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Abstract

Size exclusion chromatography is the industry-standard method for measuring aggregate
content in monoclonal antibody samples. In this paper, we present an orthogonal analyti-
cal technique based on ultrafiltration for detecting and quantifying monoclonal antibody
aggregates. The sample to be analyzed was injected into the system in the ultrafiltration
mode, and the monomeric monoclonal antibody molecules were detected in the form of
a permeate peak. The system was then switched to backflow mode, and the aggregates
were recovered and detected in the form of a retained species peak. The aggregate content
in a given sample was quantified based on the relative peak areas, akin to that in liquid
chromatography. Two monoclonal antibodies were tested in this study using the proposed
analytical ultrafiltration technique. Size exclusion chromatography served as the control
technique. The data obtained using the two techniques were found to be in good agree-
ment. The advantages and limitations of the proposed analytical ultrafiltration technique
are discussed.
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1. Introduction

Monoclonal antibodies (mAbs) are widely used for a range of therapeutic and diagnos-
tic applications [1-4]. These are large macromolecules with complex structures. While such
structural complexity allows them to perform their respective functions in biology, this
also makes them prone to denaturation [5,6], fragmentation [7,8], aggregation [9-12], and
chemical modifications such as oxidation [13,14], deamidation [15,16], and glycation [17].
Aggregation, which is a particularly common problem with most mAbs, is highly unde-
sirable. Generally, aggregated forms of mAbs lack therapeutic activity [18,19]. Also, the
presence of mAb aggregates in formulations has been linked to problems such as toxic-
ity and immunogenicity [20,21]. Therefore, sensitive and reliable methods for detecting
aggregates are critically important for ensuring both safety and efficacy of mAb products.

Size exclusion chromatography (SEC) is widely considered the standard method
for analyzing mAb aggregates [22-26]. While this technique is extensively used in the
biologics industry, it has some limitations [27-33]. It has been widely reported that SEC
underestimates the mAb aggregate content in samples being tested [27-33]. One of the
primary reasons for this is the incomplete recovery of proteins during SEC analysis due
to adsorption by non-specific electrostatic or hydrophobic interaction [27,32,34]. Such
interactions can take place with the stationary phase material as well as with the surface of
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components of chromatography hardware [32,34,35]. Also, there is preferentially greater
adsorption of mAb aggregates on chromatography components when compared to the mAb
monomer [34,36]. In addition to incomplete recovery, such interactions could also result
in a change in elution characteristics, peak tailing, and band broadening [34]. Different
strategies such as the use of arginine and mild detergents in the mobile phase, high
ionic strength buffers, and high concentration of counter ions have been proposed for
reducing non-specific interactions [34,35]. The use of titanium chromatography hardware
in place of stainless steel has been shown to improve mAb aggregate recovery during
SEC [34]. Column passivation and pre-conditioning steps have also been shown to be
useful in reducing mAb aggregate adsorption on new columns [36]. Another reason for
incorrect or subjective estimation of aggregate content during SEC-based analysis is that
the mADb dimer peak is not always totally resolved from the mAb monomer peak at the
baseline [27,28,34]. Consequently, certain data-filtering and interpretation approaches are
used for peak integration, which could potentially lead to user-induced or software-induced
subjectivity in aggregate estimation.

Due to the above limitations, orthogonal techniques such as sedimentation velocity
analytical ultracentrifugation (SV-AUC) and asymmetric field flow fractionation (AFFF)
are frequently used along with SEC to obtain more complete information [12,27-29,37-40].
Some of these techniques actually give more reliable information about mAb aggregate
content. For instance, the percentage of soluble aggregates measured by SEC was found
to be significantly lower than that obtained by SV-AUC [27]. Also, SEC is not suitable for
detecting insoluble mAb aggregates due to their retention in frits and column pre-filters.
A wide range of orthogonal techniques have been used to detect and quantify soluble
and insoluble mAb aggregates, each technique having its own merits and demerits [12,39].
Aggregates are more hydrophobic and could therefore be separated from monomeric mAb
using hydrophobic interaction chromatography [41,42]. Aggregates could also be separated
from the monomeric form of mAbs based on differences in degree of interaction with cation
exchange and mixed-mode media [43,44]. However, with most such chromatographic
techniques, the samples would first have to be diluted in the mobile phase before separation
could be carried out, and this could potentially alter the composition of the sample. For
instance, dimer dissociation during sample dilution for SEC analysis has been reported in
the literature [27].

In this paper, we discuss an analytical ultrafiltration (AUF) technique for the sepa-
ration, detection, and analysis of mAb aggregates. This method is based on a recently
reported carrier phase ultrafiltration and backflow recovery (CPUFBR) technique that was
developed for small- to medium-scale preparative protein purification [45]. The proposed
AUF technique is a scaled-down version of the CPUFBR technique and has been further
customized for an analytical application. The working hypothesis of the proposed AUF
technique is summarized in Figure 1. An ultrafiltration module is fitted with a membrane
that retains the mAb aggregates but allows the monomeric form of the mAb to permeate.
The membrane module used for this technique is custom-designed for low dead-volume
and allows the permeate to be collected in a uniform manner. This device is integrated with
a liquid chromatography system using a four-port, two-position valve [45], as shown in
Figure 1. The carrier phase from the liquid chromatography system is directed to port 1
of the valve, while the permeate from the membrane module is directed to port 4 of the
valve. The liquid from port 3 of the valve is directed to the detectors of the liquid chro-
matography system. The sample to be analyzed is injected when the valve is in position 1.
This results in the so-called S-flow ultrafiltration [45] pattern within the membrane module.
The monomeric mAb molecules pass through the membrane and are detected in the form
of a permeate (first) peak (see Figure 2). Once all the monomeric mAb has been removed
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in the permeate, the valve is switched to position 2 such that the species retained by the
membrane is directed to port 2 of the valve, and from there, through port 3, to the detector.
This results in the so-called S-backflow recovery [45] of the retained mAb aggregates, and
these are detected in the form of a composite retained species (second) peak (see Figure 2).
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Figure 1. Experimental set-up and process schematic used for separation and analysis of monoclonal

antibody aggregates using analytical ultrafiltration.
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Figure 2. Idealized fractogram for the separation and analysis of monoclonal antibody aggregates
using analytical ultrafiltration.

The ultrafiltration membrane used for the proposed AUF technique discussed in
this paper had a molecular weight cut-off (MWCO) of 100 kDa. Preliminary experiments
were carried out using membranes having different MWCO ratings, and this particular
membrane was found to be most suitable for this project. This membrane was selected based
on the results of preliminary experiments, which showed that at the volumetric permeate
flux (J») used in the AUF experiments, monomeric mAb was freely transmitted through this
membrane while aggregated mAb was retained. The passage of IgG class mAb (which has
a molecular weight of ~150 kDa) through a 100 kDa MWCO-rated ultrafiltration membrane
may seem counterintuitive. However, the MWCO rating is at best a rough guideline for
membrane selection as retention is not only dependent on size but also on other factors
such as operating pH, ionic strength, and the volumetric permeate flux [46-48]. There are
reports in the literature where molecules significantly smaller than the membrane rating
were substantially retained, while molecules larger than the membrane rating easily passed
through [46-48]. Two mAbs were examined in this study. Trastuzumab (mAb1), in which
aggregation was induced by repeated freeze-thawing, was used as the high aggregate-
containing mAb sample. Another mAb (hIlgG1-CD4) was used as the low aggregate-
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containing sample (mAb2). The aggregate content in these mAb samples was determined
using the proposed AUF technique. The results obtained by AUF were compared with
those obtained by SEC.

2. Materials and Methods

Polyethersulfone (PES) ultrafiltration membrane (OMEGA, part OT100 SHEET) with
a molecular weight cut-off of 100 kDa was purchased from Pall Life Sciences (Missis-
sauga, ON, Canada). Tricorn GL 10/300 column and Superdex 200 HR size exclusion
chromatography media were purchased from GE Healthcare Bioscience (Uppsala, Sweden).
A four-port, two-position valve (Cheminert) was purchased from VICI Valco (Houston,
TX, USA). Sodium chloride (S7653), potassium chloride (P9541), sodium phosphate dibasic
(S0876), and potassium phosphate monobasic (P5655) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Trastuzumab (monoclonal antibody) was produced as described
previously [49], while hIgG1-CD4 (monoclonal antibody, batch 12) was kindly donated by
the Therapeutic Antibody Centre, Oxford University, United Kingdom. These monoclonal
antibodies will be referred to in this paper as mAb1 and mAb2, respectively. Purified water
(18.2 MQ) cm) used in preparing buffers and protein feed solutions was obtained from a
Diamond™ NANOpure (Barnstead, Dubuque, 1A, USA) water purification unit.

The monoclonal antibody samples were first tested using analytical SEC using a
Tricorn GL 10/300 column packed with Superdex 200 HR media. Phosphate-buffered
saline (PBS, pH 7.4) was used as the mobile phase, and the analyses were carried out at a
flow rate of 0.1 mL/min. The volume of the mAb sample injected in the SEC experiments
was 20 uL.

The ultrafiltration membrane module (see Figure 3) used for conducting the AUF ex-
periments discussed in this paper was designed and fabricated in-house. The effective area
of the ultrafiltration membrane within the module was 1.33 cm?, the pressure limit being
1 MPa. The module, which was assembled by sandwiching the ultrafiltration membrane
between a feed plate and a collection plate as discussed elsewhere [45], was integrated
with an AKTA Prime Plus liquid chromatography system (GE Healthcare Biosciences,
Montreal, QC, Canada) using appropriate tubing and a four-way, two-position valve. The
AUF fractograms were obtained based on ultraviolet absorbance measurement at a 280 nm
wavelength. The AUF technique consisted of two steps: ultrafiltration and backflow recov-
ery (see Figure 1), both of which were carried out at a flow rate of 0.5 mL/min. During
the ultrafiltration step, the permeate from the membrane module was directed to the UV
detector of the liquid chromatography system, while during the backflow recovery step,
the material retained by the ultrafiltration membrane was directed to the UV detector.
Therefore, the output from the AUF technique for mAb aggregate analysis consisted of a
permeate peak due to the mAb monomer and a retained material peak due to mAb aggre-
gates (as represented in Figure 2). Phosphate-buffered saline (PBS, pH 7.4) was used as the
carrier phase in the AUF experiments. This buffer was selected to ensure that the transmis-
sion of the monomeric form of the mAb through the ultrafiltration membrane was high.
Earlier studies have shown that antibody transmission was higher in high-ionic-strength
carrier phases with pH close to neutral [48]. The monoclonal antibody sample was injected
using an appropriate sample injector with the AUF set-up in the ultrafiltration mode, this
being the ultrafiltration step. Once the permeable species (the monomeric form of the
mADb) present in the sample was completely removed in the permeate stream, the backflow
recovery step was initiated by switching the position of the four-port, two-position valve.
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Figure 3. Membrane module used for analytical ultrafiltration.

3. Results and Discussion

The two monoclonal antibody samples were first analyzed using analytical size exclu-
sion chromatography. These SEC experiments served as the control experiments for the
proposed AUF technique. Figure 4 shows the SEC chromatogram obtained with mAbl,
while Figure 5 shows the SEC chromatogram obtained with mAb2. The volume of the
monoclonal antibody solution injected in these experiments was 20 pL, and the concentra-
tion was 1 mg/mL. The peaks were identified on the basis of molecular weight calibration.
The peak integration data obtained from these chromatograms is summarized in Table 1.
The aggregate content in mAb1 was 8.60%, while that in mAb2 was 2.05%. Based on the
retention time of the aggregate peaks in the two chromatograms, it may be inferred that
the aggregates present in the mAb1 sample were higher-order aggregates (e.g., trimers,
tetramers), which were obtained in the void volume fraction of the SEC column. On the
other hand, the aggregates present in mAb2 were predominantly dimers.
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Figure 4. Analytical SEC chromatogram obtained with mAb1 monoclonal antibody (column: Tricorn
GL 10/300, media: Superdex 200 HR, flow rate: 0.1 mL/min, sample volume: 20 uL, mAb conc.:
1mg/mL).
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Figure 5. Analytical SEC chromatogram obtained with mAb2 monoclonal antibody (column: Tricorn
GL 10/300, media: Superdex 200 HR, flow rate: 0.1 mL/min, sample volume: 20 puL, mAb conc.:
1mg/mL).
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Table 1. Monoclonal antibody aggregate content as determined by analytical SEC.

Antibody Percentage of Aggregates
mAbl 8.60
mAb2 2.05

The AUF experiment was first carried out using a “blank” sample, i.e., by injecting
10 uL of PBS (pH 7.4). The ultrafiltration and backflow recovery steps were carried out at
the same flow rate, i.e., 0.5 mL/min, with backflow being initiated at 4 mL. The volumetric
permeate flux in the ultrafiltration step of the experiment was therefore 6.27 x 107> m/s.
This blank experiment was carried out to ascertain the extent to which the results obtained
using AUF could be affected by experimental artifacts. Figure 6 shows the fractogram
obtained from a typical blank experiment. As can be observed, there were no UV absorbance
disturbances or drifts in the ultrafiltration phase of the experiment. There was a very slight
disturbance in the UV signal (in the fractogram) when the flow was reversed using the
four-port, two-position valve for the backflow recovery phase of the experiment. However,
this disturbance manifested itself in the form of a minuscule peak with a very small peak
area. It was therefore unlikely to impact the results obtained in the mAb aggregate analysis
experiments (as discussed later in the paper based on comparison of peak area data).

Ultrafiltration
Backflow recovery

UV absorbance (mAu)

2 4 & 8
Volume (mL)

Figure 6. Analytical ultrafiltration fractogram obtained with “blank” sample (membrane: PES
100 kDa; flow rate: 0.5 mL/min; backflow: at 4 mL; sample volume: 10 uL).

Figure 7 shows the fractogram obtained during the analysis of mAb1l using AUE. The
volume of monoclonal antibody solution injected in these experiments was 10 pL, and the
concentration was 1 mg/mL. In this experiment, which was also carried out using a flow
rate of 0.5 mL/min, two distinct peaks were obtained, one corresponding to the permeable
species (i.e., the mAb monomer) and the other corresponding to the retained species (i.e.,
the mAbD aggregates). The backflow was initiated after 4 mL to allow the UV absorbance
signal following the first peak to reach the baseline. This ensured that the permeable
species was completely removed from the membrane module before the retained species
were recovered. The aggregate content of mAb1 was determined by peak integration data
obtained from five repeat experiments (see Table 2). The identification of the aggregates
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peak in an AUF fractogram was based on the expectation that aggregated species would be
quantitatively retained by the 100 kDa MWCO membrane, as well as based on comparison
with the corresponding SEC chromatogram. A comparison of data shown in Tables 1 and 2
would suggest that the aggregate content data (for mAb1) obtained using the two analytical
techniques (i.e., analytical SEC and AUF) were in good agreement.

mAb1

Ultrafiltration
Backflow recovery

UV absorbance (mAu)

2 4 6
Volume (mL)

Figure 7. Analytical ultrafiltration fractogram obtained with mAb1 monoclonal antibody sample
(membrane: PES 100 kDa; flow rate: 0.5 mL/min; backflow: at 4 mL; sample volume: 10 pL, mAb
conc.: 1 mg/mL).

Table 2. Monoclonal antibody aggregate content as determined by analytical ultrafiltration.

Antibody Percentage of Aggregates
mAbl1 8.89 (SD = 0.69)
mAb2 2.36 (SD =0.11)

Figure 8 shows the fractogram obtained during the analysis of mAb2 using AUF. This
experiment was carried out using an identical protocol to that used for mAbl, i.e., flow rate
of 0.5 mL/min with backflow recovery initiated at 4 mL. The volume of monoclonal anti-
body solution injected in this experiment was 10 pL, and the concentration was 1 mg/mL.
Consistent with expectation, the recovered species peak obtained with mAb2 was signifi-
cantly smaller than that obtained with mAb1l. The mAb2 analysis experiments were also
carried out using five repeats and the average aggregate content was determined (see
Table 2). The mAb2 aggregate content data obtained using the two analytical techniques
(i.e., analytical SEC and AUF) were also found to be in good agreement.

The monoclonal antibody monomer and aggregate peaks obtained using the analytical
ultrafiltration technique were well resolved and area under the curve calculation for peak
area determination was quite straightforward. The baseline was very stable, and the area of
each peak was determined by integration of the respective area above the baseline. Indeed,
while using this technique, the resolution between the two peaks could be adjusted (i.e.,
increased or decreased) by changing the volume at which the backflow recovery mode
is initiated. In size exclusion chromatography, the monoclonal antibody monomer and
aggregate peaks are not always well resolved, leading to subjectivity in peak integration.
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The average area under the curve (based on five experiments) of the minuscule disturbance
peaks obtained in the “blank” experiment (see Figure 6) was 0.009 mAu mL, while the
corresponding averaged values for recovered species peaks obtained with mAbl1 (see
Figure 7) and mAb?2 (see Figure 8) were 1.034 mAu mL and 0.223 mAu mL, respectively.
Based on this, it may be safely inferred that the aggregate content data obtained for
both mAb samples were not tainted by any artifact generated by disturbance during the
changeover from the ultrafiltration step to the backflow recovery step.

mAb2

Ultrafiltration
Backflow recovery

UV absorbance (mAu)

o H d

6

2 4
Volume (mL)

Figure 8. Analytical ultrafiltration fractogram obtained with mAb2 monoclonal antibody (membrane:
PES 100 kDa; flow rate: 0.5 mL/min; backflow: at 4 mL; sample volume: 10 uL; mAb conc.: 1 mg/mL).

Based on the results discussed above, it would be fair to say that the proposed AUF
technique represents a promising new approach for measuring mAb aggregate content.
The AUF techniques could be refined and developed further as an orthogonal technique
with respect to SEC. The excellent agreement in aggregate content data (for the two mAbs
tested in this study) obtained with SEC and AUF is encouraging and would indicate that
AUF would potentially be widely applicable. The typical sample analysis run time for the
AUF technique was about 10 min, which compared very favorably with some of the more
advanced high-performance liquid chromatography (HPLC) techniques currently used in
the industry [50]. With the AUF technique, the volume of carrier (or mobile) phase used
per run was about 5 mL, which was also quite low compared to a typical HPLC run. These
features make it particularly attractive for use in screening formulation buffers for mAb
drug products. However, the main limitation of AUF is that all aggregated species are
lumped together in the retained species peak. Therefore, the proposed technique, while
being suitable for measuring the net mAb aggregate content, cannot be used for determining
the composition of the different types of aggregates in a given sample, i.e., dimers, trimers,
and so on. In some applications, such as the study of mechanisms involved in aggregate
formation, it is important to know the relative content of the different aggregated species.
On the other hand, when aggregates are split over multiple and sometimes unresolved
peaks, the chance of integration errors and measurement subjectivity is very high. The
fact that all aggregated species are consolidated in a single peak in the AUF technique
would suggest that the net aggregate measurement data obtained using this technique
would be more reliable. Also, the AUF technique measures both soluble and insoluble mAb
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References

aggregates. Therefore, AUF could potentially be used as an orthogonal analytical technique
for routine mAb aggregate content measurement for batch clearance. Whether the approach
used in this study could be used to further segregate different aggregated species—i.e.,
soluble aggregates from insoluble aggregates—will be examined in future studies. The
effects of solution conditions on protein-membrane interaction, and its potential impact on
the analytical ultrafiltration technique, will also be investigated.

4. Conclusions

The proposed analytical ultrafiltration technique was shown to be suitable for mea-
suring aggregate content in monoclonal antibody samples. Blank experiments showed
that the aggregate content data obtained using the proposed technique was not likely
to be tainted by any artifact. The versatility of the technique was demonstrated by ana-
lyzing two different monoclonal antibody samples that had different levels of aggregate
content. The results obtained using the proposed technique were compared with those
obtained using size exclusion chromatography, which served as the control technique.
The aggregate content measurements obtained using the two techniques were found to
be in good agreement. The proposed analytical ultrafiltration technique could therefore
be developed further to potentially serve as an orthogonal technique with respect to size
exclusion chromatography for batch clearance of monoclonal antibody samples. The main
limitation of the analytical ultrafiltration technique is that it measures all aggregates as
one fraction. Therefore, it cannot be used for determining the composition of the different
types of aggregates, such as dimers, trimers and so on, in a given sample. However, for the
very same reason, the net aggregate content measurement obtained using the analytical
ultrafiltration technique is likely to be more reliable than size exclusion chromatography as
the different aggregate species are detected and measured as a composite peak and are not
distributed and thereby diluted in multiple peaks.
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