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Abstract. Monoclonal antibodies (mAbs) as a class of therapeutic molecules are finding an increasing

demand in the biotechnology industry for the treatment of diseases like cancer and multiple sclerosis. A

key challenge associated to successful commercialization of mAbs is that from the various physical and

chemical instabilities that are inherent to these molecules. Out of all probable instabilities, aggregation of

mAbs has been a major problem that has been associated with a change in the protein structure and is a

hurdle in various upstream and downstream processes. It can stimulate immune response causing protein

misfolding having deleterious and harmful effects inside a cell. Also, the extra cost incurred to remove

aggregated mAbs from the rest of the batch is huge. Size exclusion chromatography (SEC) is a major

technique for characterizing aggregation in mAbs where change in the aggregates’ size over time is

estimated. The current project is an attempt to understand the rate and mechanism of formation of

higher order oligomers when subjected to different environmental conditions such as buffer type,

temperature, pH, and salt concentration. The results will be useful in avoiding the product exposure to

conditions that can induce aggregation during upstream, downstream, and storage process. Extended

Lumry-Eyring model (ELE), Lumry-Eyring Native Polymerization model (LENP), and Finke-Watzky

model (F-W) have been employed in this work to fit the aggregation experimental data and results are

compared to find the best fit model for mAb aggregation to connect the theoretical dots with the reality.

KEY WORDS: Aggregation; Monoclonal antibody; Lumry-Eyring Nucleated Polymerization model;
Finke-Watzky model; Extended Lumry-Eyring model.

INTRODUCTION

Monoclonal antibodies (mAbs) have emerged as the
moieties of choice for treatment of various diseases ranging
from chronic diseases like rheumatoid arthritis, psoriasis,
asthma to fatal diseases like cancer, multiple sclerosis, and
ebola (1–4). However, product instability continues to be a
concern among manufacturers of protein therapeutics, par-
ticularly in the form of protein aggregation which may result
in the loss of biological activity as well as toxicity (5–8). While
these effects are likely to vary from mAb to mAb, the need to
minimize aggregation is universally recognized (4).

Aggregation can take place during protein expression in
cell culture, purification in downstream processing, formula-
tion, and/or storage (4,6). Protein molecules can aggregate via

physical association (primary structure unchanged) or by
chemical bond formation. Either of them may induce soluble
or insoluble aggregates. Over the past few decades, several
researchers have proposed different mechanisms of aggrega-
tion including (i) reversible association of the native mono-
mer, (ii) aggregation of conformationally altered monomer,
(iii) aggregation of chemically modified product, (iv)

nucleation-controlled aggregation, and (v) surface induced
aggregation (9–12).

Factors that are known to significantly affect protein
aggregation can be broadly classified as internal and external
factors. Internal factors relate to changes in the primary and
secondary structure of the protein. Tendency of a protein to
aggregate is generally considered as a function of its
sequence. Changes in the protein sequence either by muta-
tion or chemical alteration can alter its hydrophobicity as well
as surface charge distribution and hence, the tendency to
aggregate. Internal factors also include changes in the
secondary structure of the protein (alpha and beta content).
On the contrary, external factors include different environ-
mental factors that may affect the aggregation propensity of a
protein. These include pH, temperature, salt concentration,
buffer type, protein concentration, ionic strength, mixing,
shear, metal ions, pressure, freeze-thawing, freeze-drying, and
reconstitution (6,12).

Kinetic studies and modeling of the resulting data have
been shown to be useful for understanding the underlying
mechanisms behind aggregation (13). When combined with
experimental kinetic and thermodynamic data, mathematical
models of aggregation kinetics can provide a non-invasive
way to gain qualitative and quantitative insights into the
aggregation mechanism (14). This in turn can help in
designing precise experiments to more accurately predict
and control aggregation rates by choosing appropriate
conditions and hold times. Of the various mathematical
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models that have been proposed to predict the kinetics of
protein aggregation, the Lumry-Eyring model has been
commonly used (15–18). This model identifies aggregation
as a simple, two-step, non-native mechanism: rate limiting
reversible conformational transitions of the protein followed
by irreversible conglomeration of proteins into aggregates
(15,16). Later, the Extended Lumry-Eyring (ELE) model has
been proposed to further distinguish between the different
kinds of aggregated molecules based on the number of
monomer chains that constitute them (19). Compared to the
classical model, this model describes the intrinsic kinetics of
aggregation in detail. This model has been further adapted to
account for nucleated polymerization in the form of the
Extended Lumry-Eyring with Nucleated Polymerization
(LENP) model (14,20). Other than these, the Finke-Watzky
model has also been recently applied to a broad spectrum of
aggregating proteins like amyloid β, prions, etc. (21,22). In
addition to this, some aggregate condensation and polymer-
ization models which account for very higher order aggregate
condensation into even larger aggregates and hence have not
been used in this study (14,20).

In a previously published study, we have elucidated the
importance of establishing hold times during mAbs process-
ing (6,23). In this paper, we focus on evaluation of the
aggregation kinetics for immunoglobulin (IgG1)-based mAb
therapeutics. Effects of various external factors such as pH,
temperature, buffer species, and salt concentration on mAb
aggregation have been investigated. Utilities of Finke-Watzky
(F-W), ELE and LENP models have been explored to
achieve the above-mentioned objective.

MATERIALS AND METHODS

Feed Materials

An IgG1 antibody (procured from Biocon Limited,
Bengaluru, Karnataka, India) with a pI of 8.5 was used in
this study. The mAb was stored at 4°C, pH 7.0, at a
concentration of 30 mg/ml in a buffer containing 15 mM
sodium phosphate, 150 mM NaCl, and 0.1% sodium azide.
The latter was used to avoid bacterial contamination during
storage.

Reagents

Table I lists all the buffers that were examined in this

study. These are the buffers which are commonly employed

during downstream processing of mAbs for Protein A

chromatography (acetate, glycine, and citrate at pH 3.0 with

0–100 mM NaCl), cation exchange chromatography (phos-

phate, citrate, and acetate at pH 6.0–7.5 with 0–200 mM

NaCl), and anion exchange chromatography (tris and phos-

phate at pH 7.2–8.0). All buffers were filtered using a 0.22-μm

cutoff nylon membrane filter (PALL Life Sciences, Port

Washington, NY, USA) and then degassed. All chemicals

were procured from Merck, India. All reagents used for size

exclusion chromatography (SEC) were of HPLC grade

(Sigma Aldrich, Bengaluru, Karnataka, India).

Sample Preparation

The required buffer composition, as per Table I, was
achieved by performing gel filtration chromatography-based
buffer exchange using a Sephadex G-25 resin (GE Healthcare
Biosciences, Pittsburgh, PA, USA) packed into a Tricon™
column (100 × 10 mm). After buffer exchange, three temper-
ature conditions (4, 15, and 30°C) were used to store the 3.5-
ml aliquots. Aggregation studies were performed for 0–120 h
at intermittent time points.

Concentration of the protein in the samples was mea-
sured by UV–VIS spectroscopy at 280 nm using a Spectra
Max M2e Multimode Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) in congruence to the Lambert-Beer
Law. Sample readings were recorded in duplicate and
normalized by subtracting the readings from the blank buffer.
A dilution factor of 10 and extinction coefficient of 1.41 has
been used for the estimation purposes. In each case, the
sample concentration was measured after buffer exchange
and the final concentration was adjusted to 10 mg/ml with the
respective buffer.

Size Exclusion Chromatography

SEC was performed with a Superdex™ 200, 10 mm×300
mm high resolution column (GE Healthcare Biosciences,
Pittsburgh, PA, USA) operated at 25°C. The column was
mounted on a Thermoscientific Dionex Ultimate 3000 HPLC
unit (Thermo Scientific, Sunnyvale, CA, USA) consisting of a
quaternary pump with a degasser, an auto sampler with a
cooling unit, and a variable wavelength detector (VWD).
Isocratic elution was performed for 45 min at a flow rate of
0.5 ml/min with 50 mM phosphate buffer, 300 mM NaCl, and
0.05% NaN3 at pH 7.0. All buffers were filtered with a 0.22-
μm cutoff nylon membrane filter (PALL Life Sciences, Port
Washington, NY, USA) and degassed prior to use. The
monomer peaks were characteristically distinct but peaks for
other species were overlapped with each other. Chromeleon
software (Thermo Scientific, Sunnyvale, CA, USA) was used
for estimating the residual monomer concentration by
computing the percentage area under the monomer peak in
the non-normalized SEC chromatograms. Detection was
performed by monitoring UV absorbance at 280 nm.

Dynamic Light Scattering (DLS)

The hydrodynamic radii of the solutions obtained fromSEC,
corresponding to different types of mAb monomer association,
were determined using a Zetasizer Nano ZS 90 (Malvern
Instruments, UK) particle size analyzer with temperature control
fitted with a 633-nm He-Ne laser. The instrument uses dynamic
light scattering to measure the diffusion coefficient, D, which is
then converted to an average hydrodynamic size RH of mAbs in
solution using the Stokes-Einstein equation (24):

RH ¼
kBT

6πηsD
ð1Þ

where kB is the Boltzmann constant, T is absolute
temperature (25°C for all experiments carried out in the
current study), and ηs is the solvent viscosity (for the
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current study, a measured value of ηs has been taken to
be 0.8 mPa.s). The scattered intensities from mAb
solutions were recorded at a fixed scattering angle of 90°
(this greatly reduces the effects of dust in the solution).
An extensive sample preparation method was followed to
ensure repeatability. The cuvette was washed with ethanol
for five times and kept for 15 min inside laminar air flow.
It was followed by wash with milliQ grade water for 10 to
15 min continuously. In the meantime, the mAb solutions
were filtered with 0.4 μm membrane filter (Pall Corp.,
USA) with at least two different membranes consecu-
tively. The dilution of the sample solutions was checked
by recording UV absorbance at 280 nm. The instrument
has the ability to measure a wide size range (0.3 to
5000 nm in diameter) and the diameters that are reported
in this study ranges from 10 to 210 nm, which is within
the size range of the instrument.

Determination of Oligomer Types

Molecular mass of various oligomers that were
formed during the study was determined by using a
standard gel filtration marker kit (Sigma Aldrich, St.
Louis, MO, USA). The seven protein markers of known
molecular weights (29–2000 kDa) were run through the
same system used for SEC and the elution times were
noted. Since molecular size is directly related to the
molecular weight, the protein with the least molecular
weight, Carbonic Anhydrase Bovine Erythrocytes (molec-
ular weight 29 kDa), elutes at the end, while Blue
Dextran with the highest molecular weight of 2000 kDa
elutes at the beginning (Fig. 1a). A semi-logarithmic
calibration curve of molecular mass versus Ve/Vo was
plotted for these proteins (Fig. 1b), where Ve is the
elution volume for each protein and Vo is the pore

Table I. Buffer Conditions Examined in this Experimental Study (23). Product Concentration Was 10 mg/ml mAb in All Cases

Type of process chromatography Buffers examined pH Salt concentration Temperature

Protein A chromatography 100 mM citrate 3.0 0 mM NaCl 4°C

15°C

30°C

50 mM NaCl 4°C

15°C

30°C

100 mM NaCl 4°C

15°C

30°C

100 mM acetate 3.0 0 mM NaCl 4°C

15°C

30°C

100 mM NaCl 4°C

15°C

30°C

100 mM glycine 3.0 0 mM NaCl 4°C

15°C

30°C

100 mM NaCl 4°C

15°C

30°C

Anion exchange chromatography 20 mM Tris HCl 7.2 50 mM NaCl 4°C

30°C

8.0 0 mM NaCl 4°C

30°C

Cation exchange chromatography 20 mM citrate 6.0 0 mM NaCl 4°C

30°C

200 mM NaCl 4°C

30°C

25 mM acetate 6.0 0 mM NaCl 4°C

30°C

200 mM NaCl 4°C

30°C

15 mM phosphate 6.5 0 mM NaCl 4°C

30°C

200 mM NaCl 4°C

30°C

7.5 0 mM NaCl 4°C

30°C

200 mM NaCl 4°C

30°C
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volume of the column. Using this calibrated curve, the
molecular mass for different oligomers eluting at different
times was determined for the samples being used in this
study (Fig. 1c). A ratio of this molecular weight to the
monomer molecular weight denotes the number of mono-
mer units present in each oligomer. If the number of
monomer units in an oligomer was observed to be
between x and x.5, then the oligomer was assumed to
contain x monomer units and if these units lied between
x.5 and x+1, then the oligomer was assumed to contain
x+1 monomer units.

The oligomer distribution was also confirmed using DLS.
First, DLS was performed on the seven proteins from the
standard gel filtration markers kit and the hydrodynamic
diameter corresponding to each protein was noted. Next, a
correlation between hydrodynamic diameter and molecular
weight was determined (Fig. 1d). Oligomers corresponding to
the different peaks as observed in the SEC chromatograms
were pooled separately and DLS was performed on each
fraction. The hydrodynamic diameter for these separate
peaks was fit into the correlation obtained above to deter-
mine the molecular weights of these separate peaks. The
oligomer distribution obtained using DLS (Fig. 1) was in
agreement with the SEC results and it is seen that some
samples have monomer, dimer, trimer, tetramer, and
pentamer species.

Circular Dichroism (CD)

Changes in the secondary structure of the protein were
monitored by performing Far-UV CD analysis on a Jasco J-
815 CD spectrometer (Mary’s Court, Easton, MD, USA).
Sample concentration was kept at 0.2 mg/ml and wavelength
in the range of 200–250 nm was used to obtain spectra (25).
For spectral measurements, quartz cuvette (1 mm path
length) was used at 20°C and an average of five scans was
taken. CD spectra of the buffer solution were subtracted from
the sample spectra before conversion to absolute CD values.
The mean residual ellipticity values (MRE) at wavelength λ

([θ]MRW, λ) were calculated using the mean residual weight
(MRW) for the antibody as follows (25):

θ½ �MRW;λ ¼
MRWð Þθλ
10 d c

ð2Þ

where θλ is the observed ellipticity (degrees) at wavelength λ,
d is the path length (cm), and c is the concentration (g/ml).

Data Analysis and Kinetic Modeling

Data was analyzed and kinetic modeling was done using
MATLAB R2011a for ELE and LENP models. The

Fig. 1. SEC chromatograms and DLS data for oligomer distribution analysis. a Elution times of the seven proteins in the gel filtration marker

kit as determined by SEC; b Elution times of different oligomers observed at the 75th hour for 10 mg/ml mAb in 100 mM acetate, 100 mM

NaCl, pH 3.0 and 30°C as determined by SEC. c Semi-logarithmic calibration curve of molecular weight v/s normalized elution volume used for

oligomer distribution analysis. d Hydrodynamic diameter obtained from DLS v/s molecular weights of proteins, (black diamond) seven proteins

from gel filtration markers kit, (red square) oligomers corresponding to different peaks in SEC chromatograms
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mathematical equations involved a set of ordinary differential
equations (ODEs) which needed to be solved simultaneously.
Gauss-Newton algorithm was employed to fit the experimen-
tal data to these differential equations and model parameters
were estimated (26).

THEORY

Finke-Watzky model

BOckham’s razor^/minimalistic F-W model assumes slow
nucleation followed by fast autocatalytic growth. The two
steps are characterized by the respective average rate
constants for nucleation (k1) and growth (k2) (21). If A

represents a precatalytic form of the protein monomer and B

represents a catalytic aggregated form of the protein past the
critical nucleus size, the model can be expressed as (13):

A →
k1

B ð3Þ

Aþ B →
k2

2B ð4Þ

A½ �t ¼

k1

k2
þ A½ �o

1þ
k1

k2 A½ �o
e k1þk2 A½ �oð Þt

ð5Þ

B½ �t ¼ A½ �o−

k1

k2
þ A½ �o

1þ
k1

k2 A½ �o
e k1þk2 A½ �oð Þt

ð6Þ

Where [A]t and [B]t are molar concentrations of A and B,
respectively, at any time t and [A]0 is the initial molar
concentration of A. In this model, all aggregate species
irrespective of the association type (dimers, trimers, etc.) are
considered kinetically equivalent species and all are
accounted for together in B. Within the F-W model, the
actual steps occurring at the molecular level of the aggrega-
tion process can be combined into two pseudoelementary
steps as shown in Eqs. 3 and 4. The F-W model assumes that
the rate of growth is significantly more than the rate of
nucleation, i.e., k2>>k1.

Extended Lumry-Eyring model

The ELE model accounts for the reversible conforma-
tional changes as well as the conformationally mediated
irreversible aggregation (19). The unfolding and refolding of
native monomer state (N) to different unfolded states is
accounted for as a single reversible equation and all the
reactive monomer states prone to aggregation are repre-
sented together as RA. With respect to the aggregation
process, species N and RA are assumed to reach thermody-
namic equilibrium instantaneously with equilibrium constant

(KNR). For the ELE model, protein unfolding is the rate
determining step and the aggregation reaction is of second
order. In our study, we did not observe any precipitation and
hence our focus was primarily on the formation of soluble
aggregates.

The reaction scheme for ELE model (19) is as follows:

N !
KNR

RA ð7Þ

RA þ RA →
K1;1

A 2ð Þ ð8Þ

A 2ð Þ þ RA →
K1;2

A 3ð Þ ð9Þ

A 3ð Þ þ RA →
K1;3

A 4ð Þ ð10Þ

⋮

A n*−1ð Þ þ RA →

K1;n*−1

A n*ð Þ ð11Þ

A 2ð Þ þA 2ð Þ
→
K2;2

A 4ð Þ ð12Þ

A 2ð Þ þA 3ð Þ
→
K2;3

A 5ð Þ ð13Þ

⋮

A ið Þ þA jð Þ
→
Ki; j

A iþ jð Þ i; j < n* ð14Þ

The various terms used in the above reaction schemes
are defined as follows: N is the native state (monomer), RA is
the monomer in aggregation prone state, Kij is the intrinsic
rate constant for aggregation of an i-mer with a j-mer, and n*
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is the size cutoff for protein aggregates having appreciable
solubility with respect to aggregation.

This model can be summarized through mathematical
equations as:

dN

dt
¼ −ku N−K−1

NRRA

� �

ð15Þ

dRA

dt
¼ ku N−K−1

NRRA

� �

−2k1;1R
2
A−

X

n*−1

j¼2

k1; jA j

0

@

1

ARA ð16Þ

dA j

dt

�

�

�

�

�

2≤ j≤n* ¼
X

v < w

vþ w ¼ j

kvwAvAw

0

B

B

@

1

C

C

A

−

X

n*−1

i¼2

ki jAiA j

0

@

1

A−k j jA
2
j−k1 jA jRA ð17Þ

where KNR = ku/kf, ku is the forward reaction rate
constant for unfolding of N to RA, kf is the reaction rate
constant for refolding of RA back to N, n* is the highest order
of soluble aggregate observed, and Ax is the aggregate
containing x monomer units. Thus, A1 is equivalent to RA.
Further, kij is the reaction rate constant for the irreversible
reaction between Ai and Aj. Since the monomer cannot be
distinguished into N and RA experimentally, N and RA are
considered together as monomer (M) for calculations.

M ¼ N þ RA ð18Þ

fR≡
KNR

1þKNR
ð19Þ

where fR is the fraction of M existing as RA. Equations 15 to
17 can then be expressed as:

dM

dt
¼ −2k11 f

2
RM

2
− fR

X

n*−1

j¼2

k1 jA j

0

@

1

AM ð20Þ

dA j

dt

�

�

�

�

�

2≤ j≤n*

¼
X

v < w

vþ w ¼ j

kvwAvAw

0

B

B

@

1

C

C

A

−

X

n*−1

i¼2

ki jAi

0

@

1

AA j−k j jA
2
j−k1 j fRA jM

ð21Þ

For simplicity, k11fR
2 and k1jfR are taken as k11,app and

k1 j;app, respectively (i.e., apparent rate constants). These

apparent rate constants contain two aspects: (a) conforma-
tional stability behavior of mAb represented by fR and (b)
kinetic colloidal stability of solution represented by kij (17).
These aspects are interrelated to each other and their

individual effect on aggregation cannot be distinguished.
Symbols N, RA, M, and Ax in the equations (15–21) represent
molar concentrations at any time t. Concentration data
obtained from the experiments is then fitted into these
equations via the Gauss-Newton method using MATLAB
R2011a to estimate these apparent rate constants at each step
(26). These have been used as parameters to fit the
experimental data into the model.

Lumry-Eyring Nucleated Polymerization

The LENP model is a more generalized model and
incorporates the concept of nucleation into the aggregation
process (14). The model assumes that kinetic regimes
distinguished experimentally by a combination of (i) apparent
reaction order, (ii) dependence on the initial protein concen-
tration, and (iii) aggregate size distribution (13). The reaction
schemes for LENP model (14) can be stated as follows:

I. Conformational transitions of folding-component
monomers

N !
KNI

I !
KIU

U ð22Þ

II. Reversible associations of Rmonomers (pre-nucleation)

2R !
K2

R2 ð23Þ

⋮

x−1ð ÞR !
Kx−1

Rx−1 ð24Þ

III. Nucleation including rearrangement from Rx to Ax

Rþ Rx−1 ↔
Kd;x

Ka;x

Rx →
Kr;x

Ax ð25Þ

IV. Growth of soluble, higher-MW aggregates via mono-
mer addition

A jþR !
KRA

A jR
� �

ð26Þ

⋮

A jRδ−1 þ R ↔
kd

Ka

A jRδ

� �

→
Kr

A jþδ x≤ j < n* ð27Þ

V. Condensation: aggregate-aggregate assembly

Ai þA j →
Ki; j

⋯→Fibrils; precipitates; gels i; j≥n* ð28Þ

where, N is the native state (monomer), I is the intermediate
state (monomer), U is the unfolded state, R is the reactive
monomer, x is the nucleus size, Ax is the aggregate nucleus, Aj

is the aggregate composed of j monomers, Rx is the reversible
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aggregate prenucleus, AjR is the reversibly associated Aj and
R, KNI is the equilibrium constant for N↔ I, KIU is the
equilibrium constant for I↔U, Ka is the association rate
coefficient, Kd is the dissociation rate coefficient, Ka,x is Ka for
nucleation step, and finally Kd,x is Kd for the nucleation step.

A number of parameters have been considered in this
model, namely the nucleus stoichiometry (x), monomers
added in each growth step (δ), and the inverse rate
coefficients for nucleation and growth which also signify their
corresponding time scales (τn and τg) (27). Equations 22–28
can be expressed in the form of the following differential
equations:

dm

dt
¼ −

xmx

τn
−
δmδ

X

i
ai

τg
ð29Þ

dax

dt
¼

mx

τn
−
mδax

τg
ð30Þ

dai

dt
¼

mδ

τg
ai−δ−aið Þ ð31Þ

dan*

dt
¼

mδ

τg
an*−δð Þ ð32Þ

where m= [M]/[M]o,ai= [Ai]/[M]oand x< i< n*[M] and
[Ai] are molar concentrations of monomer and aggregate
(containing Bi^ monomer units), respectively, at any time t.
[M]o is the initial molar concentration of monomer and n*
represent the order of highest oligomer observed in the
solution. The limiting step for LENP is the rearrangement
step (step III).

RESULTS

Aggregate levels were monitored via SEC and CD
spectroscopy at various conditions presented in Table I.
Effects of different factors (pH, salt concentration, buffer,
and temperature) on aggregation were analyzed. Table II
presents a summary of the aggregation behavior that was
seen under various storage conditions. It was seen that
aggregation is high at low pH and worsens with addition of
salt and increase in temperature (23). Aggregation was
minimal under most conditions at high pH. These reactions
are considered irreversible and this has been confirmed by
performing the experiments where these aggregate species
were found to be irreversible and there is no change in
aggregate content after dilution of these aggregate samples
(2×, 4×, 8×, 16×) and incubating them for 6 h.

Identification of Oligomers by DLS

As described above, DLS was used to obtain a size
distribution as a plot of the relative intensity of light scattered
by particles in various size classes as a function of hydrody-
namic size (diameter) (Fig. 2a). It is evident from the data
that the first peak (with the smallest diameter) corresponds to
the mAb monomer and has a diameter of around 12 nm. This
is in agreement with the values that have been reported in
published studies (17). The authenticity of the data was
ascertained from the observations that the diffusivity con-
stants corresponding to the SEC elutes as obtained through
DLS were of the same order of magnitude for all the species
and that a steady decrease in the mean particle count rate was
observed as the proportion of aggregation increases in the
sample. As expected, a shift is observed in the maximum peak
in the size distribution by intensity towards bigger sizes as
aggregation proceeds. It is well known that the resulting
structure for trimer and onwards deviates from a truly
spherical shape (28) and that the scattering intensity has a
non-linear (power-law) dependence on the molecular size
(29). This is what we also observe in Fig. 2b and a power-law
dependence is seen between the molecular sizes of monomer
and aggregate species and the number of monomer units.
Using the data corresponding to the mononer, dimer, and
trimer could be extrapolated to identify the specie eluting as
the first peak in the SEC chromatogram as pentamer.

Effect of pH

Low pH (3.0–4.0) is commonly used for elution via protein
A chromatography and for viral inactivation (30). It is, however,
known to accelerate aggregation by causing significant changes
in the Fc domain of an antibody (17,30). Figure 3a illustrates
aggregation behavior of the product in citrate buffer at 30°C at
pH 3.0 and 6.0. It is evident that aggregation is quite significant
at pH 3.0 and minimal at pH 6.0. An overview of the data
presented in Table II also supports the conclusion that
aggregation primarily occurs at low pH (3.0) and is minimal at
high pH values (6.0, 6.5, 7.2, 7.8, and 8.0).

Analysis of samples by CD spectroscopy was also
performed and the results are shown in Fig. 4. It is observed
that at low pH, the MRE values become positive as the time
progresses and this signifies that there are structural changes
in the protein molecule which lead to conformational loss and
subsequently aggregate formation (Fig. 4a) (23). It should be
noted that there are differences observed in the final %
aggregate in comparison to what has been previously
observed and reported (23). The reason for this is that
though the starting material in the two cases was from the
same product but it came from different batches and had
different % aggregate at time t= 0. As a result, while the
trends observed are identical, the actual values are not.

Effect of Temperature

The rate of aggregation is expected to increase with
temperature (8,12). Figure 3b illustrates the change in
aggregation when temperature is increased from 4o C to 30°C.
The conditions used were acetate, pH 3.0, 100 mM NaCl, and
30°C. The dramatic increase in the aggregation rate with
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temperature has been observed in other cases too (Table II).
Though we do not have conclusive evidence to confirm this, a
possible reason for this increase could be a partial or complete
unfolding of mAb at high temperatures, resulting in destabili-
zation and formation of non-covalent aggregates as has been
reported by numerous researchers (4,31–39).

Figure 4b illustrates the changes in CD spectra at 4o C
and 30°C, respectively. At higher temperature, as the time
progresses, the MRE values are continuously decreasing and
this signifies that there is a conformational change in the
protein. This also correlates with higher order aggregation
observed at higher temperatures (25).

Effect of Salt Concentration

Presence of salt is likely to induce aggregation of mAb
products (40). However, the significance of this effect
depends on salt type, salt concentration, interaction between
protein and salt, and on the net charge of protein. The effect
could either be an enhancement or deterioration of protein
stability (40). Figure 3c illustrates the effect of presence of salt
on mAb aggregation. The conditions used were acetate, 30°C
and pH 3.0. It is seen that the rate of aggregation increases in
the presence of salt.

These results are also consistent with the changes in CD
spectra (Fig. 4c). There was a decrease observed in the MRE
values at 218 nm in 100 mM NaCl compared to 0 mM NaCl.

This indicates a conformational change in protein structure, a
likely cause of aggregation (4,31–39).

Effect of Buffer Species

It is seen in Fig. 3d that the aggregation behavior is
different for the three buffers examined at pH 3.0 (citrate,
acetate, glycine). The conditions used were 100 mM NaCl and
30°C in all cases. Citrate is found to be the only buffer which
induces aggregation even in the absence of salt.

The results obtained from CD spectroscopy are also in
agreement with those from SEC. The reduction in MRE
values at 218 nm is more for acetate buffer than glycine buffer
(Fig. 4d), indicating that of the three buffers examined,
glycine buffer offers maximum product stability at pH 3.0.
As soon as the mAb is exposed to the citrate buffer at pH 3.0,
a significant shift in minima towards 230 nm (data not shown
here) is observed indicating a substantial change in the
secondary structure, likely resulting in enhanced aggregation
(Fig. 4d). One of the possible explanations for this can be the
rearrangement of aromatic amino acids (tryptophan and
tyrosine) in the citrate buffer (both in presence and absence
of salt) environment (23). This behavior is consistent with the
effect of buffer species on stability of mAb therapeutics that
have been reported in the literature (23).

The results presented in Table II and Figs. 3 and 4
indicate that pH plays the most significant role in protein

Table II. Percentage of Aggregate Content After 120 h of Incubation in a Variety of Storage Conditions. Salt Concentrations Used Are: (a)

Citrate, pH 3.0, 100 mM NaCl, (b) Citrate, pH 6.0, 200 mM NaCl, (c) Acetate, pH 3.0, 100 mM NaCl, (d) Acetate, pH 6.0, 200 mM NaCl, (e)

Glycine, pH 3.0, 100 mM NaCl, (f) Phosphate, pH 6.5 and 7.5, 200 mM NaCl; (g) Tris HCl, pH 7.2, 50 mM NaCl. Colors Represent the Level of

Variation: \raster(100%,p)=":1::\\pdgts1174\springer\jwf\figures\TAJ\TAJ69887\s12248-016-9887-0Fmca.eps" Minimal Variation,

\raster(100%,p)=":1:: \ \pdgts1174\springer\jwf\figures\TAJ\TAJ69887\s12248-016-9887-0Fmcb.eps" Moderate Variation,

\raster(100%,p)=":1::\\pdgts1174\springer\jwf\figures\TAJ\TAJ69887\s12248-016-9887-0Fmcc.eps" High Variation, and ND—Not Determined.

Product Concentration Was 10 mg/ml in All Cases

16.01

40.8

4.27

Buffers pH

Temperature 4 °C Temperature 30 °C

Without NaCl With NaCl Without NaCl With NaCl

Citrate

3.0 8.35 15.48 83.53 91.59

6.0 4.23 4.13 4.89 4.84

Acetate

3.0 4.77 4.31 79.11

6.0 5.18 5.14 5.06 5.08

Glycine 3.0 4.02 6.82 3.97

Phosphate

6.5 4.27 4.36 3.62 4.51

7.5 4.54 4.52 4.48 4.60

Tris HCl

7.2 ND 4.82 ND 4.95

8.0 4.82 ND ND
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Fig. 2. DLS data of various aggregate species separated by SEC. a Semilogarithmic curve showing variation in intensity

percent against diameter size of different aggregate species, (pale blue circle) monomer, (yellow square) dimer,(pale green

triangle) trimer, (black circle) pentamer. b Curve representing size of various aggregate species v/s number of monomer units

present in aggregate species on a logarithmic scale, (pale blue circle) monomer, dimer, trimer (from DLS measurement), (red

circle) Pentamer (from curve extrapolation). All experiments were performed in triplicate and the error bars show the

difference between raw data and the average

Fig. 3. Aggregation of a monoclonal antibody therapeutic. a Effect of pH (3.0 and 6.0). Operating conditions: citrate, 30°C; b effect of

temperature (4 and 30°C). Operating conditions: acetate, 100 mM NaCl, pH 3.0; c effect of salt (0 and 100 mM NaCl). Operating conditions:

acetate, pH 3.0, 30°C; and d effect of buffer (citrate, acetate, glycine). Operating conditions: 100 mM NaCl, pH 3.0, 30°C. Product concentration

was 10 mg/ml in all cases. All experiments were performed in triplicate and the error bars show the difference between the raw data and the

average
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Fig. 4. Changes in CD MRE values at 218 nm (Far-UV) under different storage conditions. Effect of pH: a pH 6.0 and pH 3.0. Operating

conditions: citrate, 30°C. Effect of temperature: b 4°C and 30°C. Operating conditions: acetate, 100 mM NaCl, pH 3.0. Effect of salt

concentration: c 0 mM NaCl and 100 mM NaCl. Operating conditions: acetate, 30°C, pH 3.0. Effect of buffer: d acetate, glycine and citrate.

Operating conditions: 100 mM NaCl, 30°C, pH 3.0. Product concentration was 10 mg/ml in all cases

Table III. Oligomer Distribution and Values of LENP Model Parameters Observed After 120 h of Incubation Under Different Storage

Conditions. Values of τn and τg for All the Samples Have Been Normalized by Dividing with the Respective Values for Citrate with 100 mM

NaCl at 30°C and pH 3.0. Product Concentration Was 10 mg/ml in All Cases. (M—Monomer, D—Dimer, T—Trimer, Tet—Tetramer,

P—Pentamer)

Sample

Salt

concentration Temperature M D T Tet P n*

τn
(h)

Normalized

τn
a

τg
(h)

Normalized

τg
b

τn/

τg

R2

M D T Tet P

Citrate

pH 3.0

0 mM

NaCl

4°C ✓ ✓ ✘ ✘ ✘ 2 4327 352 4706 371 0.9194 0.86 0.51 – – –

15°C ✓ ✓ ✓ ✘ ✘ 3 1470 119 85 7 17.2941 0.60 0.85 0.64 – –

30°C ✓ ✓ ✓ ✓ ✘ 4 96 8 340 27 0.2823 0.95 0.82 NDc NDc
–

Citrate

pH 3.0

50 mM

NaCl

4°C ✓ ✓ ✘ ✘ ✘ 2 2731 222 2777 219 0.9834 0.60 0.76 – – –

15°C ✓ ✓ ✓ ✘ ✘ 3 356 29 46 4 7.7391 0.80 0.64 0.91 – –

30°C ✓ ✓ ✓ ✓ ✘ 4 26 2 13 1 2 0.99 0.60 0.73 0.97 –

Citrate

pH 3.0

100 mM

NaCl

4°C ✓ ✓ ✘ ✘ ✘ 2 280 23 302 24 0.9271 0.97 0.96 – – –

15°C ✓ ✓ ✓ ✓ ✘ 4 99 8 48 4 2.0625 0.98 0.83 0.87 NDc
–

30°C ✓ ✓ ✓ ✘ ✓ 5 12 1 13 1 0.9230 0.98 0.60 NDc
– NDc

Acetate

pH 3.0

100 mM

NaCl

4°C ✓ ✓ ✘ ✘ ✘ 2 3968 323 4085 322 0.9713 0.92 0.92 – – –

15°C ✓ ✓ ✘ ✘ ✘ 2 3387 276 3912 308 0.8657 0.85 0.86 – – –

30°C ✓ ✓ ✓ ✘ ✓ 5 97 8 244 19 0.3975 0.89 0.96 0.97 – NDc

Glycine

pH 3.0

100 mM

NaCl

30°C ✓ ✓ ✓ ✘ ✘ 3 365 30 92 7 3.9673 0.95 0.84 NDc
– –

a τn was normalized by the value of τn for citrate with 100 mM NaCl at 30°C and pH 3.0 (12)
b τg was normalized by the value of τg for citrate with 100 mM NaCl at 30°C and pH 3.0 (13)
cND—not determined (samples that had total aggregate content is <20% after 120 h)
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aggregation, followed by temperature, salt concentration, and
buffer species (23).

Oligomer Distribution

Since aggregation was seen primarily in pH 3.0 buffers,
these three buffers (citrate, acetate, and glycine) were further
examined via kinetic modeling. Since the citrate buffer is the
only buffer where moderate aggregation is observed in
absence of salt at 4°C, aggregation was examined without
salt, with 50 mM NaCl and with 100 mM NaCl. Table III
presents the distribution of oligomers after 120 h of incuba-
tion in the given conditions. It is seen that all samples at 4°C
have dimer as the highest order oligomer and hence this can
be regarded as the critical nucleus for aggregation in this

system. The limiting step for LENP is the rearrangement step
(step III). In general, it is seen that as temperature increases,
higher order oligomers are formed. Pentamer was the highest
oligomer formed at 30°C after incubation for 120 h. Glycine
offers maximum product stability at pH 3.0, and even at 30°C,
trimers are observed only at later time durations.

Kinetic Modeling

Experimental data were fitted using all the three models
and rate constants at each step were obtained. The accuracy
of the models was examined in each case by using the
calculated constants and comparing the predicted values with
the actual experimental data. In case of the F-W model, the
error between the predicted and actual values of aggregate

Fig. 5. Kinetic modeling of mAb aggregation. a Effect of temperature (4, 15, and 30°C), operating conditions: citrate, 100 mM NaCl, pH 3.0; b

effect of salt concentration (0, 50, 100 mM), operating conditions: citrate, pH 3.0, 30°C; c effect of buffer (citrate, acetate, and glycine),

operating conditions: 100 mM NaCl, pH 3.0, 30°C. d–f Natural log values of characteristic time scales obtained from LENP model; d has same

conditions as a, e has same conditions as b, and f has same conditions as c. Product concentration was 10 mg/ml in all cases
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content was found to be significant (up to 60–75%) for the
case of dimers and even higher for pentamer. This is likely
because of the oversimplified nature of the F-W model where
several actual reactions are summarized into just two pseudo-
elementary steps. Further, the assumption of considering the
rate of nucleation as an extremely slow step may not be
justifiable as is evident from the calculated value of rate of
nucleation obtained is comparable to the product of rate of
growth and initial monomer concentration for case of citrate
with 100 mM NaCl at 30°C and pH 3.0 (k1= 9.97 × 10−6 s−1

and k2[A]o = 8.04 × 10−6 s−1). Finally, accounting for the
different aggregate products formed into single specie [B] is
also a likely reason for significant errors. Thus for the
application at hand, even though the F-W model has been
found to be suitable for proteins like amyloid β and α-
synuclein (21,22), it may not be an ideal candidate for
modeling mAb aggregation.

Curve fitting was also performed with both ELE and
LENP models and the kinetic parameters were estimated.
Regression coefficient (R2) was used to assess the quality of
fits obtained with each model. It was found that for all
samples, LENP gives a more precise prediction than ELE
(Fig. 5a–c). The values of rate constants for ELE have been
shown in Table IV. As can be seen from the Tables III and IV,
the R2 values for nearly all the cases are very low in the case
of ELE model as compared to the LENP model. Hence, for
further modeling of aggregation, LENP model was used to
compute the rate of aggregation for the various HMW
species. We limited the analysis to cases when the total
aggregate % is <20%. Our rationale was that this is the part
of spectrum which will be of interest with respect to practical
applications. Our attempts to analyze cases with higher
aggregate content resulted in very poor R2 values, indicating
a possible shift in the aggregation kinetics. This is why we

Table IV. Values of ELE Model Parameters Observed After 120 h of Incubation Under Different Storage Conditions. Product Concentration

Was 10 mg/ml in All Cases. (M—Monomer, D—Dimer, T—Trimer, Tet—Tetramer, P—Pentamer). (K1—M×M, K2—M×D, K3—M×T,

K4—D×D, K14—M×Tet, K23—D×T)

Sample Salt concentration Temperature K1 K2 K3 K4 Kij

R2

M D T Tet P

Citrate

pH 3.0

0 mM NaCl 4°C 0.0011 – – – – 0.58 0.57 – – –

15°C 0.0021 0.0057 – – – 0.43 0.72 0.52 – –

30°C 0.0305 0.0687 – – – 0.81 0.73 NDa NDa
–

Citrate

pH 3.0

50 mM NaCl 4°C 0.0011 0.2094 – – – 0.50 0.36 – – –

15°C 0.0099 0.2867 – – – 0.68 0.12 0.90 – –

30°C 0.1401 0.0201 0.4121 0.0661 – 0.98 0.48 0.28 0.78 –

Citrate

pH 3.0

100 mM NaCl 4°C 0.0521 0.0741 – – – 0.80 0.91 – – –

15°C 0.0383 0.5479 0.0189 0.0791 – 0.96 0.67 0.84 NDa
–

30°C 0.3069 0.5419 0.005 – K14 = 1.4988 0.96 0.45 NDa
– NDa

K23 = 1.848

Acetate

pH 3.0

100 mM NaCl 4°C 0.0019 – – – – 0.73 0.75 – – –

15°C 0.0028 – – – – 0.82 0.77 – – –

30°C 0.0328 0.14 0.41 – K14 = 0.0427 0.81 0.30 0.36 – NDa

K23 = 1.99

Glycine pH 3.0 100 mM NaCl 30°C 0.0099 0.0614 – – – 0.94 0.71 NDa
– –

aNot determined (samples that had total aggregate content is <20% after 120 h)

Fig. 6. Correlation between monomer half-life (t1/2) and nucleation time scale (τn). a Variation in temperature (4°C,

diamond; 15°C, triangle; and 30°C, circle): Operating conditions are citrate, 100 mM NaCl, pH 3.0. b Variation in salt

concentration (0 mM NaCl (diamond), 50 mM NaCl (triangle), and 100 mM NaCl (circle)): operating conditions are citrate,

30°C, pH 3.0. c Variation in buffer (glycine (diamond), acetate (triangle), and citrate (circle)): operating conditions are

100 mM NaCl, 30°C, pH 3.0. Product concentration was 10 mg/ml in all the cases
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limited the scope of analysis to the cases where total
aggregation is <20%.

Several key observations can be made from Table III.
First, irrespective of the buffer and the salt concentration,
the order of the highest order aggregate (n*) increases
with temperature. This is expected as the propensity of
forming higher order aggregates increases at higher
temperatures due to destabilization of the protein mole-
cule. For example, in the case of citrate buffer at pH 3.0,
0 mM NaCl, there is only dimer formation at 4°C.
However, at 15°C, trimer also gets formed and finally at
30°C tetramer is created.

Secondly, R2 in most cases is satisfactory (>0.9). There
are few cases, such as monomer formation in citrate buffer at
pH 3.0, 0 mM NaCl, at 15°C when R2 is quite low (0.60).
However, we do not see a trend in this respect.

DISCUSSION

As LENP model gave the most precise fits, this was
utilized for further modeling and the characteristic time
scales for nucleation (τn) and growth (τg) were compared
for the different incubation conditions. Since dimers were
readily observed in every sample (Table III), the stoichi-
ometry of the nucleus (x) was considered to be 2 in the
LENP model (27). δ was taken as 1 since trimer is also
observed in samples where order of highest oligomer is
greater than 2. The LENP model equations have been
formulated considering that formation of new aggregates
takes place via nucleation only (14).

Effect of Temperature

An increase in temperature may result in higher protein
diffusion which accelerates the probability of collision and
hence the tendency of further aggregation (12). Figure 5d
illustrates the change in the LENP characteristic time scales
for citrate with 100 mM NaCl at pH 3.0 as temperature
changes from 4 to 30°C. Both the time scales are least at 30°C
implying faster nucleation and growth resulting in steeper
monomer loss at a very early stage itself (Fig. 5d). Further,
Fig. 6a illustrates the linear relation between nucleation time
scale and experimentally observed monomer half-life when
temperature is increased from 4 to 30°C. Please note that the
monomer half-life has been defined as the time when 50%
monomer is remaining. This suggests that monomer loss into
new aggregates takes place primarily by nucleation. Similar
linear correlation was observed with other citrate and acetate
buffers (data not shown here).

Table III illustrates that as the temperature increases, τg
decreases and the order of highest oligomer (n*) also
increases. However, there is no consistent correlation be-
tween τg and n*. Also in the case of citrate (without salt) at
pH 3.0, even though growth time scale at 15°C is smaller than
at 30°C, n* is higher at 30°C.

This is likely because nucleation is so slow at 15°C
that the change in the aggregated species at 15°C is only
11%, out of which trimers are only 3%. So even if higher
order oligomers are formed, their concentrations are
negligible.

Effect of Salt Concentrations

Ionization from salts is known to have a destabilizing
effect on the protein structure, thus resulting in an increase in
the protein’s susceptibility to aggregation (41). This may be
attributed to hydrophobic interactions and the weakening of
electrostatic interactions with increase in salt concentration.
The latter results in the weakening of the repulsive forces
among the positively charged protein molecules. Figure 5e
illustrates the change in LENP characteristic time scales with
varying salt concentration for citrate buffer at 30°C and pH
3.0. τn and τg are both estimated to be smaller for 100 mM
NaCl, which explains an increase in monomer loss and
formation of higher order of oligomers, respectively. The
linear behavior between experimentally obtained monomer
half-life and nucleation time scale is again observed as salt
concentration is changed from 0 mM NaCl to 100 mM NaCl
(Fig. 6b). The variation in the order of highest oligomer with
salt concentration did not follow any uniform correlation with
growth time scale. However, the samples with high order
oligomers have small τg (Table III). It is widely accepted that
the ratio, τn/τg, needs to be near or significantly less than 1 for
one to accurately claim that nucleation dominates. Values of
that ratio that are of order 10 or higher indicate that both
nucleation and growth by monomer addition (via τg) are
important. It is seen in Table III that most (85%) of the
conditions have a small ratio (<1) and can be realistically
concluded as being dominated by nucleation. Cases for which
the value of τn/τg >1 are those at high temperatures (15 and
30°C). This is likely because at higher temperatures, nucle-
ation and growth in aggregation become faster.

Buffer Effects

The effect of different buffers on mAb aggregation is due
to the complex molecular interactions that occur between
buffer molecules and Fc domain of these antibody molecules
(41). The significant effect of citrate buffer is in agreement
with the Hofmeister series for anions: citrate3−/citrate2
−>PO43−>HPO4

2−>SO4
2− >OAc−> F−>Cl−>Br−>I−>ClO−

(4,40). Figure 5f presents variation in τn and τg for different
buffers at 100 mM NaCl, 30°C and at pH 3.0. Citrate and
glycine buffers have the least and maximum τn, respectively,
and this correlates well with the percentage level of aggre-
gates observed in these two buffers (Tables II and III).
Figure 6c suggests that as observed before, experimentally
obtained monomer half-life varies linearly with the nucleation
time scale when the buffer is changed. Once again, the order
of highest oligomer does not follow any trend with τg. Acetate
has higher τg than glycine even though n* is higher for acetate
(pentamer) than glycine (trimer). This means that aggregates
are not formed just by addition of δ monomers, but also some
condensation takes place in case of acetate.

The linear correlation between the experimentally ob-
tained monomer half-life and nucleation time scale across
variations in temperature, salt concentration, and even buffer
species indicates that nucleation dominates the aggregation
process in mAbs. Interestingly, the slope of all the three plots
in Fig. 6 is between 0.4 and 0.5, irrespective of the storage
conditions. The dominance of nucleation is probable reason
why the LENP model offers the best fit (14).
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CONCLUSIONS

In this paper, aggregation behavior ofmonoclonal antibodies
has been analyzed using kinetic analysis under commonly used
processing conditions. Effect of buffer species, pH, temperature,
and salt concentration has been examined on mAb aggregation.
SEC and CD spectroscopy have been used to characterize the
time evolution of monomer and other aggregated species.
Experimental observations reveal that pHhas themost significant
effect on aggregation, followed by temperature, salt concentra-
tion, and buffer species. Finke-Watzky, Extended Lumry-Eyring,
and Lumry-Eyring Nucleated Polymerization models have been
evaluated to fit the experimental data and results have been
analyzed. F-W model did not yield satisfactory fit of the data.
ELE and LENP performed better with the LENP model
producing the best fit. It was found that the smaller the nucleation
and growth time scales, the higher is the level of aggregation.
Nucleation was found to play a major role in the aggregation
process and half-life was found to linearly correlate to τn.
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