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ABSTRACT
Purpose Concentrated protein formulations are strongly influ-
enced by protein-protein interactions. These can be probed at
low protein concentration by e.g. virial coefficients. It was recently
suggested that interactions are attractive at short distances and
repulsive at longer distances. Measurements at low concentra-
tions mainly sample longer distances, hence may not predict high
concentration behavior. Here we demonstrate that small angle X-
ray scattering (SAXS) measurements simultaneously collect infor-
mation on interactions at short and long distances.
Methods IgG2 antibody samples at concentrations up to
122 mg/ml are analyzed using SAXS and compared to Circular
Dichroism (CD), Fluorescence, Size Exclusion Chromatogra-
phy (SEC) and Dynamic Light Scattering (DLS) analysis.
Results DLS and SEC analyses reveal attraction between anti-
bodies at high concentrations. SAXS data analysis provides an
elaborate understanding and shows both attractive and repul-
sive forces. The protein-protein interactions are strongly affect-
ed by excipients. No change in the solution state of IgG2 is
observed at pH 4–8, while samples at pH 3 exhibit heavy
oligomerization. The solution conformation of the examined
IgG2 derived from SAXS data is a T-shape.
Conclusion SAXS analysis resolves simultaneous attractive and
repulsive interactions, and details the effect of excipients on the
interactions, while providing three-dimensional structural infor-
mation from low-concentration samples.

KEY WORDS antibody . IgG2 . protein formulation . small
angle x-ray scattering (SAXS) . solution characterization

ABBREVIATIONS
+NaCl 154 mM sodium chloride
+Sucrose 270 mM sucrose
A2 second virial coefficient
BSA bovine serum albumine
Buffer only no further excipients
CD circular dichroism
DLS dynamic light scattering
Dmax maximal dimension
FF form factor
KD diffusion virial coefficient
MM molecular mass MM
P(r) pair distance distribution function
Rg radius of gyration
Rh hydrodynamic radius
SAXS small angle x-ray scattering
SEC size exclusion chromatography
SF the structure factor
SFeff effective structure factor
SLS static light scattering

INTRODUCTION

Therapeutic antibodies are often administered at extremely
high concentrations (>100 mg/ml). This is necessary to
obtain the required biological effect and the acquired effec-
tive response, while avoiding a large dose volume (1) and is
especially important for subcutaneous delivery (2).

In dilute protein solutions there are large inter-molecule
distances. When protein concentration is increased the fre-
quency of molecular collisions grows while the inter-molecule
distances are reduced, increasing the importance of specific
and unspecific interaction between individual protomers. It
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was recently pointed out by Chari et al. (3) that interac-
tions are predominantly attractive at short distances and
repulsive at longer distances. At high concentration the
protein solution behavior may be affected by formation of
oligomers, either via reversible association or irreversible
aggregation. Such interactions potentially influence pro-
tein activity or product safety (1,4), which makes an
improved understanding of high concentration protein
solute properties so important.

When designing protein formulations solution behavior
must be monitored. However, biophysical characterization
under accelerated stability studies may not be predictive for
long term stability. This is a general challenge in formula-
tion analysis of protein pharmaceuticals. For formulations at
high protein concentrations (more than 10 % volume occu-
pied by solute), protein-protein interactions are expected to
be particularly important. With the methods at hand it is
particularly difficult to adequately monitor solution behav-
ior for high-concentration protein samples without lowering
the protein concentration, i.e. not using the actual formula-
tion state (3,5). Some techniques frequently used for studies
of protein-protein interactions are Dynamic Light Scatter-
ing (DLS), Static Light Scattering (SLS) and Size Exclusion
Chromatography (SEC), and SEC in particular involves
significant dilution of the sample during analysis. Fluores-
cence and Circular Dichroism (CD) may be used as a
control of folding stability, while CD is applied only at low
to medium protein concentrations. For all these techniques
the observed properties are difficult to relate to specific
protein 3D-structural states and in particular, quantitative
descriptions of distances/real-space interactions lack.

Small Angle X-ray Scattering (SAXS) data enable deter-
mination of physiologically and formulation relevant struc-
tural states of proteins in solution. The Intensity (I) of the x-
rays scattered by the protein solution is detected as a func-
tion of the scattering angle. For scattering from a dilute
solution, the scattering is a result of the intra-particle dis-
tances resulting in the form factor (FF) of a single particle.
The scattering can be converted to real space correlations,
represented by a pair distance distribution function (P(r))
and molecular mass (MM), radius of gyration (Rg), the
maximal dimension (Dmax) and ab initio models from the
particle can be derived from the data (6).

For high concentration samples the interpretation of the
scattering must be modified to take protein-protein interac-
tions into account (6,7). The intensity, I(s), can then be
described as the product of the particle scattering (FF) and
a term describing the particle interactions (the structure
factor (SF)):

I sð Þ � FF� SF ð1Þ
For dilute solutions, where no protein-protein interac-

tions are observed, the intensity equals FF, while for high

concentration samples SF deviates from one, indicating
attraction (larger than one) or repulsion (smaller than one)
between the scatterers. This provides knowledge about the
type and magnitude of interactions in highly concentrated
protein samples.

SAXS is becoming increasingly accessible as a screening
method. Sample size is shrinking (10–100 μl sample volumes
are routinely applied at several beam-lines) and robotics and
micro fluidics are being developed along with remote oper-
ation of synchrotron beam-line experiments (8,9). This may
make SAXS a valuable technique when designing protein
formulations in the future.

MATERIALS AND METHODS

Sample Preparation

The human anti-EGFR IgG2 antibody, panitumumab
(Vectibix© produced by Amgen) is used as a model anti-
body. Panitumumab is a 147 kDa antibody formulated at
20 mg/ml in a sodium acetate tri hydrate, 150 mM sodium
chlorid solution at pH 5.8. In this study, three buffer com-
positions were chosen for investigation. Buffers contain
10 mM citrate at pH 5.8 with addition of either 154 mM
sodium chloride (in the following called +NaCl), 270 mM
sucrose (in the following called +Sucrose) or no further
excipients (in the following called Buffer only), respectively.
Furthermore, +NaCl samples were produced at pH 3, 4, 5,
5.8, 7 and 8, using a 10 mM potassium phosphate buffer
instead of citrate for pH 7 and 8. Samples were dialyzed
24 h against the respective buffers and stored at 4 °C. The
dialysis buffers were used for background measurements.
Samples measured at concentrations higher than 12 mg/ml
were concentrated using Amicon® Ultra centrifugal filters
from Millipore (MWCO 30.000). The protein concentra-
tion was determined in relation to the starting product
(20 mg/ml) using UV absorbance at 280 nm when the
protein concentration was adequately low. For high protein
concentration solutions, a slightly different approach was
used. At high concentrations there is no longer a linear
concentration dependency at 280 nm, hence the ratio
between absorbance at 280 nm and 297 nm was deter-
mined a low protein concentration, and this ratio was used
to calculate the concentration from measurements at
297 nm. +NaCl, +Sucrose and Buffer only samples at
pH 5.8 were produced in the concentration range 1.5–
119 mg/ml, while +NaCl samples at pH 3–5 and 7–8 were
produced at 1.5–10 mg/ml. Immediately before data ac-
quisition all samples were centrifuged 10 min at 13000 rpm
at 4 °C. A redilution (re) test was performed by dilution of
the most concentrated +NaCl, Buffer only and +Sucrose
samples to approximately 3 mg/ml.
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Samples were stored for a maximum of 24 h at a tem-
perature of 4 °C prior to data acquisition.

SAXS: Basic Data Evaluation

SAXS data were collected on all samples using synchrotron
radiation following standard procedures at beamline X33 at
the European Molecular Biology Laboratory on the DORIS
III storage ring (DESY, Hamburg, Germany). A momen-
tum transfer range of 0.07–5.0 nm−1 (s04πsin(θ)/λ, 2θ is the
scattering angle and λ is the x-ray wavelength (λ01.5 Å))
was covered. Data collection was carried out during two
separate data collections both covering exposure times of
2 min at 8 °C, while using a MAR345 image plate and a
PILATUS 1 M pixel X-ray detector, respectively. The
exposure time at the second data collection was divided into
four separate exposures of 30 s each, and individual frames
were compared for evaluation of potential x-ray induced
damage. Data from undamaged protein were averaged to
give the final data file. The data were normalized to the
intensity of the incident beam and corrected for the respec-
tive detector response. Data analysis was performed using
the software suite ATSAS (10,11). Rg was evaluated by the
Guinier approximation (using the s range satisfying the
criteria: s*Rg<1.3) and the MM was estimated from the
extrapolated forward scattering intensity (I(0)) using a refer-
ence solution of Bovine Serum Albumin (BSA) (5.7 mg/ml,
50 mM HEPES pH 7.4) as molecular mass (MM) reference.
The P(r) were evaluated using GNOM (12,13) yielding also
Dmax within the scatterer. The effective structure factor
(SFeff) contribution was determined by division of the total
intensity by the individual FF. The FF was found by merg-
ing low concentration data, where no protein-protein inter-
actions were observed, with higher concentration data in
areas where the scattering patterns were identical for all
concentrations. Before division the noise at low scattering
angles in the FF originating from the low concentration
samples was reduced manually by comparison to the curve
fit obtained from GNOM. Theoretical scattering curves
from high resolution crystal structures were calculated using
the program Crysol (14).

SAXS-Based Ab Initio Modelling

Ab initio structures were obtained using the program Dam-
mif (15). A simulated annealing protocol is used to build a
compact bead model of uniform scattering length density,
while minimizing the discrepancy between the experimental
and calculated curves at low resolution (in this work scatter-
ing angles up to 2.9 nm−1 are used). Ten individual models
were spatially superposed and the normalized spatial dis-
crepancy (NSD-values) evaluated before similar models
were averaged (as is standard procedure in the program

suite Damaver (16)). The resulting averaged and unfiltered
model was used as a starting search volume (input volume in
Dammif) and ten refined models were built and averaged in
Damaver. The final averaged model was calculated restrict-
ed to a volume corresponding to the typical excluded vol-
ume of the ten initial models.

Fluorescence

Fluorescence measurements were performed on a Varian
Cary Eclipse fluorescence spectrophotometer at 20 °C. The
tryptophan fluorescence was monitored between 310 and
450 nm, with an excitation wavelength of 300 nm. The
spectra were recorded with a scan rate of 120 nm/min.
The excitation and emission slits were set to 5 nm and
2.5 nm, respectively. 5 scans were carried out for each
sample to improve statistics. Data were collected at pH 5.8
in +NaCl, Buffer only and +Sucrose at protein concentra-
tions from 2.9 to 122 mg/ml and in +NaCl at pH 3–8 at 3
and 10 mg/ml. All data were normalized at the maximum
intensity.

CD

CD measurements were carried out using a Chirascan CD
Spectrophotometer. The studies were performed in a
0.1 mm path length cell at a scan rate of 40 nm/min from
195 to 310 nm. Data were collected at pH 5.8 in +NaCl,
+Sucrose and Buffer only and in +NaCl at pH 3–5 and 7–
8 all at 3 mg/ml protein concentration and the buffer signal
was subtracted.

SEC-SLS

Samples were analyzed using an Agilent 1100/1200 Chem-
station HPLC system with a BioSep3000 SEC column
connected to a miniDAWN (Wyatt Technology) and a
differential refractometer. 120 μg protein in a volume range
of 1–30 μl were loaded from each sample of concentration
3–119 mg/ml at 4 °C. PBS buffer at pH 7.4 was used as the
mobile phase for all samples at a rate of 0.32 ml/min. The
measured 90° light scattering signal and refractive index was
used for MM determination using a reference solution of
BSA (data not shown). The UV absorbance at 280 nm was
used to monitor the protein elution from the SEC column.
The dimer content was calculated from the area under the
peak. All data were normalized for the monomer peak
intensity.

DLS

DLS was measured on a DynaPro Titan instrument from
Wyatt Technology with a laser wavelength of 832.5 nm.
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The measurements were carried out in 1.5 mm path length
cuvettes at 20 °C, where 40 acquisitions of 5 s each were
collected with auto adjustment of laser power.

Data were collected at pH 5.8 in +NaCl, +Sucrose and
Buffer only at protein concentrations from 2.9 to 122 mg/
ml and in +NaCl at pH 3–5 and 7–8 at 3 and 10 mg/ml.
Furthermore the intensity was measured with changing laser
power (2–28 %) for one +NaCl pH 5.8 sample at 10 mg/ml
and used for normalization of the intensity to a laser power
corresponding to 1 %. The hydrodynamic radius (Rh) for
+Sucrose samples was normalized for difference in viscosity.

The second virial coefficient (A2) was calculated from the
plot of C/I vs. C, using the following formula (17,18):

C
I
¼ 1

MM � K1
þ 2� A2 � C

K1

� �

where C is the concentration, I the intensity, and K1 a
constant defined as (K � Il � V Þ=r2 , Il the laser intensity,
V the exposed sample volume, r the distance from the
sample to the detector and K is defined as

4p2n20
dn
dC

� �2
NAl40

with n0 as the solvent refractive index, NA Advogadro’s
number and λ0 the wavelength of the laser in vacuum. For
high concentration samples a higher degree polynomial can
be included in the calculation of A2.

The diffusion virial coefficient (KD) was calculated from
the plot of 1/Rh vs. C, using the following formula:

1
Rh

¼ 1
Rhð0Þ

þ KD � C
Rhð0Þ

Where Rh is the hydrodynamic radius and Rh(0) the radius
of gyration at infinite dilution.

RESULTS

Fluorescence

The fluorescence spectra of +NaCl pH 5.8 at 3–119 mg/ml
are shown in Fig. 1a. All samples exhibit the same fluores-
cence spectra regardless of concentration, indicating no
detectable change in tryptophan side chain packing between
proteins at high and low concentration. Identical spectra
were observed for Buffer only and +Sucrose samples (data
not shown). Figure 1b shows the fluorescence spectra at
3 mg/ml at varying pH and buffer composition. The spectra
are identical, except for samples at pH 3, where the fluores-
cence peak is shifted against higher wavelengths, indicating
solvent exposure of tryptophan side chains, probably due to
partial unfolding of the protein.

Circular Dichroism

The CD spectra for +NaCl, Buffer only and +Sucrose at 3
mg/ml are shown in Fig. 2. The spectra are identical for all three
buffers and for +NaCl at pH 4–8. The spectra exhibit a mini-
mum at 218 nm, indicating a composition of primarily β-sheet
structure, as is typical for an immunoglobulin antibody. +NaCl
pH 3 deviates from the other samples by a stronger negative
signal at 200–230 nm. Hence, no changes in secondary structure
are observed for the investigated buffer compositions at a con-
centration of 3 mg/ml, except when pH is decreased to pH 3.

SEC-SLS

The UV absorbance at 280 nm from the SEC column
elutions have been compared for varying buffer composition
and antibody concentrations, see Fig. 3a and b. A monomer
and a dimer peak are seen for all samples, and are verified

Fig. 1 (a) Fluorescence spectra for +NaCl pH 5.8 samples in the
concentration range 3–119 mg/ml. 3.7re indicates a sample rediluted from
119 mg/ml. (b) Fluorescence spectra for +NaCl samples in the pH range
3–8 and Buffer only and +Sucrose samples at pH 5.8 all at 3 mg/ml. Data
at 10 mg/ml show the same pattern (data not shown).
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by light scattering and refractive index measurements (data
not shown). The dimer peak (see Fig. 3a for +NaCl data),
grows as the protein concentration is increased. The in-
crease in dimer content is observed in all three buffers at
pH 5.8 at an identical rate (see Fig. 3b), hence the method
does not distinguish between +NaCl, +Sucrose and Buffer
only samples (when using PBS as the mobile phase). The
increased dimer content indicates an increase in protein-
protein interactions at higher concentrations.

DLS

Rh was determined for all samples (see Fig. 4b), and the
value increases at increasing concentration. Buffer only has
the steepest increase in Rh values, while +Sucrose and
+NaCl samples develop comparably at the investigated
experimental conditions. Rh values for +NaCl 3 and
10 mg/ml pH 3–8 are shown on Fig. 4a. pH 3 deviates

Fig. 2 CD spectra from +NaCl samples in the pH range 3–8 and Buffer
only and +Sucrose samples at pH 5.8 all at 3 mg/ml.

Fig. 3 (a) Chromatogram showing the elution from the SEC column of
+NaCl pH 5.8 samples at a concentration range of 4–119 mg/ml. Upper
left corner shows the elution from 0 to 15 min for the 4 mg/ml sample,
while the background depicts a zoom-in on the elution profile of the dimer
peak for all concentrations. (b) The calculated dimer content as a function
of concentration.

Fig. 4 (a) Rh shown as a function of pH for +NaCl samples at 3 and
10 mg/ml. (b, c and d) Rh, C * I−1 and R−1, respectively, shown as a
function of concentration for +NaCl, Buffer only and +Sucrose samples.
The lines are results of first and secondary order polynomial fits.
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significantly indicating oligomerization at low pH. The sec-
ond virial coefficient and the diffusion virial coefficient (see
Table I), were calculated from the plot of C/I vs. C and 1/
Rh vs. C (see Fig. 4c and d, respectively). A2 values are
positive, while KD values are negative.

SAXS

Solution Structure of Panitumumab

SAXS data were collected from samples in the concentra-
tion range 1.5–122 mg/ml. The FF’s for the three buffer
types were identical, see Fig. 5. This suggests that the pro-
tein solution behavior is similar at low concentrations under

the three buffer conditions evaluated in this study. The
observed molecular masses, (155 kDa), correspond to that
of a monomer solution and Rg and Dmax for the FF were
determined to be 5.1 nm and 16.4 nm respectively.

The FF’s were compared to the theoretical scattering
calculated from antibody x-ray crystal structures, see Fig. 6a
(pdb entries: 1HZH (IgG B12 human), 1IGY (IgG1 mouse)
and 1IGT (IgG2A mouse)). None of the theoretical scattering
curves calculated from the x-ray crystal structures result in a
good fit to the experimental data, but the real space represen-
tation P(r) for 1IGY (see Fig. 6b) reveals an overall shape with
pronounced similarities to the P(r) calculated from the exper-
imental data. This crystal structure deviates from the other
antibody x-ray crystal structures by having a more pro-
nounced bend in the hinge region placing the Fc fragment
almost perpendicular to the plane formed by the Fab
domains.

If assuming that no pronounced structural heterogeneity
resides in the solute, Ab initio modeling results in a low
resolution solution model of the scattering particle. Model-
ing was carried out using the P(r) function derived from the
FF of +NaCl and the resulting model and corresponding fit
to the experimental data is shown on Fig. 7. The ab initio
model is compared to the x-ray crystal structure 1IGY. In

Fig. 5 (a) SAXS data curves representing the form factor of +NaCl,
Buffer only and +Sucrose at 3 mg/ml. The curves are scaled between
0.75 nm−1 and 1.7 nm−1. The three samples exhibit highly similar
scattering patterns (b) zoom of A.

Table I The Calculated Second Virial Coefficient (A2) and the Diffusion
Virial Coefficient (KD)

Sample A2 (mol ml/g2) KD (ml/g)

+NaCl 4.42 * 10−5 −4.18 * 10−3

Buffer only 2.06 * 10−5 −8.86* 10−3

+Sucrose 4.96 * 10−5 −7.2* 10−3

Fig. 6 (a) Theoretical scattering curves of antibody X-ray crystal structures
(pdb entries 1HZH, 1IGT and 1IGY) and fit to the FF of the +NaCl
sample. (b) Pair distance distribution function of the theoretical scattering
curves and the FF of +NaCl (normalized at 4.5 nm).
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the represented orientation, the upper part of the ab initio
model is assumed to span the Fab fragments. The model
shows an overall T-shape with a tip to tip Fab fragment
distance of 16.4 nm. The angle between Fab arms is in-
creased from what is observed in the crystal structure
(1IGY). The Fc fragment is bent towards one of the Fab
arms. A side view of the model shows the thickness of the
molecule to be approximately 2.5 nm, which indicates that
all domains are oriented in approximately the same plane. A
minor twist is observed within the part of the model
corresponding to the end of the Fab arm placed opposite
to the Fc domain.

High Concentration Solution Behaviour

As is seen in Fig. 8, when concentration is increased the
scattering deviates from the FF at low scattering angles
(below 1 nm−1), while the remaining part of the scattering
curve is not affected. This deviation is caused by the SF,
which is a result of protein-protein interactions. The con-
centration series from the three investigated buffer compo-
sitions exhibit different concentration dependency.

To further explore the concentration mediated interactions
between proteins the SFeff was isolated, by division of the
scattering curves by the FF. The SFeff is a result of attraction
and repulsion between molecules combined with excluded
volume effects and is shown on Fig. 9. Increased repulsion
between molecules will decrease the magnitude of the SFeff,
while increased attraction will increase the SFeff. The SFeff
clearly shows that both repulsion and attraction between
molecules occurs when the antibody is concentrated. In the
+NaCl sample repulsion between molecules dominates and
becomes more pronounced at higher concentration. Re-
pulsion is mainly observed in the +Sucrose samples until
38 mg/ml is reached. When the concentration is further
increased attraction also becomes significant. The Buffer
only samples are affected by both repulsion and attraction
between molecules at protein concentration from 33 mg/ml

and above while attraction between scatterers becomes
remarkable when the antibody is concentrated above
80 mg/ml. Figure 9b, d and e compares the SFeff of
+NaCl, Buffer only and +Sucrose at approximately 35,
60 and 120 mg/ml. The SFeff very clearly shows that the
interactions between molecules depend on buffer compo-
sition. Distinctly increased attraction/oligomerization is
observed in the Buffer only sample along with significant
repulsive effects. Repulsion dominates the +NaCl and the
+Sucrose samples while attractive forces are also observed
particularly in the +Sucrose sample. In general, attraction
and repulsion is observed when concentration is increased
and repulsion is evident from scattering angles of 0.6 nm−1

corresponding to real space center-to-center distances of
approximately 10.5 nm.

A redilution test was performed to test for permanent
effects on the protein solution conformation caused by the
crowded environment in highly concentrated samples (see
Fig. 10). The shape of the scattering curve is restored for all
buffer types only revealing a minor increase in intensity for
rediluted samples at scattering angles below 0.6 nm−1,
hence illustrating recovery of the solution state of the
antibody.

pH and Batch Variations

The influence of pH on the antibody conformation was inves-
tigated in +NaCl buffer at 3 mg/ml. Figure 11 shows data
curves from antibodies in +NaCl buffer at pH 3, 4, 5, 6, 7 and
8. Only pH 3 deviates from the other data curves and exhibits
a distinctly different scattering pattern indicating heavy oligo-
merization. pH variation between 4 and 8 does not influence
the solution conformation of the antibody.

SAXS data from Panitumumab from two different
batches dialyzed into +NaCl pH 5.8 buffer using identi-
cal procedures is shown on Fig. 12. The SAXS data
analysis detects a small variation between the two sam-
ples, while identical Rh values of 5.2 nm were observed

Fig. 7 (a) Front and side view of the ab initio model of Panitumumab and superposition of 1IGY (produced in Pymol (20)). (b) Fit between the calculated
scattering curve from the model and the experimental data.
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from DLS analysis. This illustrates the high sensitivity of
the SAXS technique, to detect minor changes in solution
behavior.

DISCUSSION

A comprehensive analysis of the solution conformation of
Panitumumab has been conducted. The solution structure
of Panitumumab is seemingly identical at low concentra-
tions while applying three different excipients and over a
variety of pH values. This suggests that there is little or no
structural heterogeneity in the samples investigated. The
antibody has a bent T-shape conformation in solution when
no interaction between molecules is observed. The tip of the
Fab arms are separated by 16.4 nm and the angle between
Fab arms is increased from what is observed for 1IGY in
order to obtain an overall T-shape, even more pronounced
than in the x-ray crystal structures. The thickness of the
molecule is approximate 2.5 nm, which indicates that all
domains are oriented in the same plane. None of the tech-
niques used in the study show changes in solution behavior
at concentrations below 3 mg/ml when changing buffer
composition or varying pH between 4 and 8. Only at pH
3 the samples show a distinctly different solution behavior
indicating heavy oligomerization.

When increasing the protein concentration of the an-
tibody solutions no change in fluorescence signal is
detected, while CD cannot be performed at high protein
concentration. SEC analysis reveals increasing formation
of dimers when protein concentration is increased, which
indicates attraction between monomers. Since the samples
were concentrated less than 1 day before the analysis, the
difference in dimer content is formed in a relatively rapid
process, possibly a reversible equilibrium, although we
have not explored this further in this work. The amount
of dimer is accurately quantified, and the dimer content
is the same for all three formulations within experimental
error. This either suggests that the presence of sucrose or
NaCl at the concentrations investigated have no influence
on the average amount of dimer which is formed, or,
alternatively, that a new equilibrium is rapidly reached
after injection on the column. Hence, in this case the
elution buffer (PBS) is more important than the buffer
in the injected formulation. The positive A2 values in
Table I indicate attractive interactions between protein
molecules, with similar interaction strengths in the NaCl
and sucrose formulations and weaker attraction in the
buffer only samples. KD values are negative. This can in
theory be due to either repulsive or attractive interactions
(17,18), but experience with monoclonal antibodies sug-
gest that a negative KD value is indicative of attractive
interactions (19). The KD value indicates the largest at-
traction between molecules in buffer only, less in sucrose
and least in NaCl; a different pattern than shown by the
A2 values. None of these methods are capable of detect-
ing the simultaneous presence of attractive and repulsive
interactions.

Fig. 8 Scattering curves of (a) +NaCl, (b) Buffer only and (c) +Sucrose at
scattering angles below 1 nm−1, where concentration dependence is
observed. The curves are scaled at 0.75–1.7 nm−1.
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The SAXS analysis, on the other hand, clearly reveals
that both repulsive and attractive forces appear in high
concentration samples. At low concentrations +NaCl and
+Sucrose show mainly repulsive interactions, as also seen in
the SLS data. The positive virial coefficient A2 measured
from SLS data for all three conditions indicate predomi-
nantly repulsive interactions. We also calculated virial

coefficients from extrapolation of SAXS data to q00. The
results were much smaller than the results obtained by SLS,
probably as a result of the larger scattering vectors included
in SAXS data analysis, which comprises additional contri-
butions from protein interactions (data not shown). At
higher concentrations, the SAXS data show that repulsive
forces are dominating in +NaCl samples, while both

Fig. 9 SFeff of (a) +NaCl, (c) Buffer only and (e) +Sucrose. (b, d, e) SFeff of +NaCl, Buffer only and +Sucrose at approximately 35, 60 and 120 mg/ml,
respectively.
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attraction and repulsion is observed in +Sucrose and Buffer
only samples. Different development rates of attraction and
repulsion are observed for the three. Attractive interactions
are much stronger in Buffer only samples than in +Sucrose
and +NaCl, hence the excipients clearly stabilize the anti-
body solution and possibly prevent irreversible aggregation.
In general, attraction and repulsion is observed when con-
centration is increased and repulsion is evident from distan-
ces of approximately 10.5 nm. SAXS data show that the
solution conformation of all concentrated samples could be
restored, hence the interaction process is reversible and the
crowded environment did not induce permanent structural
changes within the antibody. Furthermore, changes in batch
variation between highly identical samples were observed
emphasizing the high sensitivity of the technique.

The experimental differences between the techniques
employed in the present study mean that direct comparison
between the types of datasets to some extent is complicated.

The wavelength applied in DLS means that very large
particles (such as large-scale aggregates or contaminations
of non-protein particles) greatly influence DLS data, while
SAXS data are devoid of such disturbance. Both methods,
however, do probe sizes in the range that is studied here,
and there are no indications of the presence of very large-
scale aggregates in our samples. We conclude that compar-
ison between these types of data is useful.

CONCLUSION

This work shows that interaction between antibodies is
highly dependent on buffer excipients. The protein-protein
interactions occurring at high concentrations were investi-
gated by SAXS data analysis and show that attractive and
repulsive interactions exist simultaneously between antibod-
ies, and also reveal the concentration dependent develop-
ment of the two types of interaction. The three dimensional
solution conformation of the IgG2 antibody under the ex-
perimental conditions examined reveals a T-shaped confor-
mation with a Fab fragment tip-to-tip distance of 16.4 nm
with all domains oriented in the same plane.

Fig. 10 Scattering curves of +NaCl, Buffer only and +Sucrose at scat-
tering angles below 1 nm−1. Re indicate a sample rediluted from the
sample at highest concentration used in the study. The curves are scaled
between 0.75 and 1.7 nm−1.

Fig. 11 Scattering curves of +NaCl pH 3–8 at scattering angles below
1 nm−1. Only the scattering recorded at pH 3 deviates from the other
scattering curves and indicates significant oligomerization.

Fig. 12 (a) Scattering curves of +NaCl pH 5.8 originating from two
separate batch preparations at scattering angles below 1 nm−1. Both
batches correspond to the same oligomerization state. The curves are
scaled at 0.75–1.7 nm−1. (b) Pair distance distribution function of Batch 1
and Batch 2 (normalized at 5 nm).
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