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a b s t r a c t

During the development of protein therapeutics, characterization of the active pharmaceutical ingredient
is performed extensively to ensure the stability, safety, and efficacy of the drug. Little is known, however,
about the characteristics of protein drugs circulating in the blood. The recent availability of a fluorescence
detection system (FDS) in analytical ultracentrifugation (AUC) instruments enables the characterization
of fluorescently labeled proteins in biological fluids. AUC provides information about protein size, shape,
self-association, and binding while avoiding many limitations associated with size exclusion chromatog-
raphy. Furthermore, with the specificity and sensitivity of FDS, measurements can be performed at phys-
iological concentrations directly in serum. In the current study, we used omalizumab, an anti-
immunoglobulin E (IgE) monoclonal antibody, to demonstrate the potential of using AUC–FDS for the
study of a monoclonal antibody and its complexes directly in human serum. Omalizumab properties were
essentially unaltered after labeling with the fluorescent dye Alexa Fluor 488. In addition, omalizumab and
IgE formed different complexes in serum than in phosphate-buffered saline in terms of both size and
affinity.

� 2009 Elsevier Inc. All rights reserved.
During protein drug development, scientists rely on an array of
analytical techniques to assess the stability and efficacy of the pro-
tein of interest. In general, stability assessment and characteriza-
tion are done under storage conditions in a specific container
closure system. Although biopharmaceuticals are well character-
ized in vitro, little is known about the physicochemical character-
istics of protein drugs once circulating in the blood flow. The
detection of potential incompatibilities, degradation, and drug
interactions in serum relies solely on expensive, complex, and
time-consuming animal studies and clinical trials. The purpose of
our work is to extend protein characterization to the events follow-
ing protein administration and to better understand the character-
istics of biopharmaceuticals under physiological conditions.

Analytical ultracentrifugation (AUC),1 particularly sedimenta-
tion velocity, has the ability to provide size, shape, and binding infor-
mation with a high resolution [1]. AUC is based on first principles
ll rights reserved.

tion; FDS, fluorescence detec-
mster ovary; PBS, phosphate-
albumin; SEC, size exclusion
t assay; IgG, immunoglobulin
and is a method of choice to study protein association and assembly
in solution [2]. Recent advances in AUC hardware brought fluores-
cence optics to AUC, enabling higher sensitivity but also, and more
important, adding selectivity to the detection optics [3]. Fluorescent
molecules, whether labeled or intrinsically fluorescent, can be de-
tected in complex matrices, including biological fluids; thus, for
the first time, AUC can be used to analyze samples in human serum.

Characterizing therapeutic proteins in human serum should al-
low the detection of undesirable species formed on injection (e.g.,
aggregates). In addition, the determination of protein complex size
and stoichiometry in serum can provide valuable information
about how protein drugs interact with their targets and other pro-
teins. The sensitivity and selectivity of the AUC fluorescence detec-
tion system (FDS) allow protein characterization at physiological
concentrations in serum.

We used omalizumab (formerly referred to as rhuMAbE25 [4]),
the active ingredient in Xolair, to examine the feasibility of protein
characterization in human serum. Omalizumab is a recombinant
humanized monoclonal antibody that selectively binds human
immunoglobulin E (IgE) [5] and is currently marketed for the treat-
ment of moderate to severe persistent asthma in adults and adoles-
cents. Omalizumab binds free circulating IgE and inhibits the
binding of IgE to the high-affinity IgE receptor (FceRI) on the sur-
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face of mast cells and basophils, limiting the release of histamine
and other mediators of the allergic response [6]. In vitro studies
have shown that omalizumab forms a variety of limited-size com-
plexes with IgE and that the size distribution of omalizumab–IgE
complexes is dependent on the molar ratio of the antibody and
antigen [4]. In the current study, omalizumab and omalizumab–
IgE complexes were characterized in human serum. Because fluo-
rescence labeling of omalizumab was required to perform the mea-
surements, extensive characterization studies were performed on
the labeled omalizumab to demonstrate that the labeling proce-
dure did not significantly alter omalizumab’s characteristics.

Materials and methods

Materials

Omalizumab (Xolair, rhuMAbE25, molecular mass 150 kDa)
was expressed in Chinese hamster ovary (CHO) cells and purified
at Genentech (South San Francisco, CA, USA) as described previ-
ously [4]. Human IgE (molecular mass 190 kDa) was prepared from
a myeloma cell line and purified at Genentech as described previ-
ously [4]. Alexa Fluor 488 Protein Labeling Kits were purchased
from Molecular Probes (Eugene, OR, USA). Albumin from human
serum (fraction V, P96%) was purchased from Sigma–Aldrich (St.
Louis, MO, USA). Human serum and plasma were collected from
healthy volunteers free of medications. Serum was collected in
Vacutainer SST tubes, and plasma was collected in both Vacutainer
K2EDTA and heparin tubes (Becton Dickinson, Franklin Lakes, NJ,
USA). Sera and plasma were stored at 2 to 8 �C. AUC experiments
were performed in serum, plasma, or phosphate-buffered saline
(PBS) pH 7.2: 137 mM NaCl, 27 mM KCl, 8 mM Na2HPO4, and
1.5 mM KH2PO4. The chemical reagents were analytical grade or
better. Water used in the experiments was deionized by a Milli-Q
Biocel system (Millipore, Billerica, MA, USA).

Protein concentration determination

Protein concentration was determined by ultraviolet (UV) spec-
troscopy using a model 14 UV–Vis spectrophotometer (Aviv Bio-
medical, Lakewood, NJ, USA). Protein spectra were acquired in 1-
mm pathlength quartz cells, the absorbance of the buffer was sub-
tracted, and the concentration was calculated using a molar
absorption coefficient at 280 nm of 240,000 M�1 cm�1 for oma-
lizumab, 304,000 M�1 cm�1 for IgE, and 34,433 M�1 cm�1 for hu-
man serum albumin (HSA) and a molar absorption coefficient at
494 nm of 71,000 M�1 cm�1 for the Alexa Fluor 488 dye.

Antibody labeling

Omalizumab was diluted to 2 mg/ml in PBS, and 50 ll of 1 M
sodium bicarbonate was added to 0.5 ml of the 2-mg/ml oma-
lizumab solution. The omalizumab solution was transferred to a
vial of reactive dye (Alexa Fluor 488 carboxylic acid, tetrafluor-
ophenyl ester) and incubated for 1 h at room temperature under
mild agitation. Labeled omalizumab was purified by size exclusion
chromatography (SEC) using BioGel P-30 Fine purification resin
(Bio-Rad Laboratories, Hercules, CA, USA) with PBS pH 7.2 (0.1 M
potassium phosphate and 1.5 M NaCl with 2 mM sodium azide)
as the eluant. The antibody and free dye bands were detected by
illumination with a handheld UV lamp. UV spectra (background
corrected) of the purified omalizumab were acquired between
225 and 550 nm. The labeled omalizumab concentration was cal-
culated using the following equation:

protein concentration ðMÞ ¼ ½A280 � ðA494 � 0:11Þ� � dilution factor
240000

;

where A280 and A494 are the sample absorbance at 280 and 494 nm,
respectively, and 0.11 is a correction factor to account for absorp-
tion of the dye at 280 nm. The degree of labeling was calculated
using the following equation:

moles dye per mole protein ¼ A494 � dilution factor
71000 � protein concentration ðMÞ :
Size exclusion chromatography

SEC was performed on an Agilent 1100 HPLC system (Agilent,
Santa Clara, CA, USA). A TSK-Gel Super SW 3000 column (Supelco,
Bellefonte, PA, USA) was equilibrated with PBS pH 6.8 (0.1 M potas-
sium phosphate and 0.1 M sodium chloride) at a flow rate of
0.2 ml/min for at least 30 min at room temperature. After at least
three omalizumab injections (conditioning runs), unlabeled oma-
lizumab was injected, followed by two injections of labeled oma-
lizumab and one more injection of unlabeled omalizumab.
Finally, the elution buffer was injected once. The injection se-
quence was repeated three times in total. The injection volume
was 20 ll. Antibody samples were diluted to 1 mg/ml in elution
buffer before injection. Detection was performed at 280 and
494 nm.

Potency assay

Omalizumab potency was determined using a solid-phase en-
zyme-linked immunosorbent assay (ELISA) as described previously
[7]. Briefly, 96-well high-binding polystyrene plates were coated
overnight at 2 to 8 �C with 10 ng of human IgE receptor a-chain
immunoglobulin G (IgG) chimera (FceRI–IgG) in 100 ll of carbon-
ate buffer (0.05 M, pH 9.6). The wells were washed, and 200 ll of
assay buffer (PBS, 0.5% BSA, and 0.05% polysorbate 20) was added
and incubated for 1 h at 25 �C. In separate polypropylene tubes, the
omalizumab samples and standard omalizumab solutions were di-
luted with assay buffer to reach concentrations ranging from 0 to
6.25 lg/ml for omalizumab samples and from 0 to 100 lg/ml for
omalizumab standards. Then an equal volume of 10 ng/ml biotin-
ylated IgE was added, and the tubes were vortexed. The well plates
were washed, and 100 ll of the omalizumab–IgE solutions was
transferred to the FceRI-coated wells; the plates were incubated
for 2 h at 25 �C and washed. Captured biotinylated IgE was de-
tected with streptavidin–horseradish peroxidase and tetramethyl
benzidine peroxidase substrate. A parallel line bioassay curve-fit-
ting program was used to generate separate log (concentration)–
response lines for the omalizumab samples and standards, allow-
ing determination of the potency of the samples relative to the
standards. Each sample was tested twice.

Density and viscosity measurements

Buffer and sera densities were measured at 25 �C on a DM5000
densitometer (Anton Paar, Graz, Austria) calibrated each day with
dry air and water at 20 �C before use. Buffer and sera viscosities
were measured at 25 �C with an AMVn rolling ball viscometer (An-
ton Paar) at an angle of 30� using a capillary with an internal diam-
eter of 1.6 mm and a ball with a diameter of 1.5 mm and a density
of 7.85 g/cm3. The capillary/ball system was calibrated with water
at 25 �C.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in an Op-
tima XL-I analytical ultracentrifuge equipped with absorbance op-
tics, interference optics (Beckman Coulter, Fullerton, CA, USA), and



Fig. 1. Characterization of unlabeled (solid line) and labeled (dotted line) oma-
lizumab by SEC. Labeled and unlabeled samples were not found to be significantly
different in monomer content (see text). Peaks at more than 20 min retention times
are attributed to the buffer.
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fluorescence optics (Aviv Biomedical). Experiments were per-
formed in 12-mm graphite-filled Epon centerpieces (Spin Analyti-
cal, Durham, NH, USA) at 25 �C using a rotor speed of 40,000 rpm.
When using the absorbance optics, scans were acquired at a wave-
length of 230 nm and 30-lm radial increments. When using the
fluorescence optics, data were acquired at 20-lm radial incre-
ments and averaging 5 revolutions/scan. The sedimentation
boundary was analyzed with SEDFIT (version 11.3 and 11.72c)
[8]. The continuous c(s) distribution with 90% confidence level
was calculated after optimizing baseline, meniscus, and cell bot-
tom positions by nonlinear regression. All s values obtained with
the c(s) distribution in PBS were converted to s20,W with SEDNTERP
(version 1.09) using the measured density and viscosity of PBS. The
s values obtained with the c(s) distribution in sera were converted
to an apparent corrected sedimentation coefficient (s�

20,W) with
SEDNTERP (version 1.09) using the measured densities and viscosi-
ties of the sera.

Statistics

Variances were compared with an F test. If the variances were
found to be significantly different (P < 0.05), the means were com-
pared with a two-sample unpaired heteroscedastic t test and two-
tailed P values were reported. If the variances were not found to be
significantly different (P > 0.05), the means were compared with a
two-sample unpaired homoscedastic t test and two-tailed P values
were reported.
Fig. 2. Continuous sedimentation coefficient distribution of labeled omalizumab in
PBS at a concentration of 10.2 nM. Labeled omalizumab was 99% monomeric. AUC
did not reveal the presence of aggregates missed by SEC.
Results

Characterization of labeled omalizumab

Characterization of therapeutic proteins in serum by AUC re-
quires labeling of the protein of interest. The conditions used dur-
ing labeling yielded an average degree of labeling of 4.5 moles dye
per 1 mole protein (measured on four separate batches: SD = 0.3,
n = 4). The fluorescent dye reacts efficiently with primary amines,
resulting in a labeling of lysine residues and N-terminal amines
of omalizumab. The labeling procedure and the dye molecule itself
may increase protein aggregation and fragmentation as well as al-
ter the properties of the protein [9,10]. The following sections
show that labeled omalizumab had the same potency and physico-
chemical properties as unlabeled omalizumab.

Size exclusion chromatography
SEC using detection at 280 nm allowed a direct comparison of

the aggregate and fragment content of a batch of labeled and unla-
beled omalizumab. Unlabeled omalizumab was 98.25% monomeric
(SD = 0.75, n = 6) and labeled omalizumab was 98.77% monomeric
(SD = 0.08, n = 6); the difference between the measurements was
not statistically significant (P = 0.15). Fig. 1 shows chromatograms
of labeled and unlabeled omalizumab. No additional peaks were
observed in labeled omalizumab samples. The peaks observed after
20 min retention time are attributed to the buffer. Due to the pres-
ence of sodium azide, labeled omalizumab (dotted line) showed a
slightly different buffer peak.

The free dye content was determined simultaneously by inte-
grating the area under the peaks at 494 nm; here 4.91% of the
dye present in the solution was not associated with omalizumab
(SD = 0.02, n = 6).

Analytical ultracentrifugation
AUC allows assessing the aggregation of protein pharmaceuti-

cals while circumventing the most significant limitations of SEC.
AUC is considered as an orthogonal technique to SEC and is exqui-
sitely sensitive to the presence of aggregates that can potentially
be adsorbed to the SEC column frits or resin [11,12]. All batches
of labeled omalizumab were characterized by AUC at a physiolog-
ically relevant concentration of 10.2 nM (Fig. 2). The sedimentation
coefficient of omalizumab in PBS, corrected for the standard condi-
tions of water at 20 �C (s20,W), was 6.9 S (SD = 0.1, n = 24). Data ob-
tained by AUC in PBS were in good agreement with those from SEC,
showing a monomer content greater than 98% across all batches
and confirming that the labeling procedure and fluorescent dye
did not cause an increase in aggregation or fragmentation.

Omalizumab–IgE complexes have previously been character-
ized by AUC, and the size distribution of the complexes formed
was shown to be dependent on the omalizumab–IgE molar ratio
[4]. In the current work, AUC data were fitted by a direct boundary
model, c(s), maximizing resolution and sensitivity [13]. To allow a
fair comparison of unlabeled and labeled omalizumab, AUC data
were also acquired in PBS with UV optics, with omalizumab con-
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centrations (labeled or unlabeled) ranging between 127 and
427 nM. The use of UV optics allowed the detection of omalizumab
(labeled or not) and IgE. Fig. 3 shows that labeled omalizumab was
able to form the same complexes with IgE as those formed by unla-
beled omalizumab, confirming that the labeling process and fluo-
rescent dye did not interfere with the ability of omalizumab to
bind IgE.

At a molar ratio of 1:1 (Figs. 3A and B), a significant level of
monomeric omalizumab was still observed, as shown by the pres-
ence of the peak at approximately 7 S. As expected, the 1:1 molar
ratio yielded more of the larger complexes, with a major species at
approximately 21 S, corresponding to hexamers [4]. An excess of
IgE (Figs. 3C and D) resulted in the formation of smaller complexes
and a significant peak at 8.2 S, corresponding to free IgE. Similarly,
an excess of omalizumab (Figs. 3E and F) resulted in smaller com-
plexes and a larger peak at approximately 7 S, corresponding to the
monomeric omalizumab. At molar ratios of 1:3 and 3:1, IgE and
omalizumab did not exhibit the hexamers typical of the equimolar
ratio.

To obtain data at low concentrations (10.2 nM), labeled oma-
lizumab was diluted in PBS with IgE present at an equimolar ratio
and the sedimentation of the complexes was followed with the
AUC fluorescence detection system (AUC–FDS). Fig. 4 shows that
even though the sedimentation profile seems to be different at
low concentrations (cf. Fig. 3B), the main features of the equimolar
mixture are still present: a significant level of monomeric oma-
lizumab (peak at 6.7 S) and the presence of larger complexes (peak
at 17.6 S).

Potency
The mechanism of action of omalizumab involves blocking the

binding of IgE to its high-affinity receptor (FceRI) and preventing
the subsequent activation of mast cells or basophils [5,6]. The cur-
rently used potency assay is designed to mimic the mechanism of
action by assessing the inhibition of IgE binding to its high-affinity
receptor. Two batches of labeled omalizumab were pooled to ob-
tain enough material to run a potency assay. Unlabeled oma-
lizumab had an average potency of 0.867 � 104 U/mg and labeled
omalizumab had an average potency of 0.886 � 104 U/mg, indicat-
ing that the labeling process did not significantly compromise
the binding activity of omalizumab.

Measurements in human serum and plasma

The sedimentation profile of labeled omalizumab was measured
in the sera from three different donors. The initial concentration of
labeled omalizumab in human sera was 10.2 nM, a physiologically
relevant concentration. The measured densities and viscosities of
the sera are presented in Table 1. Two main peaks were identified
at approximately 2.6 and 4.4 S (uncorrected sedimentation coeffi-
cient values in serum at 25 �C). To correct for the effects and vari-
ations in density and viscosity observed between the different sera,
as well as to allow the comparison of data obtained in serum with
data obtained in PBS, the sera were considered as solvents; the
bulk densities and viscosities of sera as reported in Table 1 were
used to calculate apparent corrected sedimentation coefficients de-
noted s�

20,W. The two main peaks showed s�
20,W of 4.3 S (SD = 0.1,

n = 18) and 7.3 S (SD = 0.2, n = 18). The first peak at 4.3 S represented
50% of the signal (SD = 5, n = 28). Fig. 5 shows a typical sedimenta-
tion coefficient distribution of labeled omalizumab in human serum.

The presence of the peak at 4.3 S was unexpected. AUC experi-
ments performed on serum alone, without any added omalizumab
or IgE, consistently showed a peak at approximately 4 S (Fig. 6).
Control AUC experiments performed on purified bovine and hu-
man serum albumin, together with the abundance of albumin in
human serum (35–50 mg/ml), indicate that the 4.3-S peak can be
attributed to HSA. Because albumin does not show intrinsic fluo-
rescence when excited at 488 nm, the fluorescence signal must
come from an albumin-bound molecule. Binding of natively fluo-
rescent molecules such as flavins and hemoglobin oxidation prod-
ucts to albumin is well documented [14,15]. The fluorescence
detection system (FDS) does not subtract the signal of a reference
from the sample; therefore, albumin fluorescence cannot be re-
moved by using serum as a reference. Because albumin fluores-
cence did not interfere with the measurements, we considered
that determining which molecule caused the observed albumin
fluorescence was beyond the scope of the current study.

To assess the potential influence of clotting factors on our
experiments, omalizumab was also analyzed in plasma. Experi-
ments performed in plasma (obtained from K2EDTA and heparin
tubes) gave similar results to experiments performed in serum,
but a lower albumin fluorescence was observed; the 4.3-S peak
represented 38% of the signal in plasma (SD = 4, n = 4).

The 7.3-S�
20,W peak is consistent with the sedimentation of an

antibody; however, it is significantly higher (P < 0.01) than the 6.9-
S20,W sedimentation coefficient reported in PBS (see ‘‘Characteriza-
tion of labeled omalizumab” section above). Interestingly, the sedi-
mentation coefficient of albumin was not higher in serum than in
PBS. Overall, data acquired in serum showed higher variability than
data acquired in PBS; for example, the standard deviation of the
omalizumab sedimentation coefficient was 0.1 S in PBS and 0.2 S
in serum. Interpretation of AUC experiments in serum is complicated
by the fact that albumin, which sediments during the time course of
the experiment, is a contributor to serum’s viscosity and density.
Immunoglobulins are also natively present in serum in concentra-
tions greater than 10 mg/ml. We used the bulk densities and viscos-
ities of the sera to calculate apparent corrected sedimentation
coefficients (s�

20,W). Such an approach can be only an approximation
because the equation used for conversion of raw s values to s20,W ad-
justs sedimentation data for solvent properties and not solution
properties. Furthermore, systematic deviations are observed be-
tween the fitted lines and the raw data (Fig. 5); the c(s) distribution
cannot fully describe the sedimentation of omalizumab in serum.
Several fitting parameters can have an impact on the shape of the
c(s) distributions and on the calculated s values [16]. Floating the
meniscus position and having a fixed f/f0 of 1.47 during the fitting
routine could potentially have introduced an artificial difference be-
tween s values obtained in PBS and in serum. We used a subset of
our data, as well as data from a fourth serum donor, to assess the
influence of meniscus position and f/f0 on the c(s) distributions. All
of the experiments included in this analysis were acquired in the
same conditions, at the same concentration (10.2 nM) and in the
presence of labeled omalizumab only (no IgE), over a period of
9 months. The meniscus position was manually set at the beginning
of the optical artifact for experiments performed both in PBS and in
serum. With a fixed meniscus position, s values obtained in serum
were still significantly higher than those obtained in PBS, with a
more symmetrical distribution of the s values around the mean.
Using a fixed meniscus position at the beginning of the optical arti-
fact, we fitted f/f0 and observed that no significant difference could
be observed between omalizumab’s s20,W in PBS and s�

20,W in serum;
both converged to 7 S (P = 0.15). In serum, the average f/f0 was 2.1,
and minor changes were observed in the shape of the c(s) distribu-
tions; the s�

20,W of omalizumab decreased from 7.3 to 7.0, but the
shape of the distribution remained similar. The calculated root mean
square deviation (RMSD) was marginally lower than with a fixed f/f0.

To eliminate the possibility that sedimentation of larger species
early in the AUC run could decrease the density and viscosity of
serum and cause higher s values to be observed, we measured ser-
um density and viscosity after 5 min centrifugation at 116,480g,
corresponding to the mean centrifugal force used during our
experiments. The serum density and viscosity were unchanged.



Fig. 3. Omalizumab–IgE complexes formed at various ratios in PBS by unlabeled omalizumab (left panels) and labeled omalizumab (right panels): (A) unlabeled
omalizumab–IgE (1:1); (B) labeled omalizumab–IgE (1:1); (C) unlabeled omalizumab–IgE (1:3); (D) labeled omalizumab–IgE (1:3); (E) unlabeled omalizumab–IgE (3:1); (F)
labeled omalizumab–IgE (3:1). Total protein concentration was adjusted to obtain an absorbance of approximately 1 at 230 nM: 269 nM omalizumab for panels A and B,
127 nM omalizumab for panels C and D, and 427 nM omalizumab for panels E and F. Unlabeled and labeled omalizumab formed similar complexes with IgE.
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Overall, the fitted curves yielded consistent results and repre-
sent a reasonable approximation of the signal; the positions of
the two visible boundaries (half-height of the plateaus) were accu-
rately described by the fit.



Fig. 4. Omalizumab–IgE complexes formed at an equimolar ratio and low concen-
tration in PBS. The sedimentation profile was recorded using fluorescence optics.
The labeled omalizumab concentration was 10.2 nM.

Table 1
Measured densities and viscosities of the sera obtained from three donors.

Serum density at 25 �C (g/ml) Serum viscosity at 25 �C (mPa � s)

Donor A 1.02447 1.5500
Donor B 1.02435 1.5533
Donor C 1.02164 1.3967

Fig. 5. Sedimentation of labeled omalizumab in human serum at a concentration of
10.2 nM. The upper top panel shows raw data (circles) and best fit (lines). For
clarity, only 1 of every 20 scans is plotted. The lower top panel shows fit residuals of
the plotted scans. The bottom panel shows the c(s) distribution of labeled
omalizumab in serum (90% confidence interval). The main peaks are indicated.
The first peak was attributed to albumin (see text). The second peak at 7.5 S was
attributed to monomeric omalizumab. s�

20,W denotes an apparent corrected sedi-
mentation coefficient calculated using the serum’s density and viscosity.

Fig. 6. Continuous sedimentation coefficient distribution of serum alone, deter-
mined with the fluorescence detection system. All of the sera that were used in this
study showed fluorescence associated with albumin (peak at 4 S). s�

20,W denotes an
apparent corrected sedimentation coefficient calculated using the serum’s density
and viscosity.
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Omalizumab–IgE complex formation in human serum

The serum concentration of IgE is highly variable among indi-
viduals. Asthmatic patients usually have IgE levels between hun-
dreds and thousands of nanograms per milliliter (ng/ml) [17,18].
Healthy volunteers can be expected to have IgE levels between
35 and 170 ng/ml (0.2–0.9 nM), although lower and higher values
are not uncommon [19]. To study omalizumab–IgE complexes in
human serum, IgE and labeled omalizumab were diluted in human
serum, yielding an omalizumab and IgE concentration of 10.2 nM
each. The 1:1 molar ratio was expected to yield the largest aggre-
gates according to data obtained in PBS (Figs. 3 and 4), and the IgE
concentration (10.2 nM, 1938 ng/ml, 800 UI/ml) was consistent
with IgE levels observed in patients [17,18]. A typical sedimenta-
tion coefficient distribution of omalizumab and IgE diluted in hu-
man serum is presented in Fig. 7. The 4.3-S peak is caused by
albumin, as discussed above, and represents approximately 50%
of the signal. The two main differences of the c(s) distribution be-
tween data obtained in serum and data obtained in PBS are the ab-
sence of the 21-S peak and the presence of an 8.7-S peak in serum
instead of the omalizumab monomer peak observed at 7.3 S in PBS
(cf. Figs. 3A, B, and 4). We showed, in the case of omalizumab alone
in serum, that the c(s) distribution was slightly sensitive to fitting
parameters such as meniscus position and f/f0. To assess the
robustness of the c(s) distributions and to ensure that the differ-
ences in c(s) distributions observed between serum and PBS were
not artifactual, several datasets were processed with or without
fitting of meniscus and f/f0. As in the case of omalizumab alone
in serum, fitted f/f0 values were large. The meniscus and bottom
positions often floated to unreasonable values. Nevertheless, in
all cases the main features of the c(s) distributions were preserved,
both in serum and in PBS. Furthermore, to analyze the sedimenta-
tion data with a model-independent method, the same datasets
were analyzed with dc/dt (data not shown). Despite the lower
resolution provided by dc/dt, the data showed that the largest
1:1 omalizumab–IgE complexes formed in PBS were not present
in serum.



Fig. 7. Sedimentation of omalizumab–IgE complexes in human serum. The oma-
lizumab concentration was 10.2 nM, and the omalizumab–IgE molar ratio was 1:1.
The upper top panel shows raw data (circles) and best fit (lines). For clarity, only 1
of every 20 scans is plotted. The lower top panel shows fit residuals of the plotted
scans. The bottom panel shows the c(s) distribution of omalizumab–IgE complexes
in serum (90% confidence interval). The main peaks are indicated. The first peak at
4.3 S was attributed to albumin. Subsequent peaks represent omalizumab–IgE
complexes. Despite the omalizumab–IgE molar ratio of 1:1, no major peak could be
observed at 21 S (cf. Figs. 3 and 4). s�

20,W denotes an apparent corrected
sedimentation coefficient calculated using the serum’s density and viscosity.

Fig. 8. Continuous sedimentation coefficient distribution of omalizumab–IgE
complexes at different molar ratios in human serum. Solid line: omalizumab–IgE
(6:1); dashes: omalizumab–IgE (1:1); dotted line: omalizumab–IgE (1:6). The
omalizumab concentration was 10.2 nM. The albumin peak at 4.3 S was omitted for
clarity. The position of the main peak varied with the molar ratio, indicative of a
complex formation taking place on the time scale of sedimentation. The 8.9-S peak
corresponds to a reaction boundary, whereas the 7.3- and 9.7-S peaks correspond to
monomeric omalizumab and omalizumab–IgE complex, respectively. s�

20,W denotes
an apparent corrected sedimentation coefficient calculated using the serum’s density
and viscosity.
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The absence of the 21-S peak and the different profile observed
in serum compared with PBS underline the importance of direct
characterization of therapeutic proteins in human serum. Even
though endogenous IgE from the blood donor may alter the oma-
lizumab–IgE molar ratio, it is unlikely to shift the ratio enough to
cause the disappearance of the 21-S peak given that typical endog-
enous IgE levels are an order of magnitude lower than the concen-
trations of added IgE used in our studies (cf. above). Furthermore,
data obtained in threefold diluted serum, where endogenous IgE is
present at even lower concentrations and so is less likely to alter
the omalizumab–IgE molar ratio, also showed the absence of the
21-S peak with omalizumab and IgE at an equimolar ratio (data
not shown).

Absence of the 7.3-S peak in serum samples—replaced by an
8.7-S peak—further confirms that the different sedimentation pro-
file reflects distinct behavior in serum compared with PBS. The 8.7-
S peak cannot be attributed to monomeric omalizumab (which has
a lower sedimentation coefficient), or to IgE (which is not visible in
fluorescence AUC experiments because it is not labeled), or to an
omalizumab–IgE complex (which would have a higher sedimenta-
tion coefficient, as shown by the data obtained in PBS). The 8.7-S
peak likely results from a reaction boundary due to rapidly revers-
ible associating systems yielding apparent distributions that have
peaks at positions between the s value of the reacting species
and the s value of the complex formed (in our case between the
omalizumab s value and the omalizumab–IgE complex s value)
[20]. Analysis of different ratios of omalizumab and IgE in human
serum confirmed that the 8.7-S peak was attributable to a reaction
boundary (Fig. 8). A sixfold molar excess of omalizumab resulted in
the expected omalizumab peak at 7.3 S as well as omalizumab–IgE
complexes ranging in size from 10 to 18 S. A sixfold molar excess of
IgE was able to complex all of the available omalizumab; the main
species formed was an omalizumab–IgE complex at 9.7 S, probably
a heterodimer [4], as well as several larger complexes between 12
and 18 S. Again, an omalizumab–IgE molar ratio of 1:1 yielded a
peak at 8.9 S, an intermediary position between the omalizumab
monomer and the omalizumab–IgE heterodimer. The dependency
of the peak position on the omalizumab–IgE molar ratio is similar
to the concentration dependence observed in protein self-associa-
tion [20,21] and confirms that the peak can be attributed to a reac-
tion boundary. At this time, the limitations of the c(s) analysis in
serum samples probably do not allow a more precise assessment
of the interactions taking place between omalizumab and IgE in
serum.

The depletion of monomeric omalizumab at a 1:1 omalizumab–
IgE molar ratio, even at a concentration of 10.2 nM (Figs. 7 and 8),
was observed in serum and contrasted with the data obtained in
PBS at higher concentrations (Figs. 3A and B) and at the same con-
centration (Fig. 4). We hypothesize that the affinity of omalizumab
for IgE is higher in serum than in PBS, possibly through the forma-
tion of different complexes as shown by the different sedimenta-
tion coefficient profiles.

Discussion

Characterization of labeled omalizumab

We showed that labeling omalizumab under the conditions de-
scribed in this article did not alter its characteristics or its potency.
Sedimentation coefficient distributions of unlabeled and labeled
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omalizumab did not show significant differences (Fig. 3). Labeling
is currently a prerequisite for analysis of proteins by AUC in serum
(with the exception of natively fluorescent proteins such as green
fluorescent protein), and a detailed characterization of the labeled
protein is mandatory to ensure that the data obtained with the la-
beled protein are relevant. Even though we showed that oma-
lizumab was not altered by the labeling procedure, such results
cannot be extrapolated to other proteins. Nevertheless, in our case
efficient labeling was obtained without detectable side effects on
the protein quality, an encouraging result that paves the way for
further studies. Sedimentation coefficient distributions were
equivalent in PBS and in serum, and they showed similar fluores-
cence intensities, indicating that the quantum yield of labeled
omalizumab was comparable in PBS and in serum.

Measurements in human serum and plasma

We observed significant albumin-bound fluorescence in human
sera. AUC data may have been better fitted without an albumin sig-
nal given that the residuals were higher in the boundary region
describing albumin (Figs. 5 and 7, lower half of the boundary).
The nature of the fluorescent molecule bound to albumin remains
unclear but was not further investigated because the albumin peak
did not overlap omalizumab or omalizumab–IgE complex peaks on
the sedimentation coefficient distributions and did not affect the
overall results.

To allow a better comparison of data obtained in PBS and in ser-
um, we corrected the serum s values to an apparent corrected sed-
imentation coefficient (s�

20,W) using the sera bulk densities and
viscosities. Such an approach is unusual because the equation used
in the conversion accounts for solvent properties and not solution
properties. Even though our approach might not generate entirely
accurate s�

20,W values, we found that experimental s�
20,W values ob-

tained in serum were in good agreement with s20,W values obtained
in PBS. We showed that the fitting parameters could slightly shift the
position of the omalizumab peak in serum but that, in general, the
corrected s values were comparable between PBS and serum. The po-
tential errors on sedimentation coefficients determined in serum do
not affect our conclusions on the different complexes formed in PBS
and in serum, which are based on the presence of specific peaks on
the c(s) distributions.

In this study, the data were fitted with a c(s) analysis, floating
the meniscus and baseline positions while using a fixed f//f0 of
1.47. The fitting error, which in serum is larger than the random
noise, indicates the presence of systematic deviations. We showed
that fitting for f/f0 yielded c(s) distributions of comparable shape
but slightly changed the sedimentation coefficients. The large f/f0

that were obtained in serum caused the meniscus and bottom
positions to float to unreasonable values, did not significantly re-
duce the RMSD, and probably do not have a physical meaning. De-
spite its shortcomings in analyzing serum data, the c(s) analysis
provided reproducible results that were verified by the model-
independent dc/dt approach. The c(s) analysis is arguably the most
reasonable and practical model available for serum samples; how-
ever, the results obtained in serum should not be overinterpreted,
especially in terms of s value accuracy and quantitation of minor
species. Although more complex models are available (e.g.,
accounting for nonideality), such models were developed for dilute
solutions and probably should not be used until the thermodynam-
ics and hydrodynamics of serum samples are better understood.

We showed that the study of a therapeutic antibody in human
serum was feasible; omalizumab was detected in serum having a
sedimentation coefficient consistent with its molecular weight
and shape, and omalizumab–IgE complexes were successfully
characterized. Detailed characterization of biopharmaceuticals in
serum may be limited to entities larger than albumin; Kingsbury
and coworkers’ work on the transthyretin tetramer, a complex
with a molecular weight comparable to albumin, demonstrated
the potential of the fluorescence-equipped AUC but the data ob-
tained in serum could not be described by the c(s) model [21]. Sed-
imentation of the transthyretin tetramer was probably
concomitant to albumin sedimentation, rendering the interpreta-
tion of the boundary difficult because albumin contributes largely
to serum density and viscosity, which are important parameters in
analyzing sedimentation velocity experiments. Antibodies and
antibody–antigen complexes sediment faster than albumin; there-
fore, their boundaries are less influenced by albumin sedimenta-
tion. Endogenous immunoglobulins may cosediment with
omalizumab but are less likely to have a significant impact on
the c(s) distribution because of their lower concentration com-
pared with serum albumin. Even in conditions where the species
of interest sediments faster than albumin, we observed that the
c(s) fits are slightly perturbed by the presence of albumin, as
shown by the residuals in Figs. 5 and 7. As discussed above, obser-
vation of the raw data and fitted lines seems to indicate that most
of the nonrandom residuals can be attributed to the albumin peak
(slower sedimenting boundary, lower half of the raw scans) and
did not compromise the interpretation of the data even though
they may contribute to the higher variability of s values observed
in serum.

After spiking sera with omalizumab and IgE, omalizumab–IgE
complexes were detected and could be characterized; we were
able to confirm that omalizumab and IgE form complexes of lim-
ited size [4,6,22]. The low omalizumab concentration (10.2 nM)
may have an effect on the size distribution of the complexes (cf.
Figs. 3 and 4), but the larger complexes detected in PBS even at
low concentration (Fig. 4) were not detected in serum. Oma-
lizumab may adopt a different, more compact conformation in ser-
um; this would explain the absence of hexamers given that the
more compact conformation may reduce the flexibility of the mol-
ecule and prevent the formation of larger complexes. The serum
proteins may act as a crowding agent, and the effects of excluded
volume in crowded environments have been shown to favor more
compact protein conformations and to enhance protein association
[23,24]. The enhanced protein association may also contribute to
the higher affinity of omalizumab for IgE observed in serum. An
alternate explanation for the differences in c(s) distributions is that
in serum Johnston–Ogston effects could distort the areas of the
peaks of the c(s) distribution due to the high concentration of back-
ground molecules in serum (albumin and immunoglobulins) [25].
In a multicomponent system, the Johnston–Ogston effect results
in an increase in the apparent concentration of the slower sedi-
menting components with a corresponding decrease in the appar-
ent concentration of the faster components. The effect is caused by
the sedimentation of the faster components delaying the sedimen-
tation of the slower components [25]. In the case of omalizumab–
IgE complexes, Johnston–Ogston effects are unlikely to be of any
significance because the omalizumab–IgE complexes sediment
much faster than albumin and native serum immunoglobulins.
The omalizumab–IgE complexes themselves are present in concen-
trations too low (nM) to affect the sedimentation of slower species.
In a concentration range of 2 to 17 nM, labeled omalizumab did not
increase the fluorescence of the albumin boundary (data not
shown). Even if Johnston–Ogston effects had an impact on oma-
lizumab–IgE complexes, the probable outcome would be an appar-
ent reduction in the concentration of the larger species (dimers,
trimers, and hexamers). On the contrary, we observed an increase
in dimers and trimers but a decrease in monomers and hexamers.
Johnston–Ogston effects may, however, explain the sharpness of
the albumin boundary. Substantial sharpening of the slow bound-
aries is a typical characteristic of Johnston–Ogston effects [25]. In
the case of serum, native immunoglobulins (one of the major faster
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sedimenting components) may be slowing down the sedimenta-
tion of albumin (the slow component), consistent with a sharpen-
ing of the albumin boundary and an apparent increase in albumin
fluorescence intensity; however, this should not affect oma-
lizumab–IgE complexes.

In addition to protein sedimentation, lipoprotein flotation is
present in serum. The hydrodynamic effect of such a counterflow
may perturb the sedimentation of the sample. Our data seem to
indicate that the counterflow of lipoproteins did not affect sedi-
mentation of omalizumab in serum; human albumin and oma-
lizumab showed similar corrected sedimentation coefficients in
PBS and in serum.

Although we cannot completely exclude the possibility that ser-
um components may weakly bind to omalizumab or omalizumab–
IgE complexes, we observed that the corrected sedimentation coef-
ficient of omalizumab was similar in PBS and in serum, indicating
that the effect of a hypothetical binding was small enough that
omalizumab’s sedimentation remained unaffected.

The different omalizumab–IgE complex profiles, as well as the
observed higher affinity of omalizumab for IgE in serum, support
the idea that the characterization of therapeutic proteins in serum
yields valuable biochemical data and is especially relevant for pro-
teins targeted to soluble receptors or antigens. Characterization in
serum may allow a more informed selection of protein variants
(drug candidates) based on affinity and stoichiometry measure-
ments closely related to the situation encountered in vivo.

This study has demonstrated that characterization of therapeu-
tic proteins in human serum by fluorescence-detected AUC is fea-
sible and yields useful biochemical data not accessible by other
methods. The labeling reaction necessary for detection did not al-
ter the characteristics of omalizumab. We showed that the affinity
of omalizumab for IgE was higher in serum than in PBS and that the
largest omalizumab–IgE complexes observed in serum were smal-
ler than expected. AUC equipped with fluorescence optics has the
potential to bring the characterization of biopharmaceuticals to a
new level.
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