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The  purpose  of  this  work  was  to  determine  the  nature  of  long  and  short-range  forces  governing  protein
aggregation  kinetics  at low  and  high  concentrations  for  a  monoclonal  antibody  (IgG1)  and  a  dual-
variable-domain  immunoglobulin  (DVD-IgTM).  Protein–protein  interactions  (PPI)  were  studied  under
dilute  conditions  by utilizing  the  methods  of static  (B22)  and  dynamic  light scattering  (kD).  PPI  in solutions
containing  minimal  ionic  strengths  were  characterized  to get  detailed  insights  into  the impact  of  ionic
strength  on  aggregation.  Microcalorimetry  and  susceptibility  to denature  at air–liquid  interface  were  used
to  assess  the  tertiary  structure  and  quiescent  stability  studies  were  conducted  to  study  aggregation  char-
acteristics.  Results  for  IgG1  showed  that  electrostatic  interactions  governed  protein  aggregation  kinetics
both under  dilute  and  concentrated  conditions  (i.e.,  5 mg/mL  and  150  mg/mL).  For  DVD-IgTM molecules,
ow-ionic formulations
econd virial coefficient

on  the other  hand,  although  electrostatic  interactions  governed  protein  aggregation  under  dilute  condi-
tions,  hydrophobic  forces  clearly  determined  the  kinetics  at  high  concentrations.  This  manuscript  shows
for  the  first  time  that  short-range  hydrophobic  interactions  can outweigh  electrostatic  forces  and  play  an
important  role  in  determining  protein  aggregation  at high  concentrations.  Additionally,  results  show  that
although  higher-order  virial  coefficients  become  significant  under  low  ionic  strength  conditions,  removal

 used
of added  charges  may  be

. Introduction

Monoclonal antibodies (mAbs), dual-variable-domain Igs (DVD-
gTMs) and novel Fc fusion proteins are the fastest growing class of
ew therapeutic molecules. MAbs are increasingly being utilized

or the treatment of immunological and oncological disorders and
onstitute a major portion (>60%) of the total protein drugs cur-
ently in clinical and preclinical testing (Morhet, 2008; Wu et al.,
007; Samaranayake et al., 2009). Many diseases that are being
argeted by these relatively low potency proteins are chronic and
equire frequent dosing, and providing at home-outpatient admin-
stration option to patients by the sub-cutaneous or intra-muscular
oute is the desired way of delivery to increase patient compliance.

he volume limitation (<1.5 mL)  presented by these delivery routes,
owever, necessitates that the antibody and Ig-like therapeutics

∗ Corresponding author. Tel.: +1 860 634 0688; fax: +1 508 754 6742.
E-mail addresses: Vineet.Kumar@Abbott.com, vkuconn@yahoo.com (V. Kumar).
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 to enhance  the  aggregation  stability  of  dilute  protein  formulations.
© 2011 Elsevier B.V. All rights reserved.

be typically formulated at high concentrations (>100 mg/mL)
(Liu et al., 2005).

Development of stable, easy to use, high concentration liq-
uid protein formulations poses several challenges including those
associated with the issues of aggregation, viscosity and solubil-
ity (Shire et al., 2004). The large volume fraction (>0.1) occupied
by the solutes present in these formulations can lead to signifi-
cant deviations from the ideal solution conditions typically present
in dilute situations (Hall and Minton, 2003; Rivas and Minton,
2004). Non-ideality leads to enhanced protein–protein attractive
interactions which increase the propensity of the molecules to
aggregate. It has been realized that aggregation and concentra-
tion usually have a non-linear relationship, and that aggregation
could increase tremendously with an increase in the concentra-
tion of the protein (Saluja and Kalonia, 2008). It has been reported
that aggregates could be less efficacious and/or may  have immuno-
genic potential, and it is prevalently accepted that aggregation

is one of the most serious challenges that pharmaceutical scien-
tists face during the development, processing and manufacturing
of these high concentration protein formulations (Shire et al.,
2004).

dx.doi.org/10.1016/j.ijpharm.2011.09.017
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Vineet.Kumar@Abbott.com
mailto:vkuconn@yahoo.com
dx.doi.org/10.1016/j.ijpharm.2011.09.017
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Aggregation in most cases is believed to be a two-step process
hat occurs when protein molecules partially unfold and associate
o form reversible/irreversible higher-order complexes (Brems
t al., 1988; Grillo et al., 2001; Lumry and Eyring, 1954; Manning
t al., 1989). The second step of the two-step aggregation process
s dependent on protein–protein attractive interactions (attractive
PI) or the colloidal stability (as determined by the DLVO the-
ry) of the concerned protein molecules (Chi et al., 2003; Kendrick
t al., 1998). In dilute solutions, the colloidal stability (i.e., PPI)
s mainly determined by the long-range electrostatic interaction
orces (Saluja et al., 2007a,b). The short intermolecular separation
istances (≈2 nm at 120 mg/mL  concentration of a typical antibody
ith a hydrodynamic diameter of ≈11 nm)  at high concentra-

ions may  however result in significantly enhanced contributions of
ome of the several short-range forces (Chari et al., 2009; Saluja and
alonia, 2008). Hydrophobic interaction forces have been observed

o increase exponentially at separation distances of less than 10 nm
Isrealachvili and Pshley, 1982). Chari et al. (2009) have also shown
ood correlation between the calculated dipole moments and the
iscoelastic behavior for a concentrated model IgG2 mAb  solu-
ions lending support to the hypothesis that short-range forces

ay  determine protein properties at higher concentrations. How-
ver, no experimental data exist that show that one or more of
hese short-range forces can dominate long-range charge–charge
orces and hence be the critical determinants of the aggregation
inetics at high concentrations. The question of whether or not
ow concentration accelerated stability data are suitable to predict
igh concentration real-time protein stability has engaged phar-
aceutical preformulation and formulation scientists for a long

ime, and typically differences in experimental set-up and sam-
le conditions intrinsic to such studies have been cited to explain
ifferences between accelerated stability or thermo-biophysical
haracterization and real-time studies. Parameters that may  dif-
er include protein concentration (e.g., 1 vs. 150 mg/mL), sample
tress temperature (e.g., 5 ◦C vs. 40 ◦C or temperatures exceeding
he temperature onset of unfolding), and time (minutes vs. years).
n this paper, we try to provide additional insight to this funda-

ental realm of protein stability by providing first experimental
vidence that the impact of short range hydrophobic interactions
nd long range electrostatic forces can crucially depend on the pro-
ein concentrations used for relevant studies.

In this paper, we have characterized interaction behavior of two
olecules (1) a monoclonal antibody (mAb, 147 kDa) and (2) a

ual-variable-domain immunoglobulin (DVD-IgTM, 200 kDa) (Wu
t al., 2007), under various dilute conditions, by utilizing the uni-
ersally accepted methods for characterizing PPI, i.e., static (B22)
nd dynamic light scattering (kD) (Demoruelle et al., 2002; Curtis
t al., 1998; Eberstein et al., 1994; George et al., 1997; Neal et al.,
999; Rosenbaum and Zukoski, 1996; Saluja et al., 2007b; Valente
t al., 2005; Zimm,  1946). Microcalorimetry and susceptibility to
enature at air–liquid interface have been used to characterize
he folded nature of the molecules, and real-time and accelerated
tability studies have been conducted to study their aggrega-
ion characteristics. We  show that for some molecules such as

Ab, electrostatic interactions govern protein aggregation kinetics
oth under dilute and concentrated solution conditions. For such
olecules, B22 and/or kD data obtained under dilute conditions may

e utilized to predict the relative aggregation behavior under var-
ous concentrated formulation conditions (Le Brun et al., 2009). It
hould be realized that it is for the first time that PPI as measured at
ow protein concentrations have been shown to correlate with the
bserved aggregation kinetics at high concentrations. Previously, a

esearch group had studied aggregation of a model IgG2 molecule
t 50 mg/mL  and authors acknowledged that the low storage mod-
lus at 50 mg/mL  conditions indicates that short-range forces were
ot significant at these concentrations (Saluja et al., 2007a).
 Pharmaceutics 421 (2011) 82– 93 83

Moreover, we  show that for certain other proteins such as
DVD-IgTM, although electrostatic interactions can determine pro-
tein aggregation kinetics under dilute conditions; hydrophobic
interactions can become the main governing interaction force at
high concentrations. If hydrophobic interactions outbalance elec-
trostatic interactions, then naturally B22 and/or kD are very poor
predictors of the aggregation behavior. To the best of our knowl-
edge, we provide first evidence that short-range forces such as
hydrophobic interactions can play a governing role in driving aggre-
gation at high concentrations.

To gain additional insight into the impact of ionic strength on
PPI, we also characterized PPI in solutions containing minimal
added salts (i.e., ionic strengths of less than 1 mM).  Although under
these conditions several higher order virial coefficients become
significant (i.e., B222, B2222, etc.) and determine the net protein
interactions, results show that for dilute protein formulations
(≈1 mg/mL), significantly enhanced aggregation stability may  be
obtained by formulating in low-ionic solutions.

In essence the manuscript provides answers to some very rele-
vant questions that have yet remained uninvestigated:

(1) Is there a correlation between dilute solution thermodynamic
parameter B22, and low concentration aggregation propensity?
Can we  correlate the low concentration aggregation data to
aggregation data at high concentrations and hence be able
to anticipate high concentration aggregation profile using B22
measured under dilute conditions?

(2) Are the forces governing aggregation kinetics similar at low and
high concentrations?

(3) What advantage does low ionic and/or self buffering solutions
provide in terms of the shelf stability of low and/or high con-
centration solutions (IS < 5 mM)?

2. Materials and methods

A humanized monoclonal antibody was constructed from
human IgG1 framework (mAb). This antibody was cloned and
expressed in a Chinese Hamster Ovary (CHO) cell line and puri-
fied at Abbott Bioresearch Center (Worcester, MA)  using a three
step purification process involving protein-A and ion exchange
chromatography resins. A dual specific tetravalent humanized IgG
like molecule, i.e., dual-variable-domain antibody (DVD-IgTM) was
engineered from two antibodies (Wu et al., 2007). The two  parent
antibodies used to engineer the DVD-IgTM molecule were targeting
two  different mediators known to contribute to the overall disease
pathogenesis by distinct mechanisms. The DVD-IgTM molecule was
also cloned and expressed in a Chinese Hamster Ovary (CHO) cell
line and purified at Abbott Bioresearch Center (Worcester, MA). All
buffer reagents and excipients were of highest purity grade and
were obtained from VWR  International. High quality autoclaved
and double distilled water was  used for the preparation of all sam-
ple and buffer solutions. Acetate obtained from Sigma (Fair Lawn,
NJ) was used for pH 4.5, Histidine obtained from JT Baker (Phillips-
burg, NJ) for pH 6 and Tris obtained from JT Baker (Phillipsburg, NJ)
for pH 8. Ionic strength was maintained with NaCl from JT Baker
(Phillipsburg, NJ). In solutions with ionic strengths of 1 mM,  appro-
priate buffer concentration was  used such as to obtain the desired
ionic strength. Solutions with total ionic strengths of 20 mM and
100 mM  had 10 mM buffer strength.

2.1. Dynamic and static light scattering
Dynamic and static light scattering studies were conducted at
different pH and ionic strength conditions at 25 ± 0.1 ◦C using a
Malvern Zetasizer Nano (Worcestershire, UK). For DLS and SLS



8 nal of 

m
0
c
5
v
v
u
l
s
I
s
t
t
t
i
v
T
s
c
s
s
i
v

a
1

w

K

b
i
t
h
e

i
v
m
i
t
d
t
w

R

a
t
s
p
r
t
v
T
f

4 V. Kumar et al. / International Jour

easurements, buffers and protein solutions were filtered through
.1 �m Millipore Milex syringe filters. The protein solutions were
entrifuged at ambient temperatures on a mini centrifuge at
600 × g for 10 min  immediately before measurements. Low-
olume glass cuvettes (Hellma, Germany) requiring 45 �L of sample
olume were used for measurements. The Malvern Zetasizer Nano
tilizes a 632.8 Helium Neon laser and analyzes the scattered

ight at an angle of 173◦, reducing dust interference during back
cattering measurements and reducing background noise signals.
nstrument parameters were set to acquire dynamic and static light
cattering data during one experiment. For a particular concentra-
ion of the protein, the instrument was first used to measure the
otal static light scattered by the solution and then used to obtain
he dynamic light scattering data. Both measurements were made
n automatic mode. Simultaneous measurement of SLS and DLS pro-
ided an advantage over measurements at different time points.
he simultaneous measurements implied that the dynamic light
cattering data could be utilized to acquire information about the
ontribution of the dust towards the total measured static light
cattering intensity. The contribution of dust (if any) was  hence
ubtracted and only the net light scattered by the protein molecules
n the solution was used to obtain the second virial coefficient (B22)
alues.

The scattered light intensity is related to the molecular weight
nd B22 by the following equation (Curtis et al., 1998; Neal et al.,
999; Tanford, 1961; Zimm,  1946).

Kc

R�
= 1

Mw
+ 2B22c + B222c2 + · · ·

here K is optical constant and is given by

 = [2�n(dn/dc)]2

NA�4

R� is the excess Rayleigh ratio, i.e., a measure of light scattered
y the solute, n is the solvent refractive index, dn/dc is the refractive

ndex increment of the solute, NA is the Avogadro’s number, and � is
he wavelength of the incident light. Since for most dilute solutions,
igher order virial coefficients have negligible values, the following
quation (Debye) is used to obtain the second virial coefficients.

Kc

R�
= 1

Mw
+ 2B22c

Values of B22 reflects the magnitude of the first deviations from
deality, its sign reflects the nature of this deviation. A positive
alue corresponds to net repulsive interactions between the solute
olecules wherein the osmotic pressure increases above that for an

deal solution whereas a negative value corresponds to net attrac-
ive interactions between the solute molecules with a consequent
ecrease in solution osmotic pressure below that for an ideal solu-
ion. R� was obtained utilizing the scattering intensities (toluene
as used as the reference standard).

(�) = IAn(O)2

IT n(T)2
R(T)

In the above equation, IA is the residual scattering intensity of the
nalyte (obtained by subtracting solvent scattering intensity from
he scattering intensity of the analyte solution), IT is the toluene
cattering intensity, n(O) and n(T) are the refractive indices of the
rotein and toluene solution respectively, and R(T) is the Rayleigh
atio of toluene. The dn/dc values were measured for various solu-

ions of given antibody and DVD-IgTM molecule and an average
alue hence obtained, i.e., 0.187 was used for all B22 calculations.
he dn/dc value of 0.187 is consistent with what has been reported
or IgG’s in literature.
Pharmaceutics 421 (2011) 82– 93

Diffusion coefficients as obtained using dynamic light scatter-
ing were also used to quantitate the nature of PPI in solution.
The mutual diffusion coefficient as obtained is related to the self-
diffusion coefficient by the following equation (Andries et al., 1983;
Narayanan and Liu, 2003; Veldkamp and Votano, 1976)

Dm = Ds(1 + kDc)

In which kD (slope) is a measure of the inter-particle interaction
and is represented by (Zhang and Liu, 2003):

kD = 2B22Mw − �1 − 2�sp

where �1 is the coefficient of the linear term in the virial expansion
of the frictional coefficient as a function of solute concentration and
vsp is the partial specific volume of the solute. The last two terms
represent the hydrodynamic contribution. B22 on the other hand is
a thermodynamic parameter representing the impact of chemical
potential on the process of diffusion.

Stokes Einstein’s equation was used to calculate the hydrody-
namic diameter (dH)

Dm = kT

3��dH

wherein k is the Boltzmann constant, T is the absolute temperature
and � is the solution viscosity.

2.2. Differential scanning calorimetry

DSC was used to characterize the thermodynamic stability of
the proteins under various solution conditions. An automated cap
DSC instrument from Microcal (Northampton, MA)  was  used. The
thermal scans were obtained from 25 ◦C to 95 ◦C at a scan rate of
60 ◦C/h. A prescan equilibration thermostat of 10 min was  applied
before each scan. A corresponding buffer scan was taken immedi-
ately following the sample scan. Protein concentration of 1 mg/mL
was  used to obtain the scans and all scans were run in duplicate. The
difference in Tm was less than 0.8 ◦C between repeat scans. Follow-
ing buffer subtraction and normalization, the scans were fitted to a
non two state cursor initiated model to obtain the thermodynamic
parameters and the Tm values.

2.3. Susceptibility to denature at air–liquid interface

1 mg/mL protein solutions in 6R glass vials (5 mL fill) were
shaken on an IKA H-260 shaker (Wilmington, NC) at 150 rpm for
extended periods of time at ambient temperature. At specified time
points, the optical density of the solutions undergoing shaking was
determined using a Varian CaryWin UV spectrometer. Following
measurements, the solutions were transferred back to the 6R vials
to ensure sample volumes were held constant throughout the shak-
ing studies.

2.4. Accelerated and real-time stability studies

For mAb, the concentrations of the samples kept on stabil-
ity were 5 mg/mL  and 150 mg/mL, respectively. For DVD-IgTM

molecules, the concentrations used were 5 mg/mL  and 100 mg/mL,
respectively. For the preparation of samples, the protein solutions
at 5 mg/mL  were buffer exchanged using Pierce 10,000 molecular
weight cut off dialyzing cassettes (Rockford, IL). Amicon, Milli-
pore (Cork, Ireland) ultracentrifugation tubes were then used to
concentrate the samples to slightly greater than the required val-

ues. Finally, the high concentration samples were diluted with
the appropriate buffers to the target concentrations, subjected to
0.45 �m filtration and filled in 0.5 mL  sterile tubes under a laminar
hood.
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Fig. 1. Debye plots for DVD-IgTM solutions at pH 6.0 under different ionic strength
conditions. The second virial coefficients and the molecular weights obtained from
the  slope and intercept, respectively have been summarized in Tables 1 and 2. The
measurements were conducted at 25 ± 0.1 ◦C in duplicates for each solution. The
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Analysis of the stability samples was conducted using HPLC/UV
ollowing separation on a TSK G3000 SWXL gel filtration column.
00 mM  sodium phosphate buffer at pH 7 containing 200 mM
odium sulfate was used for elution. A flow rate of 0.3 mL/min was
tilized for all samples and quantitation of the fractionated spec-

men was performed using conventional UV detection at 214 nm
and 280 nm).

.5. SDS PAGE

Accelerated stability samples of DVD-IgTM were fractionated
y SEC to collect the aggregate and monomer fractions. These
ractions were analyzed by SDS-PAGE under both reducing and
on-reducing conditions. The protein samples were mixed with
DS sample buffer (in the presence of DTT in the reducing con-
ition) and incubated at 70 ◦C for 15 min. Samples were loaded to
–16% Tris-glycine gel (8 �g load per lane) and electrophoresis was
un at 125 kV. The gel was stained by colloidal blue staining.

.6. Dynamic scanning fluorescence

DSF was used to characterize the thermodynamic stability of
ow and high concentration mAb  and DVD-IgTM solutions. An
utomated high throughput instrument from Avacta (York, UK),
ptim-1000 was used for the study. 9 �L MCAs (cuvettes) were
sed and the study was done in duplicate. For preparation of stock
amples, 3 �L Sypro orange (Invitrogen, Cambridge, MA) was  added
o 27 �L sample solution such as to obtain a final 1× concentration
f the dye. The dye is available as 5000× commercial product and
s a proprietary molecule. The thermal scans were obtained from
0 ◦C to 90 ◦C at a scan rate of 60 ◦C/h.

. Results and discussion

Because of the increase in the molecular mass and the structural
omplexity, it was anticipated that the biophysical stability of this
pecific DVD-IgTM molecule may  not necessarily be similar to that
enerally observed for mAbs. In some of the preliminary studies
t was observed that the DVD-IgTM molecule indeed had a higher
ropensity to aggregate and denature at interfaces and hence it
ecame necessary to mechanistically investigate the nature of these
PI and to study its impact on aggregation kinetics.

.1. Protein–protein interactions

Static light scattering (SLS) and dynamic light scattering (DLS)
ave comprehensively been used to characterize the nature of PPI

n dilute protein solutions and the data have been shown to corre-
ate well to the aggregation propensity of the solutions containing
ow to medium protein concentrations (5–50 mg/mL) (Saluja et al.,
007a,b). The SLS and DLS data obtained by these authors have
lso been shown to align well with the viscoelastic behavior of
igh concentration protein solutions (>100 mg/mL). Light scatter-

ng studies were hence undertaken to characterize the nature of
PI. Fig. 1 shows the Debye plots for the DVD-IgTM molecule at

H 6.0 under various ionic strength conditions. Debye equation
as fitted to the light scattering data for solutions containing ionic

trengths of 1, 20 and 100 mM.  The positive values of B22 (slope)
ndicate that PPI are repulsive in nature. It becomes obvious that

able 1
alues of the virial coefficients as obtained following fitting the equation to data. The err

Sample pH B22 × 104 (mol mL/g2) B222 × 102 (mol mL2/g3) 

DVD-IgTM 6.0 136 ± 5.77 −273.8 ± 16.6 

mAb  6.0 202 ± 7.64 −502 ± 51.3 
error bars are deviations from average. Lines are guide to eyes and not the result of
the linear fitting of the data.

the repulsions increased with the decrease in the ionic strength of
the solution. Considering the fact that the iso-electric point of DVD-
IgTM molecule is pH 9.0, it is not unreasonable that an increase in
ionic strength by the addition of NaCl at a pH value away from the
pI results in a decrease in the repulsive interactions between the
positively charged DVD-IgTM molecules. Especially noticeable is the
profile of the Debye plot for the solution of the protein in absence of
any ions (i.e., at ≈0 mM ionic strength). It has been known for a long
time that proteins in solution have self-buffering capacity that can
outweigh the buffering capacity of buffer excipients typically used
in protein formulations (Bukatsch, 1980; Hardcastle, 1981). The
growing interest in the area of low-ionic formulations led us to pur-
sue the characterization of PPI in protein–water binary solutions.
In the absence of any added charges, the Debye plot shows signif-
icant deviations from linearity indicating that higher order virial
coefficients become important under these conditions. Extreme
non-ideality of such solutions thus necessitated that the data be
fitted to the more complex equation (Tanford, 1961):

Kc

R�
= 1

Mw
+ 2B22c + 3B222c2 + 4B2222c3 + 5B22222c4

The results of the fit are summarized in Table 1 (R2 > 0.9999).
The significance of the extremely high positive B22 values is worth
mentioning. For most dilute solutions, B22, a parameter that quan-
tifies the first deviations from ideality, is given by the slope of the
linear Debye plot obtained when Kc/R� is graphed against the con-
centration of the protein. However, for the solution of the protein in
water, this dilute condition regime is valid only until about 1 mg/mL
protein concentration (Fig. 1). The value of the B22 that would be
obtained using this early part of the curve should be similar to the
one that has been obtained above (i.e., using data from the entire
curve). Since PPI could determine the propensity of the protein
molecules to aggregate (Saluja et al., 2007a), high repulsive inter-

actions present in low-ionic solutions show that such conditions
could be used to enhance the aggregation stability of proteins, espe-
cially those that are formulated at low concentrations (<1 mg/mL).

ors are deviations from average.

B2222 × 101 (mol mL3/g4) B22222 × 10−2 (mol mL4/g5) Mw × 10−3 (Da)

3376.1 ± 339 −221 ± 35.8 189 ± 14
7630 ± 1310 −588 ± 132 138 ± 8
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Fig. 2. Impact of ionic strength on the experimental (A) and theoretical (B) B22 values
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Fig. 3. Mutual diffusion coefficients for the DVD-IgTM molecule as a function of con-
or  the DVD-IgTM molecule at pH 6.0. The experimental results as plotted are taken
rom Tables 1 and 2. The theoretical result has been calculated using the relationship
iven by Winzor.

Winzor et al. (2007) have previously defined the following
heoretical equation to describe the pairwise excluded volume
nteractions between two  spherical molecules in solution:

22 = 16�NAR3

3
+ Z2(1 + 2�R)

4I(1 + 2�R)2

here NA is Avogadro’s number, R is the radius of the molecule,
 is the net charge spread uniformly over the surface, and I is
he ionic strength. The inverse screening length � is given by
.27 × 107 × (I)1/2 cm−1. The above equation shows that B22 and

onic strength have an inverse correlation and that B22 values
hould increase (and induce repulsive PPI) with a decrease in the
onic strength of the solution. Furthermore, the equation shows
hat such an increase should achieve tremendous proportions when
xtreme low-ionic strength conditions are reached. The equation
as hence used to calculate the B22 values for the DVD-IgTM

olecule at pH 6.0 (where the theoretical charge has been cal-
ulated to be 40). Although, qualitatively, data aligns extremely
ell with theoretical prediction (Fig. 2), the experimental B22 val-
es are smaller than that of theoretical calculations. The reason
or such discrepancy is unclear. Antibodies have been observed to
ave an affinity for the negatively charged ions (Bull et al., 1978)
nd hence it is possible that the effective charge on the DVD-
gTM molecule is reduced because of potential salt/ion binding.
his would imply that the theoretical B22 values obtained using

he net charge of 40 are overestimations of the true values. Elec-
rophoretic measurements of pI values however indicated little
on binding. Another possible explanation of the variation in the
rue and the experimental B22 values could be the fact that the
centration and solution ionic strength at pH 6.0 and 25 ± 0.1 ◦C measured using DLS.
The  measurements were conducted in duplicate. The error bars are deviations from
average. Lines are guide to eyes and not the result of the linear fitting of the data.

true ionic strengths of the 0 mM solutions cannot be an absolute 0.
Despite the use of extensive dialysis techniques, excluded volume
and Donnan effects actively restrict the minimum ionic strength
conditions that could be achieved. The minimum ionic strength that
is achieved also depends on the ratio of the volumes of the buffers in
the permeate and the retentate chambers. However, ionic strength
measurements of the solutions used in this work and ionic strength
calculations showed that the ionic strength of the protein–water
binary solutions used for the work presented in this manuscript
did not exceed 0.05 mM.  The data clearly raises a question mark in
regard to the validity of the theoretical equation used for the com-
parison. For one, the equation certainly does not incorporate the
effect of much of the hydrophobic interactions.

Fig. 3 shows the effect of solution ionic strength and protein
concentration on the measured mutual diffusion coefficient values
(Dm) for the DVD-IgTM molecule at pH 6.0. As mentioned earlier,
the slope of the curves (kD) obtained following the linear regres-
sion analysis of the data is a measure of inter-particle interactions
(Saluja et al., 2007b):

kD = 2B22Mw − �1 − 2�sp

Since diffusivity is dependent on the apparent size of the
molecule, it should be clear that a higher positive slope indicates
greater repulsive PPI. From Fig. 3 it can be seen that with increas-
ing solution ionic strength PPI become more attractive and less
repulsive. The overall behavior of the DVD-IgTM molecule as char-
acterized from DLS data is thus consistent with SLS measurements.
Although SLS and the DLS data match perfectly, the slopes of the
curves at ionic strength conditions of 20 and 100 mM seem to have
different signs (Figs. 1 and 3). This observation can be explained
based on the nature of interactions contributing to the SLS and
the DLS of a macromolecular solution. It has been explained earlier
that the last two terms in the above equation represent the hydro-
dynamic interactions and the first term involving B22 represents
the thermodynamic contribution. Saluja et al. (2007b) have shown
that in the concentration range of up to 10 mg/mL, DLS measure-
ments are significantly affected by the hydrodynamic interactions
of the solute molecules. The negative slopes at ionic strengths of 20
and100 mM suggest that under these solution conditions the con-
tribution of the hydrodynamic term exceeds the contribution of the
thermodynamic term.
For DVD-IgTM molecules, B22 and kD measurements were also
performed under a variety of other formulation conditions and
similar measurements were conducted for mAb  as well. The results
of these measurements are summarized in Tables 1 and 2. Several
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ig. 4. Calculated theoretical net charge on the mAb  and the DVD-IgTM molecule.

mportant conclusions can be drawn from these results. At any
articular ionic strength condition, for both mAb  and DVD-IgTM

olecules the B22 values increased with a decrease in the solution
H. Since both proteins have pI values of around 9.0, these results
re not surprising. Fig. 4 shows the calculated theoretical net
harge on both the mAb  and the DVD-IgTM molecule at different
H conditions. Lowering the pH increases the net positive charge
f the molecules leading to the observed increase in the repulsive
nteractions. These results show that under dilute conditions
<10 mg/mL), electrostatic interactions contribute significantly
owards determining the overall PPI. Self-diffusion coefficients
Ds) that were obtained following the linear regression analysis of
he mutual diffusion coefficient data are also listed in Table 2. The
verage self-diffusion coefficient values were used to calculate the
ydrodynamic diameters of the two proteins using Stokes–Einstein
quation. The diffusion coefficients corresponded to the hydro-
ynamic diameter of 10.8 nm and 13.1 nm for mAb  and DVD-IgTM

olecules respectively. The value calculated for mAb  is in good
lignment for the value expected for a typical antibody molecule
easured under such conditions (Bermudez and Forciniti, 2004).
iven the fact that the molar mass of the DVD-IgTM molecule is
00 kDa and exceeds typical mAb  values by 50 K, a hydrodynamic
iameter of 13.10 nm for DVD-IgTM molecule seems reasonable. An
dditional observation is that for both proteins the experimental

olar masses as obtained from the Debye plots seem to fall

hort of the true molecular mass values. The reason for such an
bservation has recently been pointed out by some authors (Yadav

able 2
arameters calculated for the mAb  and the DVD-IgTM using static and dynamic light scatt

Sample pH Ionic strength (mM)  Ds × 107 (cm2/s)a

DVD-Ig 4.5 1 3.42 ± 0.04 

DVD-Ig  4.5 20 3.66 ± 0.004 

DVD-Ig  4.5 100 3.60 ± 0.03 

DVD-Ig  6 1 3.41 ± 0.06 

DVD-Ig  6 20 3.75 ± 0.02 

DVD-Ig  6 100 3.70 ± .002 

DVD-Ig  8 1 3.81 ± 0.01 

DVD-Ig 8  20 3.73 ± 0.02 

DVD-Ig  8 100 3.66 ± 0.03 

mAb  4.5 1 4.16 ± 0.03 

mAb  4.5 20 4.43 ± 0.02 

mAb  4.5 100 4.41 ± 0.02 

mAb 6  1 4.23 ± 0.01 

mAb  6 20 4.35 ± 0.003 

mAb  6 100 4.41 ± 0.01 

a From intercept (e.g., Fig. 3).
b Slope (e.g., Fig. 3).
c Slope(e.g., Fig. 1).
d Intercept (e.g., Fig. 1).
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et al., 2011). Although on the lower side, considering the variations
usually obtained in the light scattering and the refractive index
data (±10%) reported by other authors (Bajaj et al., 2004), we
believe that the numbers as obtained are reasonable. Additionally,
since the data is more for a qualitative purpose rather than for a
quantitative utility, the conclusions are justified.

3.2. Accelerated and real time shelf stability

In order to characterize the impact of formulation conditions
on the susceptibility of the molecules to form soluble aggregates
(little insoluble aggregates were observed), and to provide addi-
tional insight into the nature of PPI that are critical in determining
aggregation kinetics, protein samples were kept under identical
conditions at various temperatures for various times and aggrega-
tion was  monitored over time. Just prior to starting accelerated and
real-time stability, samples were pulled and monomer, aggregate
and fragment levels of the pulled samples was determined using
SEC (T0 samples). The net change in the level of monomer, aggre-
gate and/or fragment at any later time point was hence determined
simply by subtraction and addition, respectively.

Fig. 5A and B shows the impact of ionic strength on the per-
centage aggregates formed in samples of mAb at pH 6.0 following
storage at 40 ◦C for 3 months. Solutions at ≈0 mM  ionic strength
exhibited the lowest amount of aggregates at both 5 mg/mL  and
150 mg/mL  concentrations. The aggregate level increased with an
increase of the ionic strength of the solution. Moreover, the aggre-
gation propensity was found to be almost similar for solutions
having ionic strengths of 20 and 100 mM.  It should be realized
that even a slight increase of the ionic strength of the protein
solution, i.e., within a 0–20 mM  range, was found to significantly
enhance the aggregation propensity. This is demonstrated by the
% difference in the level of aggregates between the samples for-
mulated at ≈0 and 1 mM  ionic strength conditions for solutions
containing protein concentration of 5 mg/mL. The leveling off in the
amount of aggregates being formed at or above the ionic strength
of 20 mM indicates that very low ionic strength levels are sufficient
to completely diminish the repulsive PPI present under these con-
ditions. Although the impact of ionic strength on the aggregation
propensity is quite similar for solutions having protein concentra-
tions of 5 and 150 mg/mL, one subtle difference is noticeable. The
ionic strength is much lower for high protein concentration solu-
tions (150 mg/mL) than the difference detected in low protein
concentration solutions (5 mg/mL mAb). The profile of the Kc/R�

ering measurements at 25 ± 0.1 ◦C. The errors are deviations from average.

kD (mL/g)b B22 × 104 (mol mL/g2)c Mw × 10−3 (Da)d

434.90 ± 15.31 26.09 ± 0.82 195 ± 1
5.96 ± 0.32 5.08 ± 0.03 168 ± 2.89

−13.33 ± 0.88 3.09 ± 0.07 160 ± 3.38
379.28 ± 51.34 14.71 ± 1.09 183 ± 0.57
−11.04 ± 1.37 3.37 ± 0.06 163 ± 2.35
−23.05 ± 0.02 2.51 ± 0.19 170 ± 3.40
−4.74 ± 0.06 3.50 ± 0.05 155 ± 0.78

−27.31 ± 0.29 2.14 ± 0.03 162 ± 5.08
−25.33 ± 0.90 2.34 ± 0.07 164 ± 4.59
463.93 ± 0.01 37.21 ± 0.96 128 ± 7.35

5.77 ± 0.74 5.65 ± 0.03 123 ± 3.52
−12.25 ± 0.41 3.56 ± 0.12 112 ± 3.85
267.47 ± 5.19 16.05 ± 0.13 132 ± 7.35
−18.21 ± 0.24 3.16 ± 0.03 138 ± 2.04
−28.38 ± 0.30 2.03 ± 0.04 123 ± 1.73
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Fig. 5. Percent aggregates formed after storing the mAb  solution for 3 months at
40 ◦C at different ionic strength conditions. (A) 5 mg/mL  solutions and (B) 150 mg/mL
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Fig. 6. Percent aggregates formed after storing the DVD-IgTM solution at 40 ◦C at

the thermodynamic stability of the DVD-IgTM solutions is signifi-
olutions. Samples were kept in duplicate. The measurements were conducted in
uplicate. The error bars are deviations from average.

s. concentration plots can be used to explain this behavior (please
ote that for mAb, the profiles looked exactly similar to that of
VD-IgTM). The non-linearity of the slope and/or the decrease of

he slope with an increase in the concentration of the protein (evi-
ent from Fig. 1) for solutions with ≈0 mM ionic strengths predicts
hat the difference in PPI between ≈0 and 1 mM ionic strength
onditions should be significantly lower for the solution that has
50 mg/mL  protein concentration than for the solution that have

ower protein concentrations, e.g., 1 mg/mL, 5 mg/mL  or 20 mg/mL.
tudies are ongoing in our lab to verify whether real-time data
eflects this prediction. The figures also show the values of the sec-
nd virial coefficients obtained under the different ionic strength
onditions used for accelerated and real-time stability studies.
ualitatively, the behavior of PPI indicated by B22 values obtained
nder dilute conditions correlate very well with the behavior of
ggregation observed for 5 mg/mL  concentration conditions as well
s for 150 mg/mL  concentration. These results show that minimum
ggregation was observed at conditions where B22 values were
ost positive. B22 values at 20 and 100 mM ionic strength were

ittle different from each other when compared to the values of B22
btained at 0 and 1 mM ionic strength conditions. Evidently, the
inetics of aggregation at 20 and 100 mM ionic strengths is also
uite similar. It is well accepted that among the various interac-
ions, electrostatic forces play the predominant role in determining
PI in dilute solutions. In the present case, the impact of ionic
trength on B22 clearly suggests the same conclusion. It should be

lear to the reader that even though the aggregation may  be driven
y hydrophobic forces, the kinetics at both low and high concen-
rations is governed by charge and hence long-range electrostatic
different ionic strength conditions. 100 mg/mL solutions following 21 days storage.
Samples were kept in duplicate. The measurements were conducted in duplicate.
The error bars are deviations from average.

interactions. It is clear that for some proteins such as mAb, B22 can
be used to qualitatively predict the relative aggregation behavior
under various formulation conditions for both low and high con-
centration formulations. To the best of our knowledge, it is for the
first time that B22 data obtained under dilute conditions have been
correlated to the aggregation behavior obtained at concentrations
of up to 150 mg/mL, considering parameters such as storage tem-
perature, ionic strength, and formulation pH.

The results for the impact of solution ionic strength on the level
of aggregates formed in samples of DVD-IgTM when stored at 40 ◦C
under dilute conditions (5 mg/mL) at pH 6.0 for 3 months were
found to be qualitatively very similar to that observed for mAb
(data not shown). The aggregation propensity increased with an
increase in the ionic strength of the solution. The rate of aggre-
gation was similar at 20 and 100 mM ionic strength conditions,
indicating (as for mAb) that very low levels of ionic strength can
effectively reduce the repulsive PPI present at pH values away from
the pI. Similar trends were also observed for solutions at pH 4.5
confirming that the ionic strength dependency of the aggregation
propensity of DVD-IgTM is similar to that observed for mAb. Both
B22, and storage stability studies thus show that electrostatic inter-
actions are the primary forces governing PPI and hence aggregation
kinetics within the DVD-IgTM molecules under dilute conditions.
These results strengthen the conclusion that for both molecules,
mAb and DVD-IgTM, conformational stability of the native state is
not the rate determining step in the process of aggregation at least
at low concentrations (ionic strengths within 0–100 mM range did
not affect the melting transitions as determined by DSC, data not
shown). The effect of ionic strength on the rate of aggregation at pH
6.0 was  also measured at 100 mg/mL  concentrations for DVD-IgTM

(Fig. 6). The aggregation propensity did not show any trend and
was  indifferent to the ionic strength conditions. Clearly, the impact
of ionic strength disappears under these high concentration con-
ditions. PPI and hence protein aggregation within the DVD-IgTM

molecules at high concentrations thus seem to be determined by
forces that are not affected by the ionic strength of the solution.

The differential trends observed at low and high concentration
for the DVD-IgTM could be explained in two ways. It is possible that
at high concentrations the rate limiting step in the aggregation of
the DVD-IgTM molecules shifts from second (colloidal stability) to
the first (conformational stability). This however is only possible if
cantly affected by the concentration of the protein. Limitations in
the techniques available for such high concentration thermal sta-
bility assessments put forward a tough task ahead of us. Limited
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Fig. 8. Percent aggregates formed after storing the DVD-IgTM solution for 3 months
at  5 ◦C at different ionic strength conditions. (A) 100 mg/mL solutions at pH 6.0, (B)
ig. 7. Impact of protein concentration on the thermal stability of mAb  and DVD-
gTM molecules as assessed by extrinsic florescence using sypro orange dye at pH 6.0
IS  = 20 mM).  (A) mAb  and (B) DVD-IgTM.

nalysis was however performed using extrinsic dye fluorescence.
ig. 7 shows the results for the thermal unfolding of the low and
igh concentration formulations of mAb  and DVD-IgTM. Onset of
nfolding was observed to shift from 63 to 61 ◦C for mAb  and
rom 54 to 51 ◦C for the DVD-IgTM. Slight changes in the observed
hermodynamic stability thus are unable to explain the observed
ifferential trends of the two molecules at different concentrations.

The other possible and more realistic explanation comes to mind
f one takes a look at the different possible interaction forces that

ay  exist at low and/or high concentrations. In solutions of charged
roteins, the potential between two interacting molecules can be
xpressed by the following equation (Larson, 1999; McMillan and
ayer, 1945):

22(r) = Whs(r) + Wcharge(r) + Wdisp(r)

+ Wosm(r) + Wass(r) + Wdip(r)

here Whs is the hard sphere potential, Wcharge is the energetic
otential comprising of charge–charge interactions, Wdisp is the
an der Waals dispersion potential, Wosm is the added potential
ue to the osmotic effect of the salt, Wass is the square-well
otential and accounts for the hydrophobic interactions, Wdip rep-
esents the interactions arising from the permanent and induced
ipole moment of the molecule and comprises of charge–dipole,
ipole–dipole, charge–induced dipole, induced dipole–induced
ipole, and charge fluctuation contributions. In certain models of
rotein self association, some of the short-range interactions such
s hydrophobic interactions, specific ionic interactions and van
er Waals interactions are grouped under an associative potential
hat can assume a square well form when a specific site on one
rotein is within a certain distance of a different site on another
rotein molecule (Chari et al., 2009). Under dilute conditions,

charge plays the predominant role unless the molecules have a

endency to self-associate when the contribution from the last two
erms may  become significant as well (Elcock and McCammon,
001). In concentrated solutions, any one or more of the other
100  mg/mL  solutions at pH 8.0 and (C) 100 mg/mL solutions at pH 4.5. Samples were
kept in duplicate. The measurements were conducted in duplicate. The error bars
are  deviations from average.

short-range forces may  contribute significantly and hence deter-
mine protein properties in such solutions (short-range forces fall
off rapidly with distance due to a higher order inverse dependence
on center–center distance). It is important to consider that only
charge–charge and excluded volume hard sphere interactions are
repulsive in nature. The contribution of most of the attractive
forces independent of the range of the force is anticipated to
decrease with an increase in the ionic strength of the solution

(Lockhart and Kim, 1993). Charge–charge and van der Waals
interactions (including dipole interactions) have been shown to
vary significantly on the addition of the salt (Lockhart and Kim,
1993; Saluja et al., 2007a).  The only short-range attractive forces
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Fig. 9. Thermodynamic stability of DVD-IgTM and the mAb  and the relationship
between physical stability and thermal stability. (A) Impact of pH on the thermo-
grams of DVD-IgTM measured at 1 mg/mL  concentrations. (B) Correlation between
the impact of pH on the onset of unfolding of the first transition and the % aggrega-
tion  following three months storage at 1 mM conditions. (C) Thermograms for the
DVD-IgTM and mAb  at pH 6.0 (IS 1 mM)  measured at 1 mg/mL  concentration condi-
tions. The DSC measurements were done in duplicate and the difference between
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Fig. 10. Effect of shaking at 150 rpm on an IKA shaker in 5 mL typical freeze drying
TM

shows the DSC thermograms of the DVD-Ig molecule at pH 4.5,
6.0 and 8.0 at an ionic strength of 1 mM  (it was observed that
he midpoint of transitions in the repeat scans was less than 0.2◦ .

naffected by the ionic strength of the solution especially in the
ange 0–20 mM,  are hydrophobic interactions (Jando et al., 1986;
ancera, 1998). It is important to notice that high salt concentra-

ions (1–2 M)  may  however enhance hydrophobic attractions by
referential exclusion mechanism (Jando et al., 1986; Mancera,
998). Hydrophobic forces have been observed to be the major
eterminant of protein aggregation in some high concentration
olutions (Chennamsetty et al., 2009). Above results for DVD-IgTM

olecules clearly indicate that hydrophobic forces outweigh

lectrostatic interactions and hence govern aggregation kinetics of
he DVD-IgTM molecules at high concentrations.
vials on the optical density (OD500) of the samples of DVD-Ig and the mAb  at
pH  6.0, 1 mg/mL  concentration conditions. The measurements were conducted in
duplicate. The error was  less than 5%.

Stability studies for the DVD-IgTM molecule were also conducted
at 5 ◦C under various ionic strength and pH conditions such as to
mechanistically investigate the nature of interactions under the
real time stability conditions and to confirm that hydrophobic
interactions are indeed the forces that govern PPI at high con-
centrations. Fig. 8A–C shows the impact of ionic strength on the
aggregation propensity of the DVD-IgTM molecule at 100 mg/mL  at
pH 6.0, pH 8.0 and pH 4.5 respectively. For pH 6.0 (i.e., at a pH away
from the pI of the molecule), it is anticipated that addition of salt
should decrease the repulsive PPI and increase the rate of aggre-
gation. Results however indicate that the aggregation propensity
does not show any trend and is not as significantly affected by the
addition of salt (Fig. 8A). The results obtained at 5 ◦C are similar to
data obtained at 40 ◦C. Overall, the aggregation propensity was  also
observed to be almost identical at pH 6.0 and pH 8.0 (compare to
data of 1, 20 and 100 mM ionic strength conditions in Fig. 8A and B).
Since PPI at pH 8.0 are least repulsive due to formulation pH close
to the PI and the calculated net charge being virtually zero for both
mAb  and DVD-IgTM (refer to Fig. 4), it was  expected that DVD-IgTM

would have higher propensity to aggregate at pH 8. The absence of
any significant effect of ionic strength and/or pH (pH 6 and pH 8)
on the rate of formation of aggregates at 5 ◦C further supports the
conclusion that short-range hydrophobic interactions are indeed
the major contributors to PPI within the DVD-IgTM molecules at
100 mg/mL  concentrations. The enhancement of the hydrophobic
effect at concentrated conditions thus seems to reduce the colloidal
stability of the molecule and hence reduce the energy barrier of the
rate limiting step in the process of DVD-IgTM molecule aggregation.

3.3. Thermal stability

In order to further gain insight into the mechanism of aggrega-
tion, DSC experiments were conducted under various formulation
conditions to characterize the thermodynamic stability of the
DVD-IgTM molecules. Thermodynamic stability is an indicator of
the conformational stability of the molecule and of the buried
nature of the hydrophobic residues within the protein core, these
studies should provide a better understanding of the underlying
cause of the enhanced propensity of the DVD-IgTM molecule to
aggregate at high concentrations (Ionescu et al., 2008). Fig. 9A

TM
ionic strengths within 0–0.1 M range did not affect the melting
transitions). Combining conclusions from DSC data with data from
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Fig. 11. Nature of aggregates of DVD-IgTM as obtained following collection of the different fractions using SEC. (A) Example chromatograms and (B) reduced and non reduced
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els  of the aggregates and monomer fractions, Lines: (1) protein standard; (2) time
ay  sample, monomer sample.

ccelerated and real-time stability studies helps provide further
nsight into the main forces governing aggregation: Four unfolding
ransitions were observed for DVD-IgTM molecules compared to
hree generally observed for mAbs. The three transitions in mAb
rise because of the rather independent unfolding of the CH2,
H3 and the Fab domains of the molecule (Ionescu et al., 2008).
VD-IgTM molecules contain one additional variable domain that is
onnected to the first variable domain by a 6–12 amino acid linker
Chengbin et al., 2007), and the additional unfolding transition
bserved in DSC studies can be associated with the unfolding of this
xtra domain in the DVD-IgTM molecule. Transition temperatures
nd the temperatures of the onset of unfolding were observed to
e lowest at pH 4.5. Lowest thermodynamic stability at pH 4.5

ondition may  indicate that hydrophobic residues are more prone
o exposure at this pH and/or are exposed to a greater extent
t this pH (certainly a possibility that the hydrophobic sites are
ore exposed because of the greater intra-molecular repulsive
 40 ◦C, 21 day sample; (4) 40 ◦C, 21 day sample, aggregate sample and (5) 40 ◦C, 21

interactions). Less compact dynamic structures should translate
into greater intermolecular hydrophobic interactions and hence
into higher propensity of the molecules to aggregate in solution
during real-time studies and especially during accelerated stability
studies. Fig. 9B shows the correlation between the onset of unfold-
ing temperatures, the B22 values and the % aggregates formed
following three months storage stability at high concentrations
(5 ◦C) for the DVD-IgTM molecule. For high concentration solutions,
incubation at 40 ◦C resulted in complete degradation within a
time period of 40 days, and it became imperative to utilize the
5 ◦C data (it has been demonstrated previously that the mecha-
nism of aggregation is similar at the two different temperature
conditions). Clearly, not B22 but structural stability appears to

correlate well with the propensity of the molecules to aggregate at
high concentrations (B22 correlates well at low concentrations as
observed previously). Fig. 9C compares the DSC thermograms for a
typical antibody such as mAb  and the DVD-IgTM molecule at pH 6.0
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onditions. The first unfolding transition of the DVD-IgTM molecule
s detected at much lower temperature when compared to the first
ransition of a typical mAb. Lower conformational stability for the
VD-IgTM molecule as compared to that of the mAb  also suggests

hat the DVD-IgTM molecule may  have a greater propensity to
ggregate via mechanisms governed by hydrophobic interactions.

.4. Stability against shaking stress

Fig. 10 compares the optical densities at 500 nm for the DVD-
gTM and the mAb  molecules following shaking for different time
eriods. The proneness to aggregate at the air–liquid interface as

ndicated by the values of OD500 is much higher for the DVD-
gTM molecule. Typical values of OD500 for antibodies in general
re similar to that observed here for mAb. Susceptibility to aggre-
ate at air–liquid interface is dependent on the PPI as determined
y the electrostatic charge on the molecules and/or the structural
tability of the molecules (Maa  and Hsu, 2000; Treuheit et al.,
009). Given the fact that B22 values at pH 6.0 were quite similar
or mAb  and DVD-IgTM molecules long-range electrostatic inter-
ctions do not seem to be the reason for the observed difference
n the proneness to aggregate when exposed to interfaces. The
igher propensity for the DVD-IgTM molecule to form insoluble
ggregates at the air–liquid interface suggests that the molecules
ave greater probability to interact via hydrophobic interactions.
reater propensity to unfold and expose hydrophobic residues thus
xplains the observed phenomenon.

.5. Nature of aggregates

The nature of the aggregates formed in the stability studies was
nvestigated by DSC and reduced and non reduced gels following
ollection of the aggregate and monomer fractions using SEC. Fig. 11
hows and the gel profiles of the various species. Results show that
he aggregates are predominantly (>80%) non-covalent in nature.
SC results also showed that the aggregates unfolded 1–2 ◦C earlier

han the monomer but otherwise were not significantly different
n the profile (the thermal scan for the solution used in DSC was
topped at around 55 ◦C and rerun in SEC which showed that the
aterial was not different from the material we started with). Shak-

ng studies also indicate that the DVD has significant propensity
o interfacial aggregation which may  suggests that the protein is
rone to partial unfolding. However some authors do not com-
letely agree to this partial unfolding theory such as Kiese et al., who
ave observed that nonnative aggregates mainly form on exposure
o heat stress while shaking induced mechanical stress results in
oluble native aggregates (Kiese et al., 2008, 2009). Of course it is
ard to quantify partial unfolding and hence the dilemma. Detailed
haracterization of the aggregates is underway and the work will
orm part of future publications.

. Conclusions

In this work we determined the nature of long and short-range
orces governing protein–protein interactions (PPI) and hence
rotein aggregation kinetics at low (5 mg/mL) and high concen-
rations (up to 150 mg/mL) for a monoclonal antibody (IgG1)
nd a dual-variable-domain antibody (DVD-IgTM). It was  shown
hat electrostatic interactions governed DVD-IgTM aggregation
nder dilute conditions at low protein concentrations, while
hort-range hydrophobic forces determined aggregation kinetics

t high DVD-IgTM concentrations. We  hope that these findings
nd the conclusions provided help scientists explain real-time and
ccelerated stability data and help better assess a scenario where
orces governing aggregation at low protein concentration can
Pharmaceutics 421 (2011) 82– 93

be of different nature and origin than aggregation relevant forces
at high protein concentrations. We  also have characterized the
nature of PPI under dilute conditions using static and dynamic light
scattering over a broad ionic strength range, even in the absence of
any added charges where sample solutions did not contain buffer
or other ionic excipients. Although several higher order virial coef-
ficients (i.e., B222, B2222, etc.) become significant and determine
the net protein interactions under low-ionic strength conditions,
results clearly suggest that protein aggregation can be dramatically
reduced (least for IgG’s) by formulating in salt free solutions. We
expect that the impact of ionic strength on physico-chemical
characteristics of high concentration antibody formulations and
ways to beneficially exploit these findings in the realm of protein
stabilization and protein drug product development will become
an important focus of academic and industrial research.
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