Ion Exchange Analysis of Monoclonal Antibodies
on Large Pore TSKgel BioAssist Columns

Abstract
TSKgel BioAssist S columns are eminently suitable for analysis of
monoclonal antibodies at pH 6.0 where their stability is least affected.
Similar high resolution analysis of monoclonal antibodies is possible
for negatively charged antibodies on TSKgel BioAssist Q columns
at pH 8.0.

Introduction
The challenge in developing an ion exchange packing material for
analyzing biopolymers is to design particles that contain large pores
and have high binding capacity. Although large pores may allow full
access to the available interior surface area of a particle, a simple
monomeric bonded phase, as is commonly used for analyzing small
molecular weight compounds, would neither result in sufficient solute
retention nor in appreciable binding capacity. It has been shown1 that
so-called tentacle-type stationary phases can significantly increase the
number of available binding sites, and thus binding capacity, by
creating a polymer with multiple functional groups. The disadvantage
of this approach is that the polymer, in turn, reduces the effective pore
size. Tosoh researchers have developed crosslinked polymeric phases
on large pore size particles that result in a minimal reduction of the
effective pore size, while maintaining high binding capacities
independent of protein molecular weight. This application note
demonstrates the benefits of such materials for the analysis of
monoclonal antibodies by cation and anion exchange chromatography.
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compared with that of TSKgel SuperQ-5PW (Tosoh Bioscience,
Montgomeryville, PA) and a 5mm ID x 5cm Mono Q column (GE
Healthcare, Piscataway, NJ). Proteins and buffer components were
obtained from Sigma (St. Louis, MO) or from private sources.
Standard HPLC equipment was used to perform all experiments.
Dynamic binding capacities were determined by continuously loading
the column with a protein solution and calculating the amount of
protein adsorbed from the 10% height of the breakthrough curve.
Figure 1. Dynamic Binding Capacity as Function of Protein Molecular Weight

Experimental Conditions
TSKgel BioAssist Q and S packings have a polymethyl methacrylate
backbone onto which a network of polyamines (Q) or sulfopropyl (S)
groups is bonded. The size of the spherical particles
is either 7 micron with approximately 1300Å pores for TSKgel
BioAssist S, or 10 micron with approximately 4000Å pores for
TSKgel BioAssist Q. TSKgel BioAssist columns were packed in PEEK
hardware of 4.6mm ID and 5cm length. Dynamic binding capacities
were determined with columns of 4.6 or 5mm ID and 1cm in length.
The performance of a TSKgel BioAssist Q column was
Table 1. Dynamic binding capacities for a monoclonal antibody on TSKgel BioAssist S and a competitive column

Dynamic binding capacity (g/L gel)
Solution pH

TSKgel BioAssist S

Competitor A

7.0
6.5
6.0
5.5

0
1.5
67
62

0
0
0
30
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Results
The dynamic binding capacity for TSKgel BioAssist Q and two
commercially available columns is shown in Figure 1 as a function of
protein molecular weight. Dynamic capacity is plotted against the
molecular weight of 4 proteins varying in molecular weight from
20,000 Da. to 670,000 Da. The binding capacity on TSKgel BioAssist
Q is uniformly high for all proteins, while that of Mono Q (800Å pores)
and TSKgel SuperQ-5PW (1000Å pores) is distinctly lower for the
larger proteins. It is evident that neither material is optimized for the
analysis of monoclonal antibodies, which have a molecular weight of
150,000 Da. Antibodies are blood components and as such are most
stable at pH 7.35; they become more labile at acidic pH. Their excess
positive charge makes cation exchange chromatography the method
of choice for their chromatographic analysis. Table 1 shows the
dynamic binding capacities for a monoclonal antibody on TSKgel
BioAssist S and a competitive column. At pH 6.0 the capacity for this
antibody is 67mg/mL, while the competitive column had no capacity
for the antibody at this pH. Figure 2 demonstrates that a mobile phase
buffer of pH 8.0 provides high resolution analysis of mouse ascites
fluid when compared to the same analysis on a competitive strong
anion exchange column.

Figure 2. Analysis of Mouse Ascites Fluid

Conclusions
The particle design and bonding chemistry of TSKgel BioAssist S and
BioAssist Q columns make them suitable for the high efficiency
analysis of monoclonal antibodies at pH 6.0 by cation exchange or at
pH 8.0 by anion exchange chromatography.
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Separation of a Monoclonal Antibody
Monomer from its Impurities using New
TSKgel® SW mAb Columns

TSKgel
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Introduction

Results and Discussion

The analysis of monoclonal antibodies (mAb) is growing in importance in
the field of biotherapeutics for the treatment of a variety of diseases. Quality
control of therapeutic mAb is essential, as the introduction of species to the
body other than the monomer may induce toxic side effects. Therefore, the
pure antibody monomer must be very well resolved from its dimer and higher
molar mass aggregates, as well as the antibody fragments. Size exclusion
chromatography (SEC) is the best choice for determining mAb monomers and
their impurities, including aggregates, oligomers, and mAb fragments.

lgG monomer, dimer, and fragments from IgG digested by papain over a
24 hour period were analyzed using the TSKgel SuperSW mAb HR column
(Figure 1). The results exhibit the superior resolving power of this column
for monomer/fragment and monomer/dimer separation (Rs = 2.87 and 2.02
respectively).

Experimental Conditions
Column:

TSKgel SuperSW mAb HR, 4 μm, 7.8 mm ID × 30 cm
TSKgel G3000SWXL, 5 μm, 7.8 mm ID × 30 cm
Mobile phase: 200 mmol/L potassium phosphate buffer + 0.05% NaN3,
pH 6.7
Flow rate:
1.0 mL/min
Detection:
UV @ 280 nm
Temperature: 25 ºC
Injection vol.: 10 μL
Sample:
10 g/L IgG digested with papain for 0-24 hr
Column:
TSKgel UltraSW Aggregate, 3 μm, 7.8 mm ID × 30 cm
Mobile phase: 100 mmol/L potassium phosphate buffer, 100 mmol/L sodium
sulfate, pH 6.7 + 0.05% NaN3
Flow rate:
1.0 mL/min
Detection:
UV @ 280 nm
Temperature: 60 ºC
Injection vol.: 20 μL
Sample:
BI-mAb-02 (4.6 mg/mL)
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Tosoh Bioscience has answered the call for dedicated SEC columns for the
high resolution separation of mAb with the new silica-based 4 µm TSKgel
SuperSW mAb HR column, for high resolution separation of the monomer and
dimer, and the 3 µm TSKgel UltraSW Aggregate column for the separation
and quantification of mAb aggregates and oligomers. This application note
demonstrates the superb performance of these new columns for the analysis
of monoclonal antibodies.

Figure 1. Separation IgG Monomer, Dimer, and Fragments from Papain Digested IgG
by TSKgel SuperSW mAb HR and TSKgel G3000SWXL Columns
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The results also show that the TSKgel SuperSW mAb HR column has superior
performance of mAb separation in comparison to the TSKgel G3000SWXL
column. While TSKgel G3000SWXL has set the standard for the separation
of general proteins for more than 25 years, the new TSKgel SuperSW mAb
HR column is more specifically suited for the analysis of mAb, as seen in the
results of the analysis of IgG.
A heat denaturation study of a monoclonal antibody was conducted using
a TSKgel UltraSW Aggregate column. The column was used to monitor the
denaturation of the antibody as a function of time at pH 5.5 and 60 ºC.
Heating for one hour at 60 ºC results in almost complete breakdown of the
monoclonal antibody and the formation of very large aggregates that extend
to the exclusion volume of the column. As seen in Figure 2, the efficient
separation of aggregates from the monomer, induced by heat denaturation,
could be achieved using the TSKgel UltraSW Aggregate column. Also shown
in Figure 2, an ‘unknown’ aggregate peak of intermediate molecular weight
between the monomer and dimer and several higher order aggregate peaks,
in addition to the presumed dimer peak at 8.5 minutes, was seen.

Conclusions

Figure 2. Heat Denaturation Study of Monoclonal Antibody (BI-mAb-02) Using a
TSKgel UltraSW Aggregate Column
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The results of both analyses show the superb performance of the new
TSKgel SuperSW mAb HR and UltraSW Aggregate columns for the analysis
of monoclonal antibodies. The TSKgel SuperSW mAb HR column exhibited
superior resolving power for IgG monomer, dimer, and fragments, while the
TSKgel UltraSW Aggregate column demonstrated efficient separation of
aggregates from the monomer peak. These new additions to the TSKgel
SW-type column line are an excellent choice for your mAb analysis: TSKgel
SuperSW mAb HR for high resolution monomer, dimer and fragment analysis,
TSKgel UltraSW Aggregate for superior resolution of aggregates.
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Analysis of Monoclonal Antibody and Protein
Aggregates Induced by Denaturation using a
Novel Size Exclusion Chromatography Column
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Introduction

Results and Discussion

Degradation studies of biotherapeutic proteins are necessary to test their
stability. The best way to test the suitability of a method is the use of real-time
stability samples containing all relevant degradation products that might occur
over time. Certain factors, such as product development timeline, process
characteristics, excipients, and other environmental factors, however, make
the use of a forced degradation study necessary. The biological phenomenon
of protein aggregation is a major issue in therapeutic protein development,
since the presence of these impurities reduces the potency of the drug
formulation, even if non-toxic. Monoclonal antibody proteins, widely being
used in the field of biotherapeutics, with the potential to replace small
molecules in the future, must be free from these aggregate impurities.

Figure 1 shows the use of a TSKgel UltraSW Aggregate column for the
analysis of mAb aggregates formed by the forced acid denaturation of a
monoclonal antibody. After reducing the pH of the mAb-02 sample solution to
4.7 by dilute phosphoric acid, aliquots were analyzed at 5, 20 and 50 minutes
and the response was compared to that of the original sample solution. The
degradation of the monoclonal antibody creates a larger MW entity (unknown)
that elutes directly after the dimer and before the monomer. Continued decay
increases both peaks, but more so for the dimer. Clearly, the dimer peak
height increases while the peak height of the monomer decreases. Hints of
higher order ‘multimers’ show between 7 and 8 minutes.

Experimental Conditions
Figure 1
Column:
Mobile phase:
Flow rate:
Detection:
Temperature:
Injection vol.:
Sample:

Figure 2
Column:
Mobile phase:

Flow rate:
Detection:
Temperature:
Injection vol.:
Sample:

TSKgel UltraSW Aggregate, 3 μm, 30 nm,
7.8 mm ID × 30 cm
100 mmol/L potassium phosphate buffer,
100 mmol/L sodium sulfate, pH 6.7 + 0.05% NaN3
1.0 mL/min
UV @ 280 nm
ambient
10 μL
mAb-02 from Boehringer-Ingelheim
(gift from Tosoh Bioscience GmbH)
concentration: 4.5 g/L in glycine/Na phosphate, pH 6.0

TSKgel UltraSW Aggregate, 3 μm, 30 nm,
7.8 mm ID × 30 cm
50 mmol/L potassium phosphate (monobasic),
50 mmol/L sodium phosphate (dibasic),
100 mmol/L sodium sulfate, 0.05% NaN3, pH 6.7
1.0 mL/min
UV @ 280 nm
30 °C
10 μL
Apoferritin
Sigma, 5.0 mg/mL in 50% glycerol and 0.075 mol/L
sodium chloride, stored at -20 °C

Figure 1. Analysis of mAb Aggregates Formed by Forced Denaturation by Acid at pH 4.7
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order aggregates are not excluded in the void but separated as a function
of hydrodynamic volume. This application note will show the superior
resolving power of the TSKgel UltraSW Aggregate column for the analysis
of monoclonal antibody and metalloprotein aggregates formed under forced
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The analysis of a heat denatured, large hydrophobic metalloprotein,
apoferritin, is shown in Figure 2. A set of six, 0.3 mL HPLC vials each
containing 100 μL stock solution of apoferritin was used for protein thermal
denaturation. Thermal denaturation was carried out at 60 ºC using an electric
heating block. Individual sample vials were tightly capped and exposed to
the heat for 5, 20, 30, 45, and 60 minutes. Samples were analyzed using a
TSKgel UltraSW Aggregate column at the end of each incubation time period.
The TSKgel Ultra SW Aggregate column yielded high resolution between the
monomer and dimer. The trimer, tetramer and higher order aggregates of
apoferritin were well separated.

Conclusions

Figure 2. Analysis of Heat Induced Forced Denatured, Large Hydrophobic
Metalloprotein, Apoferritin
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The results of both analyses demonstrate the high resolution separation of the
aggregates of a monoclonal antibody and the large metalloprotein, apoferritin,
generated by forced denaturation using a TSKgel UltraSW Aggregate column.
With the increasing use of monoclonal antibodies in biotherapeutics, the
TSKgel UltraSW Aggregate offers superior analysis of aggregates.
The TSKgel UltraSW Aggregate, 3 µm, SEC column with 30 nm pore size
is specially designed with controlled pore technology which produces a
shallow calibration curve in the molecular weight region of a typical
monoclonal antibody. The larger pore size with an estimated exclusion limit
of ~2 × 106 Da provides improved resolution and quantitation of mAb
aggregates and oligomers. The TSKgel UltraSW Aggregate is an excellent
choice for the analysis of monoclonal antibody protein aggregates, present
in their native state or when induced by forced denaturation.
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Separation of Monoclonal Antibody (mAb)
Monomer from its Half-body using Size
Exclusion Chromatography

Monoclonal antibody (mAb) research continues to grow in an effort to develop
effective biotherapeutics for a wide range of diseases. Recent research has
shown an interest in mAb half-bodies as therapeutic vectors as they can be
further targeted for conjugation, enzyme labeling, or antibody immobilization.
Monoclonal antibody half-bodies can be generated through the genetic
engineering of cells or by selective reduction of hinge-region disulfide
bonds present in the mAb by mild reducing agents, such as TCEP
[tris(2-carboxyethyl)phosphine]. Due to its lack of odor and resistance
to oxidation in the presence of air, TCEP is a stable reducing agent
commonly used in mAb half-body formation.
A mAb half-body was generated through protein reduction using TCEP and
subsequently identified by gel electrophoresis for use in this study. The
superior resolution obtained between a monoclonal antibody monomer and
half-body species using a TSKgel SuperSW mAb HR column is demonstrated
in this application note.

Experimental Conditions
Column:
Mobile phase:
Flow rate:
Detection:
Temperature:
Injection vol.:
Sample:

TSKgel SuperSW mAb HR, 4 μm, 7.8 mm ID × 10 cm
0.1 mol/L phosphate/0.1 mol/L sulfate buffer + 0.05% NaN3
0.5 mL/min
UV @ 280 nm
25 ºC
10 μL
human IgG (4.6 g/L) – Sigma

Results and Discussion
The complex and diverse nature of mAb structures make the reproduction of
published methods difficult when using unique mAb samples. For this reason,
multiple mAb reduction protocols were investigated for this study, all using
TCEP Bond-Breaker® (Thermo Scientific). The use of 150 mmol/L TCEP with
human IgG (4.6 g/L) incubated for 20 hours at 37 °C yielded the highest
concentration of mAb half-body without excessive reduction of the protein
into its low molar mass fragments. Predictably, the molar mass of the mAb
half-body was approximately 70 kDa, or half that of the intact mAb.
Figure 1 illustrates the separation of human IgG monomer, half-body and
fragment (1/3 mAb) formed using the TCEP reduction method discussed
above using a TSKgel SuperSW mAb HR column. High resolution (Rs = 1.13)
of the IgG monomer and half-body species was achieved.

Figure 1. Separation of Human IgG Monomer, Half-body, and Fragments using a
TSKgel SuperSW mAb HR column
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SDS-PAGE was used to confirm the identity of the mAb monomer, half-body
and fragment collected from the SEC separation on the TSKgel SuperSW
mAb HR column. Fractions of each protein species were collected during
the SEC separation and precipitated using acetone. The acetone was then
removed and the protein precipitates were reconstituted in 100 μL of SDSPAGE running buffer. The monoclonal antibody, half mAb and the fragment
are clearly identified with the SDS-PAGE molar mass marker as well as
transferrin (78 kDa) (Figure 2). This clearly shows that the half mAb could be
generated using the TCEP reduction method and separated using the TSKgel
SuperSW mAb HR column.
Figure 2. SDS-PAGE Gel of Human IgG Monomer, Half-body and Fragments
Separated using a TSKgel SuperSW mAb HR column.

Conclusions
After investigation of multiple mAb reduction methods, it was determined that
150 mmol/L TCEP with human IgG incubated for 20 hours at 37 °C yielded
a high concentration of IgG half-body. Separating the reduction products
(IgG monomer, half-body and fragment) on the TSKgel SuperSW mAb HR
column yielded high resolution (Rs of 1.13).
The TSKgel SuperSW mAb HR is able to achieve high resolution between
the mAb and the mAb half-body due to its unique pore-controlled technology
optimized for mAb analysis, as well as its smaller 4 μm particle size. Gel
electrophoresis confirmed the identity of the reduction products separated
using the TSKgel SuperSW mAb HR column. This study shows an excellent
method for the separation of half-mAb or mAb half-body using the TSKgel
SuperSW mAb HR column.

Tosoh Bioscience and TSKgel are registered trademarks of Tosoh Corporation.
Bond-Breaker is a trademark of Thermo Fisher Scientific Inc. (or legal entity Pierce Biotechnology Inc.)
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Separation of mAb Isoforms Using Controlled
pH Gradients and Ion Exchange
Chromatography Columns

Introduction
Monoclonal antibody isoforms differ in modifications of individual amino acid
side chains, or the N- or C-terminus. Typical modifications are deamidation,
phosphorylation, acetylation, methylation, oxidation, or glycosylation. Fast
separation of monoclonal antibody isoforms is important for profiling and mass
spectrometric determination. Isoforms may differ in biological activity and
stability, making a thorough characterization and quantification of the isoforms
necessary to ensure consistent product quality.
Though Ion Exchange Chromatography (IEC) is a useful separation technique
for profiling the charge heterogeneity of monoclonal antibodies, these
separations are product specific and time consuming to develop. The
utilization of controlled pH gradients, however, can provide significant
advantages, including improved separation resolution, lower salt concentration
in collected fractions, and the ability to correlate the protein isoelectric point
(pl) data with elution profiles. Monoclonal antibody isoforms are separated
based on differences in their charge states.
This application note discusses the separation of isoforms of monoclonal
antibodies using highly controlled pH gradients on TSKgel STAT columns
packed with 7 and 10 μm hydrophilic non-porous resin particles. The
innovative bonding chemistry and relatively large particle size of TSKgel
STAT columns result in a respectable loading capacity and a low operating
pressure, making these columns suitable for all HPLC and FPLC systems in
biomolecule separations.

Experimental Conditions
To create controlled pH gradients a pISep© kit (CryoBioPhysica, Silver Spring,
MD), consisting of a software package and two nearly identical buffer
compositions, acidic and basic, composed of small zwitterions with
overlapping pKas, was used. pISep buffer composition possesses strong,
relatively uniform buffering capacity throughout the pH range 2-12. The pISep
software was used to compute column volume or time-based protocols for the
development of single or multistep, linear or nonlinear, pH gradients on ion
exchange (IEX) columns over any segment of the pH range 2.4-10.8.

TSKgel
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Analyses were carried out using an Agilent-1100 HPLC system running
Chemstation (ver B.04.02).
Columns:

Flow rate:

Detection:
Temperature:
Injection vol.:
Samples:

Strong cation, polymer: TSKgel SP-STAT, 7 μm,
4.6 mm ID × 10 cm (S0004-501N)
Weak cation, polymer: TSKgel CM-STAT, 10 μm,
3.0 mm ID × 3.5 cm (N0018-507N)
Strong anion, polymer: TSKgel Q-STAT, 7 μm,
4.6 mm ID × 10 cm (R0087-501N)
TSKgel SP-STAT (1.0 mL/min or 1.66 min/CV);
1CV = 1.66 mL
TSKgel CM-STAT (1.0 mL/min or 2.075 min/CV);
1CV = 0.247 mL
TSKgel Q-STAT (0.8 ml/min or 0.247 min/CV);
1CV = 1.66 mL
UV @ 280 nm
ambient
10 μL
monoclonal antibody: BI-mAb-2 from
Boehringer-Ingelheim (gift from Tosoh
Bioscience GmbH)
concentration: 4.5 g/L in glycine/Na phosphate, pH 6.0

Results and Discussion
A size exclusion chromatographic separation using a TSKgel G3000SWXL,
5 µm, 7.8 mm ID × 30 cm column (data not shown here) was used for a
quality control study in the purification of a monoclonal antibody and yielded
a predominantly pure monomer peak at ambient temperature with a retention
time of 7.9 minutes during isocratic separation using 0.1 mmol/L phosphate
buffer at the flow rate of 1 mL/min. Dimer and aggregate peak impurities were
resolved from the monomer peak. Linear salt gradient-based separation (not
shown here) of a monoclonal antibody using 10 mmol/L phosphate buffer
containing 10 mmol/L Na2SO4 as a neutral salt (buffer A) and the same with
1 mol/L NaCl (buffer B) on a strong cation exchange TSKgel SP-STAT column
was also used to separate the different mAb isoforms and yielded only a
few peaks. Controlled pH gradient-based ion exchange separation of a
monoclonal antibody using a strong cation exchange TSKgel SP-STAT
column under the chromatographic conditions as mentioned above separated
9 different isoforms (see Figure 1). The peaks were further resolved by the
precise modification of the pH gradient. Large changes in resolution were
achieved in controlled pH gradient elution simply by changing the range of
elution (not shown here). Figure 2 shows the effect of the addition of 100
mmol/L NaCl salt in improving the peak resolution of the two isoform peaks
in the analysis of a mAb using a TSKgel CM-STAT column, a weak
cation exchange chromatography column. Similarly an anion exchange
chromatography column, TSKgel Q-STAT, was also successfully used for
the separation of isoforms (data not shown here).
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Controlled pH gradient-based ion exchange chromatography can be an
effective method for the separation of protein isoforms. Good resolution was
found for pH gradient-based separations using a broad range universal buffer
system such as the pISep kit used in this study. TSKgel STAT columns can be
used effectively to separate monoclonal antibody isoforms using a controlled
pH gradient. Further studies to monitor the effect of different types of salt and
organic solvents in improving peak resolution during a controlled pH gradient
separation of mAb isoforms is in progress.

Effect of Salt in pH Gradient-based Weak Cation Exchange Separation
of a Monoclonal Antibody using a TSKgel CM-STAT Column
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Improving Recovery and Resolution of mAb
Aggregates using Mobile Phase Additives
in SEC

Figure 1. Aggregate Recovery in Analytical SEC on TSKgel UltraSW Aggregate Column,
7.8 mm ID × 30 cm

100

80

Sodium phosphate after arginine
Arginine

40
20
0
-20

4

80

6

8
10
Retention time (minutes)

12

14

B

60
40

Sodium phosphate after proline
Proline

20
0

Aggregate recovery (%)

fragment

aggregates

60

fragment

Figure 1 illustrates the results on aggregate recovery. Lysine and arginine
allow almost complete aggregate recovery starting with injection #1, while
proline and glutamine lead to reduced aggregate recovery compared to
sodium sulfate. The inter-injection variability is low, depicting the complete
aggregate content for all of the injections.

A

monomer

A mAb was aggregated by incubation at 75 °C for 5 minutes. The sample was
then analyzed using a TSKgel UltraSW Aggregate column, 7.8 mm ID × 30
cm, with different mobile phases. 0.2 mol/L lysine, arginine, proline, glutamine
or sodium sulfate (as a reference) were added to 0.1 mol/L sodium phosphate
buffer, pH 6.7, respectively. A flow rate of 1 mL/min was applied and 20 µL
and 100 µg of the aggregated mAb sample were injected. The columns were
equilibrated for at least 10 column volumes.

100

aggregates

Results and Discussion

Figure 2A & 2B. Separation of a mAb Sample on TSKgel UltraSW Aggregate Column,
7.8 mm ID × 30 cm, using 0.2 mol/L Arginine (A) and 0.2 mol/L
Proline (B) in the Mobile Phase

monomer

Once certain mobile phase parameters have been set, such as pH, stationary
phase, and ionic strength, significant improvements can, in fact, be made to
mAb aggregate separation by mobile phase additives. This application note
will show how SEC analysis of mAb aggregate samples using a TSKgel®
UltraSW Aggregate column are improved by amino acid additives in the
mobile phase.

Detector response (mAU)

Size exclusion chromatography (SEC) is well established for mAb aggregate
analysis. As the technique has been used since the early days of mAb
development for pharmaceutical purposes, various method improvements
have evolved. The possibilities of mobile phase enhancement are often
overlooked in SEC, since it is thought to leave less room for improvement
when compared to other chromatographic conditions, such as particle size,
packing quality and column length.

In addition to aggregate recovery, the improvement of resolution is a top
consideration in SEC analysis, particularly of the monomer and different
aggregates. Figures 2A and 2B depict the separation profile of an
aggregated mAb sample on a TSKgel UltraSW Aggregate column using
0.1 mol/L sodium phosphate buffer, pH 6.7, with an addition of either 0.2 mol/L
arginine (A), or 0.2 mol/L proline (B). 10 injections with the respective amino
acid buffer were followed by 10 injections applying sodium phosphate buffer
with an addition of 0.2 mol/L sodium sulfate, in order to compare the two
buffers. Injection #10 of the corresponding mobile phases are presented in
the chromatograms. Monomer aggregate resolution, as well as monomer
fragment resolution is slightly improved for the two amino acid buffers.
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Table 1 lists the resolutions for some amino acid buffers and the results for
the corresponding columns applying sodium phosphate buffer containing
0.2 mol/L sodium sulfate. Arginine, proline and glutamine provide slightly
increased monomer aggregate resolution. For arginine, the fragment
monomer resolution is also improved.
Table 1. Resolutions of Amino Acid Buffers

Mean Rs
Monomer - Aggregates

Mean Rs
Monomer - Fragment

Arginine

1.6

3.2

NaP after arginine

1.4

3.0

Proline

1.5

3.0

NaP after proline

1.3

3.1

Glutamine

1.4

3.0

NaP after glutamine

1.3

3.0

Lysine

1.3

3.0

NaP after lysine

1.4

3.1

Buffer

The average resolution of 10 injections with the respective mobile phase is
listed in the table. Column: TSKgel UltraSW Aggregate, flow: 1 mL/min,
injected volume: 20 μL, injected mass: 100 μg, detection: UV @ 280 nm.

Conclusions
While particle size, packing quality and column length are all important
considerations in optimizing mAb aggregate analysis, mobile phase additives
can also greatly contribute to improving your separation. The addition of amino
acids such as lysine and arginine to the mobile phase, increase aggregate
recovery, while glutamine, proline and arginine improve monomer aggregate
resolution, as well as monomer fragment resolution. Although the increases in
resolution are not drastic, they confirm that increased resolution due to the use
of an advanced mobile phase is possible and, most importantly, that mobile
phase testing can contribute to a more reliable and robust aggregate analysis.
The TSKgel UltraSW Aggregate column is designed for the recovery of mAb
aggregates due to its smaller 3 μm particle size and higher exclusion limit.
Coupled with an optimized mobile phase, this column delivers superior
recovery and resolution of mAb aggregates.

Tosoh Bioscience and TSKgel are registered trademarks of Tosoh Corporation.
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Analysis of Monoclonal Antibody Aggregates
by SEC using MS-Friendly Mobile Phases
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Introduction

Results and Discussion

The use of mass spectrometry as a means of detection is becoming
increasingly more common among research laboratories in the field of
proteomics. After more than 15 years of research, LC-MS systems are now
more robust, and used more often for routine analyses which are nearly
unachievable by any other mode of detection.

Figure 1 illustrates the separation of mAb 1 using three different mobile phase
compositions. All three mobile phase compositions yielded highly similar
results for all peak parameters of the mAb 1 monomer. Additionally, slightly
later elution of the mAb 1 monomer was observed when separated using the
salt-based mobile phase. The observed shift in retention time of the mAb 1
monomer peak represents a %RSD of 0.1% among the three mobile phase
conditions. Similarly average peak area of the mAb 1 monomer was found to
be highly reproducible as well, yielding a %RSD of 0.53% across the three
mobile phase systems evaluated in this work. This illustrates that the observed
differences in retention time and peak areas obtained from the three mobile
phase systems are not statistically significant.

This Application Note illustrates the effective use of MS-friendly mobile phase
compositions in the analysis of monoclonal antibody aggregates using a
TSKgel UltraSW Aggregate SEC column. The TSKgel UltraSW Aggregate
column demonstrates high stability and low reactivity via ionic interactions
even in low salt/no salt environments most likely due to the diol coating of the
silica stationary phase.

Materials and Methods
Instrumentation:
Columns:
Mobile phase:

Gradient:
Flow rate:
Detection:
Temperature:
Injection vol.:
Sample:

Agilent 1200 HPLC system run by Chemstation® (ver. B.04.02)
TSKgel UltraSW Aggregate, 3 μm, 7.8 mm ID × 30 cm
100 mmol/L PO4/100 mmol/L SO4, pH 6.7
20% CH3CN/0.1% TFA/0.1% FA
100 mmol/L ammonium bicarbonate, pH 7.0
Isocratic
1 mL/min
UV @ 280 nm
25 ºC
10 μL
TBL mAb 1 (4.0 mg/mL)

Figure 1. Separation of mAb 1 using Volatile and Salt-based Mobile Phase Compositions
on the TSKgel UltraSW Aggregate Column
60
Detector response (mAU)

Separation of protein aggregates from their native species is often performed
using Size Exclusion Chromatography (SEC), as this mode allows for the
analysis of various components in a sample on the basis of their
hydrodynamic radius in solution. Conventional SEC separations make use
of relatively high ionic strength mobile phase compositions in an effort to
minimize ionic interactions between the analyte and stationary phase. Due to
the substantial amount of salt present in the mobile phase, on-line interfacing
with mass spectrometry is not feasible due to the inevitable contamination of
the MS ion source by the mobile phase salts. In order to make SEC-MS an
applicable technique, volatile, MS-friendly mobile phase compositions must be
implemented to avoid damage to the MS system. The challenge of using such
mobile phase compositions exists due to the absence of salts which hinder
ionic interactions during a separation.

Average retention time: 9.03 min (%RSD: 0.10)
Average peak area: 709.71 mAU*s (%RSD: 0.53)
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As characterization of protein aggregates is of increasing importance in
research, and with significant work being directed towards analysis by MS,
the mAb 1 antibody was subjected to thermal stress for forced aggregation
to evaluate the various mobile phase systems in this context. As shown in
Figure 2, aggregates of mAb 1 are clearly separated from the monomeric
species using all three mobile phase compositions. Similar to Figure 1, results
for critical peak parameters of the mAb 1 monomer are highly reproducible
regardless of the mobile phase composition. Additionally, the total peak area
(monomer and aggregate) obtained using the three mobile phase systems
was highly similar to one another (avg: 671.04 mAu*s), and yielded a %RSD
of 3.54%, illustrating the differences are not statistically significant. It is also of
note that the observed shift in retention time of the mAb 1 monomer peak only
corresponds to a %RSD of 0.12% for all three mobile phase compositions.

Conclusions
The growing interest in both protein aggregate analysis and mass
spectrometry in the field of proteomics demand effective SEC-MS methods
utilizing suitable mobile phases. The use of volatile mobile phase systems,
such as 20% acetonitrile, 0.1% trifluoroacetic acid, and 0.1% formic acid or
100 mmol/L ammonium bicarbonate at pH 7.0 yield highly reproducible
separation of mAb 1 aggregates, with similar or better performance over
traditional salt-based mobile phase compositions. These results also show
the effectiveness of the diol coating on the TSKgel UltraSW Aggregate column
to assist in minimizing ionic interaction which are frequently present between
the sample and stationary phase in low salt environments.

Figure 2. Separation of Forced Aggregated mAb 1 using Volatile and Salt-based Mobile
Phase Compositions on the TSKgel UltraSW Aggregate Column
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50

Average retention time: 9.03 min (%RSD: 0.12)
Average peak area: 671.04 mAU*s (%RSD: 3.54)

100 mmol/L PO4/100 mmol/L SO4, pH 6.7
20% CH3CN/0.1% TFA/0.1% FA

40

100 mmol/L ammonium bicarbonate, pH 7.0

30
7

20

7.5

8

8.5

10
0

7

7.5

8

8.5
9
Retention time (minutes)

9.5

10
Tosoh Bioscience and TSKgel are registered trademarks of Tosoh Corporation.
Chemstation is a registered trademark of Agilent Technologies inc.
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A TOOLBOX OF AMINO ACIDS FOR
OUT-OF-THE-BOX MAB SEPARATIONS
Size exclusion chromatography (SEC) is well established for
mAb aggregate analysis. As the technique has been used
since the early days of mAb development for pharmaceutical purposes, various method improvements have evolved.
For instance, the benefits of arginine on analytical SEC of
mAb aggregate samples are well-known. Herein, we present
how SEC of mAb aggregate samples may take advantage of
other amino acid additives in the mobile phase.
Recently, various approaches to improve analytical SEC have
focused on reducing the analysis time. For instance, this can
be achieved by staggered injection protocols or increased
linear flow rates as possible for columns with outstanding
packing quality. On the other hand, in the light of method
optimization, the mobile phase composition leaves less
room for improvement, compared to other chromatographic
modes. As soon as a certain ionic strength to inhibit electrostatic interactions without causing hydrophobic interactions
and the pH of the mobile phase which ensures structural
integrity of proteins and the stationary phase are set, one
might think that the analysis solely depends on the particle
size, packing quality and column length. However, the mobile
phase composition is not at the end of its rope, in case the
mentioned parameters have been set. For example, Arakawa
et al. have described the impact of arginine on aggregate
recovery in SEC [1]. Confirming that this effect was not
caused by an increased ionic strength, Yumioka et al. investigated the impact of sodium chloride as a rather chaotropic
salt on mAb aggregate SEC. For increasing sodium chloride
concentrations, protein recovery was decreased [2]. In fact,
the arginine addition ensures proper aggregate elution. This
is also true for other amino acids, as it can be seen in fig. 1.
A mAb was aggregated by incubation at 75 °C for 5 min.
Subsequently, the sample was analyzed via TSKgel UltraSW
Aggregate 7.8 mm ID x 30 cm L with different mobile phases,
all of them using virgin columns. 0.2 M lysine, arginine,
proline, glutamine or sodium sulfate were added to 0.1 M
sodium phosphate buffer, pH 6.7, respectively. A flow rate of
1 mL/min was applied, 20 µl and 100 µg of the aggregated
mAb sample were injected. The columns were equilibrated
for at least 10 column volumes. Figure 1 illustrates the
results on aggregate recovery. Glutamine and proline show
a similar behavior: the aggregates are hardly recovered for
the first two injections, while the aggregate peak suddenly
appears for injection #3 and #4. The rise is not as sudden for
sodium sulfate, but the aggregate peak will only achieve its
full size for injection #10. In opposition to these results, lysine
shows an even improved aggregate recovery compared to
arginine. The inter-injection variability is low, depicting the
complete aggregate content for all of the injections.

AGGREGATE RECOVERY IN ANALYTICAL SEC ON NEW
COLUMNS.

Figure 1
The mobile phases contain different amino acids: lysine (yellow), arginine
(red), prolin (green) and glutamine (blue). Sodium sulfate instead of an amino
acid was added as a reference. Lysine and arginine allow almost complete
aggregate recovery starting with injection #1, while proline and glutamine
lead to reduced aggregate recovery compared to sodium sulfate. Column:
TSKgel UltraSW Aggregate, Flow: 1 ml/min, injected volume: 20 µl, injected
mass: 100 µg, detection: UV @ 280 nm.

mAb SAMPLE ON TSKgel ULTRASW AGGREGATE

Figure 2
mAb sample on TSKgel UltraSW Aggregate with 0.1 M sodium phosphate
buffer containing 0.2 M arginine in the mobile phase (red). After 10 injections, the mobile phase was switched to sodium phosphate buffer with an
addition of 0.2 M sodium sulfate (grey). For both mobile phases, injection
#10 is shown. Column: TSKgel UltraSW Aggregate, Flow: 1 ml/min, injected
volume: 20 µl, injected mass: 100 µg, detection: UV @ 280 nm.

ANALYSIS

Besides aggregate recovery, resolution of the different
sample components, namely the monomer and the different
aggregates, is crucial for accurate analysis. Clearly, there is
motivation to increase resolution. If this was achieved with a
simple and inexpensive mobile phase additive, many applications could potentially benefit from such an advanced
buffer composition. The impact of arginine in the mobile
phase for analytical SEC of mAb aggregates focusing on the
separation performance has been investigated and reported
in the literature [3]. Figures 2 & 3 depict the separation
profile of an aggregated mAb sample on TSKgel UltraSW
Aggregate using 0.1 M sodium phosphate buffer, pH 6.7
with an addition of either 0.2 M arginine, or 0.2 M proline.
10 Injections with the respective amino acid buffer were
followed by 10 injections applying sodium phosphate
buffer with an addition of 0.2 M sodium sulfate, in order to
compare the two buffers. Monomer aggregate resolution, as
well as monomer fragment resolution is slightly improved
for the two amino acid buffers. Table 1 lists the resolutions for some amino acid buffers and the results for the
corresponding columns applying sodium phosphate buffer
containing 0.2 M sodium sulfate. New columns were used
for every amino acid.

mAb SAMPLE ON TSKgel UltraSW AGGREGATE

Figure 3
mAb sample on TSKgel UltraSW Aggregate with 0.1 M sodium phosphate
buffer containing 0.2 M proline in the mobile phase (blue). After 10 injections, the mobile phase was switched to sodium phosphate buffer with an
addition of 0.2 M sodium sulfate (grey). Injection #10 of the corresponding
mobile phase is presented in the chromatogram. Column: TSKgel UltraSW
Aggregate, Flow: 1 ml/min, injected volume: 20 µl, injected mass: 100 µg,
detection: UV @ 280 nm.

Arginine, proline and glutamine provide slightly increased
monomer aggregate resolution. For arginine, the fragment
monomer resolution is also improved. Although these
increases in resolution are not drastically, they confirm that
increased resolution due to the use of an advanced mobile
phase is possible and that mobile phase testing can contribute
to a more reliable and robust aggregate analysis. Depending
on the attributes of a particular mAb, one might consider
different amino acids. For mAbs which are especially prone
to unspecific interactions, lysine might be the preferable
option, as it provided the most reliable aggregate recovery
beyond the tested amino acids in this study. Contrariwise, if
an aggregated mAb would cause less severe problems due
to unspecific interactions, arginine offers highest resolution
of all the tested amino acids and a slightly decreased aggregate recovery for the first injections, compared to lysine.

[1] Arakawa T, et al., The critical role of mobile phase
composition in size exclusion chromatography of protein
pharmaceuticals. J. Pharmaceutical Sciences 99(4) 2010:
1674-1692
[2] Yumioka R, et al., Mobile phase containing arginine
provides more reliable SEC condition for aggregate analysis.
J. Pharmaceutical Sciences, 99(2) 2010: 618-620
[3] Ejima D, et al., Arginine as an Effective Additive in
Gel Permeation Chromatography. J. Chromatography A,
1094(1-2) 2005: 49–55.

Buffer

Mean Rs
Monomer Aggregates

Mean Rs
Monomer Fragment

Arginine

1.6

3.2

NaP after
Arginine

1.4

3.0

Proline

1.5

3.0

NaP after Proline

1.3

3.1

Glutamine

1.4

3.0

NaP after Glutamine

1.3

3.0

Lysine

1.3

3.0

NaP after Lysine

1.4

3.1

Table 1
The average resolution of 10 injections with the according mobile phase is
listed in the table. Arginine proves to result in the highest resolution. Column:
TSKgel UltraSW Aggregate, Flow: 1 ml/min, injected volume: 20 µl, injected
mass: 100 µg, detection: UV @ 280 nm.
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TSKgel G3000SWXL COLUMNS FOR THE
REPRODUCIBLE ANALYSIS OF mAbs AND PROTEINS
Gel Filtration Chromatography (GFC) is popular among
biochemists for the analysis of proteins and monoclonal
antibodies. With 5 µm particles and 250 Å pores, TSKgel
G3000SWXL columns are an excellent choice for protein
separations. TSKgel SWXL columns feature rigid spherical
silica particles, the surface of which has been shielded
from interacting with proteins by chemical derivatization
with ligands containing proprietary diol functional groups.
Tosoh’s proprietary surface chemistry provides an inertness, which allows for minimal adsorption of proteins and
other protein aggregates.

ANALYSIS OF mAb-02 USING A TSKgel G3000SWXL COLUMN - AN
OVERLAY OF THE FIRST TWO INJECTIONS
59

Injection 2

29
19

Analyses were carried out using an Agilent 1200 HPLC
system.

Dimer
6.682 min

9

0

5

TSKgel G3000SWXL, 5 µm, 7.8 mm ID × 30 cm;
lot T03294-19S
Mobile phase: 100 mmol/L KH2PO4 /Na2HPO4, pH 6.8,
100 mmol/L Na2SO4 + 0.05% NaN3
Flow rate:
1.0 mL/min
Detection:
UV @ 280 nm
Temperature: ambient
Injection vol.: 20 µL
Sample:
monoclonal antibody (mAb-02)
High purity HPLC grade Sigma Aldrich chemicals were
used in this study. All the standards and samples were
filtered through a 0.45 µm membrane before injecting into
the column.
RESULTS AND DISCUSSION
Figure 1 shows the overlay of the first two consecutive injections of a monoclonal antibody (mAb-02) onto
a TSKgel G3000SWXL column. This brand new column
was not pre-conditioned prior to this analysis. The
monomer peak is baseline resolved from the dimer
peak and the aggregate peaks. The overlay does not
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EXPERIMENTAL CONDITIONS

Monomer
7.912 min

39

-1

TSKgel G3000SWXL columns also feature high pore volume
per unit column volume, low sample adsorption, excellent
column efficiency, and very well-defined pore size distribution. All of these factors contribute to unsurpassed sample
resolution. This application note reports the analysis of
monoclonal antibodies (mAb) using a TSKgel G3000SWXL,
5 µm, 7.8 mm ID × 30 cm column, demonstrating the effectiveness of the proprietary surface chemistry.
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49
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Figure 1

ANALYSIS OF mAb-02 USING A TSKgel G3000SWXL COLUMN - AN
OVERLAY OF THE FIRST TWO INJECTIONS
MAB-02

RT (min)

PEAK AREA (mAU*S)

Dimer

Monmer

Dimer

Monomer

Injection 1

6.676

7.913

23.7

1029

Injection 2

6.682

7.912

24.2

1029.8

Table 1
show any difference in the monomer and dimer peak
areas of the first and second injections. There is no shift
in retention time between the two consecutive injections and no difference in peak height is noticeable.
These results clearly demonstrate that there was not any
adsorption of the monoclonal antibody onto the column.

ANALYSIS

Table 1 summarizes the results of the analysis of a monoclonal antibody used in this study.
Similar results as those detailed above were obtained
with another TSKgel G3000SWXL column from a different
lot (T03061-18S). The number of theoretical plates in the
analysis of mAb-02 was 4125 and 4100 for the monomer
peak for column lots 18S and 19S respectively. Both of
the columns were also tested using a standard protein
mixture containing thyroglobulin (0.5 g/L), γ-globulin
(1 g/L), ovalbumin (1 g/L), ribonuclease A (1.5 g/L), and
PABA (0.01 g/L) and compared with the recommended
values mentioned in the operating conditions and specifications (OCS) sheet supplied with the column (data not
shown here). The efficiency, as measured by the number of
theoretical plates for PABA (para-amino benzoic acid), was
>32,000 for the columns from both lots. This is well above
the quality control specification value of >20,000. The
asymmetry factor was 1.18, which is well within the quality
control specification range of 0.7-1.6. Repeated injections
produced excellent reproducibility. Preliminary results with
mAb-01, human IgG, and mouse monoclonal IgG also did
not show any difference between two consecutive injections using the TSKgel G3000SWXL columns from lots 18S
and 19S (data to be published elsewhere).

CONCLUSIONS
As demonstrated in this application note, two consecutive injections on brand new, non-preconditioned TSKgel
G3000SWXL columns did not show any difference in
monomer and dimer peak areas, retention times, and peak
heights with the analysis of a monoclonal antibody. The
TSKgel G3000SWXL columns did not show any adsorption
of the monoclonal antibody, leading to accurate quantitation of the mAb content.
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HIGH SPEED AND RESOLUTION SEC ANALYSIS
OF mAbs USING TSKgel SuperSW mAb COLUMNS

EXPERIMENTAL
IgG was digested with papain over 24 hours. The fragmentation process was monitored by analyzing 10 or 5 µl aliquots
of the sample.

20
ABS @280 nm (AU)

Antibody therapeutics are enjoying high growth rates in the
biopharmaceutical market, the major areas of therapeutic
application being cancer and immune/inflammation-related
disorders including arthritis and multiple sclerosis. In 2010,
four of the top ten best-selling global drug brands were
monoclonal antibodies (mAbs). The characterization of
these complex biomolecules is a major challenge in process
monitoring and quality control. The main product characteristics to be monitored are aggregate and fragment content,
glycosylation pattern and charged isoforms. The standard
method used in biopharmaceutical QC for mAb aggregate
and fragment analysis is size exclusion chromatography
(SEC). A new series of silica based HPLC columns can be
applied to either increase speed or improve resolution of the
separation of antibody fragments, monomers and dimers.

SEPARATION OF MAB FRAGMENTS, MO OMERS AND DIMERS
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RESULTS
Figure 1A shows the separation of a papain digested immunoglobulin G sample on a TSKgel G3000SWXL column,
which is applied as the standard SEC column in routine
analysis of aggregates in many QC and R&D labs. Figure 1B
demonstrates that the resolution of the separation can be
improved by using the new TSKgel SuperSW mAb HR (HR
stands for ‘High Resolution’) with 4 micron silica particles.
This column provides higher resolution than the conventional column at the same analysis time. Using the TSKgel
SuperSW mAb HTP (HTP stands for ‘High Throughput’), a
short semi-micro column packed with the same 4 micron
particles as SuperSW mAb HR, dimer/ monomer/ and fragments were separated at the same resolving power as on the
conventional column but in half the analysis time (Figure 1C).
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Figure 1B
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ABS @280 nm (AU)

Mobile phase: 200 mmol/L phosphate buffer + 0.05%
NaN3, pH 6.7
Flow rate:
A & B: 1.0 ml/min C: 0.35 mL/min
Injection vol.: A & B: 10 µl; C: 5 µL
Temperature: 25°C
Detection:
UV @280 nm
Samples:
10 g/L IgG digested with papain for 0-24 hr
Columns:
A: TSKgel G3000SWXL, 7.8 mm ID x 30 cm
B: TSKgel SuperSW mAb HR, 7.8 mm ID x 30 cm
C: TSKgel SuperSW mAb HTP, 4.6 mm ID x 15 cm
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Figure 1C
Separation of antibody fragments, monomers and dimers by
SEC A: TSKgel G3000SWXL, 7.8 mm ID x 30 cm; B: TSKgel SuperSW mAb HR, 7.8 mm ID x 30 cm C: TSKgel SuperSW mAb HTP,
4.6 mm ID x 15 cm

ANALYSIS

SUMMARY
Size exclusion chromatography (SEC) is a common method
for the separation of antibody monomer from dimer, aggregates, or degradation products on the basis of molecular
size. Two novel SEC columns designed for antibody separation exhibit reduced analysis time while achieving baseline
separation or enhanced resolution between monomer and
dimer.
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1. Introduction

2. Separation Mode and Purification
Method

In recent years, advances in biotechnology have
resulted in increased use of monoclonal antibodies
(MAbs) as the main constituent of therapeutic drugs
and as diagnostic agents. Because of this increased
commercial application, it is important for the
bioanalytical chemist to have access to the tools for
rapid and simple purification of MAbs. There are
many published reports about MAb purification by
high-performance liquid chromatography (HPLC)
and FPLC (fast protein liquid chromatography); a
select group of references is included at the end of
this Separation Report. This document describes the
analysis and isolation of MAbs by HPLC using
TSKgel columns. Several application examples
are discussed.

Table-1

Table 1 shows the HPLC separation modes used in
the analysis and isolation of MAbs, together with
their main features. Ion exchange (IEC), hydrophobic
interaction (HIC) and affinity (AFC) have large
sample capacity and high selectivity; as such, they
are often used in MAb purification. IEC is said to be
used in almost 75% of the MAb purifications, often
following ammonium sulfate fractionation (HIC).
Though gel filtration chromatography (GFC) is
inferior with respect to resolution or sample load, it is
often used as the final purification method and as a
purity check for MAb preparations since this method
constitutes a simple step for the removal of dimers
and higher molecular weight aggregates.

Features of HPLC separation modes for monoclonal antibody purification

Separation mode
Gel filtration (size exclusion)
chromatography (GFC, SEC)

Separation mechanism
Molecular size

TSK-GEL
TSKgel G2000SWXL
TSKgel G3000SWXL
TSKgel G4000SWXL

Ion exchange chromatography (IEC)

Ionic interaction

TSKgel DEAE-5PW
TSKgel SP-5PW
TSKgel CM-5PW
TSKgel DEAE-NPR
TSKgel SP-NPR

Hydrophobic interaction chromatography
(HIC)

Hydrophobicity

TSKgel Ether-5PW
TSKgel Phenyl-5PW
TSKgel Butyl-NPR

Affinity chromatography (AFC)

Bioaffinity

TSKgel Chelate-5PW
TSKgel Tresyl-5PW

⎯ 1 ⎯

Feature
Though resolution and sample load are inferior to other
separation modes, it allows simple removal of dimers and
aggregates, causes of MAb antigenicty. It can also be used in
final purification or as a purity check. Separation of Fab and
IgM (TSKgel G4000SWXL) is also possible.
Resolution is high and the sample load is greater. Anion
exchange plays an important role for the separation of MAb
sub-classes and impurities. Cation exchange allows simple
purification by step-wise elution because many of the
impurities are not retained on the column.
The non-porous resin (NPR) column can be used for rapid
analysis and fractionation of trace amounts of MAb (μg to
ng); purity check of MAb fractions is possible instead of
electrophoresis.
Resolution is high and the sample load is good. TSKgel
Ether-5PW, particularly, has high recovery of hydrophobic
MAbs. HIC allows simple purification by step-wise elution.
TSKgel Butyl-NPR is ideal for micro-fractionation.
Immobilized metal chelate affinity chromatography (IMAC).
Activated affinity support. Ligands such as antigen are
immobilized to absorb and purify MAb.

In general, it is said that using a single HPLC mode (with
the exception of GFC) provides a MAb purity of about
95%. Thus, high purity preparations of MAb for use in
diagnostic applications can be obtained using a single
HPLC column. However, a purity of 99% and higher is
required when MAbs are used for medicinal purposes.
This level of purity can be achieved using a single Protein
A affinity step, which is based on antibody-antigen
interaction. A minimum of two different separation modes
are required when less specific HPLC separation modes
are applied, such as IEC-HIC or IEC-GFC.

Table-2

Furthermore, recent demands for preparation of high
purity MAb solutions (approx. 99.9% purity or higher)
require three different separation modes, for instance,
HIC-IEC-GFC or AFC-IEC-GFC. In addition, it is
necessary to select the proper elution method, whether
linear elution, gradient elution or step-wise gradient
elution, depending on the purity required, the time allowed
for purification and the cost of each process of preparing
the MAb preparation. Table 2 lists the literature in which
various TSKgel products were used for MAb purification
along with a brief summary about each mode. While most
methods consist of IEC and GFC, reports are included
based on HIC and AFC as well.

Key literature featuring TSKgel columns for the separation of monoclonal antibodies

Literature No.
1

Column
TSKgel G3000SW

Sample
Ascites,
cultured supernatant
Ascites
Ascites

Antibody type
IgG1, F(ab)2

Outline
Review article on MAb against class I, MHC antigen

2
3

TSKgel G3000SW
TSKgel G3000SW

IgG1, F(ab')2
IgG1, IgG2b, IgG3

Ascites,
cultured supernatant

IgG1, IgG2a
to the total of 8 species

5
6

TSKgel DEAE-5PW
TSKgel G3000SW
TSKgel G3000SW
TSKgel DEAE-5PW

Ascites
Ascites

IgG1, IgG2a, IgG2b
IgG1, IgG2a, IgG2b

7

TSKgel Phenyl-5PW

Ascites,
cultured supernatant

IgG

8

Toyopearl DEAE-650M
Toyopearl CM-650M
TSKgel SP-5PW
TSKgel G4000SW
TSKgel SP-5PW

Cultured supernatant

IgG2b

Separation of IgG1 and F(ab’)2
Final purification of MAb purified by IEC
Recovery is 85% and higher
1 step IEC purification of MAb by sophisticated eluent
Recovery is 95%
Purity check on MAb purified by IEC
1 step IEC purification of MAb by sophisticated eluent
Recovery is 92% and higher
Examination of separation by IEC and HIC
IEC and HIC were found to provide good separation
Rapid separation of sample; simple removal of phenol red
indicator. Recovery of activity is 90% and higher

4

Ascites

IgG1, IgM

Simple purification by IEC, automatic control by IEC-GFC
connection. Recovery of activity is 80% and higher

Cultured supernatant

IgG

TSKgel Chelate-5PW
TSKgel DEAE-5PW
TSKgel G3000SW
TSKgel DEAE-5PW
TSKgel G3000SW

Ascites
Ascites

IgG
IgG1, IgG2a, IgG2b, IgM

Step-wise gradient elution of pretreated sample (100mL)
Purity 99%
Application of IMAC, purity increased 10-fold in single step
MAb purification on preparative columns using a
sophisticated eluent. Recovery is 89% and higher

Ascites

IgG1

14

TSKgel DEAE-5PW

Ascites

IgM (2 species)

15

TSKgel Ether-5PW
TSKgel G3000SWXL
TSKgel DEAE-NPR

Ascites

IgG1

9
10
11
12
13
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Comparative examination of purification by IEC and AFC
on preparative columns.
Purity 99.2% and recovery of activity 72%
Purification of IgM to high purity in 1 step using
simultaneous gradient of salt and pH
Examination of MAb separation conditions by HIC, simple
purification in step-wise elution

3. Applications

3.2 Ion-Exchange Chromatography (IEC)

3.1 Gel Filtration Chromatography (GFC, SEC)
GFC is inferior to other chromatographic modes for the
separation of MAbs in terms of resolution and sample
load. IgG is often expressed in mouse ascites fluid in the
presence of large amounts of albumin. When injecting
crude samples into a GFC column, it is often not possible
to obtain satisfactory resolution between MAb (IgG) and
albumin. Thus GFC is more commonly used for
separating partially purified samples rather than for direct
MAb purification from crude ascites samples.
Figure 1 shows an example of MAb (IgG1) separation by
GFC from mouse ascites fluid. Although it was found that
separation of IgG and albumin could be improved
somewhat by changing the eluent pH and salt species (pH
5.0, 0.1mol/L Na2SO4), the resolution would not be
sufficient for most applications. For a detailed examination
of this separation, see Separation Report No. 62.

Ion Exchange Chromatography steps either consist of an
anion exchange packing material with DEAE
(diethylaminoethyl) functional groups or a cation
exchange packing material with SP (sulfopropyl) or CM
(carboxymethyl) functional groups. In general, DEAE
anion exchangers are used as the last step in MAb
purifications. DEAE is also very suitable for the separation
of IgG subclasses. In both cases a linear gradient method
is applied. Best separations are obtained at pH 8 or
higher. Figures 2 and 3 show the separation of MAb (IgG1)
from mouse ascites fluid and cell culture supernatant on
TSKgel DEAE-5PW. In the case of mouse ascites fluid,
shown in Figure 2, IgG1 elutes in about 15 minutes, well
separated from the impurities that elute before or after
IgG1 such as transferrin (about 11 minutes) and albumin
(about 22 minutes). However, when injecting cell culture
supernatant, as shown in Figure 3, MAb could not be
detected because it was present at trace levels.

To isolate IgM, TSKgel G4000SWXL is best suited since
the larger pore size enables separation of larger proteins.

Elution time (min)

Elution time (min)

Elution time (min)

Separation of monoclonal antibody by GFC

Figure 2

TSKgel G3000SWXL, 7.8mm ID × 30cm
A: 50mmol/L sodium phosphate buffer
(pH 6.7) + 0.3mol/L NaCl
B: 50mmol/L sodium phosphate buffer
(pH 5.0) + 0.1mol/L Na2SO4
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-human proline hydroxylase (IgG1),
diluted solution of mouse ascites (50µl)

Column:
Eluent:

Figure 1
Column:
Eluent:

Separation of monoclonal antibody by IEC

TSKgel DEAE-5PW, 7.5mm ID × 7.5cm
A: 20mmol/L Tris-HCl (pH 8.5)
B: A + 0.5mol/L NaCl
A → B linear gradient (60 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-human albumin (IgG1),
diluted solution of mouse ascites (168µg in
40µl)
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In contrast to anion exchange, with a cation exchanger
such as SP or CM, sample throughput is higher because
albumin and other abundant proteins pass through the
column instead of being absorbed at the usual eluent pH.
It is also possible to purify MAbs simply by step-wise
gradient elution. Figure 4 shows a chromatogram in which
MAb (IgG1) is separated from cell culture supernatant on a
TSKgel SP-5PW column. Clearly, the elution pattern and
the selectivity differ as a function of the buffer in the
eluent. In this case, better results are obtained with
acetate rather than citrate buffer.

Figure 5 demonstrates that a sample of mouse ascites
fluid can be separated on a TSKgel DEAE-NPR column
with similar resolution as that obtained on a TSKgel
DEAE-5PW column (see Figure 2). Non-porous resin
columns such as TSKgel DEAE-NPR are especially useful
to check sample purity or to monitor expression levels, as
they allow very short analysis times. Finally, although
sample capacity is limited, columns packed with
non-porous resin can be used to isolate nanogram
amounts of MAb in a sample (see Separation Report
No.65 for details).

Though non-porous packing materials are not suitable to
purify large quantities of monoclonal antibodies, they are
the right column type to conduct a quick purity check of a
MAb preparation since the high efficiency of NPR columns
allow for fast separations of trace sample amounts.

Elution time (min)

Figure 3

Separation of monoclonal antibody by IEC

TSKgel DEAE-5PW, 7.5mm ID × 7.5cm
A: 20mmol/L Tris-HCl (pH 8.8)
B: A + 0.5mol/L NaCl
A → B linear gradient (30 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-HLA-A, B, C (IgG1),
NS-1 culture supernatant

Column:
Eluent:

Elution time (min)

Figure 4

Separation of monoclonal antibody on IEC

TSKgel SP-5PW, 7.5mm ID × 7.5cm
A: a: 20mmol/L citrate buffer (pH 5.7)
b: a + 0.5mol/L NaCl
a → b linear gradient (30 min.)
B: c: 20mmol/L acetate buffer (pH 5.7)
d: c + 0.5mol/L NaCl
c → d linear gradient (30 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-HLA-A, B, C (IgG1),
NS-1 culture supernatant (500µg in 500µl)

Column:
Eluent:
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3.3 Hydrophobic Interaction
Chromatography (HIC)
HIC is widely used as a method of protein purification and
it is now often one of the steps in MAb purification.
Traditionally, TSKgel Phenyl-5PW has mainly been
used for the separation of proteins by HIC, while TSKgel
Ether-5PW is better suited for the separation and recovery
of such hydrophobic proteins as membrane proteins and
proteins with molecular weights of 100,000Da or higher.

Figure 6 shows the separation of mouse ascites on
TSKgel Phenyl-5PW and Ether-5PW columns,
respectively. On the TSKgel Phenyl-5PW column the MAb
(IgG1) peak overlaps with the albumin peak at about 47
minutes. In contrast, on the TSKgel Ether-5PW column
the MAb peak is well separated from the albumin peak,
which elutes at about 13 minutes. In addition, MAb elutes
faster from the TSKgel Ether-5PW column than TSKgel
Phenyl-5PW when using the same separation conditions
due to the difference in hydrophobicity of the packing
materials. As shown in Figure 6, it is evident that in this
study TSKgel Ether-5PW is the better choice for MAb
separation by HIC.

Elution time (min)
Elution time (min)

Figure 5

Purity check on monoclonal antibody
fraction by IEC

Figure 6

TSKgel DEAE-NPR, 4.6mm ID × 3.5cm
a: 50mmol/L Tris-HCl (pH 8.5)
b: a + 0.5mol/L NaCl
a → b linear gradient (10 min.)
Flow rate:
1.5mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-fowl 14K lectin (IgG1)
A: Mouse ascites (× 4, 5μl)
B: TSKgel HA-1000, MAb fraction (100μl)

Column:
Eluent:

Separation of monoclonal antibody by HIC

A: TSKgel Phenyl-5PW, 7.5mm ID ×
7.5cm
B: TSKgel Ether-5PW, 7.5mm ID × 7.5cm
Eluent:
a: 0.1mol/L sodium phosphate buffer
(pH 7.0) + 1.5mol/L ammonium sulfate
b: 0.1mol/L sodium phosphate buffer
(pH 7.0)
a → b linear gradient (60 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-fowl 14K lectin (IgG1)
Mouse ascites (1.5mg in 100μl)
Column:
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Figure 7 shows that a large sample volume can be
injected on the TSKgel Ether-5PW column. 3mL of mouse
ascites (2-fold dilution, 1.0mol/L ammonium sulfate) was
directly injected on the column and eluted with a linear
gradient or a step-wise gradient elution. A chromatogram
nearly identical to Figure 6 was obtained for linear
gradient elution (data not shown). With step-wise gradient
elution, most of the impurities pass through the column,
while only MAb is absorbed at the starting ammonium
sulfate concentration of 1.0mol/L. The absorbed MAb was
eluted with 0.5mol/L ammonium sulfate. Clearly, step-wise
gradient elution provided a simple separation of this large
sample volume.

Moreover, if one wishes to purify a large quantity of MAb,
it is also possible to employ packing materials developed
for low pressure liquid chromatography (Toyopearl resins)
instead of using an HPLC column.
Toyopearl Ether-650M has a much larger particle size
(~65μm) than TSKgel Ether-5PW (10μm) and is thus
less efficient, although its selectivity is similar to that for
TSKgel Ether-5PW. Please consult our website or
request a copy of the Process Chromatography catalog
for more information about the relationship between
TSKgel columns and Toyopearl resins.
Similar to IEC, a non-porous resin column is available in
the TSKgel line of HIC columns. Using TSKgel
Butyl-NPR, MAb purity check or micro-purification can be
rapidly achieved. Figure 8 shows the separation of mouse
ascites on a TSKgel Butyl-NPR column. The separation
was completed in about 3 minutes and it is clear that MAb
is well separated from the impurities.

Elution time (min)
Elution time (min)

Figure 7

Separation of large amount of monoclonal
antibody by HIC

TSKgel Ether-5PW, 7.5mm ID × 7.5cm
A: Same as Figure 6
B: a: 0.1mol/L sodium phosphate buffer
(pH 7.0) + 1.0mol/L ammonium
sulfate
b: 0.1mol/L sodium phosphate buffer
(pH 7.0)
a → a/b (50/50) (12 min.) →
b (20 min.) step-wise gradient
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-fowl 14K lectin (IgG1),
Mouse ascites (90mg in 3.0mL)
Column:
Eluent:

Figure 8

Separation of monoclonal antibody by HIC

TSKgel Butyl-NPR, 4.6mm ID × 3.5cm
A: 0.1mol/L sodium phosphate buffer
(pH 7.0) + 1.5mol/L ammonium sulfate
B: 0.1mol/L sodium phosphate buffer
(pH 7.0)
A → B linear gradient (10 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-fowl 14K lectin (IgG1)
Mouse ascites (38μg in 2.5μl)
Column:
Eluent:
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3.4 Affinity Chromatography (AFC)
AFC using Protein A is often employed for MAb
separation, however, it is also possible to separate
monoclonal antibodies using Immobilized Metal Ion
Affinity Chromatography (IMAC). Figures 10 and 11
demonstrate MAb purification from two matrices, mouse
ascites and culture supernatant, on a TSKgel
Chelate-5PW column loaded with Zn2+ ion. Figure 11
shows that MAb (IgG1) is eluted in about 32 minutes by pH
gradient elution and is well separated from other
impurities.

Elution time (min)

Figure 10 Separation of monoclonal antibody by AFC
Column:
TSKgel Chelate-5PW Glass (Zn2+),
8mm ID × 7.5cm
Eluent:
A: 20mmol/L HEPES-MES-acetate buffer
(pH 8.0) + 0.5mol/L NaCl
B: 20mmol/L HEPES-MES-acetate buffer
(pH 4.0) + 0.5mol/L NaCl
A → B linear gradient (40 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-fowl 14K lectin (IgG1),
Mouse ascites (50µl)

Figure 11 Separation of monoclonal antibody by AFC
2+
Column:
TSKgel Chelate-5PW (Zn ),
7.5mm ID × 7.5cm
Eluent:
A: 20mmol/L Tris-HCl (pH 8.0) + 0.5mol/L
NaCl
B: A + 200mmol/L glycine
A → B linear gradient (30 min.)
Flow rate:
1.0mL/min
Temperature: 25°C
Detection:
UV@280nm
Sample:
Anti-HLA-A, B, C (IgG1),
NS-1 cultured supernatant

⎯ 7 ⎯

4. Conclusio n
As discussed in this document, there are several
different separation modes for the purification of
monoclonal antibodies and each separation mode has
its advantages. Therefore, it is important in the
purification of monoclonal antibodies to select the most
appropriate separation mode and column with
consideration of various factors for purification, such as
resolution, sample load, operability, cost, and purity.

References
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New silica-based SEC columns designed
for the separation of mAb monomers
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Introduction

•

Monoclonal antibodies (mAbs) are widely used as biopharmaceuticals and
new mAbs are still being developed by modifying the complementarity
determining regions.

•

mAbs easily undergo structural and chemical changes during preparation and
storage processes and such denaturation may cause loss of therapeutic
efficacy or manifestations of toxicity.

•

Therefore, therapeutic mAbs must be subject to strict quality control.

•

Size exclusion chromatography (SEC) is a powerful and convenient tool for
determining mAb monomers and their impurities, including aggregates,
oligomers, and mAb fragments.

TOSOH CORPORATION BIOSCIENCE DIVISION

Presented at 2012 Pittcon Conference, Orlando, FL

3

Introduction
We have developed three silica-based SEC columns designed especially for mAb
analysis:
1) A 4.6 mm ID x 15 cm semi-micro column packed with 25 nm pore size, 4 μm
particles, which is designed for high throughput analysis of mAbs.
2) A 7.8 mm ID x 30 cm analytical column packed with the same particles as mentioned
above. The column dimension is compatible with conventional LC systems with
relatively large extra-column dead volume and is suitable for high resolution analysis
of mAb monomers and dimers.
3) A 7.8 mm ID x 30 cm analytical column packed with newly developed 30 nm pore
size, 3 μm particles. Larger pore size with the estimated exclusion limit of ~4x106 Da
provides improved separation and quantitation of mAb aggregates and oligomers.
We report here the features of these new SEC columns and their superior performance
of mAb separation in comparison to conventional columns.
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Experimental
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Experimental
Columns
•
•
•
•
•

TSKgel® SuperSW mAb HTP, 4.6 mm ID x 15 cm, 4 μm particle*
TSKgel SuperSW mAb HR, 7.8 mm ID x 30 cm, 4 μm particle*
TSKgel UltraSW Aggregate, 7.8 mm ID x 30 cm, 3 μm particle*
TSKgel G3000SWXL, 7.8 mm ID x 30 cm, 5 μm particle
All of TSKgel columns were manufactured by Tosoh (Tokyo, Japan).
* prototype columns

Instrumentation
• The HPLC system was a Tosoh liquid chromatograph equipped with pump (DP-8020),
column oven (CO-8020), UV detector (UV-8020), and data processor (LC-8020 model
II).

Reagents
• Disodium hydrogenphsophate 12-water, potassium dihydrogen phosphate, sodium
azide, sodium nitrate, and p-aminobenzoic acid were obtained from Wako Pure
Chemical Industries (Osaka, Japan).
• Pullulan standards were obtained from Showa Denko (Tokyo, Japan).
• IgG was obtained from Kaketsuken (Kumamoto, Japan).
• All other proteins were obtained from Sigma-Aldrich (St. Louis, MO, USA).
• Water was purified with the Milli-Q® system (Merck Millipore, Darmstadt, Germany).
TOSOH CORPORATION BIOSCIENCE DIVISION

Presented at 2012 Pittcon Conference, Orlando, FL

6

Characteristics of the Columns
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Table 1: Specifications of the Columns
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Figure 1: Chromatograms of Standard
Proteins

New TSKgel SEC columns show their superior performance over other columns.
TOSOH CORPORATION BIOSCIENCE DIVISION

Presented at 2012 Pittcon Conference, Orlando, FL

9

Figure 2: Calibration Curves
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Figure 3: Chromatograms of IgG
Dimer/Monomer
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Figure 4: Chromatograms of
Thyroglobulin
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Table 2: Summary of Column Performance

• The TSKgel SuperSW mAb HTP exhibited equal separation between IgG monomer and dimer in half the analysis
time compared to the conventional SEC column, TSKgel G3000SWXL, 5μm particle, 7.8 mm ID x 30 cm.
• The TSKgel SuperSW mAb HR exhibited superior resolving power for IgG monomer and dimer compared to other
SEC columns.
• The TSKgel UltraSW Aggregate, which possesses a larger MW exclusion limit, exhibited superior resolving power
for thyroglobulin oligomers with high molecular weight.
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Applications: Separation of IgG
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Figure 5: Separation of Papain-Digested
IgG
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Table 3: Summary of Separation of
Papain-Digested IgG

•

TSKgel SuperSW mAb HTP reduced the overall analysis time in half compared to that using a conventional
TSKgel G3000SWXL SEC column without any compromise in resolutions between monomer/dimer in
undigested IgG or monomer/fragments.

•

TSKgel SuperSW mAb HR exhibited superior resolving power for monomer/dimer and monomer/fragment
separation.
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Figure 6: Separation of IgG Aggregates

The TSKgel UltraSW Aggregate possesses a wider separation window for IgG oligomers and
aggregates with high MW (5x105~5x106 Da) than other SEC columns.
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Conclusions
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Conclusions
The following three novel SEC columns have been developed:
• TSKgel SuperSW mAb HTP exhibited equal separation between IgG
monomer and dimer in half the analysis time compared to the conventional
SEC column, TSKgel G3000SWXL (5μm particle, 7.8 mm ID x 30 cm).
• TSKgel SuperSW mAb HR exhibited superior resolving power for IgG
monomer and dimer compared to other SEC columns.
• TSKgel UltraSW Aggregate, which possesses a larger MW exclusion limit,
exhibited superior resolving power for oligomers and aggregates of large
proteins, including thyroglobulin and IgG.
The performance of these columns was demonstrated by the separation of IgG
fragments generated by papain digestion and separation of IgG aggregates.
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Introduction
• Biopolymers are highly complex and large molecules.
• Most proteins are expressed in several isoforms.
• Isoforms differ in modifications of individual amino acid side
chains, or the N- or C-terminus.
• Typical modifications are deamidation, phosphorylation,
acetylation, methylation, oxidation, or glycosylation.
• Isoforms may differ in biological activity and stability.
• Therefore, a thorough characterization and quantification of the
isoforms is needed to ensure consistent product quality.
• Fast separation of monoclonal antibody isoforms is important for
profiling and mass spectrometric determination.
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Introduction continued
• Ion exchange chromatography (IEC) is a versatile separation
technique for profiling the charge heterogeneity of biotherapeutic
proteins, including monoclonal antibodies.
• Despite good resolving power and robustness, ionic strengthbased ion exchange separations are product specific and time
consuming to develop.
• Although salt gradients are more commonly applied, the utilization
of pH gradients can provide significant advantages such as: 1)
improved separation resolution, 2) lower salt concentration in
collected fractions, and 3) the possibility to correlate the protein
isoelectric point (pI) data with elution profiles.
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Introduction continued

• Here we report the separation of isoforms of monoclonal antibody
using highly controlled pH gradients on TSKgel STAT columns
packed with 7 and 10 µm hydrophilic non-porous resin particles.
• This report includes studies using TSKgel SP-STAT (7 µm, 4.6
mm ID × 10 cm) and TSKgel CM-STAT (10 µm, 3.0 mm ID × 3.5
cm) cation exchange columns and TSKgel Q-STAT (7 µm, 4.6 mm
ID × 10 cm) anion exchange columns.
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TSKgel STAT Columns – a Novel Bonding Chemistry

• The particle surfaces consist of an open access network of multi-layered cation or
anion exchange groups.
• Their innovative bonding chemistry, combined with a relatively large particle size,
results in a respectable loading capacity and a low operating pressure, making these
columns suitable for all HPLC and FPLC systems in biomolecule separations.
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Basic Properties of TSKgel SP-STAT and CM-STAT
Cation Exchange Columns
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Basic Properties of TSKgel Q-STAT and DNA-STAT
Anion Exchange Columns

Tosoh developed novel non-porous anionic exchange (AEX) resins, TSKgel Q-STAT
(7 and 10 μm) and TSKgel DNA-STAT (5 μm), with a high loading capacity and a
low operating pressure by adopting larger particle sizes (5-10 μm) and by applying a
novel bonding chemistry. TSKgel DNA-STAT column is not used in this study.
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Material and Methods
HPLC System
• Analyses were carried out using an Agilent-1100 HPLC system
running Chemstation (ver B.04.02).

Columns:
The following TSKgel STAT series non-porous resin columns
were used for this study:
• Strong cation, polymer
TSKgel SP-STAT, 7 µm, 4.6 mm ID × 10 cm (S0004-501N)

• Weak cation, polymer
TSKgel CM-STAT, 10 µm, 3.0 mm ID × 3.5 cm (N0018-507N)

• Strong anion, polymer
TSKgel Q-STAT, 7 µm, 4.6 mm ID × 10 cm (R0087-501N)
TOSOH BIOSCIENCE LLC

Presented at ASMS 2012, Vancouver, Canada

8

Material and Methods continued
Mobile phase: Controlled pH gradient
• To create controlled pH gradients a pISep kit (CryoBioPhysica,
Silver Spring, MD), consisting of a software package and two
nearly identical buffer compositions, acidic and basic,
composed of small zwitterions with overlapping pKas, was
used.
• pISep buffer composition possesses strong, relatively uniform
buffering capacity throughout the pH range 2-12.
• The pISep software was used to compute column volume or
time-based protocols for the development of single or multistep,
linear or nonlinear, pH gradients on ion exchange (IEX)
columns over any segment of the pH range 2.4-10.8.
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Material and Methods continued
Mobile phase: Controlled pH gradient continued
• Two buffers are mixed together in varying proportions to
produce a titration curve smooth enough to allow precise fitting
by a high-order polynomial.
• The polynomial equation incorporated into custom software can
calculate protocols that are used to drive computer-controlled
gradient LC pumps to form pH gradients of any desired shape
and slope.
• The scouting process is simple.
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Material and Methods continued

• Flow rate:

TSKgel SP-STAT (1.0 mL/min or 1.66 min/CV); 1CV = 1.66 mL
TSKgel CM-STAT (1.0 mL/min or 2.075 min/CV); 1CV = 0.247 mL
TSKgel Q-STAT (0.8 ml/min or 0.247 min/CV); 1CV = 1.66 mL
• Detection:
UV @ 280 nm
• Temperature: ambient
• Injection vol.: 10 µL
• Samples:
monoclonal antibody: BI-mAb-2 from Boehringer-Ingelheim
(gift from Tosoh Bioscience GmbH)
concentration: 4.5 g/L in glycine/Na phosphate, pH 6.0
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pISep Software – a Representative Plot
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Figure 1: Analysis of Monoclonal Antibody using
Size Exclusion Chromatography

Size exclusion chromatographic separation is used for the quality control study
in the purification of monoclonal antibodies.
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Figure 2: Salt Gradient-based Separation of a Monoclonal
Antibody using a Strong Cation Exchange TSKgel SP-STAT Column

Linear salt gradient
A: 10 mmol/L phosphate buffer containing 10 mmol/L Na2SO4
B: 10 mmol/L phosphate buffer containing 10 mmol/L Na2SO4 with 1 mol/L NaCl
Gradient: 0-5% B over 15 minutes
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Figure 3: pH Gradient-based Ion Exchange Separation of a Monoclonal
Antibody Separation using a Strong Cation Exchange TSKgel SP-STAT
Column

Gradient: pH 7.57-10.8
Buffer A (pH 7.57) is made by mixing pISep buffer (pH 2.4) and pISep buffer (pH 10.83) as
calculated by pISep software

Nine isoforms are visible in this separation.
More shallow profile shown in figure 4.
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Figure 4: pH Gradient-based Separation of a Monoclonal Antibody
Separation using a Strong Cation Exchange TSKgel SP-STAT Column

Gradient pH 6.8-7.46
Buffers A (pH 6.8) and B (pH 7.46) are made by mixing pISep buffer (pH 2.4) and pISep
buffer (pH 10.83) as calculated by pISep software
TOSOH BIOSCIENCE LLC
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Figure 5: pH Gradient-based Separation of a Monoclonal Antibody
using a Weak Cation Exchange TSKgel CM-STAT Column

Gradient pH 5.1-10.83
Buffer A (pH 5.1) is made by mixing pISep buffer (pH 2.4) and pISep buffer (pH 10.83) as
calculated by pISep software
TOSOH BIOSCIENCE LLC
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Figure 6: Effect of Salt in pH Gradient-based Weak Cation Exchange
Separation of a Monoclonal Antibody using a TSKgel CM-STAT Column

The resolution between the isoform peaks could be improved by the addition of
100 mmol/L NaCl.
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Figure 7: pH Gradient-based Anion Exchange Separation of a Monoclonal
Antibody using a TSKgel Q-STAT, 7 µm, 4.6 mm ID × 10 cm Column

• Analysis shows 2-3 major isoforms.
• The peaks shown by the arrows need further resolution.
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Figure 8: pH Gradient-based Separation of a Monoclonal
Antibody using a Anion Exchange TSKgel Q-STAT Column

Gradient pH 9-6; Slope 0.1; 50
points per linear step
Buffers A (pH 6) and B (pH 9) are
made by mixing pISep buffer (pH
2.4) and pISep buffer (pH 10.83)
as calculated by pISep software

• The peaks are better resolved by the precise modification of the pH gradient.
• A number of isoforms are separated.
• Large changes in resolution can also sometimes be achieved in controlled pH
gradient elution simply by changing the range of elution.
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Conclusions

• Controlled pH gradient-based ion exchange chromatography
can be a very good method for the separation of protein
isoforms.
• Good resolution was found for pH gradient-based separations
using a broad range universal buffer system like pISep.
• TSKgel STAT columns can be used to separate monoclonal
antibody isoforms using controlled pH gradient.
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Objective

To evaluate a set of prototype SEC columns designed for the analysis of
monoclonal antibodies
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Introduction
• Size exclusion chromatography (SEC) performed under aqueous conditions,
also known as Gel Filtration Chromatography (GFC), is popular for the isolation
and quality control of monoclonal antibodies and other therapeutic proteins and
peptides.
• Monoclonal antibodies (mAbs) are widely used as biopharmaceuticals and new
mAbs are still being developed by modifying the complementarity determining
regions.
• mAbs easily undergo structural and chemical changes during preparation and
storage processes and such denaturation may cause loss of therapeutic efficacy
or manifestations of toxicity.
• Therefore, therapeutic mAbs must be subject to strict quality control.
• Size exclusion chromatography (SEC) is a powerful and convenient tool for
determining mAb monomers and their impurities, including aggregates,
oligomers, and mAb fragments.
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Introduction continued
We have developed three silica-based prototype SEC columns designed
especially for mAb analysis:
1. A 4.6 mm ID × 15 cm semi-micro column packed with 25 nm pore size,
4 μm particles, which is designed for high throughput analysis of mAbs.
2. A 7.8 mm ID × 30 cm analytical column packed with the same particles as
mentioned above. The column dimension is compatible with conventional
LC systems with relatively large extra-column dead volume and is suitable
for high resolution analysis of mAb monomers and dimers.
3. A 7.8 mm ID × 30 cm analytical column packed with newly developed 30
nm pore size, 3 μm particles. Larger pore size with the estimated exclusion
limit of ~4 ×106 Da provides improved separation and quantitation of mAb
aggregates and oligomers.
Here we report the features of these new SEC prototype columns and their
superior performance of mAb separation in comparison to conventional columns.
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Structure of IgG

IgG is a relatively large molecule (approx. 150 kDa) and in order to improve the
penetration to the tissue , fragmentation is carried out. Digestion with papain or pepsin
is commonly applied to obtain antibody fragments without the loss of activity.
When papain is used for the antibody digestion, 2 Fab and 1 Fc are obtained from 1
antibody. When pepsin is used, a F(ab’)2 is obtained.
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Material and methods

Columns
• TSKgel® SuperSW mAb HTP, 4.6 mm ID x 15 cm, 4 μm particle*
• TSKgel SuperSW mAb HR, 7.8 mm ID x 30 cm, 4 μm particle*
• TSKgel UltraSW Aggregate, 7.8 mm ID x 30 cm, 3 μm particle*
• TSKgel G3000SWXL, 7.8 mm ID x 30 cm, 5 μm particle
• All TSKgel columns were manufactured by Tosoh (Tokyo, Japan).
* prototype columns

Instrumentation
•

The HPLC system was a Tosoh liquid chromatograph equipped with pump
(DP-8020), column oven (CO-8020), UV detector (UV-8020), and data
processor (LC-8020 model II).

•

Agilent 1200 (Chemstation - Rev B.04.01)
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Material and methods continued

Samples
• Standard TSKgel SWXL test mixture: thyroglobulin, γ-globulin, ovalbumin,
ribonuclease A, PABA
• Pullulan standards were obtained from Showa Denko (Tokyo, Japan).
• Monoclonal antibodies:
Kaketsuken (Kumamoto, Japan) (Figures 3, 5-9)
Monoclonal antibody: BI-mAb-2 from Boehringer-Ingelheim (gift from Tosoh
Bioscience GmbH); concentration: 4.5 g/L in glycine/Na phosphate, pH 6.0
BI-mAb-01 from Boehringer-Ingelheim (gift from Tosoh Bioscience GmbH); in
0.1 mol/L citrate buffer, pH 6.0; concentration: 28 g/L
Human IgG (Sigma I8640-10MG; Tech grade >80% SDS-PAGE)
Mouse IgG (Tech grade from serum, Sigma I8765-10MG, Lot #95H8845)
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Material and methods continued
Papain Digestion
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Material and methods continued

Aggregate formation by heat denaturation was carried out by adjusting
the pH of the antibody solution from pH 6.0 to 5.5 using dilute phosphoric
acid followed by incubation at 60 °C over time.
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Chromatographic conditions

• Mobile Phase: 100 mmol/L potassium phosphate buffer, 100 mmol/L
sodium sulfate, pH 6.7 + 0.05% NaN3; unless mentioned
otherwise
• Flow rate:

1.0 mL/min (0.35 mL/min for 15 cm column)

• Detection:

UV @ 280 nm

• Temperature: ambient / 25 °C except during heat denaturation study
• Injection vol.: 10 μL

TOSOH BIOSCIENCE LLC

Presented at Fall ACS 2012, Philadelphia, PA

10

Material and methods

• High purity HPLC grade Sigma Aldrich chemicals were used in this study.
• High purity 18.2 m.Ohm-cm quality water was used to make buffer and
samples.
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Table 1: Specifications of the columns
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Figure 1: Analysis of standard proteins

New TSKgel SEC prototype columns show their superior performance over other columns.
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Figure 2: Calibration curves
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Figure 3: Separation of IgG monomer and dimer
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Figure 4: Analysis of thyroglobulin
monomer, dimer and aggregates
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Table 2: Summary of column performance
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Summary of column performance

• The TSKgel SuperSW mAb HTP prototype column exhibited equal
separation between IgG monomer and dimer in half the analysis time
compared to the conventional SEC column, TSKgel G3000SWXL, 5 μm, 7.8
mm ID × 30 cm.
• The TSKgel SuperSW mAb HR prototype column exhibited superior resolving
power for IgG monomer and dimer compared to other SEC columns.
• The TSKgel UltraSW Aggregate prototype column, which possesses a larger
MW exclusion limit, exhibited superior resolving power for thyroglobulin
oligomers with high molecular weight.
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Figure 5: Separation of papain-digested IgG
by TSKgel SuperSW mAb HTP prototype
column
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Figure 6: Separation of papain-digested IgG
by TSKgel SuperSW mAb HR prototype
column

TOSOH BIOSCIENCE LLC

Presented at Fall ACS 2012, Philadelphia, PA

20

Figure 7: Separation of papain-digested IgG
by TSKgel UltraSW Aggregate prototype
column
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Figure 8: Separation of papain-digested IgG
by TSKgel G300SWXL column
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Table 3: Summary of separation of papaindigested IgG

• TSKgel SuperSW mAb HTP prototype column reduced the overall analysis time in
half compared to that using a conventional TSKgel G3000SWXL SEC column without
any compromise in resolution between monomer/dimer in undigested IgG or
monomer/fragments.
• TSKgel SuperSW mAb HR prototype column exhibited superior resolving power for
monomer/dimer and monomer/fragment separation.
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Figure 9: Separation of IgG aggregates
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Figure 9: Results

The TSKgel UltraSW Aggregate prototype column possesses a wider separation
window for IgG oligomers and aggregates with high MW (5 × 105 ~ 5 × 106 Da)
than other SEC columns.
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Figure 10: Reproducibility (same day): Separation of protein
standard mixture using TSKgel UltraSW Aggregate prototype
column, 3 µm, 7.8 mm ID × 30 cm

Five consecutive injections yielded excellent reproducibility with low %RSD values in
RT, As and N for all peaks.
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Figure 11: Reproducibility (day to day): Analysis of protein
standard mixture using TSKgel UltraSW Aggregate prototype
column, 3 µm, 7.8 mm ID × 30 cm

Excellent day to day reproducibility was observed with low %RSD values in RT, As and
N for all peaks.
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Figure 12: Acid denaturation study of monoclonal antibody
(BI-mAb-02) using a TSKgel UltraSW Aggregate prototype
column, 3 µm, 7.8 mm ID × 30 cm
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Figure 12: Results

• After reducing the pH of the BI-mAb-02 sample solution down to 4.7 by
dilute phosphoric acid, aliquots were analyzed at 5, 20 and 50 minutes and
the response was compared to that of the original sample solution. The
blue trace shows the intact mAb and what is (presumably), its dimer eluting
at 8.65 min.
• The degradation of the monoclonal antibody creates a larger MW entity
(unknown) that elutes directly after the monomer and before the dimer.
Continued decay increases both peaks, but more so for the dimer.
• Clearly the dimer increases in size while the peak height of the monomer
decreases. Hints of higher order ‘multimers’ show between 7 and 8
minutes.
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Figure 13: Heat denaturation study of monoclonal antibody
(BI-mAb-02) using a TSKgel UltraSW Aggregate prototype
column, 3 µm, 7.8 mm ID × 30 cm
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Figure 13: Results

•
•
•
•

Since the mAb degradation occurred very fast at pH 4.7, degradation at pH
5.5 and a temperature of 60 °C was also monitored.
50 µL of antibody (pH 6.0) was mixed with 50 µL of 0.1 mol/L phosphate
buffer, pH 4.65; final pH was 5.5; 20 µL was injected.
In addition to the ‘unknown’ aggregate, what is presumably the dimer peak at
8.5 minutes and several higher order aggregate peaks is now seen.
Heating for one hour at 60 °C results in almost complete breakdown of the
monoclonal antibody and the formation of very large aggregates that extend
to the exclusion volume of the column.
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Figure 14: Analysis of protein standard mixture using a
TSKgel SuperSW mAb HTP prototype column, 4 μm, 4.6 mm ID
× 15cm

Three consecutive runs yielded excellent reproducibility with low %RSD values in RT, As
and N for all peaks.
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Figure 15: Reproducibility (day to day): Analysis of protein
standard mixture using a TSKgel SuperSW mAb HTP prototype
column, 4 μm, 4.6 mm ID × 15 cm

Day to day reproducibility yielded low %RSD values in RT, As and N for all peaks.
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Figure 16: Heat denaturation study of monoclonal antibody (BImAb-02) using a TSKgel SuperSW mAb HTP prototype column,
4 µm, 4.6 mm ID × 15 cm

• The column could be used to monitor the denaturation of the antibody as a function of
time.
• Fragments and aggregates could be separated from the monomer peak to the baseline.
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Figure 17: Analysis of heat denatured monoclonal antibody
(human IgG) using a TSKgel SuperSW mAb HTP prototype
column, 4 µm, 4.6 mm ID × 15 cm
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Conclusions
• The following three novel prototype SEC columns have been developed:
TSKgel SuperSW mAb HTP exhibited equal separation between IgG
monomer and dimer in half the analysis time compared to the conventional
SEC column, TSKgel G3000SWXL, 5 μm particle, 7.8 mm ID × 30 cm
TSKgel SuperSW mAb HR exhibited superior resolving power for IgG
monomer and dimer compared to other SEC columns.
TSKgel UltraSW Aggregate, which possesses a larger MW exclusion limit,
exhibited superior resolving power for oligomers and aggregates of large
proteins, including thyroglobulin and IgG.
• The performance of these columns was demonstrated by the separation of IgG
fragments generated by papain digestion and separation of IgG aggregates.
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Introduction
• Monoclonal antibodies (mAbs) bind specifically to target molecules and therefore they are
expected to be more effective and less harmful in disease treatments compared to low
molecular weight drugs.
• mAbs may undergo structural modifications and become heterogeneous during production,
storage, and transportation.
• The heterogeneity of mAbs results from various processes: aggregation, fragmentation,
truncation of C-terminal lysine residues, deamidation of asparagine residues, oxidation of
methionine residues, and formation of glycosylation variants. These variants may impact
therapeutic effect or safety.
• Thus, the determination of heterogeneity in therapeutic mAbs is essential for
pharmaceutical development and quality control.
• mAb heterogeneity can be examined in detail by HPLC.
• Here we report :
• the separation of mAb monomer from impurities with different molecular sizes by the
use of size exclusion chromatography (SEC) columns with high resolving power
• the separation of oligosaccharides released from the polypeptide chains of mAbs by
the use of hydrophilic interaction chromatography (HILIC) columns, so that the
heterogeneity in the glycosylation pattern of mAb was evaluated.
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Experimental
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Experimental
Materials
• Disodium hydrogenphsophate 12-water, potassium dihydrogen phosphate,
sodium azide, p-aminobenzoic acid, acetic acid, triethylamine, and HPLC
grade acetonitrile were obtained from Wako Pure Chemical Industries (Osaka,
Japan).
• Thyroglobulin, γ-globulin, ovalbumin, and ribonuclease A were obtained from
Sigma-Aldrich (St. Louis, MO, USA).
• PA-glucose oligomer (3-22 mer) was obtained from TaKaRa Bio (Shiga,
Japan).
• Water was purified with the Milli-Q® system (Merck Millipore, Darmstadt,
Germany).
• mAb-1: mouse monoclonal antibody, ca. 20 g/L
• mAb-2: human monoclonal antibody, ca. 5 g/L
Instrumentation
• Tosoh liquid chromatograph equipped with pump (DP-8020), column oven
(CO-8020-C), UV detector (UV-8020), and data processor (LC-8020 model II)
• Fluorescence was detected with Waters 2475 multi λ fluorescence detector
(Waters, Milford, MA, USA)
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Experimental
Release of N-linked oligosaccharides with PNGase F
• Each of the SEC-fractionated mAb monomers was concentrated and bufferexchanged into digestion buffer (100 mmol/L ammonium bicarbonate, pH
8.6) with Amicon® Ultra-0.5 100 K device (Merck Millipore) using the
procedure described by the manufacturer, to yield ca. 5 g/L of mAb
monomer solution.
• 40 μL of mAb monomer solution (ca. 200 μg) was added with 20 μL of water
and 2 μL (10 mU) of PNGase F, and incubated at 37 ºC for 24 hr to release
N-linked oligosaccharides from polypeptide chains.
• Added 50 μL of 100 mmol/L ammonium acetate, pH 4.0, and incubated at
37 ºC for 60 min to liberate ammonia from glycosylamines, to yield 112 μL of
reaction mixture.
• From 50 μL of the reaction solution, the released oligosaccharides were
purified with a TaKaRa cellulose cartridge glycan preparation kit (TaKaRa
Bio) using the procedure described by the manufacturer.
• Dried overnight in vacuo at room temperature.
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Experimental
Fluorescence labeling of oligosaccharides
• The dried oligosaccharides were fluorescence-labeled with 2-aminopyridine
following the protocol in the TaKaRa pyridylamination manual kit (TaKaRa
Bio).
• The labeled oligosaccharides were purified with a TaKaRa cellulose
cartridge glycan preparation kit using the procedure described by the
manufacturer.
• Dried overnight in vacuo at room temperature.
• Dissolved in 100 μL of water to yield a sample solution.
• The sample solution was diluted 100-fold with 80% acetonitrile and
analyzed by HILIC-FL.
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Experimental
Size exclusion chromatography (SEC)
•
•
•
•
•

Column:
Mobile phase:
Flow rate:
Detection:
Temperature:

TSKgel® SuperSW mAb HR, 4 μm, 7.8 mm ID × 30 cm (Tosoh)
200 mmol/L phosphate buffer, pH 6.7 + 0.05% NaN3
1.0 mL/min
UV @ 280 nm
25 ºC

Hydrophilic interaction chromatography (HILIC)
• Column:
TSKgel Amide-80, 3 μm, 2.0 mm ID × 15 cm (Tosoh)
• Mobile phase: A: 200 mmol/L acetic acid-triethylamine, pH 7.3
B: acetonitrile
• Gradient:
75% B (0-5 min), 75-50% B (5-80 min, linear)
• Flow rate:
0.5 mL/min
• Detection:
Fluorescence (ex. 315 nm, em. 380 nm)
• Temperature: 40 ºC
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Characteristics of the SEC Columns
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Table 1: Basic Properties of the SEC
Columns
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Figure 1: Chromatograms of Standard
Proteins
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Figure 2: Calibration Curve of TSKgel
SuperSW mAb HR

TSKgel SuperSW mAb HR has a
calibration curve for globular proteins
with a shallow slope around γ-globulin.
This is suitable for the separation of mAb
monomer from its aggregates or
degradation products.
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Results
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Figure 3: Analysis of mAb purity by SEC

SEC analysis revealed that original
stock solution of mAb-1 contained
higher molecular size impurities
(indicated with arrows), presumed
to be aggregates of the antibody.
Similarly, mAb-2 solution proved to
contain higher and lower molecular
size impurities, the latter was
presumed to be degradation
products of the antibody.

TOSOH BIOSCIENCE LLC

Presented at Pittcon 2013, Philadelphia, PA

13

Figure 4: Fractionation of mAb Monomer

50 μL of mAb stock solution was
injected into the SEC column and 7.38.0 min elution fraction was collected
to yield 700 μL of purified mAb
monomer solution.
Figure 4 shows the comparison
between the chromatograms obtained
with different sample injection volumes.
A 50 μL injection (red or blue) gave
acceptable separation of mAb
monomer from impurities, despite the
broader peak compared to a 5 μL
injection (gray).
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Figure 5: Confirmation of the Removal of
Impurities from mAb Monomer Solution

SEC analysis revealed that each SECfractioned mAb monomer solution
contained no higher or lower molecular
size impurities.
N-linked oligosaccharides were
released from these purified mAb
monomers, derivatized with
fluorescence labeling reagent (2aminopyridine), and separated with
HILIC, as described in "Experimental"
section.
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Figure 6: Effect of Chromatographic Conditions on
the Separation of PA-Glucose Oligomers by HILIC
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Figure 6: Conclusions

• Figure 6 shows the entire chromatogram of fluorescence-labeled standard sugar
chains (left) and the enlargement of glucose hexamer peaks (right) obtained under
different chromatographic conditions.
• These chromatograms revealed that with the separation of oligosaccharides by HILIC,
higher flow rate and shallower gradient slope gave higher resolving power.
• On the basis of these results, condition C was adopted as the analytical condition for
oligosaccharides released from mAbs.
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Figure 7: Analysis of N-linked
Oligosaccharides Released from mAb

Several oligosaccharides were detected at around 5-8
glucose units (GU) from both samples.
The comparison of the elution profiles between mAb-1
and mAb-2 revealed that:
(1) The peak area ratio of the two peaks that eluted at
~7GU (indicated with arrows) was obviously different
between mAb-1 and mAb-2.
(2) The sample from mAb-1 included a larger variety of
oligosaccharides than that from mAb-2. In other words,
mAb-1 had a more heterogeneous glycosylation pattern
than mAb-2.
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Conclusions
• In this study, the heterogeneity of monoclonal antibodies (mAbs) in the glycosylation pattern
was evaluated by the use of size exclusion chromatography (SEC) and hydrophilic
interaction chromatography (HILIC).
• SEC analysis using TSKgel SuperSW mAb HR revealed that the stock solutions of mAb
contained higher or lower molecular size impurities. They were presumed to be aggregation
and degradation products of the antibodies produced during storage, respectively. These
impurities were successfully removed by SEC fractionation to yield pure mAb monomer
solutions.
• N-linked oligosaccharides released from the polypeptide chains of the mAb monomer were
analyzed by the HILIC column, TSKgel Amide-80, 3 μm. Prior to the analysis of real
samples, analytical conditions for oligosaccharides were examined, and high resolution
separation was achieved by high flow rate and shallow gradient slope. In this analytical
condition, oligosaccharides released from mouse mAb and human mAb were satisfactorily
separated, and the difference in the glycosylation pattern between the two was observed.
The difference was estimated to be caused by the difference in the production processes of
the mAbs, including cell line and cell culture conditions.
• The high resolving power of the SEC column and the HILIC column mentioned in this study
is suitable for the evaluation of mAb heterogeneity.
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Introduction

• Monoclonal antibodies (mAbs) are multi-domain proteins that are extensively
used as a research tool in molecular biology and in the development of
therapeutics in medicine.
• Frequently mAbs are present as multiple variants which may have formed as a
result of processing or storage conditions during the product development
process.
• The presence of such variants can lead to deleterious effects on the efficacy and
stability of the final product and must be removed from the protein sample in
order to comply with strict regulatory guidelines and to maintain product quality.
These impurities can have immunogenic reactions.
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Introduction

• Size Exclusion Chromatography (SEC) is often used to separate protein variants
differing on the basis of molecular mass, allowing for purification of the desired
protein species.
• Figure 1 shows a representative chromatogram of mAb variants obtained by the
reduction of the intact mAb using TCEP (tris (2-carboxyethyl) phosphine)
separated by size exclusion chromatography.
• Modifications of mobile phase ionic strength and composition, as well as flow
rate, can have a profound effect on the separation of the mAb variants when
using SEC.
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Figure 1: Separation of mAb 01 Monomer From its Half-mAb
and Low Molecular Weight Fragment

• The separation of the mAb monomer from its molar mass variants using Size
Exclusion Chromatography (SEC) is shown in this figure.
• All mAb variants were confirmed using SDS-PAGE.
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Material and Methods

Column:

TSKgel SuperSW mAb HR, 4 µm, 7.8 mm ID × 30 cm

Instrument:

All analyses were carried out using an Agilent 1100 HPLC system run by
Chemstation (ver B.04.02).

Mobile phase: as noted
Flow rate:

1.0 mL/min, unless otherwise noted

Detection:

UV @ 280 nm

Temperature:

ambient

Injection vol.:

10 µL (approximately 46 µg of total protein content per injection)

Sample:

mAb 02, 4.7 mg/mL - a gift from Tosoh Bioscience GmbH

All the representative chromatograms shown in this presentation were verified by 3
consecutive injections.
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Effect of Mobile Phase Compositions on the Separation of
Native and Thermally Denatured mAb 02 Monomer using the
TSKgel SuperSW mAb HR Column

• As SEC is a non-interaction form of chromatography, in which in an ideal
situation the compounds are separated purely due to a sieving process without
any interaction with the stationary phase, mobile phase conditions such as
composition, ionic strength, and flow rate can have a large effect on the
separation of the desired protein species from its molecular mass variants.
• The composition of the mobile phase can alter the properties of the SEC column
or analyte of interest.
• Such effects may lead to a loss of resolution or yield unacceptable peak shapes.
• Here, four commonly used SEC mobile phase compositions were explored to
evaluate the effect on the analysis of a monoclonal antibody in its native and
thermally denatured form.
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Figure 2: Effect of Mobile Phase Compositions on the
Separation of Native mAb 02 Monomer using the TSKgel
SuperSW mAb HR Column

The result clearly shows that the use of 100 mmol/L sodium sulfate (blue trace) as
a neutral salt additive to increase the ionic strength yields baseline separation of
the mAb 02 dimer from the monomer.
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Table 1: Effect of Mobile Phase Compositions on the
Separation of Native mAb 02 Monomer using the TSKgel
SuperSW mAb HR Column

• mAb 02 monomer retention time remains consistent irrespective of the nature of
the mobile phase composition.
• Addition of the neutral salt improved the peak asymmetry.
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Figure 3: Effect of Mobile Phase Compositions on the
Separation of Thermally Denatured mAb 02 Monomer using
the TSKgel SuperSW mAb HR Column
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Figure 3: Conclusions

• The result clearly shows that the use of 100 mmol/L sodium sulfate (blue trace)
as a neutral salt additive to increase the ionic strength yielded better separation
of the mAb 02 monomer from the dimer and higher order aggregates.
• The mAb 02 aggregate peaks could not be detected when no neutral salt was
added to the 100 mmol/L sodium phosphate in the mobile phase (red trace).
• The use of 100 mmol/L sodium sulfate (blue trace) neutral salt additive yielded
a sharper mAb 02 monomer peak compared to other mobile phase conditions.
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Figure 4: Effect of Mobile Phase Compositions on the
Separation of Thermally Denatured mAb 02 Monomer using
the TSKgel SuperSW mAb HR Column: Peak Area
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Figure 5: Effect of Mobile Phase Compositions on the
Separation of Thermally Denatured mAb 02 Monomer using
the TSKgel SuperSW mAb HR Column: Retention Time
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Figure 6: Effect of the mobile phase compositions on the
Separation of Thermally Denatured mAb 02 Monomer using
the TSKgel SuperSW mAb HR Column: Asymmetry
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Figures 4, 5 and 6: Conclusion

The retention time, peak area, and peak asymmetry of the mAb 02 monomer peak
remained relatively constant irrespective of the 4 mobile phase compositions
evaluated
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Effect of Flow Rate on the Resolution Between the IgG
Monomer and Dimer

• Unlike changes in mobile phase composition, changes in flow rate do not affect
the column or analyte during a separation.
• In contrast, altering the flow rate will directly affect band broadening of the
analyte traveling through the SEC column.
• Such changes in band broadening directly affect column efficiency and
resolution between molecular mass variants.
• Here, the effect of flow rate on monomer/dimer resolution of IgG was evaluated
between 0.2 mL/min - 1.0 mL/min.
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Figure 7: Effect of Flow Rate on the Resolution Between the
IgG Monomer and Dimer

This result shows that even at 1.0 mL/min flow rate the resolution between the
monomer and dimer is >1.5.
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Effect of Mobile Phase Ionic Strength on Critical Peak
Parameters

• Changes in the mobile phase ionic strength can lead to more hydrophobic or
charge-related (ionic) interactions between the stationary phase and the
analyte.
• Such changes can yield poor peak shape, irreproducible retention time, or
resolution of molecular mass variants.
• Here, the ionic strength of the neutral salt in the mobile phase (NaCl) was varied
from 0 mmol/L - 500 mmol/L.
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Figure 8: Effect of Mobile Phase Ionic Strength on Retention
Time

Retention time remained relatively constant with regards to changing the mobile
phase ionic strength from 0 mmol/L to 500 mmol/L NaCl.
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Figure 9: Effect of Mobile Phase Ionic Strength on Peak Area

• Peak area remained nearly constant with regards to changing the mobile phase ionic strength
from 100 mmol/L to 500 mmol/L NaCl.
• Monomer peak area at 0 mmol/L NaCl is larger than those observed at 100 - 500 mmol/L NaCl
concentrations and is possibly due to co-elution, thereby increasing the overall %RSD value.
• Excluding the peak area value obtained at 0 mmol/L NaCl, %RSD from 100 mmol/L to 500
mmol/L NaCl is 0.38.
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Figure 10: Effect of Mobile Phase Ionic Strength on Asymmetry

Peak asymmetry steadily improves with increasing ionic strength of the mobile
phase.
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Figure 11: Effect of Mobile Phase Ionic Strength on Column
Efficiency

Column efficiency remained relatively constant with regards to changing the mobile
phase ionic strength from 0 mmol/L to 500 mmol/L NaCl.
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Conclusions

• Mobile phase parameters such as composition, ionic strength, and flow rate
must be evaluated to obtain the best possible separation of the desired protein
species from the undesired impurities and variants.
• Increased resolution between the protein monomer and dimer can be obtained
by operating at lower flow rates.
• The TSKgel SuperSW mAb HR column is highly tolerant to mobile phase
variations due to the proprietary diol coating which prevents unwanted
secondary interactions such as ionic and hydrophobic interactions.
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