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ABSTRACT
With the rapid growth of biopharmaceutical product development, knowledge of therapeutic protein
stability has become increasingly important. We evaluated assays that measure solution-mediated
interactions and key molecular characteristics of 9 formulated monoclonal antibody (mAb) therapeutics,
to predict their stability behavior. Colloidal interactions, self-association propensity and conformational
stability were measured using effective surface charge via zeta potential, diffusion interaction parameter
(kD) and differential scanning calorimetry (DSC), respectively. The molecular features of all 9 mAbs were
compared to their stability at accelerated (25�C and 40�C) and long-term storage conditions (2–8�C) as
measured by size exclusion chromatography. At accelerated storage conditions, the majority of the mAbs
in this study degraded via fragmentation rather than aggregation. Our results show that colloidal stability,
self-association propensity and conformational characteristics (exposed tryptophan) provide reasonable
prediction of accelerated stability, with limited predictive value at 2–8�C stability. While no correlations to
stability behavior were observed with onset-of-melting temperatures or domain unfolding temperatures,
by DSC, melting of the Fab domain with the CH2 domain suggests lower stability at stressed conditions.
The relevance of identifying appropriate biophysical assays based on the primary degradation pathways is
discussed.

Abbreviations: IgG, Immunoglobulin G; mAb, Monoclonal antibody; HP-SEC, High-performance Liquid Size Exclusion
Chromatography; LMW, Low Molecular Weight; HMW, High Molecular Weight; DSC, Differential Scanning Calorime-
try; CH, Constant heavy; IEX, Ion Exchange Chromatography; DLS, Dynamic Light Scattering
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Introduction

Monoclonal antibodies (mAbs) are highly complex macromo-
lecules and their stability in biotherapeutic applications is gov-
erned by multiple factors including chemical, structural, and
colloidal degradation pathways. The primary goal of drug prod-
uct and process development is to identify and limit these deg-
radation pathways to enable safe and efficacious usage with
commercially viable shelf life. More than 30 antibody-based
therapeutics are marketed worldwide, and many more are in
development.1-3 The competition in mAb development has
resulted in pressure to reduce development time. Therefore,
there is strong need for analytical tools that can reliably predict
and differentiate between suitable candidates (in discovery)
and unstable and stable formulations (in development).4-7

Product liabilities are commonly identified during develop-
ment via biochemical and biophysical characterization techni-
ques that identify molecular properties like aggregation
propensity and unfolding temperature, respectively. Knowledge
of these properties helps to define study parameters that expose
the mAb to short-term, stressed conditions including elevated
temperatures, extremes in pH, and processing conditions (e.g,
high shear or agitation).6,8 Alternatively, in early development,
developability and molecular profiling assessments using higher

throughput technologies may also be used to identify potential
liabilities and possible technical challenges associated with the
protein. The output of these screening studies leads to the selec-
tion of optimum pH, buffer, and stabilizing excipients.

Given the importance of selecting an optimal drug product
formulation, multiple formulations may be staged on stability
following ICH-recommended conditions (2–8�C and ambient
relative humidity, “25H” – 25�C and 60% relative humidity,
“RH4” – 40�C and 75% relative humidity) after screening activ-
ities are completed. Elevated temperature is often used as a
metric to rank-order the multiple formulations, and aid in the
selection of the lead/final product formulation.9,10 However,
there is very little data showing a direct correlation between the
assays used during screening and stability and their ability to
predict stability at the intended storage condition (2–8�C) or
stability at elevated temperature conditions.

In this study, we evaluated whether commonly characterized
biophysical properties provide insight into the mAb stability
behavior. Nine mAbs in their lead formulation (i.e., optimally
formulated) were characterized for properties such as confor-
mational hydrophobicity, aggregation propensity, thermal sta-
bility, and measured net surface charge/ zeta potential
(Table 1). Here, conformational hydrophobicity refers to the
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structural placement of the hydrophobic residues in the native
folded mAb, aggregation propensity is defined as the tendency
to form higher-order structures as detected by size-exclusion
chromatography (SEC), and thermal stability reflects the tem-
perature-induced domain unfolding monitored by differential
scanning calorimetry (DSC). These characteristics were then
correlated to SEC data from accelerated stability (25H and
RH4) and long term stability (2–8�C).

We observed differential behavior among the 9 mAbs at
40�C, and the predictive power of biophysical attributes was
evaluated at this condition. Note that the comparison of stabil-
ity for the optimally formulated mAbs to their molecular prop-
erties results in a data set that focuses on the predictive
potential of the biophysical tools, and not how these assays
were used during formulation screening activities.

Our results show that zeta potential, kD, and to an extent,
exposed Trp residues may be reflective of behavior under accel-
erated conditions. Interestingly, thermal stability measured by
DSC on the formulated mAbs did not prove useful, as minimal
correlations were observed between T-onset or Tmvalues with
loss of monomer. Some noteworthy points in the current
discussion include relevance of: 1) SEC alone as a quality
assessment tool; 2) onset-of-melting temperatures, domain-
unfolding temperatures and associated apparent enthalpies by
DSC; 3) inclusion of accelerated stress condition on stability
and its comparison to long-term storage temperatures; and 4)
preliminary critical quality attribute (pCQA) analysis to iden-
tify primary degradation mechanism.

Results

SEC

Formation of high molecular weight (HMW) species (i.e.,
aggregation) or low molecular weight (LMW) species (i.e., frag-
mentation) on stability was evaluated through SEC. The SEC
results showing change in monomer content, % LMW and %
HMW of all mAbs over stability when stored at 40�C and 25�C
in relation to 2–8�C, are shown in Fig. 1.

When stored at 40�C for 6 months, G1–5 showed the greatest
loss in monomer content (»16%); followed by G1–7 (»14%), and
G1–1 (»13%). Interestingly, all the 3molecules showed higher ten-
dency to fragment (%LMW) than aggregate. The molecules with
the least amount of monomer loss were G1–6 and G4–1 (»5%)
with all others mAbs having monomer loss between »5–16%
(Fig. 1A). In this study, most mAbs showed increased propensity
to fragment (G1–1, G1–3, G1–4, G1–5, G1–6, G1–7), and we
believe the fragmentation follows the classic behavior observed for
mAbs involving cleavage at the hinge region.11 G4–2 and G1–2
were the only cases when HMW species formation was greater
than LMW species formation. (Fig. 1A).

At 25�C storage condition, generally the least stable mAbs at
40�C were the least stable at this condition, though a different
order was observed. At this condition, G1–7 showed the highest
loss in monomer content (»7.5%); followed by G1–1 (»7%)
and G1–5 (»4.5%). To account for variations in the duration
of available stability data between molecules, ( e.g., G1–5, G1–2
had only 6 months storage data while G1–1 and G1–7 had 12
months of data), the rate of monomer loss was calculated to

account for storage time and expressed as rate per month, to
enable a meaningful comparison (Fig. 1C).

In the current data set, except for the rapidly degrading mol-
ecules (e.g., G1–1, G1–5 and G1–7), the qualitative trends of
degradation were different at 40�C and 25�C for both IgG1 and
IgG4 isotypes, with this lack of correlation to storage tempera-
ture being more pronounced in the IgG4 subtype (Table 2,
Fig. 1). Interestingly, despite the rapid loss of monomer seen at
accelerated and stressed conditions, degradation was minimal
when stored at 2–8�C for all mAbs studied.

DSC

The onset-of-melting temperatures (Tonset), thermal unfolding
temperatures (Tm) of the domains, as well as apparent enthal-
pies associated with each unfolding transition, are shown in
Table 2. All the mAbs tested in this study had an onset-of-melt-
ing temperature of >50�C. As expected, the IgG4 framework
mAbs had an earlier onset of melting compared to the IgG1
molecules,12 even at the same pH conditions.

Assignments of CH2, CH3 and Fab domains in this study are
based on reported literature and not specifically confirmed
with all the test proteins. Typically, 2 distinct melting profiles
are observed for mAbs, historically identified as either the
unfolding of the FabCCH2 domain or FabCCH3 domain;13 the
Fab transition is associated with a higher apparent enthalpy,
given its larger size and therefore higher energy input required
to cause unfolding.

We observed both instances where the Fab domain unfolded
with the CH2 domain or with the CH3 domain. Among the 9
mAbs studied, G4–1, G4–2, G1–3, G1–4 and G1–5 displayed
only CH2 unfolding first, followed by the Fab/CH3 (Fig. 2A). In
contrast, G1–1, G1–2, G1–6 and G1–7 displayed the higher-
energy Fab/CH2 unfolding prior to the CH3 domain (Fig. 2B).
Interestingly, the former category of Fab/CH3 unfolding mAbs
generally had lower monomer loss at 40�C, with G1–5 being an
exception as it showed the highest monomer loss of 15.8%. The
latter category of Fab/CH2 unfolding mAbs were all associated
with higher monomer loss at 40�C; G1–6 was an exception in
this set with only »5% monomer loss at 40�C (Table 2).

Table 2 shows the domain-associated apparent enthalpy val-
ues; all the proteins tested had an apparent enthalpy of »1000
kCal/ mol, which is typical for mAbs.13 We also observed that
some mAbs have much higher DHapp; G1–5 had the highest
DHapp of >1700 kCal/mol, with the Fab/CH3 contribution
being almost 1500 kCal/mol. G1–4 and G1–7 were also high,
with the DHapp being 1170 and 1159 kCal/mol, respectively.
However, there is poor correlation of the total DHapp with sta-
bility at the 40�C condition; some of the test proteins with
highest DHapp also showed the highest rate of monomer loss
(e.g., G1–5, G1–7). Similar formulation matrix (G4–1, G4–2
and G1–5) with comparable domain unfolding profiles, dis-
played variable aggregation tendencies. G1–5 fragmented, G4–
2 aggregated and G4–1 was relatively stable with low HMW or
LMW. Another case in point is G1–6 and G1–7, in identical
formulation, have slightly variable unfolding pattern where the
former shows less cooperative unfolding with 3 transitions.

Plots of T-onset temperatures and unfolding temperatures
(Tm1 and Tm2) for all test proteins in relation to the loss of
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monomer at 40�C storage condition are shown in Fig. 2C. We
did not observe a correlation between onset (T-onset) and
unfolding temperatures (Tm1 and Tm2) with loss in monomer
content. For example, G1–1, G1–5 and G1–7 all had relatively
high T-onset, Tm1, and Tm2 values, but also showed higher
degradation rates at 40�C. In contrast, G4–1, which has a lower
T-onset, Tm1 and Tm2 value, had a lower rate of monomer loss.

Intrinsic tryptophan fluorescence

Intrinsic fluorescence was used to compare the local environ-
ment around tryptophan (Trp) residues between all 9 mAbs.
Due to the inherent principles of the technique, fluorescent
intensity, quantum yield, and wavelength of maximum fluores-
cence emission of Trp are influenced by several factors, such as

Figure 1. Change in % Monomer, %HMW, %LMW by SEC after 6 months of storage at 40�C along with the corresponding loss in monomer at long-term 5�C storage (A)
and after storage at 25�C (B). Green bars D D%Monomer, orange bars D %DLMW, blue bars D %DHMW, red bars D D%Monomer at 5�C (C) Rate of monomer loss at
40�C, 25�C and 5�C storage conditions.
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solvent conditions, proximity of acidic amino acids, number
and location of trp residues. Trp residues that are buried in the
hydrophobic core of proteins can have spectra that are blue
shifted by 10 to 20 nm compared to exposed Trps on the sur-
face of the protein.14

Fig. 3A shows the fluorescence emission spectra for all mAbs
measured at the initial time point. As expected, the fluorescence
emission spectra are mAb and formulation dependent, with dif-
ferences observed in intensity and peak maxima. As can be seen
from Table 2, the emission maxima (λmax) ranged between
333 nm in G4–1 and G1–3, representing a well-buried Trp
environment, to 353 nm in G1–6, representing a highly sol-
vent-exposed Trp environment. Intrinsic Trp fluorescence
showed some correlation between λmax of Trp emission to loss
of monomer, where the extent of red shift in the Trp fluores-
cence was suggestive of higher propensity to degrade. For
example, G4–1 and G1–3, which contain buried Trp
(λmax » 330 nm), had lower loss of monomer under accelerated
conditions while G4–2 and G1–1, which contain exposed Trp
(λmax » 346 nm) had higher rates of monomer loss.

Zeta potential and kD measurements

Inherent molecular characteristics such as net surface
charge and self-association propensity were also studied to
evaluate their contributions to mAb stability. Two orthogonal
approaches for calculating colloidal stability of various mAbs
were employed, diffusion interaction parameter (kD) using

dynamic light scattering and effective surface charge potential
(zeta potential) using electrophoretic light scattering.

Based on published literature and application notes from
Malvern Biosciences, zeta potential values greater than 5 mV
were considered to be colloidally stable.15,16 In this study, G4–
1, G1–3, G1–4 and G1–5 all had high zeta potential values sug-
gestive of higher colloidal stability, whereas G4–2, G1–1, G1–2,
G1–6 and G1–7 all showed zeta potential values of less than
5 mV (Fig. 4A, Table 2). Values reported for G1–6 and G1–7
are from measurements made in 10 mM histidine buffer, due
to the high ionic strength of the native formulation buffers.
When correlated with the loss of monomer at the 40�C storage
condition, most of the mAbs that had a lower net effective sur-
face charge (zeta potential) also had increased loss of monomer.
G1–6 formulation contained high amounts of salt due to which
the zeta potential measurements were made in 10 mM histidine
buffer. This value thus may not reflect the net surface charge in
the formulation.

Comparison of kD values of 7 test proteins (G1–3 and G1–6
were not tested due to material limitations) showed G1–2 and
G1–7 to have negative kD suggestive of increased self-associa-
tion propensity. At 40�C storage, after 6 months, the monomer
content decreased by »14% for G1–7 and about 8% for G1–2,
indicating good correlation with behavior at stressed condi-
tions. G4–1, G4–2, G1–1, G1–4 and G1–5 had positive kDval-
ues of varying magnitudes, indicative of repulsive interactions,
and there appears to be reasonable agreement with these results
and the behavior at 40�C, when the mechanism of fragmenta-
tion or aggregation is also considered (Table 2, Fig. 4B).

Discussion

In recent years, there have been increasing reports on the sensi-
tivity and selection of appropriate analytical and biophysical
tools to assess stability of mAb product formulations.17-21 Lin
et al recently demonstrated that limited information is pro-
vided by far-UV circular dichroism and Fourier transform
infrared spectroscopy compared with SEC and IEX read outs in
comparability studies with degraded mAb samples.22 In an
effort to determine the ability of other biophysical assays to
predict product stability at different conditions, we

Table 2. Results of SEC, thermal unfolding properties by DSC, intrinsic tryptophan fluorescence and net surface charge (zeta potential) and diffusion interaction parameter
(kD) of all test proteins.

DSC SEC$–40C
SEC$-5C Trp FI

DLS

CODE
DHapp (1st)
Kcal/mol

DHapp (2nd)
Kcal/mol

DHapp (total)
Kcal/mol

Tonset
(�C)

Tm1
(�C)

Tm2
(�C)

D %
Monomer

D %
LMW

D %
HMW

D %
Monomer

λmax

(nm)
kD
(L/g)

ZP
(mV)

G4–1 246.7 797.6 1044.3 55.0 61.0 73.0 5.4 2.9 2.5 0.6 333 6.8 10.0
G4–2 181.8 755.0 936.8 56.0 61.3 72.9 9.7 1.8 7.9 0.4 346 4.9 2.9
G1–1 853.1 146.4 999.6 66.0 74.6 85.3 12.8 10.0 2.8 0.6 346 15.9 4.0
G1–2 834.1 106.9 941.0 62.1 72.0 82.5 8.3 3.5 4.9 0.3 339 ¡8.6 2.7
G1–3 189.2 870.7 1059.8 62.0 71.1 83.6 7.1 6.3 0.9 0.1 335 ND 5.8
G1–4 263.0 907.8 1170.7 60.3 69.6 83.0 6.7 4.5 2.2 0.1 336 17.2 7.8
G1–5 271.9 1487.0 1758.9 60.2 67.6 80.9 15.8 13.7 2.0 0.2 335 24.0 6.1
G1–6� 611.3 347.6 1010.3 58.4 68.1 75.2 5.0 3.4 1.7 0.5 353 ND 2.0a

G1–7 1052.2 107.4 1159.6 58.4 71.6 81.5 13.6 8.3 4.3 1.1 340 ¡3.9 3.3a

ZP D Zeta Potential
�third transition observed at 83.2�C with DHapp of 51.5 Kcal/mol
$ DDchange in content between final and initial timepoints
a diluted in 10 mM histidine buffer

Table 1. Description of test proteins included in the study.

mAb ID IgG pH Conc (mg/ml) Formulation

G4–1 4 5.5 25 Histidine, Sucrose, PS80
G4–2 4 5.5 50 Histidine, Sucrose, PS80
G1–1 1 6.0 50 Histidine, Sucrose, PS80
G1–2 1 5.5 50 Phosphate, Citrate, Mannitol, PS80
G1–3 1 5.5 40 Histidine, Sucrose, PS80
G1–4 1 6.0 100 Histidine, Sucrose, PS80
G1–5 1 5.5 50 Histidine, Sucrose, PS80
G1–6 1 6.0 25 Citrate, NaCl, DTPA, PS80
G1–7 1 6.0 25 Citrate, NaCl, DTPA, PS80
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retrospectively compared the initial molecular properties of 9
mAbs in their lead (i.e., optimized) formulations with their sta-
bility behavior. Both refrigerated and elevated temperature
storage conditions were studied with assays routinely used to
characterize conformation and solution specific properties,
such as hydrophobicity, unfolding enthalpies, kD and zeta
potential. In this study, product stability was related to total
monomer content as measured by SEC. Aggregates and frag-
ments were not further classified as soluble or insoluble. All
mAbs tested consisted of high monomer content (�»98%) at
the initial characterization time point. The outcome and
observed correlations of this study can inform the use of spe-
cific biophysical attributes to evaluate during early candidate
assessment and formulation screening activities.

With the exception of intrinsic Trp fluorescence, analyses of
the stability data for all 9 mAbs indicate limited to no correla-
tion and predictive potential of the various biophysical assays
with monomer content at elevated temperature conditions. The
limited predictive potential of the biophysical assays is likely
due to the lack of specificity associated with monomer loss. As
measured by SEC, monomer loss may be due to either fragmen-
tation (i.e., LMW species) or aggregation (i.e., HMW species).
When evaluating the subset of mAbs that degrade substantially
through aggregation (i.e., G4–2, G1–2, G1–7), some correla-
tions are observed. Biophysical assays used to measure solution
mediated properties like kD (self-association) and zeta potential
(colloidal stability) show a correlation with propensity to

aggregate at 40�C. Models using colloidal systems suggest
charge-charge interactions play a crucial role in particle floccu-
lation and aggregation.23 Saluja et al showed a positive correla-
tion between the second virial coefficient (B2) and kD values in
predicting solution conditions that promote heat- and agita-
tion-induced aggregation for an IgG2 mAb.24 We observe this
dependency for mAbs with low net effective surface charge
(i.e., less colloidally stable), which tend to aggregate at 40�C
(Fig. 4A). An increased potential for aggregation is also
reflected in the kD values for G4–2, G1–2, and G1–7. For these
mAbs, the neutral/negative kD values indicate less repulsive
interactions or an increased likelihood for self-association,
compared to the other mAbs studied (Fig. 4B). In the case of
G4–2, the kD value was positive, but less than that of G1–2 and
G1–7. The lower kD and low zeta potential (2.9 mV) suggest
high aggregation tendency.

We observed that the Trp environment was able to inform
about overall loss of monomer. In contrast, when the environ-
ment of Trp was studied in the context of aggregation tendency,
a poor correlation was observed (Fig. 3B). This is not unex-
pected, given that conformational hydrophobicity is not the
only interaction leading to mAb instability, especially when
fragmentation is involved. The use of additional assays, such as
extrinsic fluorescence, can provide valuable insight into the
mechanism of aggregation. The two mAbs that lacked a corre-
lation between Trp localization and stability behavior were G1–
5 (well-buried Trp environment but higher fragmentation) and

Figure 2. (A) DSC thermograms showing the unfolding of individual domains with the CH2 unfolding preceding Fab/CH3 domain and (B) vice versa with Fab CH2 unfold-
ing. (C) Scatter plot showing lack of correlation between T-onset or Tm1 or Tm2 and monomer loss at 40�C.
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G1–6 (exposed Trp environment and lower degradation rate).
Extrinsic 4–4-bis-1-phenylamino-8-naphthalene sulfonate (bis-
ANS) fluorescence showed both these molecules to have
increased solvent-exposed hydrophobic patches, which is in
agreement with their tendency to form subvisible particulates
(data not shown), thus suggesting that all forms of aggregates
need to be monitored and not just the soluble forms detected
by SEC.

Further comparison of extrinsic fluorescence of G4–2 and
G1–1, where both mAbs having exposed Trp residues, revealed
G4–2 to have a higher extrinsic fluorescence emission than
G1–1. This indicates the presence of more surface-exposed
hydrophobic residues in the former, which is suggestive of a
hydrophobically mediated native state aggregation (Fig 3A
inset). In addition, while comparable kD values were obtained
for both G4–2 and G1–1, G4–2 displayed lower colloidal stabil-
ity (ZP <5 mV), which supports an instability manifested as
higher aggregation at 40�C (Fig. 3A inset). This data suggests
that aggregation mediated by hydrophobic interactions can be
assessed using both intrinsic and extrinsic fluorescence.

The influence of pH and ion effects on protein-protein inter-
actions has been described previously with positive correlations

to aggregation tendency.24-26 In the current study, biophysical
assays used to measure solution mediated properties were use-
ful in predicting stability of G4–2, G1–2, and G1–7 at 40�C and
emphasize the importance of maintaining colloidal stability in
minimizing aggregation. However, these biophysical tools did
not predict the stability for mAbs that degrade primarily
through fragmentation. For example, G1–1, G1–3 and G1–5 all
degrade primarily through fragmentation, but do not show
consistent trends associated with zeta potential or kD. This
observation may be an inherent result of the nature of the bio-
physical assays, which focus on measuring association/aggrega-
tion tendencies.

Interestingly, DSC data also did not correlate with mAb sta-
bility independent of degradation mechanism. DSC is com-
monly used as an initial screening tool to measure
conformational stability with the assumption that lower
unfolding temperatures or lower unfolding enthalpies corre-
spond to reduced mAb stability. From our data, DSC unfolding
temperatures and unfolding enthalpies alone were not predic-
tive of stability behavior (i.e., loss of monomer content) at
accelerated temperature conditions. As shown in Fig. 2C, no
correlations are observed between Tonset, Tm1, or Tm2, and no

Figure 3. (A) Tryptophan emission spectra of all 9 mAbs, with excitation wavelength set to 295 nm. Inset shows the bis-ANS emission spectra of G4–2 (dashed line) and
G1–1 (solid line); triplicate measurements of Bis-ANS fluorescence emission were recorded from 400–650 nm with excitation at 385 nm, final concentration of bis-ANS
being 5 mM. All other parameters were same as used for intrinsic fluorescence. (B) Correlation of tryptophan λmax of emission with loss of monomer and gain in %HMW
at 40�C storage condition
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correlations are observed between DHtotal, DH1, and DH2 with
monomer loss (Table 2). However, earlier unfolding of the Fab
domain with the CH2 domain led to poor stability, at 40�C.
This information could be useful during candidate selection or
preformulation stages when the domain melting profile on the
DSC thermogram is more relevant than the actual unfolding
temperatures.

Our results on the relevance of CH2 domain corroborate previ-
ous reports by Latypov et al, who discuss the importance of CH2
domain in controlling Fc stability and aggregation propensity
under low pH stress.27 In addition, the stabilizing role of the Fab
domain has been proposed where the Fab domain unfolding trig-
gered a pH- and salt-dependent aggregation of an IgG1.28 Recently,
Brader et al also recommended increasing the Fab transition tem-
perature as a strategy for improving product stability.29 However,
these previous studies addressed instability as ‘aggregation’ of the
mAbs, while we studied domain unfolding in relation to overall
monomer loss, including fragmentation. Therefore, the nature of
the stress condition (e.g., pH vs temperature) and mAb-specific
propensities could be causes for these differing observations.30

The degradation mechanism at elevated temperatures for
the majority of the 9 mAbs evaluated in this study was through
fragmentation, and not aggregation (Fig. 1). While there are
reports in the literature related to mAb stability and aggrega-
tion propensity (see references 31-34), there is very limited
information on the possible consequences of fragmentation on
product stability. Several questions have been raised about
potential immunogenicity related to overall purity of biologic
products, including fragments. 35,36 In one instance, the mecha-
nism of metal-induced mAb fragmentation was studied where
Cu(2C)-mediated fragmentation was determined to occur pre-
dominantly through a hydrolytic pathway in solution.11 In our
study, the observed higher tendency of fragmentation may be a

result of selection bias during formulation optimization,
wherein aggregation is considered as a more significant quality
attribute than fragmentation, primarily due to immunogenicity
concerns.37-39 While our results suggest that aggregation-driven
degradation may be predictive when using conventional bio-
physical characterization techniques, prediction of fragmenta-
tion was not well correlated to stability data. This observation
emphasizes the importance and need to develop or utilize addi-
tional analytical tools specific for fragmentation degradation
(e.g., intact and reduced LC-MS, CE-SDS).

Finally, it is also important to note that while we have been
analyzing the predictive potential of various biophysical assays
for mAbs stored at 40�C, there were no stability concerns when
these mAbs were stored at 5�C relative to monomer content
(>95% after 24 months of storage). This lack of correlation
between accelerated stability and long-term low temperature
stability may be a function of the degradation mechanism for
the mAbs, and was discussed earlier by Brummit et al.40

Although there are several advantages of accelerated storage
conditions, such as: 1) screening and elimination of poor candi-
dates at the early stages of development; 2) supporting temper-
ature excursions; and 3) confirming the stability-indicating
nature of analytical methods, data presented here revisits the
question of whether accelerated temperature conditions need
to be routinely performed as part of the stability programs for
biological products. The ICH guidelines on stability testing of
biotechnological/ biological products state that, although accel-
erated conditions are useful for understanding degradation
profile, identifying stability indicating assays, product integrity
upon excursions/ accidental exposure, such stressed and accel-
erated conditions may not be appropriate for biologics.41

In summary, we characterized 9 mAbs in their lead (i.e.,
optimized) formulation using standard biophysical assays that

Figure 4. (A) Effect of zeta potential on change in monomer at 40�C, as measured by SEC (B) Effect of diffusion interaction parameter (kD) on change in monomer at 40�C,
as measured by SEC.
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measure conformational stability and solution mediated inter-
actions, and we attempted to correlate the biophysical data
with long-term and accelerated stability trends. In our evalua-
tion, solution-mediated interaction properties (e.g., zeta poten-
tial and kD measurements) provided some prediction of
stability at elevated temperatures when aggregation was
a primary mechanism for degradation. Our results support
the expectation that formulation optimization, through
evaluation of buffer, pH, and salt levels, can help overcome
aggregation propensity. However, additional biophysical char-
acterization tools are needed to better understand fragmenta-
tion propensity. For example, the evaluation of structural
stability by chemical denaturation could complement DSC
results to gain a better understanding of global stability (i.e.,
monomer loss) as a function of temperature stress. In addition,
fragmentation propensity should also be considered when
choosing an optimal formulation.

It is important to note that in spite of variable mechanisms
of degradation at 40�C, all mAbs showed good stability (mono-
mer content >95%) for extended periods of time at the recom-
mended storage condition of 2–8�C. During early formulation
screening, accelerated conditions are utilized to expedite the
degradation and aid in selecting the ‘optimal’ formulation.
Regardless, if most mAbs show minimal degradation at 2–8�C
(recommended storage condition), a phase-appropriate invest-
ment in formulation development with a balance between risk-
based ‘fast to clinic’ approaches versus the generation of more
relevant long-term stability data could be considered.

Our results highlight the importance of selecting the appro-
priate analytical tools when attempting to correlate biophysical
characteristics with stability. If the primary degradation is
through aggregation, common biophysical assays are available.
However, if the degradation is through fragmentation, other
analytical tools may be needed to inform on stability at elevated
temperatures. The lack of correlation observed here may be due
to the fact that these mAbs are already optimally formulated
with the appropriate pH, buffers, and excipients. Additional
studies to evaluate the predictive ability of biophysical assays
during formulation screening are currently ongoing.

Material and methodss

This study describes 9 mAbs, all purified and formulated in
their lead formulation, which contain surfactants, sugars and in
some cases salts (Table 1). The lead formulation was selected
after rigorous screening of pH, salts, buffers and excipients.
Among the 9 mAbs, 7 were IgG1 (labeled G1–1 to G1–7) and 2
were IgG4 (labeled G4–1 and G4–2). The concentration of the
formulated mAbs were as follows: 25 mg/mL (G4–1, G1–6,
G1–7), 40 mg/ml (G1–3), 50 mg/mL (G4–2, G1–1, G1–2, G1–
5), and 100 mg/mL (G1–4). Most of these formulations contain
the same matrix consisting of histidine, sucrose and Polysor-
bate-80, with pH between 5.5 and 6.0.

Stability Data: Stability data at 2–8�C (ambient humidity),
25�C (60% relative humidity) and 40�C (75% relative humidity)
from representative formulations in the liquid image were com-
piled and compared with the biophysical characterization
assays described in this article. All batches were within accep-
tance criteria for critical quality attributes such as purity,

content, and potency. Stability data for at least 6 months is
available for all temperature conditions for all batches. Twelve
months of stability data is available for mAbs G4–2, G1–1, G1–
3, G1–4, G1–6 and G1–7 at 25�C. Twenty-four months of data
is available for mAbs G4–1 and G1–4 at 5�C.

High-performance size-exclusion chromatography

To quantitatively detect the relative amounts of monomer,
aggregates and fragments, HP-SEC was performed with a
Waters 2695 Alliance system equipped with a 2487 dual wave-
length detector (Waters, Milford Massachusetts, USA). Ten
micrograms of sample was injected in a YMC-Diol 200 column
at ambient temperature and separation achieved using a mobile
phase of 50 mM phosphate, 200 mM sodium chloride, pH 7.0
at a flow rate of 0.5 ml/min. UV detection was performed at
214 nm. The integration of each sample was performed using
Waters Empower 2 Software. Integrations were performed
manually using baseline-to baseline, baseline-to-valley or tan-
gential skimming, when applicable. The monomer peak for
each mAb had been previously identified by on fractionation
and isolation techniques. The categorization of HMW is per-
formed using the “timed groups” function in empower and
summarizes all peaks eluting prior to the monomer peak. Simi-
larly, categorization of LMW is done using the “timed groups”
function to summarize all peaks eluting after the monomer
peak. The percent of monomer, HMW species and LMW spe-
cies was calculated using the pre-defined functions in the
Empower 2 reporting software, based on the area under the
curves relative to the initial non-stressed sample

Rate of monomer loss was calculated by determining the
average rate of the reaction by measuring the change in mono-
mer concentration over time (Dt) as shown in the following
equation:

Rate D ¡ ½monomer�
Dt

A similar approach has been described earlier by Roberts
et al.42

Differential scanning calorimetry

DSC was performed on a MicroCal VP-DSC (Malvern Instru-
ments Ltd., Worcestershire, UK). Duplicate samples of each
protein were diluted in appropriate formulation placebo to
1 mg/ml and heated from 20�C to 90�C at a constant rate of
1.5�C/min. Baseline correction, Tm and enthalpy values were
obtained using Origin 8.5.

Fluorescence spectroscopy

Intrinsic Trp fluorescence was recorded on a Varian Cary
Eclipse Spectrofluorimeter. Samples were diluted to 0.5 mg/ml
in respective buffer, and placed in a 1-cm path length cuvette.
Intrinsic Trp fluorescence was measured at 20�C by exciting at
295 nm and monitoring emission from 300–550 nm, with both
excitation and emission slit width set at 5 nm. A scan speed of
120 nm/min and data pitch of 1 nm with 0.5 seconds averaging
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time was used. Duplicate measurements of each sample were
made and the average reported after buffer subtraction. A 5-
point Savitzky Golay smoothing function was applied to all
spectra.

Zeta Potential and kD measurements

Zeta potential was measured using the Malvern Nano Zetasizer
Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK).
Method parameters were first optimized using bovine serum
albumin (BSA) to obtain values that have been previously
reported.43 Based on the data from BSA, a concentration of
10 mg/ml was selected for experiments using formulated
mAbs. For samples that contained high salt (e.g., G1–6 and
G1–7), to overcome saturation of the current due to high ionic
strength, dilutions were performed in 10 mM histidine buffer,
pH 6.0. For data processing, the Smoluchowski model, which
utilizes dispersant viscosity as sample viscosity, was employed.
Ten measurements per sample were performed at 20�C with
120 seconds equilibration time using disposable folded capillary
cells, DTS1070 (Malvern Instruments Ltd., Worcestershire,
UK), with the duration per acquisition set to automatic. For kD
measurements, sample dilutions were prepared between the
concentration range of 2 mg/ml to 25 mg/ml in surfactant-free
placebo, using mAb in buffer-only (i.e., unformulated).
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