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The aim of this study was to establish and evaluate a screening method for the physical characterization
of protein–protein interactions of therapeutic proteins based on the determination of the osmotic second
virial coefficient (B22). B22 of an IgG1 was measured by self-interaction chromatography (SIC) and was
compared to data obtained from static light scattering (SLS). As assessed by Fourier transform infrared
spectroscopy (FTIR), the protein coupling to chromatography particles had no relevant influence on the
three-dimensional native structure of the IgG1.

B22 variations could be measured for physiological relevant excipient concentrations. Significant posi-
tive B22 values were observed for the following solution conditions of the investigated antibody: (i) acidic
pH conditions, (ii) low buffer concentrations, (iii) low salt concentrations and (iv) high amino acid con-
centrations. B22 was compared to IgG1 stability data derived from a study conducted for 12 weeks at
40 �C. A concentration of 5 mM histidine, which was the most promising buffer candidate according to
B22, showed a slightly better physical stability (as assessed by turbidity and size exclusion chromatogra-
phy) compared to the other tested formulations. This is confirmed in a stress study investigating the col-
loidal stability.

Thus, measuring protein–protein interactions with SIC appeared as a promising screening tool for phys-
ical characterization of protein formulations for cases in which the protein stability is governed by inter-
particle interactions.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

As proteins have poor bioavailability by most application
routes, protein drugs are usually administered intravenously favor-
ing an excellent control during clinical administration [1,2]. Anti-
bodies play a major role in the treatment of many diseases such
as cancer, infectious diseases, allergy, autoimmune diseases and
inflammation. In numerous cases, monoclonal antibodies have to
be administered frequently and at high doses (up to a few hun-
dreds mg per application). To improve patient compliance, subcu-
taneous dosage forms are favored leading to the need of a small
injection volume with a high protein concentration. Consequently,
high concentrated protein formulations (up to 150 mg/ml) with
good protein stability are required [3]. Reaching high concentrated
protein formulations requires the control of chemical and physical
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stabilities. The main physical instability lies in protein aggregation
that can be prevented by two main mechanisms. The first one con-
sists of increasing the thermodynamic stability of the protein na-
tive state, shifting the equilibrium toward the folded protein
state and reducing the concentration of unfolded states, the latter
being more prone to protein aggregation [1]. The second route is
based on improving the protein’s colloidal stability by reducing
attractive protein–protein interactions [3]. Beyond this, it is also
possible to design the protein framework such to avoid hot spots
prone to the formation of aggregates [4–7].

Protein structural changes of high concentration protein solu-
tions were directly characterized by differential scanning calorim-
etry (DSC) [8], front surface fluorescence spectroscopy [8], circular
dichroism (CD) [8] and Fourier transform infrared spectroscopy
(FTIR) [8,9], whereas protein interactions were studied by static
light scattering (SLS) [10], isothermal titration calorimetry (ITC)
[10], ultrasonic storage modulus [11] or sedimentation equilibrium
and osmotic pressure [12]. Besides the aforementioned techniques
for the analysis of protein interactions, the strength and the range
of protein colloidal interactions can also be evaluated by the osmo-
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tic second virial coefficient (B22), which measures the non-ideal
solution behavior arising from two body interactions. As B22 of di-
luted protein solutions has been shown to correlate with B22 of
concentrated protein solutions [13], B22 measurements may be
realized under diluted conditions and be representative of concen-
trated protein solutions.

Different techniques were used for the investigation of protein–
protein interactions and protein self-association [14–18]. However,
most of them are not adapted to high throughput screening [19–
21]. Various chromatography-based techniques have emerged in
the last years in order to characterize protein–protein interactions
[22–29] more rapidly, especially the studies presented by Lenhoff,
Przybycien and other colleagues showed the potential of chroma-
tography-based assays [30–32].

In the presented study, the determination of the strength of
antibody–antibody interactions via B22 is used for the identifica-
tion of solution conditions minimizing protein aggregation. How-
ever, the majority of the published studies were performed with
model proteins such as lysozyme using SLS methods [33–35] or
self-interaction chromatography (SIC) [32,36–38]. Only few data
of therapeutic relevant proteins are available. SIC was recently
used to establish the crystallization conditions of a monoclonal
antibody [39]. By correlating phase diagrams with B22 data, Aha-
med et al. [39] provided useful information not only for a funda-
mental understanding of the phase behavior of monoclonal
antibodies, but also for understanding the reason why certain pro-
teins are extremely difficult to crystallize.

Liu et al. have determined B22 of different monoclonal antibod-
ies by sedimentation equilibrium to determine the reversible pro-
tein self-association mediated by electrostatic interactions [40].
The effect of buffer on the stability of interferon-tau (IFN-tau)
was compared to B22 (determined by SIC) [41] indicating that his-
tidine buffer, which gave the best stabilization of IFN-tau during
thermal stress, had a minor effect on the colloidal stabilization of
IFN-tau, as the buffer species had little effect on B22. Thus, this
example shows that B22 correlates with colloidal stability. The
study of an IgG2 showed that the B22 analysis based on light scat-
tering was consistent with rheology studies [11,42], but no corre-
lation was found between B22 and long-term aggregation as the
transition to the IgG2 unfolded state was first responsible for pro-
tein aggregation. It is important to keep in mind, that B22 only con-
siders the interactions between native protein molecules, and that
the interactions between native and unfolded or partially unfolded
proteins are not represented in the B22 term. Thus, B22 is not a pre-
dictive parameter for aggregation via a pathway including struc-
tural changes.

Similarly, the stability of recombinant human granulocyte col-
ony-stimulating factor (rh-GCSF) was compared to the free energy
of protein unfolding and B22 measured by SLS (static light scatter-
ing). Obviously, no correlation between B22 and protein stability
could be established given that the rh-GCSF aggregation first in-
volved perturbation of its native structure [43]. Lastly, Alford
et al. measured the attraction forces between monomer–monomer
(B22), monomer–dimer (B23) and dimer–dimer (B33) of recombi-
nant human interleukin-1 receptor antagonist (rhIL-1ra) by mem-
brane osmometry and SLS to differentiate the contribution of the
different protein species [10,44] and showed that only the interac-
tions between monomer–dimer were attractive. They observed
with increasing rhIL-1ra concentration dimerisation is favored
which is enthalpically driven. In solution rhIL-1ra exists as a mono-
mer–dimer equilibrium. By incubation of 100 mg/ml rhIL-1ra solu-
tions at 37 �C, the attractive monomer–dimer interactions led to
the formation of a trimer form, which was the rate-limiting step
in rhIL-1ra aggregation.

Overall, B22 was a poor predictive tool of protein stability in
those previous examples, since the colloidal stability was not the
rate-limiting step of protein aggregation. Aggregation was induced
by changes in the protein structure, which is not considered in the
B22 theory and application. However, it was shown by a number of
studies that B22 correlated with protein solubility, which is an
important parameter for protein colloidal stability [45–51].

This work is focused on the application of SIC for a monoclonal
antibody type IgG1. First, it was investigated whether coupling of
the antibody to the chromatography particle may affect the struc-
ture of the antibody. Subsequently, the influence of the different
solution conditions was tested with regard to interactions between
the IgG1 molecules: (a) protonation degree of IgG1 (pH), (b) buffer
species and their concentration, (c) NaCl concentration and (d) the
presence of amino acids. Finally, B22 was compared to IgG1 stabil-
ity to evaluate its potential impact as a screening tool for protein
formulations.
2. Materials and methods

2.1. Materials

A humanized monoclonal IgG1 antibody, which was formulated
at a concentration of 5 mg/ml in phosphate buffered saline at pH
6.2, was provided by Boehringer Ingelheim Pharma GmbH & Co.
KG (Biberach, Germany). Toyoperal AF Formyl 650 M was obtained
from Tosoh Bioscience (Stuttgart, Germany). Sodium acetate, so-
dium chloride, sodium citrate, sodium cyanoborohydride, L-argi-
nine monohydrochloride, L-histidine and L-methionine were
purchased from Merck (Darmstadt, Germany), ethanolamine form
Prolabo (Fontenay sous bois, France), sodium phosphate from Rie-
del-de Haën (Seelze, Germany), sodium succinate from Alfa Aesar
(Karlsruhe, Germany), glycine and ethylenediaminetetraacetic acid
(EDTA) from Sigma Aldrich (Steinheim, Germany) and bicinchoni-
nic acid (BCA) protein assay kit from Novagen (Madison, WI, USA).

The pH of the solutions was adjusted using hydrochloric acid or
sodium hydroxide and measured with a pH meter Inolab level 1
from WTW (Weilheim, Germany). The protein concentrations were
evaluated photometrically with an Agilent 8453 instrument (Agi-
lent Technologies, Waldbronn, Germany) at 280 nm using as
extinction coefficient 1.44 ml mg�1 cm�1.
2.2. Methods

2.2.1. IgG1 immobilization
Three-milliliter Toyopearl AF Formyl 650 M particles were

washed on a glass frit with 0.2 lm hydrophilic polyethersulfone
membrane filter with first 250 ml de-ionized water and secondly
50 ml of 0.1 M potassium phosphate buffer pH 7.5. The washed
particles were recovered and mixed with 10 ml IgG1 solution
(5.0 mg/ml in 0.1 M potassium phosphate buffer pH 7.5) and
90 mg sodium cyanoborohydride were added as activator of pro-
tein binding. The suspension was mixed over night on a rotary
mixer. At the end of the coupling reaction, the particles were first
washed with 200 ml of 0.1 M potassium phosphate buffer to re-
move unbound protein and then added to 15 ml of 1 M ethanol-
amine pH 8.0 and 20 mg sodium cyanoborohydride to cap the
remaining active groups of the matrix. The suspension was incu-
bated on a rotary mixer for 4 h. At the end of the reaction, the par-
ticles were washed with 200 ml of 1 M sodium chloride solution
pH 7.0. The amount of bound IgG1 was determined both by analyz-
ing the difference between the absorbance of the initial protein
solution and the wash solutions (A280) and in addition by deter-
mining the immobilized protein quantity directly by BCA protein
assay. Loadings ranged from 11 to 17 mg IgG1/g resin.

The chromatography particles were suspended as a 50%-slurry
in 1 M NaCl and composed of a 50 mM sodium phosphate solution
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pH 6.0. Approximately 2.5 ml slurry was packed in a Tricorn� 5/50
column (GE Healthcare, Uppsala, Sweden) with the same buffer at
3 ml/min flow rate during 15 min using a FPLC system (Äkta Puri-
fier, GE Healthcare, Uppsala, Sweden). At the end of the packing
procedure, the flow rate was maintained to 0.75 ml/min for at least
1 h. Columns were stored at 4 �C in a 5 mM sodium phosphate
solution pH 7.0 containing 0.05% sodium azide and remained sta-
ble at least 8 weeks.

2.2.2. ATR–FTIR investigation and second derivates
FTIR-spectroscopy measurements were conducted with a Ten-

sor 37 spectrometer (Bruker Optics, Ettlingen, Germany) as de-
scribed previously [9]. Filtered samples were dried overnight at
room temperature and measured by the attenuated total reflection
(ATR) technique with the MVP unit at 20 �C. Each sample measure-
ment was the average of 120 scans and was measured 3 times. The
spectra were collected from 4000 to 1000 cm�1 with a 4 cm�1 res-
olution. The particle spectrum was manually subtracted from the
bound protein particle spectrum, and the protein spectra were fur-
ther processed by vector normalization on the amide I band [9,52].

2.2.3. Determination of the osmotic second virial coefficient B22

B22 measurements were realized with a FPLC Äkta Purifier sys-
tem equipped with a UV detector (A280) and an auto-sampler. Be-
fore each run, the column was equilibrated with 10 ml of the
protein-free mobile phase. The column dead volume was esti-
mated by injection of a 1% acetone solution. All experiments were
carried at 25 �C and at a flow rate of 0.3 ml/min. 0.1 mg of IgG1 was
injected. Each sample was measured 3 times.

Chromatogram peaks were analyzed with the UNICORN� soft-
ware (GE Healthcare, Uppsala, Sweden). The retention volume
was determined at the peak maximum. The retention measure-
ments were used to calculate the retention factor k0 (Eq. (1)):

k0 ¼ Vo � Vr

Vo
ð1Þ

where Vr is the volume required to elute the protein in the mobile
phase and V0 the retention volume of non-interacting species (e.g.
acetone). B22 is related to the retention factor as follow [37]:

B22 ¼ BHS �
k0

qsU
ð2Þ

BHS ¼
16
3

p3 NA

M2
2

ð3Þ

where qs is the number of immobilized molecules per unit area, U
the phase ratio, which is the total surface available to the mobile
phase protein, r the protein radius, NA the Avogadro’s number and
M2 the protein (index 2) molecular weight. For more details see
[37,53,54].

Selected SIC results were compared to SLS measurements. B22 as
derived from SLS was measured according to the methods de-
scribed by Valente et al. [55] and Velev et al. [56]. The scattered
light intensity of a protein formulation was measured as a function
of protein concentration in the concentration range of 1–15 mg/ml
with 5 protein concentrations investigated per formulation, and
the data were evaluated according to the Kratochvil method.

2.2.4. Determination of the IgG1 net charge
The IgG1 molecule net charge was calculated with the EMBOSS

software [57].

2.2.5. Turbidity
Turbidity was measured as photometric absorbance at 350 nm

against WFI as blank value in triplicate with a Fluostar Omega
microplate reader (BMG Labtech, Offenburg, Germany). The refer-
ence suspensions described in the European Pharmacopoeia pres-
ent the following absorbance at 350 nm [58]: Ref.
I < 17 ± 2 mAbs, Ref. II < 32 ± 3 mAbs, Ref. III < 85 ± 1 mAbs and
Ref. IV < 144 ± 5 mAbs.

2.2.6. Size exclusion high-performance liquid chromatography (SE-
HPLC)

SE-HPLC was used to determine the amount of soluble protein
aggregates in the IgG1 solutions. The measurements were per-
formed on a HP 1100 instrument (Agilent Technologies, Wald-
bronn, Germany) in connection with a SWXL guard column and a
TSK3000SWXL column (Tosoh Bioscience, Stuttgart, Germany).
The mobile phase consisted of 0.05 M sodium-dihydrogen phos-
phate dihydrate and 0.6 M sodium chloride and was adjusted to
pH 7.0 with NaOH 2 N. The flow rate was 0.5 ml/min, the injection
volume 10 ll and the UV signal was detected at 280 nm.

2.2.7. Microcalorimetry
The thermograms of 2 mg/ml IgG1 solutions were determined

in triplicate by using a Differential Scanning Calorimeter of VP-
DSC type (Microcal, Northampton, USA) at a scan rate of 1 K/min.
Thermograms were obtained after subtraction of the correspond-
ing buffer scan.

2.2.8. Stirring stress
Stirring stress at room temperature was performed using 10R

glass vials (Schott, Mainz, Germany) filled with 5 ml of 20 mg/ml
IgG1 solution according to the stirring protocol recently described
[59]. At defined time points, a vial was removed and analyzed for
protein aggregation by turbidity.
3. Results and discussion

3.1. IgG1 characterization after binding on chromatography particles

The SIC method consists of the immobilization of the studied
protein on chromatography particles and of the injection of the
same initial protein, in various solution conditions, to measure free
native protein – immobilized native protein interactions. IgG1 pri-
mary amine groups are coupled to the aldehyde-bearing Toyopearl
AF Formyl 650 chromatography particles under mild conditions,
resulting in the formation of stable secondary amine linkage be-
tween IgG1 and the resin. FTIR-spectroscopy was used to analyze
the protein’s secondary structure, in order to analyze the influence
of coupling upon binding. The protein secondary structure is re-
lated to a certain band structure of the amide I and II vibration
[9,52]. The overall amide I band is the sum of sub-bands, which
are assigned to the different secondary structure elements like al-
pha-helix, beta-sheet, turn or random coil. These structural ele-
ments can be determined, depending on the used data base and
software, with a precision of ± 2%.

Fig. 1A–D shows the spectral region from 1600–1700 cm�1 rep-
resenting the amide I band for the native antibody in solution
(Fig. 1A) and under various conditions. The second derivative spec-
trum of the amide I band is included in the figure. The amide I band
of the native antibody in solution is characterized by three sub-
bands located at 1614, 1639 and 1690 cm�1 which are typical for
IgGs having predominantly b-sheet secondary structure elements
[60–62]. IgG1 bound to Toyopearl particles (Fig. 1C) was character-
ized by a main band at 1640 cm�1 and two small bands at 1687
and 1611 cm�1. Although the overall band shape is slightly altered,
no major structural change could be detected due to the protein
binding process. Thus, the protein secondary structure is mainly
retained after coupling of the antibody to the chromatography
particles.
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This could be confirmed by comparing these spectra with ther-
mally stressed sample spectra (95 �C for 1 h). Both stressed IgG1 in
solution (Fig. 1B) and stressed immobilized IgG1 (Fig. 1D) samples
showed clearly changes in their secondary structure, namely a sub-
stantial shift in wavelength for the main band compared to the ini-
tial, native samples. In the spectra of thermally treated protein, the
band detected around 1620–1630 cm�1 originates from intermo-
lecular antiparallel b-sheet formation [63], which are often ob-
served during protein denaturation and aggregation. However,
comparing coupled protein with uncoupled, i.e. free protein, one
observes that the protein secondary structure is mainly unchanged
(Fig. 1), thus leading to the conclusion that the protein structure
mainly keeps its initial structural integrity.

3.2. Temperature influence on B22 of IgG1

The influence of temperature on B22 of IgG1 was tested in the
range of 5–35 �C for two sodium chloride concentrations (10 and
150 mM) at pH 6.2 (Fig. 2). The investigated temperatures were
kept well below the denaturation temperature of the IgG1 to con-
sider only B22 of native IgG1 [64]. As seen in Fig. 2, protein–protein
interactions, as assessed by B22, were not significantly modified by
temperature at low salt concentration, whereas a temperature
dependency was observed with increasing salt concentration up
to 150 mM. Increasing the temperature slightly increased the
repulsive interaction between the protein molecules. A similar
trend has been described for lysozyme [54,65], which corresponds
to lysozyme solubility enhancement by increasing temperature
[66]. This is the case for temperatures well below the denaturation
temperature of the protein. The experienced strong temperature
dependency, reported by Piazza [67], is believed not to derive from
electrostatic repulsions but more from hydrophobic interactions.
The last interactions are known to depend strongly on temperature
and mediate very short-ranged interparticle interactions [67]. The
effect was enhanced in the presence of salt, which shields electro-
static interactions.
3.3. Effect of IgG1 protonation degree on B22

Depending on the solution pH, protein molecules bear a net
charge resulting from the sum of all charged ionized groups of
the amino acids and carbohydrate structures of the protein. As
the pH value approaches the protein’s isoelectric point, the protein
net charge diminishes. The protein net charge determines the elec-
trostatic repulsions within its structure but also between different
protein molecules in solution. On the one hand, a protein that is
highly charged is affected by strong non-specific repulsions within
its structure, which can destabilize its folded conformation [68].
On the other hand, charges on protein molecules enhance the
intermolecular electrostatic repulsions and thus stabilize protein
solution from a colloidal point of view [3]. In addition, protein sol-
ubility is known to be pH dependent, as it varies with the square of
the protein net charge [69].

Based on the protein sequence, the protein net charge can be
calculated as a function of the environmental pH with the EM-
BOSS software. The pH influence on B22 was measured using a
mixed buffer system containing sodium acetate, sodium phos-
phate and sodium succinate to maintain a consistent buffer com-
position over the pH range of pH 4–8 (Fig. 3A). Increasing the pH
value from 4 to 8 close to the IgG1 isoelectric point (ca. 8.3), the
IgG1 net charges diminish and so B22. As the protein net charge
decreased, the repulsive interactions between protein molecules
bearing the same charge are weakened. Thus, under alkaline pH
conditions, the formation of attractive protein–protein interac-
tions are more likely when compared to the repulsive interactions
encountered under acidic pH conditions. The B22 value changed by
only 0.6 � 10�4 mol ml g�2 between pH 4 and 8, which is rather
small compared to the values obtained for similar conditions
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for lysozyme [37] where a change of approximately DB22 = 4.5 �
10�4 mol ml g�2 was detected (Fig. 3B). Additionally, the ionic
strength of the buffer system limits the pH dependent change in
B22. In fact, the buffer ionic strength increased progressively by
increasing pH, and the ionic strength was 3 times higher at pH
8 than at pH 4. Electrolytes modulate the strength of electrostatic
interactions between the charged groups both within the protein
and between protein molecules [3]. At low concentrations, salt
ions shield protein charges, which reduce protein electrostatic
repulsions. Indeed, according to Saluja et al., the influence of the
pH on B22 of an IgG2 was considerably reduced by increasing
the buffer ionic strength from 4 to 40 mM [11]. Increasing the buf-
fer ionic strength could screen the repulsive interactions between
protein charges and leveled B22 values. Consequently, at a con-
stant weak ionic strength, B22 of IgG1 would decrease in a more
pronounced manner by increasing pH. Increasing the pH value
to IgG1’s isoelectric point decreased intermolecular repulsive
forces, even though the pH effect was modulated by the presence
of buffer electrolytes, which screened protein charges.

3.4. Comparison of SIC and SLS-B22 data

B22 of IgG1 was also determined by SLS (Fig. 3A). B22 data de-
rived from SIC and SLS were very similar. Both showed a slight reg-
ular decrease of B22 by increasing pH. The model was confirmed
with lysozyme as second model protein (Fig. 3B).

A slight deviation was observed between lysozyme SIC and SLS
data at negative B22 values, with the SLS-B22 data being slightly
more negative. However, the pH trend for lysozyme remained very
similar for both data sets (SIC-B22 and SLS-B22). This was in accor-
dance with Tessier et al. [37]. In contrast to the low pH influence of
B22 for the tested IgG1, the pH impact on B22 for lysozyme is much
more pronounced. For lysozyme, a change in B22 sign from positive
to negative is induced at a pH of ca. 6.9 (Fig. 3B). Thus, below a pH
of 6.9, attractive interactions between lysozyme molecules become
dominant [59].
3.5. Influence of buffer composition on B22 of IgG1

The influence of the buffer species was studied with four differ-
ent buffers (histidine, citrate, phosphate and succinate) in pharma-
ceutical relevant concentration ranges of 5–50 mM at a fixed pH of
6.2 (Fig. 4).

The presence of buffer can be essential in order to stabilize pro-
tein formulations, since buffer inhibits a change of pH in solution,
which is a crucial factor for protein stability [70]. Furthermore, buf-
fer ions may directly interact or even weakly bind to the protein. As
shown in Fig. 4, B22 was sensitive to the buffer species, especially at
low buffer concentrations. At 5 mM concentration, histidine
showed the highest, positive B22 value (2.3 � 10�4 mol ml g�2),
whereas citrate and phosphate buffer had the lowest value
(1.6 � 10�4 and 1.6 � 10�4 mol ml g�2 respectively). Increasing
the buffer concentration diminished the difference between the
buffer species until a similar B22 value of approx.
1.9 � 10�4 mol ml g�2 was reached for all tested buffers at
50 mM concentration. With increasing the histidine concentration
B22 decreased, while increasing the other buffer concentration re-
sulted in a slight increase of B22 or had no relevant influence. The
three anionic buffers have a higher ionic strength compared to
the histidine buffer at equivalent molar concentration and this
may be one reason for the detected differences in B22. Another as-
pect to consider is the binding of the excipient to the protein mol-
ecule. Katayama et al. observed slight differences in B22 values of
IFN-tau in the presence of histidine, Tris or phosphate buffers at
20 mM [41] with DB22 � 0.2 � 10�4 mol ml g�2. These authors
determined a very weak binding constant between histidine and
IFN-tau of Kb � 1 � 102 to 4 � 102 M�1 and discussed that probably
this very weak binding may stabilize IFN-tau against thermally in-
duced aggregation by increasing the difference between the
changes of the free Gibbs energy of native and unfolded state
(DGn–unf). However, the mechanical reason for the stabilization ef-
fect is not discussed by Katayama et al. One aspect to consider is
that the weak excipient binding has an impact on electrostatics
in order to induce the observed effect.
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The basically buffer independent impact on B22 indicates that a
colloidal stabilization mechanism is of minor importance to under-
stand the IFN-tau stabilization effect in the presence of histidine.
Based on the obtained B22 data, the buffer species had a stronger
impact on antibody–antibody interactions compared to the inter-
actions observed for IFN-tau. Overall, the buffer concentration
should be chosen such that it is high enough to control and stabi-
lize the formulation pH, but as low as possible to create solution
conditions with repulsive protein–protein interactions (i.e. strong
positive B22 values are expected).
3.6. Influence of sodium chloride on B22 of IgG1

The influence of sodium chloride was tested in the concentra-
tion range of 0–150 mM in the presence of 5 mM sodium succinate
at pH 6.2, since NaCl is commonly added to obtain isotonic drug
solutions and to adjust the ionic strength. Up to a concentration
of 100 mM, NaCl had little influence on B22 (Fig. 5) for the investi-
gated antibody. Further, increasing the NaCl concentration to
150 mM decreases B22 reflecting the fact that ionic screening re-
duces the repulsive charge effect and/or repulsive charge interac-
tions between protein molecules. Thus, protein–protein colloidal
stability is favored under low ionic strength.

Indeed, electrostatic repulsive forces usually decrease with
addition of salt ions due to their inverse dependence on ionic
strength [71]. It corresponds to a similar effect reported for two
humanized monoclonal antibodies of the same subtype (IgG1)
[40]. In both cases, the decrease in B22 value was not strong enough
to reach negative B22 values, revealing less favorable repulsive par-
ticle conditions in the presence of higher salt concentration. Conse-
quently, for the presented case study, the addition of up to 50–
100 mM NaCl barely perturbed the IgG1 intermolecular interac-
tions. As a consequence, sodium chloride can be used as isotonic
agent without increasing the propensity of the formation of protein
associates.
3.7. Influence of amino acids on B22 of IgG1

Amino acids are commonly used as solvent additive in protein
purification and as excipients for protein formulations. Arginine,
glycine and histidine are the amino acids most frequently utilized
to stabilize protein formulations, in some cases to improve protein
solubility and to avoid protein aggregation [72]. The influence of
arginine, glycine, histidine and methionine was tested in the con-
centration range of 0–100 mM in the presence of 5 mM sodium
succinate at in pH 6.2. The addition of glycine or methionine did
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Fig. 5. Effect of NaCl on B22 value of IgG1 in the presence of 5 mM sodium succinate
pH 6.2.
not influence B22, whereas histidine and arginine induced changes
(Fig. 6). Both, arginine and histidine, acted differently on B22

depending on their concentrations in solution compared to methi-
onine and glycine. The presence of arginine and histidine at 5–
10 mM induces a decrease in B22, which is more pronounced for
arginine. However, buffer concentrations equal or higher than
20 mM led to a slight B22 increase. Most amino acids are described
to stabilize proteins by the mechanism of preferential exclusion of
the excipient from the protein surface [72]. Stabilization via prefer-
ential exclusion was reflected by constant B22 values by titrating
methionine or glycine to the protein, where no excipient-protein
binding is observed. Histidine and arginine presented a different
B22 profile and both amino acids are reported to weakly bind to
proteins [41,73].

The influence of the amino acid side chain structure has been
studied by Shiraki et al. with lysozyme as model protein [74] at
pH 6.5 in 50 mM sodium phosphate buffer in order to avoid protein
aggregation. Positively charged amino acids were more effective
than hydrophobic and negatively charged amino acids to prevent
heat-induced and dilution-induced protein aggregation. Arginine
presented the most pronounced effect. Increasing the arginine con-
centration enhanced its preventive action [74] and a maximal ef-
fect was obtained at 300 mM. Furthermore, the most substantial
preventive effect of arginine against aggregation was confirmed
with various proteins of different pI and molecular weights [74].
According to Arakawa et al., the protective effect of arginine
against heat-induced aggregation results from its interaction with
the peptide back bonds and most amino acid side chains (both
hydrophobic and hydrophilic), especially tyrosine and tryptophan
[73] leading to a reduction of both electrostatic (hydrogen bonding
and ionic interactions) and hydrophobic interactions. One has to
mention that the used arginine concentration is often very high
in the range of 0.2–1 M. Histidine also presented the property to
bind to protein, but its binding was reported to be very weak
(Kb � 1 � 102 to 4 � 102 M�1) [41]. Its effect on thermodynamic
stabilization of IFN-tau [41] and EPO [75] was preponderant. Thus,
at low amino acid concentrations (up to 10 mM) the B22 decrease
might reflect arginine or histidine binding or changes of the hydra-
tion property of the IgG1 molecules. The B22 decrease was stronger
in the presence of arginine when compared to histidine, which
could reflect the stronger binding of arginine to protein surface.
At higher concentration, all amino acids act similarly, correspond-
ing to the protective and solubilization effect due to preferential
exclusion.

3.8. Stability of 20 mg/ml IgG1 solutions at 40 �C

A stability study of 20 mg/ml IgG solutions was conducted for
12 weeks at 40 �C as a function of buffer species and concentration
at pH 6.2 comparing sodium citrate, histidine, sodium phosphate
and sodium succinate at both 5 and 50 mM. Turbidity was mea-
sured as well as the formation of soluble aggregates (by SE-HPLC).
It is obvious that the turbidity increased was more pronounced for
the histidine buffer formulations (5 and 50 mM) (Fig. 7A and 7B)
compared to the other three buffer formulations. The 5 mM histi-
dine formulation presented a significant turbidity increase after
12 weeks, whereas the turbidity of the 50 mM histidine formula-
tion had already increased significantly after 4 weeks. The increase
in turbidity is accompanied by a yellow discoloration of the histi-
dine formulation. This solution discoloration is also apparent for
the histidine buffer solutions (in the absence of protein) stored un-
der the same conditions. This led to the conclusion of chemical
instabilities of the histidine buffer. Histidine is susceptible to oxi-
dation either by photocatalyzed or by metal-ion-catalyzed mecha-
nisms [76,77]. It is mainly oxidized to 2-oxo-histidine, aspartic acid
and asparagines [76,77]. Therefore to avoid the chemical instability
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of the buffer, 20 lM EDTA (ethylenediaminetetraacetic acid) were
added to the 20 mg/ml IgG1 histidine solution, even though no me-
tal ions could be detected by atomic absorption spectroscopy
(<0.02 mg/g) [78].

The addition of 20 lM EDTA to the histidine-containing samples
inhibited the solution discoloration during the 12-week storage
and the increase in turbidity was better controlled. The 5 mM his-
tidine solution presented a similar increase in turbidity as the
other tested buffers, whereas the turbidity increase remained high-
er for the 50 mM histidine/EDTA solution (Fig. 7).

The soluble aggregate content was kept below 2% for the major-
ity of the tested formulations (Fig. 7C and D). The 5 mM histidine-
containing formulation showed the highest amount in soluble
aggregates (6.6%), but it could be stabilized by the presence of
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EDTA. Indeed this latter solution presented the lowest increase in
soluble aggregates (1%) after 12 weeks at 40 �C within the 5 mM
buffers. The two 50 mM histidine-containing formulations did
not present a substantially increased level of soluble aggregates
after 12 weeks at 40 �C, but they presented higher turbidity com-
pared to other buffer formulations indicating a higher propensity
and equilibrium shift to the formation of insoluble aggregates.
Matheus et al. [79] showed for higher histidine buffer concentra-
tions (10 and 50 mM at pH 6.0) that the formation of medium to
large size aggregates of cetuximab was favored under elevated
thermal storage conditions that were responsible for higher solu-
tion turbidity. However, histidine did not influence the soluble
aggregate content.

When its buffer chemical instability was controlled by the pres-
ence of the chelating excipient, the formulation containing 5 mM
histidine was a well-stabilizing protein formulation buffer. Histi-
dine has been already reported to stabilize IFN-tau better than
phosphate or Tris buffer [41]. Its mechanism of stabilization was
attributed to conformational stabilization by weak binding to the
native protein state and to a lesser extent to colloidal stabilization.

The B22 coefficient of IgG1 was slightly increased in the pres-
ence of histidine at low concentration in comparison with the
other buffer systems. This was also confirmed by the study of
Katayama et al. [41]. However, the ability of histidine to increase
the repulsive interactions in solution may not be the only mecha-
nism leading to the best IgG1 stabilization. The conformational sta-
bility of the protein seemed to be improved as well. The DSC
thermograms of the histidine-containing formulations (Fig. 8A)
presented two peaks representing the Fab and the Fc fragment,
the Fab fragment having the larger experimental enthalpy
[64,80]. The DSC thermograms of IgG1 in the other buffers
(exemplarily shown for 5 mM sodium phosphate buffer in
Fig. 8B) presented only the first peak followed by a sudden de-
crease of the signal and a shift of the baseline corresponding to
IgG1 aggregation and precipitation at its thermal unfolding. Corre-
spondingly, in 5 mM histidine buffer the IgG1 exhibited the highest
Tm (expressed as the maximum of the heat capacity curve),
whereas the Tm values for the other buffers were in a comparable
range (Fig. 8C). The negligible impact of buffer composition at pH
6.2 on Tm was comparable to the results reported with cetuximab
[79] and a recombinant human megakaryocyte growth factor [81].
High buffer concentration did not improve IgG1 stability. This
could reflect the self-buffering action of monoclonal antibodies in
the pH range of 4–6 provided by the proteins’ charged amino acids
including aspartic acid, glutamic acid and histidine [82].

Thus, 5 mM histidine buffer in which the IgG1 showed the high-
est B22 value was in combination with EDTA the most promising
candidate for formulating the investigated IgG1.

3.9. Colloidal stability of 20 mg/ml IgG1 solutions

The colloidal stability of 20 mg/ml IgG1 formulations was tested
as a function of the buffer species (5 mM, pH 6.2) by measuring
solution turbidity after stirring stress. The histidine formulation
having the highest positive B22 value (2.3 � 10�4 mol ml g�2) cor-
responded to the slowest turbidity increase (Fig. 9). Both formula-
tions having the same, but lower B22 value (1.6 � 10�4 mol ml g�2),
namely sodium citrate and sodium phosphate formulations,
showed a similar trend accompanied by a larger colloidal instabil-
ity compared to the histidine formulation. This result confirmed
the ability of histidine to better stabilize IgG1.

Protein solutions presenting lower B22 values, or even negative
B22 values [59] showed a lower colloidal stability. Therefore, higher
(positive) B22 values should be favored to reach higher protein sta-
bility, especially for cases where protein stability/instability is gov-
erned by protein colloidal stability.
4. Conclusions

Fourier transform infrared spectroscopy spectra did not reveal
any relevant structural changes of immobilized IgG1 compared to
the initial antibody solution. Based on this statement, self-interac-
tion chromatography measures the interactions between native
IgG1 in solution and native like immobilized IgG1, and thus al-
lowed B22 determination.

Small variations in B22 values were measurable by varying
physiologically relevant formulation parameters. Under all the
tested conditions, B22 remained positive for the investigated anti-
body, indicating all tested formulations favored repulsive interac-
tions. Formulation parameters having the most impact on B22
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were pH and ionic strength for the investigated antibody (isoelec-
tric point of ca. 8.3). Buffer species influenced only at low ionic
strength (<10 mM), whereas salt and amino acid played a role at
high concentration.

According to B22, the 5 mM histidine-containing buffer formula-
tion showed a higher potential to favor repulsive protein–protein
interactions. Probably, the presence of histidine has an impact on
electrostatic and/or hydration properties of the protein, which lead
to repulsive interactions. This corresponded to slightly superior
IgG1 stability upon 12-week storage at 40 �C at 20 mg/ml, when
the chemical instability of histidine was eliminated by EDTA addi-
tion. However, the colloidal stabilization did not seem to be the
only factor influencing the protein stability, and the conforma-
tional stability has also to be considered.

Self-interaction chromatography gave reliable results of IgG1–
IgG1 interactions, when compared to results derived from static
light scattering, depending on solution parameters predicting for-
mulation parameters to increase IgG1 colloidal stability. Thus,
self-interaction chromatography appears to be a relevant high
throughput screening method, combined with lab-automation,
for the physical characterization of therapeutic proteins and the
optimization of their formulation.

Such approaches allow the implementation of a more rational
formulation design in pharmaceutical biotechnology. However, it
is important to confirm these results by using other
immunoglobulins.
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