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ABSTRACT: Isothermal chemical denaturation (ICD) has
been widely used to evaluate the conformational stability of
therapeutic proteins such as monoclonal antibodies. However,
the chemical unfolding pathway and the subsequent aggregation
of antibodies are not yet well-understood. In the present work,
we conducted a systematic study on an ICD-induced
aggregation of a pharmaceutical monoclonal antibody. Using
dynamic light scattering, we monitored formation and growth
of submicron aggregates in various buffers. Our experiments
revealed a nucleation-controlled submicron aggregation of the
antibody in the presence of chemical denaturant. After the
unfolded protein reached a steady state, we reduced the denaturant concentration by dilution or dialysis to trigger further
aggregation after ICD. In this way, we studied the pH effect on aggregation of the stressed protein after removal of denaturant.
The ICD-dilution experiment provides a practical means for studying the propensity of unfolded proteins to form aggregates
under various formulation conditions. This unique method allows us to control the degree of protein unfolding and the
initiation of post-ICD aggregation.

KEYWORDS: isothermal chemical denaturation (ICD), differential scanning calorimetry (DSC), dynamic light scattering (DLS),
protein unfolding, protein aggregation, submicron particles

1. INTRODUCTION

Assessment of protein conformational stability is of great
importance in the development of biologics such as
monoclonal antibodies (mAbs). During production, purifica-
tion, formulation, and administration, proteins are exposed to a
broad range of solution environments, e.g., various concen-
trations, temperatures, pHs, ionic strengths, salts, excipients,
etc. Under certain solution conditions, the protein may be
prone to unfolding and aggregation, which not only
compromises the therapeutic activity of biologics but also
increases the risk of immunogenicity.1−3 Two common
approaches to evaluating protein conformational stability
include thermal and chemical denaturation. A classical method
to study thermal unfolding of proteins is differential scanning
calorimetry (DSC). The melting temperature measured in
DSC experiments can serve as a surrogate of protein
conformational stability. In addition, if protein unfolding is
reversible, characteristic thermodynamic quantities can be
obtained from DSC experiments, providing rich information
about unfolding.4,5 However, the thermal unfolding studies are
often complicated by irreversible protein aggregation.6−8 In
contrast, unfolding induced by chemical denaturants, such as
urea and guanidine hydrochloride (GuHCl), usually does not

cause protein precipitation. During chemical denaturation, the
folded and unfolded states are considered to be in a
thermodynamic equilibrium.9−11 Isothermal chemical denatu-
ration (ICD) monitored by fluorescence, UV, or circular
dichroism, is widely used to study protein conformational
stability. The standard Gibbs free energy change associated
with protein unfolding without denaturant can be extrapolated
from ICD measurements.12−15 Nevertheless, a recent study
shows that the results of ICD experiments on large proteins
like IgG antibodies depend on the incubation time, refolding
cycles, type of denaturant, and the detection methods.16 These
observations indicate that chemical denaturation of large
proteins may be pathway-dependent and irreversible, even
when there is no precipitation. Such irreversible unfolding of
large proteins can be expected, considering their complicated
free energy landscape and the numerous possible intermediate
states.17,18 To appreciate both the limitations and usefulness of
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ICD analysis for antibodies, further understanding of the
chemical denaturation pathway is needed.
Denatured proteins in a biologics formulation may form

aggregates over time during storage. However, protein
conformational stability studies do not always predict the
long-term stability of protein solutions. For instance, a recent
study showed that the stability of various mAb formulations
during storage is not directly correlated to their thermal
stability measured by DSC.8 For evaluating the long-term
stability of protein formulations, it is necessary to study the
aggregation pathways of the unfolded proteins. The typical
kinetic mechanisms of protein aggregation include continuous
aggregation and nucleation-controlled aggregation.19,20 The
two mechanisms can be differentiated by studying the early
stages of aggregation using light scattering, fluorescence, and
resonance mass measurements.21,22 Unlike continuous aggre-
gation, nucleation-controlled kinetics is characterized by a lag
time of aggregation.19,20,23 Nucleation-controlled aggregation
is often observed for small proteins and peptides that undergo
fibril formation, e.g., amyloid β-protein, α-synuclein, and the
light chain of IgG antibodies.24−28 For aggregation of full
mAbs caused by thermal and pH stresses, both kinetic
mechanisms have been proposed.29−31 Chemical denaturation
provides a unique way to study non-native protein aggregation
pathways in a controlled manner. The degree of protein
unfolding can be adjusted by changing denaturant concen-
tration according to the experimental ICD curves. After protein
unfolding, aggregation of the denatured protein can be
initiated by lowering the denaturant concentration, either
through dilution or dialysis. Using this approach, we
investigated aggregation of a chemically denatured mAb in
the present work.
Aggregation of denatured proteins can be affected by various

factors. The effects of pH and ionic strength on the aggregation
of thermally denatured IgG antibodies has previously been
studied.24,32−37 In general, IgG antibodies, particularly the CH2
domain of the crystallizable (Fc) fragment, have lower
conformational stability at low pH. On the other hand, low
pH can mitigate aggregation by increasing the protein’s net
charge, since most IgG antibodies have a neutral or basic
isoelectric point.38−40 When protein unfolding is extensive, the
electrostatic repulsion between ionized functional groups may
not be enough to prevent protein aggregation. Through
chemical denaturation, the degree of unfolding can be
controlled by adjusting the concentration of chemical
denaturant. Here, we used this approach to investigate the
aggregation behavior of partially and fully unfolded IgG mAb
and how this behavior changes at different pHs.
The present work provides insights into the aggregation of a

therapeutic mAb during chemical denaturation. We found that
chemical denaturation of this IgG is an irreversible process,
similar to that of thermal denaturation. Therefore, the simple
ICD equilibrium models are not suitable for rigorous
thermodynamic analysis of protein unfolding in antibody
formulations. In addition, we observed a nucleation-controlled
submicron aggregation of this antibody. At last, chemical
denaturation of IgGs and subsequent removal of denaturant
provides a practical way to evaluate the effects of formulation
condition, such as pH, on aggregation of denatured biologics
during storage.

2. MATERIALS AND METHODS

2.1. Proteins, Chemicals, and Solution Preparation. A
human IgG1 subclass monoclonal antibody denoted as mAbX
was used in this study. mAbX was produced and purified at
MedImmune Inc. The purity was confirmed to be >98% by
size-exclusion chromatography (Superdex 200 10/300 GL, GE
Healthcare, Little Chalfont, United Kingdom) and an HPLC
system (Gold 126, Beckman Coulter, Brea, CA). The
molecular weight of mAbX was determined to be 148 236
Da by electrospray ionization time-of-flight (ESI-TOF) mass
spectrometry (microTOF II, Bruker, Billeria, MA). The
isoelectric point of mAbX is 8.1 (MedImmune internal data).
Two other proteins, lysozyme and bovine serum albumin
(BSA), were used to compare unfolding and aggregation of
proteins with different sizes. The ultrapure-grade hen egg-
white lysozyme was purchased from Amresco (VWR, Dallas,
TX). The fatty-acid-free 98% BSA (Cohn fraction V) was
purchased from Alfa Aesar (Haverhill, MA). The theoretical
molecular weights are 14 313.14 Da for lysozyme and
66 432.96 Da for BSA (calculated using ProParam, www.
expasy.org). The experimental isoelectric points were pre-
viously reported to be pI 11 for lysozyme41 and pI 5.3 for the
fatty-acid-free BSA.42 The chemicals used to prepare buffers
include sodium acetate trihydrate 99.0−100.5% (Alfa Aesar,
Havehill, MA), glacial acetic acid (Thermo Fisher Scientific,
Fairlawn, NJ), histidine >98% (ACROS Organics, Morris
Plains, NJ), 6 M hydrochloric acid, sodium phosphate
monobasic monohydrate 98−102%, and sodium phosphate
dibasic anhydrous 98−105% (Thermo Fisher Scientific,
Fairlawn, NJ). The chemical denaturant GuHCl was purchased
from Thermo Fisher Scientific (Fairlawn, NJ).
Three buffers used in this work are 20 mM sodium acetate at

pH 5.00 ± 0.02, 20 mM histidine hydrochloride at pH 6.02 ±
0.02, and 20 mM sodium phosphate at pH 7.01 ± 0.02. To
prepare the protein stock solutions, the original mAbX
solutions were exhaustively dialyzed into the desired buffer
using a diafiltration stirred cell (Amicon, EMD Millipore,
Billerica, MA) with ultrafiltration membrane discs (Ultracel 10
kDa, EMD Millipore, Billerica, MA). The protein solutions
were further concentrated using a centrifugal filter (50 kDa
Amicon ultra-4, Merck Millipore, Cork, Ireland). The
lysozyme and BSA stock solutions were prepared by dissolving
the crystalline powders in the buffer. The protein stock
solutions were used to prepare the samples for analysis. The
final protein concentrations of samples were measured by UV
absorbance at 280 nm using extinction coefficients 1.35 L·g−1·
cm−1 for mAbX (MedImmune internal data), 2.618 L·g−1·cm−1

for lysozyme (calculated using ProParam), and 0.614 L·g−1·
cm−1 for BSA (calculated using ProParam). GuHCl stock
solutions were prepared by dissolving the salt in each buffer.
Since GuHCl is hygroscopic, the accurate denaturant
concentration was determined using a white-light refractom-
eter (ABBL-3L, Bausch & Lomb, USA) and a calibration curve
Cd = 57.147Δn + 38.68Δn2 − 91.6Δn3 where Cd is the
molarity of GuHCl, and Δn is the difference between the
refractive index of GuHCl solution and that of buffer.43

2.2. Fluorescence Measurements of ICD Curves. The
ICD curves of the proteins were measured using a fluorescence
microplate reader (FlexStation 3, Molecular Devices, San Jose,
CA). For each protein−buffer combination, a solution A and a
solution B were prepared. Solution A containing 0.3 mg/mL
protein (0.6 mg/mL for BSA) was prepared by diluting 40 μL
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of 30 mg/mL protein stock solution (60 mg/mL for BSA) with
3.96 mL of buffer. Solution B containing 0.3 mg/mL protein
(0.6 mg/mL for BSA) and 8 M GuHCl were prepared by
diluting 40 μL of 30 mg/mL protein stock solution (60 mg/
mL for BSA) with 3.96 mL of 8 M GuHCl stock solution. The
accurate GuHCl concentration of solution B was measured by
the precalibrated refractometer. For the ICD experiment, 24
samples of each protein−buffer combination with different
GuHCl concentrations ranging from 0 to 8 M and the same
protein concentration were prepared by pipetting and mixing
solutions A and B in 96-well microplates (UV-Star, Black,
Greiner Bio-One, Monroe, NC) using an eight-channel
electronic pipettor (VWR, Dallas, TX). The fluorescence
emission spectra of the samples at excitation wavelength 280
nm were collected from 300 to 450 nm with a 10 nm interval.
To reduce well-to-well variation, the ratio of fluorescence
intensities at 350 and 310 nm was plotted versus the GuHCl
concentration to obtain the ICD curves. The ICD curves were
measured at 25 and 37 °C. Fluorescence spectra were
measured after 0, 0.5, 6, 10, 16, and 48 h of incubation. The
spectra at 48 h were used to generate the steady-state ICD
curves.
2.3. Dynamic Light Scattering (DLS) Measurements

of Chemically Induced Protein Unfolding and Aggre-
gation. The size of protein particles was measured by a
custom-made DLS apparatus using a coherent He−Ne laser
(35 mW, 632.8 nm; Coherent Inc., Santa Clara, CA) and a
correlator (PD2000 DLS PLUS, Precision Detectors, Belling-
ham, MA). All DLS samples were filtered using syringe filter
(13 mm, 0.45 μm cellulose acetate, VWR, Dallas, TX) to
remove dust and other pre-existing particles. The protein
concentrations in all samples were 4 mg/mL. The samples of
partially and fully unfolded proteins contained GuHCl at two
concentrations determined by the ICD curves, respectively, the
middle point of the transition stage and a point on the plateau
of unfolding. The GuHCl concentrations in the samples were
verified using the precalibrated refractometer.
The refolded protein samples were prepared in two ways as

described below. In the first method, 40 mg/mL partially and
fully unfolded protein solutions were incubated at 4 °C for 48
h to reach steady states, and refolding was initiated by diluting
10× with the corresponding buffer. The second method was to
remove GuHCl by exhaustive dialysis against the buffer using
semipermeable membrane tubing (Spectra/Por MWCO 6−
8000, 10 mm, Spectrum Laboratories Inc., Rancho Domi-
nguez, CA). Partially and fully unfolded protein solutions (1
mL volume, 4 mg/mL) were dialyzed against 1 L of buffer
three times in 3 consecutive days at 4 °C in a cold room. In the
DLS measurements, the light scattering intensity of the native,
unfolded, and refolded protein samples were monitored at 25
°C and a scattering angle of 90°. Diffusion coefficients, D, were
determined from the measured correlation function by the
Precision Deconvolve 5.5 software (Precision Detectors) using
a regularization algorithm. The apparent hydrodynamic radii,
Rh, were calculated from D using the Stokes−Einstein
equation, Rh = kT/6πηD, where k is the Boltzmann’s constant,
T is the absolute temperature, and η is the viscosity of solvent.
η of the buffers with GuHCl were measured at 25 °C using a
glass capillary viscometer (A223, CANNON, State College,
PA).
2.4. Circular Dichroism (CD) Measurements of mAbX

Structure. The secondary structures of native and refolded
(dialyzed) mAbX were investigated by far-UV CD experi-

ments. The concentrations of native protein and refolded
protein samples measured by UV absorbance were 0.6 and 0.4
mg/mL, respectively. The protein solutions in 20 mM acetate
and 20 mM phosphate buffers were measured. (Histidine
buffer at 20 mM was not measured because of the strong
absorbance in the far-UV wavelength range.) Each sample (300
μL) was placed in a 1 mm quartz cuvette (NE-1-Q-1, New Era,
Vineland, NJ), and the CD spectra from 300 to 190 nm with 1
nm intervals were collected at 25 °C by a CD spectrometer
(Chirascan, Applied Photophysics, Beverly, MA). The CD
spectra of the buffer were subtracted from those of the sample.
The mean residue ellipticity, θ, was calculated from the
experimental ellipticity, θobs, using θ = θobsM/cln where M =
148 236 Da is the molecular weight of mAbX, c is the protein
mass concentration, n = 1346 is the number of amino acid
residues in mAbX, and l = 0.1 cm is the path length of the
cuvette.

2.5. DSC and DLS Measurements for Thermal
Unfolding of mAbX. The thermal stability of mAbX was
analyzed using a differential scanning calorimeter (nano DSC,
TA Instruments, Lindon, UT). Protein solutions (4 mg/mL)
and the reference buffers were degassed. The sample
temperature was increased from 40 to 90 °C at a heat rate,
pheat = 0.2 °C/min, and then cooled down to 40 °C at 2 °C/
min. Repeated heating showed no transition peak, suggesting
protein precipitation. The excess molar heat capacity, CP, was
calculated from the measured heat flow, Pex, using CP = PexM/
pheatcV, where V = 300 μL is the sample volume of the
calorimeter.
The sizes of thermally denatured mAbX in various buffers

were monitored by DLS experiments. On the basis of the
results of DSC experiments, 4 mg/mL mAbX samples in the
three buffers were incubated in a water bath with a
temperature gradient from 40 to 65 °C at 0.2 °C/min. The
samples were immediately taken out of the water bath after the
incubation and cooled with running tap water. This
preparation procedure produced partially denatured mAbX
samples. The samples were measured by DLS experiments at
25 °C.

■ RESULTS AND DISCUSSION

3.1. Chemical Denaturation and Conformational
Stability of mAbX. Our goal of this work is to examine the
reversibility and aggregation of chemically denatured mAb. To
control the degree of unfolding, we determined the ICD curve
of mAbX in a formulation buffer, 20 mM histidine hydro-
chloride at pH 6.0 (Figure 1A). The ICD curves of BSA and
lysozyme in the same buffer were also determined for intuitive
comparison of protein conformational stability. BSA and
lysozyme are chosen here, because they are widely used as
model systems for studying protein unfolding, and they also
represent different-sized proteins for comparing their aggrega-
tion behavior, as shown later. Because the spectra of intrinsic
protein fluorescence excited at 280 nm depends on the
environment of the tryptophan residues, the change of
fluorescence signals indicates a protein conformational change.
Figure 1A shows that mAbX and BSA unfold at GuHCl
concentrations lower than that of lysozyme. This result
suggests that the conformational stability of mAbX is lower
than that of lysozyme but is comparable to that of BSA, a stable
serum protein. Note that the flipped shape of the ICD curve of
BSA is caused by a less common blue shift of fluorescence
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light, likely a result of the solvent-accessible tryptophan residue
in the ligand-binding site of BSA (Figure S1).44,45

We also conducted ICD experiments on the proteins in two
other buffers, a 20 mM pH 5.0 acetate and a 20 mM pH 7.0
phosphate (Figure S2). We found that the pH’s effect on
chemical unfolding of all three proteins is insignificant. The
ICD curves of each protein in different buffers overlap within
the experimental uncertainties. Similarly, the effect of moderate
temperature change on chemical denaturation of these proteins
was examined by ICD experiments at 25 and 37 °C (Figure
S3). The ICD curves of the proteins at the two temperatures
are essentially the same, except for a slightly sharper transition
of lysozyme unfolding at 37 °C (Figure S4). These results
suggest that the conformational stability of mAbX, and maybe
other protein therapeutics determined by ICD experiments is
not strongly affected by pH and temperature within the most
relevant formulation design space.
In ICD studies, the experimental data are often analyzed

using a simple two-state model, which assumes an equilibrium
is established between the native and unfolded states at a given
denaturant concentration. Using this model, an unfolding
Gibbs free energy can be extracted from ICD curves to
quantify the conformational stability of the protein. For
example, the initial and final sections of the ICD curves in
Figure 1A can be fitted with two linear baselines for the native
and unfolded states, respectively, yn = an + bnCd and yu = au +
buCd where Cd is the GuHCl concentration, yn and yu are the
fluorescence signals of pure native and unfolded proteins,
respectively, and a and b are the fitting parameters. Then, the
observed fluorescence signal, F, in Figure 1A can be converted

into the fraction of unfolded proteins, f u, shown in Figure 1B
using f u = (F − yn)/(yu − F). At a given GuHCl concentration,
the unfolding equilibrium is described by the standard Gibbs

free energy Δ = − −
i
k
jjj

y
{
zzzG RT ln

f

f
ø

1
u

u
. Previous work has shown

that ΔGϕ is approximately a linear function of denaturant
concentration, i.e., ΔGϕ = ΔG0

ϕ − mCd.
12−15 Here, ΔG0

ϕ is the
standard Gibbs free energy for protein unfolding without
denaturant, and m is a measure of the denaturant’s effect on
protein unfolding.46 Therefore, by fitting the ICD curves in

Figure 1B using =−
− Δ −e

f

f
G mC RT

1
( )/u

u

0
ø

d , the values of m and

ΔG0
ϕ were obtained for mAbX, BSA, and lysozyme, as shown in

Table 1. The ΔG0
ϕ of BSA and lysozyme in Table 1 is

consistent with the previously reported values of 20 kJ/mol for
BSA at pH 616 and 34 kJ/mol for lysozyme at pH 9.47 The
large positive ΔG0

ϕ of lysozyme indicates high conformational
stability. ΔG0

ϕ of mAbX and BSA are the same within
experimental uncertainty. From the values of ΔG0

ϕ, one could
also estimate the apparent fraction of unfolded protein, f u, in
the solutions without denaturant. Table 1 shows that degree of
unfolding of these three proteins are extremely low in the
absence of chemical denaturant. Therefore, conformational
stability of mAbX should not be a major concern in the
formulation at ordinary ambient temperatures. That said,
colloidal stability and self-association of the protein could play
a more important role for formulation development.

3.2. Submicron Aggregation of mAbX in the
Presence of Denaturant. ICD experiments can provide
valuable information about the conformational stability of
proteins. However, the a priori of the ICD thermodynamic
analysis is that an equilibrium is reached between the native
state and a well-defined unfolded state (or more than one
unfolded state when multiple-stage ICD curves are ob-
served).48 To ensure the reliability and reproducibility of
ICD analysis, it is necessary to confirm that the unfolding
equilibrium is reached. In our ICD experiments, the
fluorescence spectra were measured over time after the
samples were freshly prepared. We noticed that, while
unfolding of lysozyme and BSA reached an equilibrium within
1 h, the spectra of mAbX apparently stopped changing only
after 16 hours (data not shown). To gain more insight of the
chemical unfolding process of mAbX, we conducted DLS
experiments to monitor evolution of protein size after addition
of GuHCl. We chose two denaturant concentrations for the
DLS experiments: the middle point of transition on the ICD
curve in Figure 1, i.e., Cd1/2, and another point on the plateau
of the ICD curve. These points represent the partially unfolded
state, where half of the protein population is in the unfolded
state, and the fully unfolded state, respectively.
The DLS results for mAbX are reported in Figures 2 (first 6

h) and S5 (additional measurements up to 48 h). Figures 2A
and S5 show that the hydrodynamic radius, Rh, of the partially

Figure 1. ICD curves of mAbX, lysozyme, and BSA in 20 mM His·
HisHCl buffer at pH 6.0 and 25 °C after the proteins reached the
steady state. (A) The ratio of fluorescence intensities at 350 and 310
nm as a function of denaturant concentration; (B) the fraction of
unfolded proteins calculated from the data in (A). The solid, dashed,
and dotted curves are the fits of experimental data using a two-state
unfolding model.

Table 1. Results of Fitting the ICD Curves in Figure 1B
Using a Simple Two-State Model

mAbX BSA lysozyme

m (kJ·L/mol2) 11 ± 1 15 ± 2 10.9 ± 0.4
ΔG0

ϕ (kJ/mol) 21 ± 3 23 ± 3 45 ± 2
fraction of unfolded protein, f u,

without GuHCl
2.1 × 10−4 9.3 × 10−5 1.3 × 10−8
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unfolded mAbX at Cd1/2 grows slowly over time. In contrast,
the size of fully unfolded mAbX at high denaturant
concentration becomes significantly larger than that of native
protein upon addition of GuHCl and remains constant
throughout the DLS experiments (Figure 2B). Even though
the steady-state ICD curves of mAbX in all three buffers
essentially overlap (Figure S2), the Rh of partially unfolded
mAbX in acetate buffer has a kinetic profile very different from
that in histidine and phosphate buffers, as shown in Figures 2A
and S5. In these figures, we can see that growth of mAbX
consists of two apparent stages. Within the first hour upon
addition of GuHCl, the Rh of the antibody modestly increases
from ∼5.8 to ∼6.4 nm at similar rates in different buffers. In
the second stage, the size of protein in the acetate buffer starts

to grow much earlier than when it would in the other two
buffers. After ∼20 h, the Rh of mAbX in acetate buffer reached
a stable value at ∼15.6 nm without further significant increase.
At this point, we assumed that the partially unfolded mAbX in
acetate buffer reached a steady state. In histidine and
phosphate buffers, mAbX reached the steady state in ∼30 h
(Figure S5). The steady-state values of Rh of the native,
partially, and fully unfolded proteins in the three buffers are
summarized in Table 2.
One postulated mechanism of the observed two-stage

growth kinetics is that the antibody started to partially unfold
upon addition of GuHCl, resulting in the initial small increase
of Rh, and then, during the second stage, the unfolded proteins
formed submicron aggregates that have significantly larger size.
This mechanism is supported by the scattering intensity profile
(static light scattering) of the same course (Figure 3). The

overall scattering intensity profile in Figure 3 resembles the Rh
profile in Figure 2A. However, the first stage of Rh growth did
not result in an obvious increase of scattering intensity in
Figure 3. Protein unfolding per se changes the molecular
volume but only has minor effects on the molecular mass.
Because the scattering intensity mainly depends on the mass of
scattering particles, the flat initial stage in Figure 3 is consistent
with the protein unfolding process. When aggregation occurred
in the second stage, the increase of the apparent molecular
mass of protein aggregates caused the increase of scattering
intensity, as shown in Figure 3 for the protein in acetate buffer.

Figure 2. Evolution of hydrodynamic radius, Rh, of (A) the partially
unfolded and (B) the fully unfolded mAbX during the first 6 h of
unfolding after addition of GuHCl. The dashed lines are eye guides of
the horizontal direction.

Table 2. Hydrodynamic Radii, Rh, of the Native and Chemically Unfolded Proteinsa

Rh (nm) of proteins in unfolding experiments

proteins GuHCl(M) acetate histidine phosphate

mAbX 0 5.80 ± 0.02 5.85 ± 0.04 6.16 ± 0.05
1.90 15.60 ± 0.06b 12.05 ± 0.04b 11.9 ± 0.1b

3.50 7.7 ± 0.1 7.39 ± 0.08 12.0 ± 0.3
BSA 0 3.68 ± 0.03 3.64 ± 0.02 3.53 ± 0.03

1.55 4.41 ± 0.06 4.16 ± 0.07 4.4 ± 0.2
2.10 5.7 ± 0.3 5.9 ± 0.2 5.4 ± 0.1

lysozyme 0 1.9 ± 0.2 1.8 ± 0.2 2.0 ± 0.1
4.18 2.8 ± 0.2 2.6 ± 0.2 2.5 ± 0.2
5.10 3.7 ± 0.4 2.6 ± 0.1 2.7 ± 0.2

aThe proteins are partially unfolded at the lower GuHCl concentration and fully unfolded at the higher GuHCl concentration. bThe Rh values of
partially unfolded mAbX were taken at a steady state after incubation.

Figure 3. Normalized light scattering intensity profile for the DLS
experiments in Figure 2A.
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On the contrary, such an increase of scattering intensity has
not been observed for fully unfolding of antibody.
The unfolding-aggregation mechanism can also explain why

the apparent growth of Rh was observed for the partially
unfolded antibody (Figure 2A) but not for the fully unfolded
protein (Figure 2B). At denaturant concentration correspond-
ing to partial unfolding (1.9 M), mAbX slowly unfolded and
formed submicron aggregates in all three buffers as shown in
Figures 2A and S5. At high denaturant concentration, protein
unfolding is expected to be fast. Initial increase in protein size
was not observed in Figure 2B, because the protein unfolding
process was completed during the time of DLS sample
preparation (∼1 min). The high denaturant concentration also
contributes to solubilizing the denatured protein, thereby
suppressing aggregation. Therefore, the Rh of fully unfolded
mAbX in acetate and histidine buffers are substantially lower
than those of the small aggregates of partially unfolded mAbX
(Table 2). In phosphate buffer, the fully unfolded mAbX
formed particles of ∼12 nm, comparable to that of partially
unfolded protein (Figure 2B). The aggregation of mAbX in the
phosphate buffer at high denaturant concentration also
completed rapidly and did not lead to further increase of Rh
during DLS measurement in Figure 2B.
Our DLS experiments revealed submicron aggregation of the

antibody in the presence of GuHCl. Such protein aggregation
is seemingly counterintuitive. GuHCl is a strong chaotropic
salt that weakens electrostatic interactions, hydrogen bonds,
van der Waals forces, and hydrophobic interactions. Disruption
of these interactions causes protein unfolding and also prevents
aggregation.49−52 The driving force of protein aggregation in
the presence of GuHCl is not obvious. However, the
observations in our experiments can shed some light on the
underlying interprotein interactions. Because the Rh profile in
Figure 2 varies with pH, the driving force of aggregation could
be electrostatic interactions between charged groups or
hydrogen bonds that remain partially effective at relatively
low GuHCl concentrations. In addition, the aggregation of
partially and fully unfolded mAbX exhibits very different pH-
dependence. This inconsistency can be explained by
aggregation resulting from the interactions between individu-
ally charged functional groups, rather than the overall net
charge of the protein itself.
The results shown in Figures 2, 3, and S5 depict a complex

pathway of chemical denaturation for large proteins like mAbs.
According to our findings, caution needs to be used when
evaluating conformational stability of mAbs by ICD analysis.
First, the steady states of antibodies may take a long time to
achieve, which could depend on both the protein and the
formulation buffer conditions. To obtain reproducible ICD
curves, the incubation time for reaching the steady state needs
to be empirically determined for each protein formulation. The
slow chemical unfolding and subsequent protein aggregation
were only observed for mAbX and not for BSA and lysozyme
(Figure S6, Table 2). Long ICD incubation time has also been
reported for other mAbs in previous studies.16 Another pitfall
of ICD analysis for antibodies is the use of oversimplified
models that assume an equilibrium is established between the
native and the well-defined unfolded states. Our experiments
indicate the existence of submicron protein aggregates instead
of free unfolded mAb. To examine the effect of protein
aggregation, ICD curves can be collected at different protein
concentrations and analyzed using a model accounting for both
unfolding and self-association equilibria.53,54 However, the

advanced model in the previous studies only took into account
the effect of aggregation on unfolding equilibrium; meanwhile,
our results suggest that the denaturant concentration also
affects aggregation of unfolded proteins. In addition, protein
aggregation could cause changes in the fluorescence spectra
and thereby further complicate the ICD analysis. Moreover,
because the mechanism of protein unfolding depends on the
denaturant, the results of ICD experiments using different
denaturants, e.g., urea and GuHCl, could be significantly
different and therefore not comparable.16,49,52 As a result of the
experimental and theoretical complexity described above, one
should be prudent to conduct rigorous thermodynamic ICD
analysis for antibodies.
It is important to note that the aggregation of antibody in

the presence of denaturant may not reflect the propensity of
unfolded proteins to undergo aggregation without denaturant.
In Figure 2, we observed a substantial impact of GuHCl
concentration on the aggregation. As a result of the presence of
GuHCl, the submicron aggregates do not further grow. The
ICD samples in all three buffers are free of large aggregates
over long incubation periods (Figures 4 and S7). Next, we will
study the protein aggregation after removal of the chemical
denaturant.

Figure 4. Distribution of hydrodynamic radii of (A) native mAbX,
(B) aggregates of partially unfolded mAbX, and (C) fully unfolded
mAbX in steady states in the pH 6.0 histidine buffer at 25 °C. The
average Rh are labeled in the graphs.
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3.3. Aggregation of mAbX after Removal of Chemical
Denaturant. With the understanding of the chemical
denaturation process for mAbX, we will now answer the
following question: what happens to the partially and fully
unfolded antibody in the absence of denaturant? This question
is relevant to stability of real-life pharmaceutical formulations
associated with partial unfolding. When the denaturant is
removed, three scenarios may happen: the proteins refold back
to the monomeric state, stay as metastable oligomers, or
undergo further aggregation. We first employed a method
based on dilution to rapidly reduce GuHCl concentration. The
samples containing 40 mg/mL mAbX and 1.9 M (Cd1/2) or 3.5
M (fully unfolded) GuHCl were diluted 10 times with fresh
buffer. After dilution, the GuHCl concentrations in the samples
were reduced to 0.19 or 0.35 M, well below the level required
for unfolding mAbX. For the fully unfolded mAbX samples,
precipitation was observed in all three buffers upon dilution.
By visual inspection, the amount of precipitates in phosphate
buffer is greater than that in histidine buffer. Dilution with
acetate buffer resulted in the least amount of precipitates. This
trend is consistent with the distance of buffer pH from the pI
of mAbX. On the contrary, the diluted samples of partially
unfolded mAbX remained clear and were subjected to DLS
measurements immediately after dilution (Figure 5). Figure 5A

shows that the Rh of partially unfolded mAbX increased rapidly
upon dilution. After ∼2 h, the growth slowed but continued for
at least 24 h (Figure S8A). The change of light scattering
intensity in these experiments follows a similar kinetics profile
(Figures 5B and S8B). The initial values of Rh in Figure 5A

(>35 nm) are much larger than that of the metastable
submicron aggregate before dilution (Table 2), likely because
of the growth during sample preparation (∼1 min). The
diluted partially unfolded samples remained transparent for at
least 2 weeks. Therefore, we conclude that partially unfolded
mAbX undergo further submicron aggregation after removal of
denaturant. Unlike the precipitation of fully unfolded mAbX,
no obvious pH-dependence of aggregation has been observed
for the partially unfolded protein.
We also conducted the dilution experiments for BSA and

lysozyme (Figure S9). BSA formed submicron aggregates after
dilution. However, these aggregates of BSA are much smaller
than that of mAbX and do not grow over time (Figure S9A).
The aggregates formed from fully unfolded BSA are system-
atically larger than those of partially unfolded BSA (Figure
S9A). On the basis of the values of Rh, lysozyme always
refolded into monomers with a slightly larger size than the
native protein (Figure S9B). The Rh of mAbX, BSA, and
lysozyme in the dilution experiments are summarized in Table
3. The comparison of these three proteins suggests that the
propensity of denatured proteins to aggregate increases with
protein size and degree of unfolding.
The dilution experiment provides a quick way to study the

aggregation of chemically unfolded proteins. However, there
are two potential limitations of this method. First, the residual
GuHCl in the diluted sample could still affect subsequent
aggregation. Second, the high initial protein concentration and
fast reduction of GuHCl concentration could facilitate
aggregation in a less reproducible manner. To eliminate
these interferences, we removed the GuHCl from the protein
samples by exhaustive dialysis against fresh buffer in a cold
room at 4 °C. The buffer for dialysis was changed three times
daily. Since dialysis is a gentle way to slowly remove GuHCl,
the size of protein particles after dialysis should closely
represent the equilibrium values. Photos of mAbX samples
were taken after the 3 day dialysis (Figure 6). In Figure 6, the
samples of partially unfolded mAbX in the three buffers were
all transparent (Figure 6A,C,E). The fully unfolded mAbX in
acetate buffer was also clear (Figure 6B). White precipitates
were observed in the fully unfolded protein samples in
histidine (Figure 6D) and phosphate (Figure 6F) buffers.
Partially and fully unfolded BSA and lysozyme were also
subjected to dialysis. All samples of BSA and lysozyme
remained transparent after dialysis. All clear dialyzed samples
were characterized by DLS. The Rh of the dialyzed proteins
measured by DLS are summarized in Table 3. As shown in the
table, the Rh of mAbX in the dialyzed samples are
systematically smaller than those in the dilution experiments.
This result is expected since the high initial protein
concentration in dilution experiments and the quick reduction
of GuHCl favor protein aggregation. For BSA and lysozyme,
the Rh measured in the dialysis experiments are very similar to
those in the dilution experiments, which may indicate absence
of aggregation.
Overall, the DLS experiments of dialyzed samples agree with

the experiments of diluted samples. The fate of unfolded
proteins after removal of denaturant indeed depends on
protein size and degree of unfolding. To summarize, the small
protein lysozyme (14 313 Da) refolded into monomers. BSA
(66 433 Da) formed small stable submicron aggregates. For
large protein like mAbX (148 236 Da), the partially unfolded
protein formed submicron aggregates even in the presence of
denaturant, and these aggregates grew bigger but remained

Figure 5. (A) Hydrodynamic radii of partially unfolded mAbX in
three buffers as a function of time after GuHCl was diluted 10 times
(0.19 M). (B) The relative scattering intensity as a function of time in
the same experiments of (A).
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soluble after removing the denaturant. The Rh distributions of
these submicron aggregates are relatively narrow and free of
large particles (Figures 7 and S10). When unfolding was
extensive, the antibody precipitated out of solution upon
removing denaturant. Aggregation of the fully unfolded mAbX
exhibited strong pH-dependence, indicating a dominant effect
of electrostatic interactions between charged groups of the
protein. In contrast, the submicron aggregation observed for
the partially unfolded mAbX did not show a consistent trend of
pH-dependence. This difference suggests that formation of
submicron aggregates is dictated by localized interactions and
cannot be accounted for by the overall interactions between
net charges. Furthermore, the submicron aggregation of mAbX
in the presence of GuHCl was preceded by a lag time. Such
delayed growth kinetics is often seen in nucleation-controlled
protein aggregation. These nucleation phenomena are
associated with collective interactions of proteins, e.g.,

aggregation of globular proteins without conformational
changes55,56 and amyloidogenesis of Aβ and prion proteins
accompanied by formation of intermolecular β-strands.25,27

To learn more about the structural changes due to chemical
denaturation and aggregation, we have compared the far-UV
CD spectra of the native mAbX and the dialyzed partially
unfolded protein (Figure 8). The CD spectra of native proteins
show a negative band at around 217 nm, corresponding to the
β-strands in the antibody. The denatured protein in the
submicron aggregate also has a β-strand dominated secondary
structure like that of the native protein (Figure 8, Table S1).57

Despite the overall similarity of the CD spectra, the denatured
mAbX appears to have a stronger band at 217 nm as compared
to the native protein (Figure 8). This change may indicate the
formation of additional β-strands during submicron aggrega-
tion, which is reminiscent of that found in the amyloid of Aβ
and prion proteins.58,59

Table 3. Hydrodynamic Radii of the Partially and Fully Refolded Proteins after Removal of Denaturant

Rh (nm) 10× dilution Rh (nm) dialysis

proteins original GuHCl (M) acetate histidine phosphate acetate histidine phosphate

mAbX 0 5.80 ± 0.02 5.85 ± 0.04 6.16 ± 0.05 ------------ ------------ ------------
1.90 66.1 ± 0.5a 69.9 ± 0.4a 52.8 ± 0.3a 23.8 ± 0.5 14.5 ± 0.2 21.1 ± 0.2
3.50 precipitates precipitates precipitates 75.7 ± 0.5 precipitates precipitates

BSA 0 3.68 ± 0.03 3.61 ± 0.09 3.53 ± 0.03 ------------ ------------ ------------
1.55 9.7 ± 0.1 10.9 ± 0.1 9.1 ± 0.1 9.9 ± 0.1 10.7 ± 0.1 9.78 ± 0.04
2.10 12.8 ± 0.2 16.5 ± 0.2 13.6 ± 0.1 12.7 ± 0.1 16.7 ± 0.1 14.6 ± 0.2

lysozyme 0 1.9 ± 0.2 1.8 ± 0.2 1.9 ± 0.1 ------------ ------------ ------------
4.18 2.3 ± 0.1 2.4 ± 0.1 2.9 ± 0.2 2.0 ± 0.1 2.5 ± 0.2 2.0 ± 0.1
5.10 2.9 ± 0.3 2.1 ± 0.1 2.3 ± 0.3 2.3 ± 0.2 2.1 ± 0.2 2.8 ± 0.2

aThe Rh values of partially unfolded mAbX were taken at 24 h after dilution.

Figure 6. Dialysis bags containing 4 mg/mL chemically denatured mAbX samples in acetate, histidine, and phosphate buffers. The original protein
samples before dialysis contained 1.9 and 3.5 M GuHCl. The photos were taken after the 3 day exhaustive dialysis. White aggregates were seen in
(D) and (F).
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3.4. Comparison of Submicron Aggregation of
Thermally and Chemically Denatured mAbX. Besides
ICD, another method commonly used to evaluate conforma-
tional stability of proteins is thermal denaturation. Despite the
different mechanisms of chemical and thermal denaturation,
the subsequent aggregation of the unfolded proteins may share
some similarity. In the last part of this study, we examined
whether thermally denatured antibody also undergoes
submicron aggregation. Heating protein solutions to high
temperatures will lead to rapid protein precipitation. However,
partial unfolding at moderately elevated temperatures may
produce invisible aggregates. In addition, recent studies have
raised questions on the relevance of the melting temperature
(Tm) or onset temperature (Ton) obtained in DSC experiments

to the actual long-term stability of biologics formulations.8

Therefore, we think it is necessary to directly measure
aggregation of partially unfolded antibodies for formulation
development. To prepare the thermally denatured mAbX, we
first conducted DSC experiments to determine the temper-
ature needed for partial protein unfolding. The DSC heating
curves of mAbX in Figure 9 have two peaks that are typical for

full IgG antibodies.60 The peak at ∼79 °C corresponds to
unfolding of the Fc domain. Figure 9 shows that the melting
temperature of the Fc domain is not sensitive to the pH of
buffer. The other peak in Figure 9 is located at ∼67.5 °C in the
pH 7 phosphate buffer and ∼69 °C in the acetate and histidine
buffers. This peak corresponds to unfolding of the Fab
fragments. The two-step unfolding of mAb has not been
observed in ICD curves (Figure 1). The apparent distinction
between thermal and chemical unfolding is not surprising
considering the different mechanisms of denaturation.
We then examined aggregation of thermally denatured

mAbX by DLS experiments. The degree of thermal unfolding
of the antibody was carefully controlled according to the
results of DSC experiments. The antibody solutions were
heated in a water bath from 40 °C at a rate of 0.2 °C per
minute. The slow heating allows some equilibration time for
unfolding. Protein precipitation started when the temperature
was increased to above ∼69 °C. Therefore, we quenched the
samples with cold tap water as soon as the temperature
reached 65 °C. The samples were immediately measured by
DLS after quenching. On the basis of the hydrodynamic radii
in Table 4, partial thermal denaturation of mAbX indeed
produced submicron aggregates with sizes comparable to those
from partial chemical denaturation. These aggregates formed
during slow heating and did not further grow in the DLS
experiments. Our study has confirmed that the thermally
denatured antibody undergoes submicron aggregation when
the antibody is partially unfolded.

4. CONCLUSIONS
In this work, we investigated the aggregation of a monoclonal
antibody resulting from chemical denaturation. We found that
the aggregation behavior of the denatured antibody mainly
depended on the degree of denaturation. The partially
unfolded antibody formed stable submicron aggregates even
in the presence of denaturant. This submicron aggregation
showed nucleation-controlled kinetics. After removing the

Figure 7. Distribution of hydrodynamic radii of partially unfolded
mAbX in the pH 6.0 histidine buffer after removing GuHCl (A) by
10× dilution or (B) by dialysis. The average Rh are labeled in the
graphs.

Figure 8. Far-UV CD spectra of the native mAbX and the dialyzed
partially unfolded mAbX in acetate and phosphate buffers.

Figure 9. DSC heating curves of mAbX in acetate, histidine, and
phosphate buffers.
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denaturant, the aggregates grew but remained soluble. The
submicron aggregation exhibited an irregular pH-dependence,
indicating the importance of local electrostatic interactions on
the aggregation of the partially denatured protein. In contrast,
aggregation of fully denatured antibody was affected by pH in a
manner consistent with the net charges of the protein. Far-UV
CD experiments revealed that the aggregates of partially
unfolded antibody retained the β-strand secondary structures.
Finally, we found that the aggregation of the chemically and
thermally unfolded antibody exhibit similar behavior, i.e., the
propensities to aggregate increases with the degree of
unfolding, and the partially unfolded proteins produce
submicron aggregates.
Isothermal chemical denaturation has been widely used to

evaluate protein conformational stability. Our study reveals the
limitation of ICD thermodynamic analysis for large biologics,
like mAbs, because of the invalid assumption of reversible
unfolding. On the other hand, the ICD experiments, combined
with the refolding/aggregation study, provide a practical means
to compare the aggregation propensity of various antibody
formulations. The degree of chemical denaturation can be
controlled according to the ICD curves. The light scattering
detection on dilution-induced aggregation is fast and sensitive.
Using this approach, the stable submicron aggregates of
partially denatured mAbX have been detected in the present
work. Formation of such aggregates may shorten the shelf life
of mAb formulations and raise safety concerns like adverse
immunogenicity. The submicron aggregates could be over-
looked in the widely used particle analyses based on
microscopy or light obscuration techniques and therefore
require particular attention in formulation development. In
future studies, we will apply the ICD-induced aggregation
analysis for more mAb molecules and explore the usefulness of
this method to predict the long-term stability of antibody
formulations.
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Figure S1. The X-ray structure of BSA (PDBe 4f5s) with two tryptophan residues represented by beads. 

The graphic was rendered using VMD software (University of Illinois at Urbana-Champaign). 
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Figure S2. ICD curves of (A) mAbX, (B) BSA, and (C) lysozyme in three different buffers at 25 °C. 
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Figure S3. ICD curves of (A) mAbX, (B) BSA, and (C) lysozyme in histidine buffer at 25 °C and 37 °C. 
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Figure S4. ICD curves of lysozyme in three different buffers at 25 °C and 37 °C. 

 

 

 

Figure S5. The hydrodynamic radii of partially unfolded mAbX slowly reach quasi-stable values after 

addition of GuHCl. 
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Figure S6. The hydrodynamic radii of partially and fully unfolded (A) BSA and (B) lysozyme monitored 

over time after addition of GuHCl. 
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Figure S7. Distribution of hydrodynamic radii of native (top), partially unfolded (middle), and fully 

unfolded (bottom) mAbX in the pH 5.0 acetate buffer (left column) and the pH 7.0 phosphate buffer 

(right column) at 25 °C. The average Rh are labeled in the graphs. 
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Figure S8. (A) Hydrodynamic radii of partially unfolded mAbX in three buffers as a function of time after 

GuHCl concentration was diluted 10 times (0.19 M). (B) The relative scattering intensity as a function of 

time in the same experiments of (A). 
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Figure S9. (A) Hydrodynamic radii of partially and fully unfolded BSA in three buffers as a function of 

time after GuHCl concentration was diluted 10 times (0.155 and 0.21 M). (B) Hydrodynamic radii of 

partially and fully unfolded lysozyme in three buffers as a function of time after GuHCl concentration 

was diluted 10 times (0.418 and 0.51 M). 
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Figure S10. Distribution of hydrodynamic radii of partially unfolded mAbX in pH 5.0 acetate buffer and 

pH 7.0 phosphate buffer after removing GuHCl by x10 dilution or by dialysis. The average Rh are labeled 

in the graphs. 
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 Helix 

(regular) 

Helix 

(distorted) 

Strand 

(regular) 

Strand 

(distorted) 

Turn Unorder RMSD 

Native 

acetate 

0 0.03 0.27 0.14 0.21 0.35 0.03 

Denatured 

acetate 

0 0.03 0.24 0.14 0.23 0.36 0.03 

Native 

phosphate 

0 0.03 0.27 0.14 0.22 0.35 0.04 

Denatured 

phosphate 

0 0.03 0.26 0.14 0.22 0.35 0.05 

 

Table S1. The secondary structures of native and dialyzed partially unfolded mAbX in acetate and 

phosphate buffers. The CD spectra were deconvoluted using the CDPro software package.
(1)
 Three 

programs in this package, including CONTIN, CDSSTR and SELCON3, have produced similar results. 

The data obtained by CONTIN are presented in this table. 
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