N Aaj,( ) g,{ j}

(4a)

+ ← →⎯⎯ ← →⎯⎯⎯ +A m A m A{ }
K k

j j j 1
m A maj,( ) g,{ j }

(4b)

+ ⎯ →⎯⎯⎯⎯ +A A A ...
k

j i j i
agg(j,i)

(5)
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Where j and i represent the number of monomeric units
contained within an aggregate, and 2 ≤ (j or i) < ∞. Kaj, (N*)
and Kaj, (m) represent the equilibrium association constants for
growth of an aggregate, composed of j monomers, by addition
of a conformationally altered monomer (N*) or native
monomer (m), respectively. Similar to aggregate nucleation,

the brackets “{}” denote a reversible encounter complex
composed of two species. The rate constant, kg, describes the
conformational rearrangement of an aggregate-monomer
encounter complex to a larger, irreversible aggregate. kagg, (j, i)
is a rate constant for the formation of an aggregate composed of
j + i monomeric units from two aggregates of size j and i. Figure
2 is a visual scheme depicting the growth mechanisms for
different dimers described by eqs 4a, 4b, and 5.
Since we have neglected to specify initial Aj nuclei types in

eqs 4a, 4b, and 5, it should be recognized that the equilibrium
and rate constants of eqs 4a, 4b, and 5 actually represent
apparent values which consider every possible nuclei. To
illustrate this point, we consider a simple situation where
apparent rate = kapp[Xtot] = k1[X1] + k2[X2] + k3[X3]. Thus, kapp
= (k1[X1] + k2[X2] + k3[X3])/[Xtot], where [Xtot] = [X1] + [X2]
+ [X3]. To reduce the complexity of the modeling, we proceed
with the understanding that equilibrium and rate constants
pertaining to aggregate growth represent apparent rate
constants which are a convolution of growth rates for every
possible nuclei for a given size. If we define the total monomer
concentration as being equal to the concentration of native
monomer plus the concentration of partially unfolded
monomer (i.e., mtot = m + N*), then eqs 3a−5 can be used
to express the rate of monomer loss as

∑− = × +
=

∞d m
dt

k m k A m
[ ]

2 [ ] [ ][ ]A
tot

nuc,obs tot
2

j 2
g,obs,{ } j totj

(6)

where knuc,obs and kg,obs are the observed rate constants for
nucleation and growth events and will reflect some

Figure 1. Visual scheme of potential mAb nucleation mechanisms.
The various mAb nucleation mechanisms of aggregation shown in the
figure correspond to eqs 3a, 3b, and 3c. The visual schematic is not
intended to be structurally accurate at a molecular level, and therefore
should not be over interpreted in terms of actual mAb aggregate
structure. Red color represents a disordered domain, gray color a
native domain, and blue color an interdomain structure between two
mAbs.

Figure 2. Visual scheme of growth mechanisms for different dimers produced through nucleation mechanism 3a or 3b. The different mAb growth
mechanisms of aggregation shown in the figure correspond to eqs 4a, 4b, and 5. The visual schematic is not intended to reflect actual structure at a
molecular level, and therefore should not be directly interpreted in terms of aggregate structure. Red color represents a disordered domain, a gray
color a native domain, and blue color represents an interdomain structure between two mAbs. The letters G and N represent “growth” and
“nucleation,” respectively.
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combination of the competing aggregation pathways. The first
term on the right-hand side of eq 6 describes monomer loss as a
result of a nucleation event, and the second term describes
monomer loss as a result of monomers adding to aggregates of
all possible sizes. The subscript {Aj} on kg,obs is used to
differentiate between the observed rate constants of growth
events for aggregates of different sizes. Additionally, the
subscript {Aj} on kg,obs intentionally neglects to specify the
monomer type (N* or m) involved in the growth event since
the observed rate constant will be a convolution of both growth
mechanisms.
The rate of aggregate formation for an aggregate consisting

of j monomers can be described by the following equation:

∑

∑

∑

= −

− −

+

∈

∈

−

=
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− −
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− −
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[ ]
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j
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agg(j,j) j
2

j
i 2

agg(j,i) i

i 2

j/2

agg(j i,i) j i i

i 2

j 1/2

agg(j i,i) j i i

j 1 j

(7)

TheoryRole of Conformational Stability on Aggre-
gation Rates. Considering that knuc,obs is the observed rate
constant for three potentially competing pathways, it can be
expressed in terms of the observed rate constants for each
mechanism and the fraction of conformationally distorted
protein, f, where f is assumed to be constant at any given
temperature. If we define N* = f × mtot and m = (1 − f) × mtot,
then

= × + × −

+ × −

* *k k f k f f

k f

(1 )

(1 )

N N m

m

nuc,obs nuc,obs,{ }
2

nuc,obs,{ }

nuc,{ }
2

2

2 (8)

kg,obs for an aggregate of size j can be similarly defined as

= × + × −*k k f k f(1 )A N A A mg,obs,{ } g,obs,{ } g,obs,{ }j j j (9)

If a protein does not aggregate by a particular pathway, then
the observed rate constant can simply be set to 0.
TheoryRole of Colloidal Stability and Solubility on

Aggregation Rates. The equilibrium constants describing
encounter complex formation for aggregate nucleation (i.e.,
Ka1, (N*, N*), Ka1, (N*, m), and Ka1, (m, m)) and aggregate growth
(i.e., Kaj, (N*) and Kaj, (m)) can be described as an association rate
constant divided by a dissociation rate constant.
Assuming steady state kinetics can be applied to nucleation

( = = =
* *

0d N
dt

d N m
dt

d m
dt

{ } { } { }2 2 ), the observed rate constant for

a par t icu lar nuc leat ion mechanism is g iven by

= +−
k

k k

k knuc,obs,{}
a1,{} nuc,{}

a1,{} nuc,{}
, where {} represents the {N*}F2, {N*

m}, or {m}2 pathway. If the same assumption is applied to

aggregate growth, = +−
k

k k

k kg,obs,{}
aj,{} g,{}

aj,{} g,{}
. When two protein

monomer/aggregates species diffuse together to form an
encounter complex, there are 2 limiting cases of particular
interest: (1) the encounter complex rapidly forms a stable
aggregate (knuc, {} ≫ k−a, {} and/or kg, {} ≫ k−aj, {}), and (2) the

encounter complex tends to diffuse apart (k−a1, {} ≫ knuc, {}
and/or k−aj, {} ≫ kg, {}).
Considering limiting case (1) in further detail, knuc,obs, {} ≈

ka1, {} and/or kg,obs,{} ≈ kaj, {}. Under such conditions, the
observed rate constant for a particular mechanism will
approximately equal the rate of protein association which is
directly related to colloidal stability (see eq 2). This limiting
case could occur if the activation energy barrier for encounter
complex formation is sufficiently higher than the activation
energy barrier for nucleation. When limiting case (2) is further
examined, knuc,obs,{} ≈ knuc,{} Ka1, {} and/or kg,obs,{} ≈ kg,{} Kaj.
ka1,{} and Kaj,{} are equilibrium constants describing encounter
complex formation for a particular nucleation and growth
pathway, respectively. knuc,{} and kg,{} are rate constants
describing conformational rearrangement of the encounter
complex into a stable aggregate. Under this limiting case,
aggregation kinetics will not be related to colloidal stability in a
kinetic sense, but will instead depend upon equilibrium
encounter complex formation and subsequent structural
rearrangement. If solubility (or extrapolated thermodynamic
activity) measurements in solutions with inert crowding agents
reflect the thermodynamic favorability of protein in solution vs
an amorphous solid phase, it could be used as surrogate
parameter to evaluate changes in Ka1, {} and Kaj, {} between
solution conditions.

■ MATERIALS AND METHODS
Materials and Sample Preparation. The IgG1 mAb (pI

∼ 9) was provided by Janssen Research & Development, LLC
(Horsham, Pennsylvania) at an approximate concentration of
∼40 mg/mL. Citrate and histidine stock formulation buffers
(50 mM) were prepared at pH 4.5 and 6.5 with and without
100 mM NaCl. L-Histidine was obtained from Sigma-Aldrich
(St. Louis, Missouri). Citric acid anhydrous and sodium citrate
dihydrate were from Fisher Scientific (Hampton, New
Hampshire). Buffers were prepared with Milli-Q water (EMD
Millipore, Billerica, Massachusetts) and were sterile filtered
using a 0.2 μm filter. Final mAb solutions for these studies were
prepared at a concentration of 1.0 mg/mL by diluting the mAb
stock solution (1/40) into each of the four formulation buffers.
The working mAb solutions of 3 mL each were aliquoted into
37.7 × 16.75 mm Fiolax glass vials (Schott, Lebanon,
Pennsylvania) capped with elastomeric stoppers that were
treated with a fluorocarbon film (West Pharmaceutical Services,
Exton, Pennsylvania). The sample preparation procedures
outlined above are described as well in a separate but
complementary study examining aggregation at the air−water
interface in the presence of mechanical agitation.36 Vials
intended for long-term incubation were sealed with flip-off CCS
seals (West Pharmaceutical Services). The IgG1 mAb
containing sample vials were subjected to shorter term
incubation at 57 °C for up to 5 days or longer term incubation
for up to 7 months at either 40 or 25 °C.

Differential Scanning Calorimetry (DSC). A VP-Capil-
lary DSC (Malvern Instruments, Worcestershire, United
Kingdom) was used to obtain apparent melting thermograms
for 1.0 mg/mL mAb in different solution conditions. The
differential heat capacity between the mAb solution (sample
cell) and corresponding buffer (reference cell) was scanned
over a temperature range of 10 to 90 °C at a rate of 1 °C/min.
The MicroCal LLC DSC plug-in for Origin 7.0 was used for
data analysis by iteratively fitting processed thermograms to a
non-two state model for protein unfolding.
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Size Exclusion Chromatography (SEC). SEC was
performed using a prominence UFLC HPLC system
(Shimadzu, Kyoto, Japan) equipped with a diode array
detector. A TSKgel G3000SWx1 stainless steel column
(Tosoh Biosciences, San Francisco, California) with a TSKgel
SWxI guard column were used at 30 °C to separate and
quantitate monomer, aggregate, and fragment populations. A
pH 6.8, 0.2 M sodium phosphate buffer was used as the mobile
phase to reduce protein adsorption to the column.37 The flow
rate was set to 0.7 mL/min and the column was allowed to
equilibrate for 3 h prior to measurement. For each sample, 30
μL was injected onto the column and the absorbance at 214 nm
was collected for 30 min. LC Solution software from Shimadzu
was used to integrate monomer, aggregate, and fragment peaks.
Integrated peak areas were normalized by the total area at t = 0
to monitor the loss in peak area between different time points.
Sedimentation Velocity Analytical Ultracentrifugation

(SV-AUC). An Optima XL-I analytical ultracentrifuge (Beck-
man Coulter, Fullerton, CA) equipped with an interference
optical system was used for sedimentation velocity measure-
ments. Experiments were conducted at 20 °C, at a rotor speed
of 40 000 rpm. Samples and reference were loaded into
Beckman charcoal-Epon two sector cells with 12 mm sapphire
windows. The samples were incubated within the centrifuge for
an additional hour after the chamber reached temperature.
Analysis of the sedimentation data was performed using Sedfit
software.38 A continuous sedimentation coefficient distribution
c(s) was used with 100 scans of the sedimentation data to
determine monomer and aggregate content in pH 4.5, 50 mM
histidine mAb samples incubated at 57 °C. The partial specific
volume, buffer density and viscosity values used to model the
data were 0.73 mL/g, 1.00 g/mL, and 1.002 cP, respectively. A
range of 0 to 30 s was used (after verifying that there was no
signal outside of this range) with a resolution of 300 points per
distribution and a confidence level of 0.95. Baseline, radial
independent noise, and time independent noise were fit by the
software. The meniscus and bottom positions were set
manually. Integrated peak areas were normalized by the total
area at t = 0 to monitor the loss in peak area between different
time points.
Static Light Scattering. Composition gradient multiangle

light scattering (CG-MALS) was performed to determine the
apparent second virial coefficient (A2) of the various mAb
solutions. The CG-MALS configuration consisted of a Calypso-
II equipped with 20 nm polyether sulfone (PES) membrane
filters to mix, degas, filter and inject mAb concentration
gradients into a Dawn Heleos II multiangle light scattering
(MALS) detector with a 658 nm laser for static light scattering
(Wyatt Technology Corp, Santa Barbara, CA), and an in-line
Optilab rEX differential refractive index detector to measure
protein concentration. Protein solutions for light scattering
were purified by performing four 15× dilution buffer exchanges
using Amicon Ultra-15 10 kDa molecular weight cutoff
centrifugal filter devices (EMD Millipore, Billerica, MA).
After the final buffer exchange, the protein and the buffer
fractions were collected and filtered using a Whatman 0.1 μm
PVDF syringe driven membrane filter (GE Healthcare, Little
Chalfont, United Kingdom) to remove large impurities. Protein
concentrations were measured with a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA) using a 0.1%
extinction coefficient of 1.4 at 280 nm. The initial target protein
concentration for static light scattering experiments was ∼10
mg/mL. If |2A2Mwc2| ≤ 0.05 then the protein concentration was

increased to ∼30 mg/mL for subsequent experiments, where
|2A2Mwc2| is a unit-less fraction that reflects the contribution of
nonideal interactions to the total light scattering signal. A2 is the
apparent second virial coefficient, Mw is the weight-averaged
molecular weight, and c2 is the protein concentration. The
apparent second virial coefficient was determined by regressing
SLS data at multiple protein concentrations using the Zimm
equation39

θ

*
= +

K c
R M

A c
( )

1
22

w
2 2

(10)

where R(θ), the excess Rayleigh ratio, describes the intensity of
scattered light. K* is an optical constant given by

π
λ

* = ⎜ ⎟⎛
⎝

⎞
⎠K

n
N

dn
dc

4 2
0
2

A 0
4

2

(11)

where n0 is the refractive index of the buffer, λ0 is the
wavelength of the laser in a vacuum, NA is Avogadro’s number,
and dn

dc
is the differential refractive index increment of the

protein. The value of dn
dc

was set to 0.185 mL/g.

Using statistical mechanical arguments, the theoretical
contributions of excluded volume to the second osmotic virial
coefficient can be expressed as31

=B
N u
M22
A

2 (12)

where is M the molecular weight of the protein, and u is the
excluded volume. The excluded volume for a spherical system
can be expressed as 8V, where V is the volume of a single
sphere. Therefore, the theoretical contribution of excluded
volume on the apparent second virial coefficient can be
calculated for spherical particles40 by

π
=B

N r
M

16
32

exc A
3

2 (13)

Experimental apparent second virial coefficients were then
normalized by B2

exc to provide a unitless parameter sensitive to
protein−protein interactions:

=
−

a
A B

B2
2 2

exc

2
exc

(14)

Using M = 150 000 Da and a spherical diameter of 10 nm,
B2
exc = 0.556 × 10−4 mol ml g−2. The normalized virial

coefficient calculations described above are built into the
Calypso V2.1.3 software. The reported normalized a2 values in
this manuscript are an average of three separate experiments.

Polyethylene Glycol (PEG) Precipitation. Stock solutions
of PEG-10,000 ranging from 0 to 40% w/v were prepared for
each buffer condition. Each solution (244 μL, 0 to 40% w/v)
was added to a 96-well polystyrene filter plate (Corning Life
Sciences, Corning, NY). Six microliters of an IgG1 mAb stock
solution (∼40 mg/mL) was added to the wells to achieve final
protein concentrations of 1 mg/mL. The plates were incubated
overnight at room temperature and centrifuged at 3500g for 15
min. The filtrate was collected in a clear 96 well collection plate
(Greiner Bio-One North America Inc., Monroe, NC). After-
ward, 200 μL of the filtrate was transferred into a 96 well UV
Star microplate. The filtrate was measured using SpectraMax
M5 UV−visible plate reader (Molecular Devices LLC,
Sunnyvale, CA) at 280 nm to determine the protein
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concentration. Concentration of IgG1 mAb vs % PEG-10,000
data were fit using a standard four-parameter modified Hill-
slope sigmoidal curve equation:

= + −
+ −

⎛
⎝⎜

⎞
⎠⎟y b

t b
e1 s x(mid ) (15)

where t = top plateau, b = bottom plateau, mid = x-axis
midpoint, and s = slope. Midpoint values were determined from
the resulting curve fit as described in detail elsewhere.24

Determination of Aggregation Kinetic Rate Con-
stants. Rate constants describing the aggregation process
(knuc,obs and kg,obs) were determined by simulating fits to
experimental SEC data using an in-house script in Python
v2.7.10. The script iteratively solves eqs 6 and 7 based on user
entered values for the number of time steps; range of aggregate
polymerization (j); and rate constants knuc,obs, kg,obs, and kagg.
Simulated monomer loss as a function of time was compared to
experimental monomer loss presumably due to aggregation
(and with fragment peaks treated as monomer). SV-AUC was
used to measure monomer loss (instead of SEC) for stressed
mAb samples in certain formulations that were determined to
adsorb to the SEC column (see text). Aggregate−aggregate
association was set to zero in mathematical simulations, and
kg,obs was treated as constant for all aggregate sizes (kg,obs,{A2} ≈

kg,obs,{A∞}). Additionally, the polymerization state j was set to
∞ to reduce the amount of data points required to distinguish
between simulations. The effects and purpose of these
modeling parameters and treatments are discussed in the
Supporting Information. Simulations were performed for each
sample until the residuals (experimental data point−simulated
data point) were within the range of the experimental standard
deviation and randomly distributed about zero.

Empirical Modeling of Net Protein Charge. The
molecular modeling and visualization program PyMol v1.5
was used to construct the Fab, hinge, and Fc regions of an IgG1
antibody model.41 The Fab and hinge coordinates were
obtained from the in silico KOL-Padlan structure of an IgG1
molecule.42 Homology models of the antibody sequence were
mapped onto the template Fab regions with Modeler version
9.12.43 The Fc region was retrieved from the X-ray structure,
3AVE, maintaining the linked G0F glycan residues.44

The homology model was analyzed using PROPKA v3.1, an
empirical algorithm that calculates the pKa of titratable residues
based on interactions with nearby functional groups and
desolvation effects due to the structural position of the
residue.45,46 The net charge of the IgG1 mAb was then
calculated using the Henderson−Hasselbalch relationship with
user entered pH values and titratable residue pKa values from
the PROPKA 3.1 results.

Figure 3. Representative conformational stability, solubility with PEG, and protein−protein interactions data for IgG1 mAb in different pH and
buffer conditions. (A) DSC thermogram of mAb in pH 4.5 (red trace) and pH 6.5 (black trace) histidine buffer. (B) DSC thermogram of mAb in pH
4.5 (blue trace) and pH 6.5 (black trace) citrate buffer. A thermal melting profile that fails to display a melting temperature for each domain is
labeled with an observed Tm to highlight that the melting event could be a convolution of two domain unfolding events. (C) Protein-PEG
precipitation curves for 1 mg/mL mAb at pH 4.5 (denoted by circles) and pH 6.5 (squares) in histidine buffer (red), histidine buffer w/100 mM
NaCl (purple), citrate buffer (blue), and citrate buffer w/100 mM NaCl (cyan). (D) Normalized second virial coefficient values at pH 4.5 and 6.5 in
citrate buffer (blue), citrate buffer w/100 mM NaCl (cyan), histidine buffer (red), and histidine buffer w/100 mM NaCl (purple) as measured by
static light scattering (CG-MALS).
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■ RESULTS AND DISCUSSION
Conformational Stability of mAb under Different

Solution Conditions. As a first step to better understand
the relationship between temperature and observed aggregation
rates, differential scanning calorimetry (DSC) was used to
assess how changes in solution conditions (pH, ionic strength,
buffer ion type) affect the thermal onset (T0) and thermal
melting temperature values (Tm) for an IgG1 mAb. It has
previously been shown that IgG1 mAbs undergo thermal
unfolding steps which correspond to structural alterations of
distinct domains/regions of the antibody.47,48 We apply the
model proposed by Ionescu and co-workers to interpret
deconvoluted thermal melting events for this IgG1 mAb in
terms of its CH2 domain, Fab region, and CH3 domain
unfolding events as previously shown for three other IgG1
mAbs.49

The IgG1 mAb used in this study displays two endothermic
transitions at pH 4.5 and 6.5 in histidine buffered solutions as
measured by DSC (Figure 3A). At pH 4.5, the first melting
transition can be attributed to unfolding of the CH2 domain
and the second larger transition is probably a convolution of
Fab region and CH3 domain unfolding events.49 The first
melting temperature (Tm1) was at 58.3 ± 0.1 °C, and the
second was at 71.7 ± 0.1 °C. Addition of 100 mM NaCl to the
pH 4.5 histidine solution did not change the number or order
of the observed transitions in the DSC thermogram, but the
Tm1 value for the mAb decreased to 56.1 ± 0.1 °C and the
second Tm decreased to 70.3 ± 0.1 °C (Table 1). The decrease

in Tm values, compared to the NaCl absent solution, signifies a
decrease in the conformational stability of this mAb, but it
could also be an artifact caused by faster aggregation rate
constants.50 At pH 6.5, the mAb in the histidine solution also
displayed two endothermic transitions (Figure 3A). In this case,
however, the first transition is probably a convolution of CH2
domain and Fab region unfolding49 with an observed Tm value
at 72.9 ± 0.1 °C while the second transition reflects unfolding
of the CH3 domain with a Tm3 at 79.2 ± 0.1 °C. A summary of
the apparent thermal onset and thermal melting temperatures
for the mAb, in each of the histidine solutions, are summarized
in Table 1.
DSC thermograms of the mAb in pH 4.5 and 6.5 citrate

solutions had higher onset and melting temperatures compared

to the mAb in histidine solution (Figure 3B). At pH 4.5, there
were 3 endothermic transitions with the first, second, and third
corresponding to the CH2 domain, Fab region, and CH3
domain, respectively.49 Melting temperatures for the first,
second and third transitions were 59.5 ± 0.1, 73.1 ± 0.1, and
79.2 ± 0.1 °C, respectively. Addition of 100 mM NaCl, to the
pH 4.5 citrate formulation decreased the melting temperatures
slightly with Tm1, Tm2, and Tm3 values decreasing to 59.0 ± 0.1,
72.7 ± 0.1, and 79.0 ± 0.1 °C, respectively (Table 1).
Interestingly, the mAb melting temperatures decreased more
when NaCl was added to the histidine solution than when it
was present in the citrate solution. This could be because the
ionic strength of the histidine solution was substantially lower
than the citrate solution (see calculated ionic strength values for
each condition summarized in Table 2). At pH 6.5, the mAb in

citrate solution displayed 2 endothermic transitions similar to
the pH 6.5 mAb histidine solution. The first transition is
presumably a convolution of CH2 domain and Fab region
unfolding with an observed Tm occurring at 73.1 ± 0.1 °C and
the second transition reflecting unfolding of the CH3 domain
with a Tm3 at 83.1 ± 0.1 °C.

Solubility of mAb under Different Solution Con-
ditions. Protein solubility as a function of polyethylene glycol
(PEG) concentration was measured to better understand the
thermodynamics of mAb precipitation in different solution
environments. The solubility values were extrapolated to
determine the apparent thermodynamic activity of saturated
mAb solutions without PEG.25 Representative experimental
data showing mAb concentration in different solutions as a
function of PEG concentration are presented in Figure 3C.
Extrapolated apparent thermodynamic activity values (in the
absence of PEG) and [PEG] midpoint values (i.e., 50% of the
mAb in the amorphous phase) were determined. In pH 4.5
histidine solution, the mAb had the highest [PEG] midpoint
value of 24.6% w/v (with an extrapolated activity value of 1.86
± 0.4 g/mL). Addition of 100 mM NaCl to the pH 4.5

Table 1. Apparent Thermal Melting Temperatures for mAb
in Solution Conditions As Measured by DSCa

solution condition
(1 mg/mL mAb)

Tonset
(°C)

Tm1
(°C)

Tm2
(°C)

Tm3
(°C)

pH 4.5 histidine 50.1 58.3 71.7
pH 4.5 histidine w/100 mM
NaCl

47.8 56.1 70.3

pH 6.5 histidine 62.8 72.9 83.4
pH 4.5 citrate 51.5 59.5 73.1 79.2
pH 4.5 citrate w/100 mM NaCl 50.1 59.0 72.7 79.0
pH 6.5 citrate 62.0 73.1 83.1
aApparent thermal melting temperature values are reported as Tm1,
Tm2, and Tm3 representing the CH2, Fab, and CH3 domains of the
mAb, respectively (see Figure 1 and text). A thermal melting profile
that fails to display melting temperatures for each domain/region is
considered an observed Tm to highlight that the melting event could
be a convolution of two unfolding events. Each reported value is the
average of n = 3 experiments, and the standard deviation (SD) for each
value was less than 0.2 for all conditions.

Table 2. Summary of Experimental and Calculated Physical
Parameters of Different mAb Solutionsa

experimen-
tal a2

[PEG]
midpoint

solution
conditions

(1 mg/mL mAb) pH

approx.
mAb net
charge

approx.
ionic

strength mean SD mean

50 mM citrate 4.5 104.3 0.089 −0.84 0.03 6.8
50 mM citrate 6.5 41.3 0.243 −1.14 0.02 5.2
50 mM citrate w/
100 mM NaCl

4.5 104.3 0.189 −0.82 0.01 7.9

50 mM histidine 4.5 104.3 0.024 1.18 0.29 24.6
50 mM histidine 6.5 41.3 0.007 0.58 0.02 8.5
50 mM histidine
w/100 mM
NaCl

4.5 104.3 0.124 −0.43 0.03 15.1

aValues for approximate mAb net charge, approximate solution ionic
strength, and Theoretical b2 values (theoretical surrogate parameter for
protein−protein interactions) were calculated as described in the
Materials and Methods section. The experimental surrogate parameter
for protein−protein interactions (a2) and [PEG] midpoint values
(midpoint of mAb vs PEG concentration curves; see text) are
presented as the average and standard deviation of 3 experiments.
Values of b2 and a2 are normalized and therefore have no units. [PEG]
midpoint has units of % w/v. The standard deviation for the [PEG]
midpoint was less than 0.1 for all conditions.
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histidine formulation caused the precipitation curve to shift to a
midpoint value of 15.1% w/v PEG (with an extrapolated
activity value of 1.10 ± 0.08 g/mL) corresponding to an
increase in the ionic strength of the solution. At pH 6.5, the
midpoint value was 8.5% w/v PEG (with an extrapolated
activity value of 0.11 ± 0.01 g/mL). The mAb in the citrate
solutions had [PEG] midpoint values ranking as follows and
the values are summarized in Table 2: pH 4.5 citrate + NaCl >
pH 4.5 citrate > pH 6.5 citrate. The activity values for the mAb
were 0.04, 0.01, and 0.02 g/mL for the pH 4.5, pH 4.5 + NaCl,
and pH 6.5 citrate solutions, respectively.
Mahadevan and Hall developed a statistical mechanical

model to predict trends in protein solubility/PEG solutions by
considering excluded volume, osmotic and electrostatic
interactions.51 In general, our observed results are consistent
with their model because solubility values in mAb solutions
with PEG decreased with decreasing calculated values of
protein charge and/or increased solution ionic strength (see
calculated charge and ionic strength values for each condition
summarized in Table 2). As described previously in other
studies,22,23 and as described in our experiments below, these
descriptive parameters derived from the PEG precipitation
profile can be valuable for interpreting observed protein
aggregation data under different solution conditions.
The PEG concentration (% w/v) vs protein concentration

(i.e., precipitation) profile of this mAb was fit to a sigmoidal
function and the [PEG] midpoint values (Figure 3C) were used
to compare the relative thermodynamic favorability of non-
specific IgG1 mAb associations leading to amorphous
precipitation. We hypothesize that differences in the solubility
values of the mAb in different solutions could indicate
differences in the thermodynamic favorability of transient
encounter complex formation. At the [PEG] midpoint,

= =K 1
mAb

mAbeq
[ ]

[ ]
precipitate

solution
. The Gibbs free energy difference (ΔG

= Gsolution − Gprecipitate) between a protein molecule in solution
and solid amorphous phase is zero at the [PEG] midpoint
because ΔG = RT ln Keq. If Gprecipitate remains unchanged, then
an increase in the [PEG] midpoint reflects a decrease in Gsolution
because more PEG is required to increase [mAB]precipitate to
achieve Keq = 1.
Additionally, the protein−protein potential of mean force

(PMF), W22(r), can be expressed as27,30

= + + +

+ +

W r W r W r W r W r

W r W r

( ) ( ) ( ) ( ) ( )

( ) ( )

22 HS Z disp osmotic

dipole assoc (18)

From left to right, the terms on the right-hand side of eq 18
represent contributions of excluded volume, electrical double
layer, dispersion forces, osmotic forces, dipole interactions, and
specific interaction sites to the protein−protein PMF.27,30 As
the concentration of PEG is increased, the short-range osmotic
potential reflected by the Wosmotic (r) term becomes
increasingly attractive. These osmotic attractions have been
previously modeled using a theory developed by Asakura and
Oosawa.52,53 Based on these models, differences in [PEG]
midpoint values should approximately reflect the extent to
which osmotic forces are required to overcome other repulsive
interactions and induce mAb precipitation. On the other hand,
this approach has some limitations. For example, Sarangapani et
al. have demonstrated that such models can be inadequate for
describing protein behavior with changes in pH or protein
concentration because they neglect to account for changes in

intrinsic flexibility and conformation.54 Additionally, this
approach assumes that the PEG molecules are inert and do
not interact with the protein molecules which may not always
be the case.

Colloidal Stability of Native mAb under Different
Solution Conditions. To compare protein−protein inter-
actions (PPI) in different solution conditions on a relative basis,
static light scattering was used to obtain normalized apparent
second virial coefficient (a2) values for the IgG1 mAb as a
function of solution pH, ionic strength, and buffer ion type
(Figure 3D). Traditionally, the second virial coefficient A2,
obtained from classical analysis of static light scattering data (eq
10), was equated to the second osmotic virial coefficient,
B2.

31,55 More recently, however, the two virial coefficients have
been shown to formally differ.29,56,57 Under sufficiently dilute
conditions (e.g., |2A2Mwc2| ≤ 0.12), differences between A2 and
B2 are not significant in terms of statistical uncertainty.57−59

Otherwise, the value of A2 was theoretically proposed to
systematically overestimate repulsive interactions and under-
estimate attractive interactions compared to B2.

57 In protein
solutions with weak PPI, the second virial coefficient can be
dominated by contributions from excluded volume.60 Normal-
ization of the second virial coefficient by correcting for the
excluded volume contribution of spheres (A2 → a2) is used to
help tease out weak protein−protein interactions.61,62

In solutions containing histidine, the IgG1 mAb was found to
have the most repulsive PPI with a2 values of 1.18 ± 0.29 and
0.58 ± 0.02 at pH 4.5 and 6.5, respectively (Figure 3C and
Table 2). The mAb in these histidine solutions were the only
conditions where |2A2Mwc2|> 0.12. Addition of 100 mM NaCl
to the pH 4.5 histidine solution changed the sign of a2 from
positive to negative, to a value of −0.43 ± 0.03, suggesting that
PPI changed from repulsive to slightly attractive for the mAb
(Figure 3C). In the pH 4.5 and 6.5 citrate containing solutions,
the mAb had the lowest values of a2 which argues that the mAb
under these conditions had the most attractive PPI. This result
was notable because the pH 4.5 histidine solution with NaCl
has a greater calculated ionic strength than the pH 4.5 citrate
solution (Table 2). Addition of 100 mM NaCl to the pH 4.5
citrate formulation did not significantly change the a2 value
despite substantially increasing the ionic strength of the
solution. At pH 6.5, the mAb in the citrate solution had the
most attractive PPI. This result was expected because the
solution had the highest ionic strength and the mAb had the
lowest calculated net charge of all conditions tested (see Table
2 for summary of the calculated protein charge and solution
ionic effect values).

Experimental and Modeled mAb Aggregation Results
in Different Solutions. Using experimental data from either
SEC or SV-AUC, monomer loss as a function of time can be
used to obtain an apparent reaction order and time scale for
protein aggregation. If the size of aggregates remains small,
dimers are the smallest aggregate species, and aggregate−
aggregate association can be neglected. Then, completely
nucleation dominated aggregation should have an effective
reaction order of 2. In contrast, aggregation dominated by
monomer addition growth mechanisms will have an effective
reaction order that approaches 1 if reversible self-association is
negligible as is the case for this mAb (data not shown). Under
this particular limiting case, monomer loss of this mAb can be
modeled and used to obtain rate constants and/or characteristic
time scales for both aggregate nucleation and growth by
monomer addition.35
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Prior to modeling the kinetics of experimental mAb
aggregation data sets, simulations of eqs 6 and 7 were
performed to better understand how nucleation and aggregate
growth affect the overall observed rate of the aggregation
process. The effect of varying nucleation and growth rate
constants on the simulation was investigated systematically over
4 orders of magnitude for nucleation and 3 orders of magnitude
for growth (see Supporting Figure S1). Although it was
possible to simulate several conditions that resulted in a similar
amount of aggregation over a certain time period, the profiles
clearly displayed characteristic differences thereby supporting
our modeling approach of fitting monomer loss vs time for this
mAb. For example, samples with slower nucleation rates and
faster growth rates displayed an initial “lag” phase compared to
samples with a faster nucleation rate and slower growth rate.
Based on the results of these initial simulations, we collected a
range of experimental mAb aggregation stability data in
different solutions to capture the perceived lag caused by
slower nucleation rates and acceleration produced by fast
growth rates. The time scale of the stability study for each mAb
solution condition needed to be optimized to capture a full
range of aggregation data to properly discriminate between
different combinations of nucleation and growth rates.
Simulated fits of experimental mAb aggregation data were

then generated for the fraction of nonaggregated mAb species
(monomer + fragment) for each solution and temperature
condition to determine observed rate constants for aggregate
nucleation and growth processes. The rationalization for
modeling both monomer and fragments populations as
aggregate prone species is discussed in detail the Supporting
Information (see Rationalization of Assumptions Present in
Aggregation Model). Briefly, substantial fragmentation did not
appear to deplete reactive species populations by causing mAb

aggregation rates to decelerate. In this work, it should be
understood that apparent nucleation and growth rate constants
could represent a convolution of pathways where the reactive
species could either be a monomer or a fragment for conditions
where fragmentation is significant (e.g., incubation at 40 °C).
For illustrative purposes, let us consider a hypothetical example
where only dimers occur. In this case, eq 6 reduces to

− = ×

= +

+

×

d m
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where f r represents fragments, m represents monomeric
species, and mtot = m + f r in this example. The observed rate
constant still provides a good description of the total nucleation
without making any further assumptions about the contribu-
tions of fragmentation to aggregation rates. In a future study,
we plan to investigate the effect of considering fragmentation as
the initiation step in separate mAb aggregation pathways to
more accurately model such cases.
Representative SEC chromatograms and SV-AUC data

demonstrating separation profiles and peak integration of the
different mAb species are presented in Supporting Figure S2
(panels A,B). In addition, integrated SEC aggregation profiles
for mAb samples under different histidine buffer solution
conditions as a function of time and temperature are presented
in Supporting Figure S2 (panels C−H). Integrated SEC
aggregation profiles for the mAb in different citrate buffer
solution conditions at different temperatures are shown in
Supporting Figure S3.
Figure 4 shows the simulation results for the SEC

aggregation data for the pH 4.5 mAb solutions, in both citrate

Figure 4. Simulated fit of experimental SEC and SV-AUC data of loss of nonaggregated (monomer + fragment) mAb over time at 57 °C.
Experimental (solid red squares, n = 3) and simulated profiles (solid red line) of nonaggregated mAb concentration in presented in the upper right
corner of the corresponding graph. Error bars reflect the experimental standard deviation. Buffer conditions are labeled above each graph. The top
panel of (B) was acquired using SV-AUC and all other conditions were measured using SEC.
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and histidine buffers with/without NaCl, after being incubated
at 57 °C for up to 5 days. The red squares in the figure
represent the average concentration (mg/mL) of nonaggre-
gated species for mAb solutions in three different sample vials
measured by SEC or SV-AUC. In the pH 4.5 citrate solution,
incubation resulted in rapid monomer loss with no monomer
detected in solution after 1 day of incubation (Figure 4A, top
panel). Absorbance spectroscopy of the supernatant fraction
after centrifugation confirmed that loss of monomer was
because of non-native amorphous precipitation (Supporting
Figure S4, panel A). Additionally, the modeled observed growth
rate constant dominated the overall aggregation kinetics
compared to the nucleation process as determined by the
modeled fit. The mAb in the pH 4.5 citrate solution with NaCl
also had a similar rate of monomer loss (Figure 4A, bottom
panel) and also underwent phase separation after 1 day. The
overall kinetics of aggregation was also growth dominated as
determined by the modeled fit. On the other hand, although
monomer loss of the mAb in the pH 4.5 histidine solution was
also rapid (Figure 4B, top panel), no significant increase
(compared to t = 0) in the calculated mass of larger aggregates
(i.e., particles larger than 2 μm in diameter), based on
FlowCam particle data, was detected after 3 days (Supporting
Figure S4, panel B). The shape of the simulated result also
suggests that the mAb sample has a nucleation dominated
aggregation mechanism similar to the light blue trace in
Supporting Figure S1, panel A. Increasing the ionic strength of
the mAb in histidine buffer (with NaCl) causes the observed
aggregation rate to increase, and resulted in significant non-
native phase separation after 1 day of incubation (Supporting
Figure S4, panel A). In this sample condition, neither aggregate
nucleation nor growth clearly dominated the aggregation
mechanism (Supporting Table S1). If modeled individually,
the experimental variability resulted in relative standard

deviation of 10% for aggregate nucleation and 23% for
aggregate growth rate constants for the mAb in a pH 4.5
citrate solution incubated at 57 °C. Other experiments
performed at this temperature condition had less uncertainty
arising from experimental variability.
The pH 4.5 mAb solutions, in both citrate and histidine

buffers with/without NaCl, were also incubated at 40 °C for up
to 7 months (Figure 5). Integrated SEC results for mAb
samples incubated at 40 °C as a function of time are presented
in Supporting Figure S3. Less mAb aggregated over the course
of 7 months when incubated at 40 °C compared to 1 day at 57
°C. The mAb in the pH 4.5 citrate solutions with and without
NaCl had similar rates of aggregation at 40 °C (Figure 5A). In
these sample conditions, a slower “lag phase” in which
aggregate nucleation primarily occurs was observed prior the
rate accelerating due to aggregate growth. The simulated rate
constant values support these observations because the
observed rate constants of aggregate growth were ∼3 orders
of magnitude larger than those of nucleation (Supporting Table
S1). On the other hand, a lag phase was not readily observable
in the pH 4.5 histidine mAb solutions with and without NaCl
(Figure 5B), but the profile displayed some early curvature
indicative of both aggregate nucleation and growth processes
occurring. The simulated rate constants, however, suggest that
the observed growth rate constant was ∼3 orders of magnitude
larger than the nucleation rate constant. Although aggregate
growth was nontrivial, no significant increases in the calculated
mass of larger aggregates (i.e., particles greater than 2 μm in
diameter), as calculated from the experimentally determined
MFI data, was detected after 7 months (Supporting Figure S4,
panel C). If modeled individually, the experimental variability
resulted in relative standard deviations of less than 10% for
aggregate nucleation and aggregate growth rate constants for all
of the conditions at 40 °C. A larger concern in terms of error is

Figure 5. Simulated fit of experimental SEC data of loss of nonaggregated (monomer + fragment) mAb over time at 40 °C. Experimental (solid red
squares, n = 3) and simulated profiles (solid red line) of nonaggregated mAb concentration in different solution conditions as a function of
incubation time as measured by SEC. The residuals of each fit are presented in the lower left corner of the corresponding graph. Error bars reflect the
experimental standard deviation. Buffer conditions are labeled above each graph.
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the possibility of degenerate solutions due to the limited range
of mAb aggregation data collected at this temperature
condition. For example, equally good fits could be obtained
by increasing the rate constant for nucleation and decreasing
the value for aggregate growth. Fortunately, degenerate
solutions could be ruled out for conditions where aggregate−
aggregate association was negligible (as was the case at this
temperature) by comparing the soluble aggregate fractions
measured by SEC to the modeled results. The uncertainty in
the modeled values was ∼ ± 20% for the mAb sample at pH 4.5
histidine buffer (the solution condition with the smallest range
of monomer loss) after comparing modeled results to the
soluble aggregate fraction.
The mAb samples at pH 6.5 were also incubated at 40 °C for

up to 7 months and fit to the kinetic models described by eqs 6
and 7 (Supporting Figure S5). The rate and extent of
aggregation at pH 6.5 were much less than those at pH 4.5,
despite reduced values of solubility (and extrapolated
thermodynamic activity, determined by PEG precipitation)
and having more attractive PPI (A2 values by static light
scattering). Curvature of the simulated fit to the experimental
SEC aggregation data was also observed for mAb in pH 6.5
citrate solution incubated at 40 °C. The aggregation profile for
the mAb in the pH 6.5 histidine solution did not display major
curvature since both the modeled nucleation and growth rates
were very slow over this time period.
At 25 °C, the aggregation profiles for the mAb in the pH 4.5

histidine and citrate solutions was even slower with less than
3% monomer loss occurring in both samples after 7 months
(Supporting Figure S6). Although such degradation could be
considered significant from a pharmaceutical storage stability
perspective, the modeled nucleation and growth rate constants
for both conditions were extremely slow and did not show any
appreciable differences between the samples. To be more
rigorous for modeling aggregation of this mAb at this
temperature condition, future work will need to include a
longer-term stability study to mechanistically examine mAb
aggregation at lower temperatures and to test the applicability
of these models to predict protein storage life under lower

temperature conditions. Thus, although the results at 25 °C do
not show any appreciable differences in their modeled rate
constants, the data should not be over interpreted due to the
lack of an apparent characteristic time scale observed in the
monomer loss vs time data.

The Effect of the Physical Properties of the mAb in
Different Solutions on Modeled Aggregate Nucleation
and Growth Values. When taken together, the two simulated
aggregation rate constants modeled from the mAb stability data
in various solution and temperature conditions provide several
important results in terms of better understanding the
aggregation mechanism of experimental data in relation to
the physical properties of the mAb. To this end, as shown in
Figure 6A, the modeled values of knuc,obs (mAb aggregation
observed nucleation rate constants) are presented as a function
of apparent melting temperature (Tm values from DSC
measurements; see Table 1) minus incubation storage
temperature (T) for all of the examined storage and solution
conditions. This temperature scale of (Tm − T) was used to
better evaluate the effect of partially unfolded mAb on the
observed aggregation nucleation rate constants. The modeled
nucleation rate constants were normalized by the smallest value
to observe differences between the solution and temperature
conditions on a relative scale (also, it should be noted that for
this analysis aggregation data for pH 6.5 mAb samples
incubated at 57 °C, and for mAb samples incubated at 25
°C, are not included because of the limitations outlined in the
previous sections).
At 40 °C incubation (Tm − T ranging from ∼15 to 20 °C in

Figure 6A), the observed nucleation rate constants for the mAb
in pH 4.5 histidine (dark red), pH 4.5 histidine + NaCl (light
red), pH 4.5 citrate (dark blue), and pH 4.5 citrate + NaCl
(light blue) solutions appear to be similar and randomly
distributed. Interestingly, differences in a2 or the apparent
solubility profiles (e.g., midpoint or extrapolated activity values,
Table 2) were not reflected in the modeled knuc,obs values for
solution conditions with similar Tm − T values (Figure 6A). At
57 °C incubation (Tm − T < 5 °C), the modeled nucleation
rates increased rapidly as Tm − T decreased. This seems

Figure 6. The effect of conformational stability (presence of partially unfolded mAb species) on the observed rate constants for mAb aggregate
nucleation and growth. Observed nucleation and growth aggregation rate constants were obtained by fitting simulations of eqs 6 and 7 to
experimental SEC and SV-AUC stability data for mAb stored in different solutions at different temperatures. The values reported are dimensionless
numbers which were normalized by the smallest observed rate constant for each process. The colors dark blue, light blue, dark red, and light red
correspond to the mAb prepared in the citrate, citrate + NaCl, histidine, and histidine + NaCl solution conditions where the diamond and circle
shapes correspond to solution pH values of 4.5 and 6.5, respectively. (A.) Modeled values for the observed nucleation rate constant as a function of
the first apparent melting temperature (measured by DSC) minus incubation temperature. (B.) Modeled values for the observed growth rate
constant as a function of first apparent melting temperature (measured by DSC) minus incubation temperature.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b03878
J. Phys. Chem. B 2016, 120, 7062−7075

7072

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b03878/suppl_file/jp6b03878_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b03878/suppl_file/jp6b03878_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.6b03878


intuitive because the nucleation mechanism, expected to be
fastest at high temperatures, has an observed rate constant
which scales with the fraction of unfolded protein squared. It
was unexpected, however, that the colloidal environment in the
different solution conditions did not appear to have any affect
the observed nucleation rate constants, since we had originally
hypothesized that conformationally altered proteins were more
likely to stick upon collisions and would therefore appear to
follow the theory of slow coagulation (see eq 2).
In the context of this model, this result from Figure 6A

implies that the process of aggregate nucleation for this mAb
behaves similarly to limiting case 2 as presented in the
Theoretical Role of Colloidal Stability on Aggregation Rates
section. In other words, structural alterations of associated mAb
monomers to form a stable irreversible mAb dimer could be the
rate limiting component of aggregate nucleation. Additionally,
we did not observe any apparent correlation of the
experimental aggregation rate in different solutions to the
apparent solubility values of the mAb in the same solutions (as
measured in PEG precipitation assay). This is probably because
partially unfolded intermediates of the mAb would be expected
to have lower solubility values. If the equilibrium association
constant is high for the mAb in every solution, then we would
expect only conformational rearrangement of an encounter
complex to be the rate limiting step. In this study, the
nucleation mechanism involving encounter complex formation
between native mAb molecules, described by eq 3c, did not
appear to be a major pathway for this mAb. It would be
interesting to see in future work if nucleation of other mAb
molecules, which undergo that pathway to a greater extent,
correlates with such apparent solubility measurements as seen
previously by others with using different mAbs.22,23

Using the same approach described above, the modeled
values of kg,obs (observed growth rate constants for mAb
aggregation) are presented as a function Tm − T to better
observe the role of conformational changes (i.e., CH2 domain
unfolding as seen by DSC) on growth processes during
aggregation of this mAb (Figure 6B). In contrast to Figure 6A,
it is readily apparent in Figure 6B that the correlation is not as
strong between mAb aggregate growth and the relative
concentration of partially unfolded mAb as approximately
given by Tm − T. One potential explanation is that the observed
growth rate constants (Figure 6B) were more sensitive to the
colloidal environment of the mAb as measured by a2 and PEG
precipitation values (Table 2). The deviations between kg,obs
values for the mAb in different solution environments, but at
similar Tm − T values, appear to best correlate with the rank
ordering of the apparent solubility profiles for the native mAb
in different solutions (Figure 3c). Furthermore, it is difficult to
physically justify how encounter complex formation could be
rate limiting at the relatively low a2 values observed in this
study. Therefore, although we conclude that aggregate growth
by monomer addition was sensitive to the colloidal environ-
ment of the mAb under these conditions, we suspect that rates
were affected by association thermodynamics rather than
kinetics. In other words, based on these considerations, it is
reasonable to conclude that similar to aggregate nucleation,
aggregate growth also follows limiting case 2 as presented in the
TheoryRole of Colloidal Stability and Apparent Solubility on
Aggregation Rates section. Except that in this case, it was
probably the equilibrium concentration of associated encounter
complex that was rate limiting rather than the structural
rearrangement of the encounter complex. For example,

although there was substantial monomer loss in the pH 4.5
mAb sample in histidine buffer incubated at 57 °C for 3 days,
there was limited aggregate growth. Note that this solution
condition had the highest solubility in PEG solutions compared
to the other mAb solution conditions. Barnett et al. previously
rationalized this type of observation by arguing that when
protein−protein interactions are strongly repulsive, a monomer
diffusing toward an aggregate would be felt simultaneously by
all of the monomeric components within the aggregate causing
extensive growth to become highly unfavorable.59

■ CONCLUSIONS

In this study we evaluated the aggregation vs storage time
profile of an IgG1 mAb under different solution conditions
across a range of temperatures by SEC or SV-AUC, and
compared results to the physical properties of the mAb in
different solutions including partially unfolded intermediates
(conformational stability by DSC), apparent solubility (in PEG
solutions), and protein−protein interactions (second virial
coefficients by SLS). A kinetic model for aggregation was
developed and applied to interpret SEC and SV-AUC
aggregation data during storage of the IgG1 mAb at different
temperatures in terms of the roles of aggregate nucleation and
growth. Additional kinetic equations describing the effects of
conformational stability, colloidal stability, and equilibrium
encounter complex formation were also proposed.
We found that the modeled nucleation rate constants for

aggregation of this mAb in different solutions were most
sensitive to the formation of partially unfolded intermediates
(i.e., conformational stability of the mAb). In other words, as
the incubation temperature approached the thermal melting
temperature (as measured by DSC), the observed aggregation
nucleation increased as expected. Interestingly, the observed
aggregation nucleation rate constants did not appear to be
affected by protein−protein interactions and/or apparent
solubility values for this mAb under these various solution
and temperature conditions. As a result, we conclude that the
association processes between protein monomers were not a
rate limiting step of aggregate nucleation for this mAb under
these solution and storage conditions.
On the other hand, aggregate growth rate constants (by

monomer addition) for this mAb in the same solutions were
highly sensitive to protein−protein interactions and/or
apparent solubility values (i.e., association thermodynamics)
as well as to the conformational stability (i.e., concentration of
partially unfolded intermediates) when the mAb was incubated
at 57 and 40 °C. Based on the relatively low values of a2
measured in this study, it is difficult to physically justify long-
range repulsive interactions causing the rate of protein
associations to become the rate limiting step; thus, it is more
likely that the thermodynamics of encounter complex
formation of the mAb in the different solutions was the rate
limiting component of aggregate growth in the same solutions
during storage. Thus, this work provides a method to model
experimentally obtained protein aggregation stability data to
enable a better mechanistic understanding of the relative
contributions of nucleation and growth components of the
aggregation pathway as a function of solution conditions and
temperature for proteins of interest.
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