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ABSTRACT
The success of monoclonal antibody (mAb) therapeutics have increased pharmaceutical investment in mAb
production, which has led to a greater demandof technologies to efficiently characterize these biotherapeutics.
The large size and heterogeneity ofmAbs require themeasurement ofmultiple critical quality attributes (CQAs)
during production. The current workflow to measure CQAs of antibodies involves multiple one-dimensional
liquid chromatographymethods, including Protein-A (ProA), ion-exchange (IEX), reversed-phase, size exclusion
(SEC), hydrophilic interaction, and hydrophobic interaction (HIC). Recent advances in commercial two-
dimensional liquid chromatography (2D-LC) affords an opportunity to perform two separations at once to
measure multiple CQAs in a single assay. Here, we describe the development of a 2D ProA–SEC method using
entirely commercially available instrumentation. Each individual separation and the transfer of material
between dimensions were optimized to develop a method that measures titer and aggregation of a target
antibody from harvested cell culture fluid in under 5 min. We determined the effects of each parameter of the
method onmAb recovery and stability, as well as speed, robustness, resolution, and accuracy of the aggregate
amount detected in the second dimension (2D). While there are still sources of error caused by hardware
limitations, our rapid ProA-SEC method is an effective screening tool with a significant throughput advantage
over previously described methods. Additionally, this work serves as a basis for developing other 2D-LC
methods with ProA as the first dimension (1D) separation coupled with different 2D separation, such as ProA-
IEX and ProA-HIC.

ARTICLE HISTORY
Received 18 September 2019
Revised 17 November 2019
Accepted 3 December 2019

KEYWORDS
Two-dimensional liquid
chromatography; protein-A;
size exclusion
chromatography;
aggregation; monoclonal
antibody; titer

Introduction

Monoclonal antibodies (mAbs) are the most successful class
of biotherapeutics due to their manufacturability, pharmaceu-
tical properties, and safety profiles. Since the first approval of
a therapeutic mAb in 1986, mAbs and antibody-related pro-
ducts have become the most popular biotherapeutics for treat-
ment of various diseases, including cancers, multiple sclerosis,
and inflammatory disorders.1,2 The ‘Antibodies to watch’
article series has documented a more than 100% increase in
the number of mAbs in Phase 3 clinical trials, from 26 mAbs
in 2010 to 62 mAbs in 2019.3 With 225 mAbs currently in
Phase 2 trials, the number of therapeutic mAbs in the com-
mercial pipeline is expected to continue increasing. Thus, the
pharmaceutical industry is heavily invested in developing
better manufacturing processes for mAb therapeutics to
increase productivity while decreasing operating cost.4,5

Although mAbs are known for structural integrity and
stability compared to other biotherapeutics, changes in bior-
eactor growth conditions can lead to changes in critical qual-
ity attributes (CQAs) of the mAb. To control the quality of
the product, many analytical tools, including liquid chroma-
tography (LC), capillary electrophoresis (CE), UV-Vis spec-
troscopy, enzyme-linked immunosorbent assay (ELISA), and

mass spectrometry (MS), are used in the development and
manufacturing of these molecules. Among these tools, LC is
the most widely used for determining CQAs such as titer,
aggregation, charge heterogeneity, oxidation, glycosylation,
hydrophobicity, and protein affinity. Size exclusion chroma-
tography (SEC) is the most frequently used LC technique
during process development for analysis of mAb aggregates;
this is an important CQA because aggregates are known to
affect biological potency, protein stability, and safety.6,7

One challenge for LC-based methods, such as SEC, is that
impurities in the harvested cell culture fluid (HCCF) can
interfere with the analysis of the target mAb. Thus, the mAb
must first be separated from the cells and then purified prior
to analysis by SEC.8 Affinity chromatography using recombi-
nant Protein A ligand is the preferred method of purification
of mAbs because of the high specificity of the ligand for
binding the Fc region of immunoglobulin Gs (IgGs).9 This
technique is widely used as the first step of purification, and
also as an analytical tool to measure concentration of the mAb
(titer) in clarified culture. Recently, technological innovations
have allowed for the automated use of resin-filled micropip-
ette tips for small-scale purification.10 This approach has
become the preferred technology in the industry for small
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scale and higher throughput because of the possibility to
purify many samples in parallel using liquid handling robots.
Nevertheless, having to purify cell culture samples prior to
quality testing by LC and other methods still presents
a considerable resource burden for the industry due to the
need for automation experts, large capital investment, and
costly reagents.

Ideally, methods would enable rapid determination of
CQAs directly from cell culture samples or HCCF. Direct
analysis of the cell culture sample would remove the need
for mAb purification prior to analysis. This would both
reduce the time needed to generate results and eliminate the
possibility that the mAb could be chemically modified during
offline ProA purification (Figure 1). Other groups have
reported progress toward this goal. In 2014, Paul et al. identi-
fied two SEC columns that can be used for direct analysis of
mAb aggregates in mammalian cell culture supernatant.8 In
another approach, two different groups demonstrated that
ProA and SEC columns in series can be used to determine
aggregates and host cell proteins in samples containing mAb
or mAb-like biological process intermediates.11,12 However,
the analysis times for these methods were over 20 min, and
all impurities from the cell culture fluid were transferred to
the SEC column, which shortens column lifetime. Also, these
papers noted an underrepresentation of high molecular
weight (HMW) species in their methods compared to con-
ventional offline ProA purification followed by SEC analysis.

Two-dimensional liquid chromatography (2D-LC) techni-
ques have been used for separation of analytes that are chal-
lenging to resolve by one separation mechanism. The essence
of the 2D-LC approach is that fractions of effluent from the
first dimension (1D) separation are collected in predefined
volumes and transferred to a second dimension (2D) column
in an automated fashion. If the 1D and 2D separations are
complementary, the 2D separation has the potential to resolve
species that co-eluted from the 1D column. The additional
resolving power provided by the 2D column can either be

used to increase the resolving power of the 1D separation, or
reduce analysis time compared to what is needed when using
a single column.13 However, the use of 2D-LC techniques in
pharmaceutical analysis has typically been focused on small
molecule drugs or peptides, and there are still multiple unex-
plored applications for analysis of proteins by 2D-LC.14,15 It
was only in recent years that such technology was used for
analysis of biological drugs such as mAbs.15–20 Methods based
on 2D-LC have the potential to enable the determination of
multiple mAb CQAs from a single analysis. For example,
cation exchange chromatography (CEX) can be used in the
first dimension to obtain information about the charge het-
erogeneity of the mAb, and then individual charge variants
can be analyzed further in the second dimension by SEC to
measure aggregation and fragmentation.21 One combination
of separation modes that is particularly attractive for upstream
development and continuous processing is ProA affinity and
SEC. As a first-dimension separation, ProA purifies the mAb
material for analysis by SEC in the second dimension, and
provides a titer determination. A ProA-SEC 2D-LC assay
would allow the direct determination of aggregate levels for
samples of cell culture fluid while eliminating the need for
preparation of the sample prior to analysis (Figure 1).

In 2017, Williams et al. described a 2D-LC method
designed to determine mAb aggregate levels in cell culture
samples.17 The concept used in this work relied on purifica-
tion of mAb from the cell culture sample using ProA as a first
dimension of the 2D-LC method. Then, several fractions of
the mAb peak eluting from the ProA column were transferred
to a second dimension SEC separation where mAb monomer
was separated from low molecular weight (e.g., clipped mAb
structures) and HMW (e.g., aggregates) species. While this
work clearly demonstrated the effectiveness of the concept,
the particular implementation used required a custom instru-
ment configuration, and each fraction collected from the
ProA separation required a 10-min 2D SEC analysis, leading
to total analysis times of over 100 min. Sandra et al. described

Figure 1. Different workflows used to determine the %HMW mAb species in samples of HCCF. The rapid ProA-SEC eliminates the need to isolate PAP samples before
analysis by SEC.
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a similar method for clone selection using a commercially
available 2D-LC system without modifications.18 Their work
described a ProA-SEC method that used a single 40 µL heart-
cut to transfer a portion of the ProA elution peak to the
2D SEC separation for analysis of aggregation. With a single
heart-cut, their total analysis time was 20 min. However,
neither of these studies compared the 2D-LC method to con-
ventional 1D SEC to determine the accuracy of the aggregate
amount detected. While these methods were proof-of-
principle accounts that ProA-SEC can be used to directly
test cell culture fluid for mAb CQAs, each had its own
disadvantages, preventing more widespread use in the bio-
pharmaceutical industry. Recent advances in commercially
available 2D-LC hardware and software have opened avenues
to develop robust and transferable online 2D-LC methods.

In this study, we developed a high-throughput 2D-LC
method that can directly determine mAb titer and aggregation
level for samples of HCCF with a total analysis time of 5 min.
During optimization of the method, we studied the effects of
method parameters on mAb recovery, mAb stability, analysis
speed, robustness, resolution, and accuracy of HMW levels
determined using the method. Given that the findings from
these experiments are also applicable to other 2D-LC separa-
tions of mAbs involving ProA as a 1D separation, this study
also acts as a foundation to create other 2D-LC methods
designed to determine CQAs using the 2D separation. The
implementation of these state-of-the-art high-throughput 2D-
LC methods have the potential to replace long and costly
processes for determination of mAb CQAs for cell culture
samples.

Results

Optimizing the ProA separation

To optimize the rapid ProA-SEC method we developed
a ProA elution method that minimized the volume of the
mAb elution peak without significantly sacrificing analysis
speed or robustness. Using a POROS™ A 2.1 mm i.d.
x 30 mm (20 µm particle size) column, we tested multiple
elution buffers to determine the effect of pH and ionic
strength on the peak shape of NISTmAb, used here as
a model therapeutic mAb. The pH of the buffers varied
from 1.9 to 3.0, and either sodium chloride or potassium
chloride was used as an additive. Figure 2(a) shows that
buffers B and C, which were prepared with potassium phos-
phate, instead of hydrochloric acid, resulted in the most
symmetrical peak shape for NISTmAb. The most obvious
difference between buffers B and C was that buffer B was
buffered at pH 2.5, while buffer C was buffered at pH 3.0.
Although lower pH buffers can produce narrower ProA elu-
tion peaks, we chose to use buffer C in an effort to minimize
exposure of the mAb to acidic stress during elution. Low pH
has been shown to cause aggregation in some mAbs,22 and we
wanted to minimize potential modifications to the mAb dur-
ing execution of the rapid ProA-SEC method. Additionally,
both elution conditions produced peaks with widths measured
at 12σ that were less than 0.12 min, which corresponds to
fraction volumes less than 120 µL. This means that more than

99% of the mass of the eluted protein can be captured in
a single sample loop for transfer to the 2D separation. Figure 2
(b) shows the elution profiles for three different mAbs using
elution buffer C. Finally, linear gradients from 0% to 100%
B over different times ranging from 0.1 to 3 min were tested
to identify which gradient time would produce the lowest
mAb elution volume using ProA elution buffer at pH 3.0.
Figure S1 shows that shorter gradients produced mAb peaks
with lower mAb elution volumes, and thus the best gradient
for both high speed and low elution volume is one that steps
from 0% to 100% B over 0.1 min.

After an optimal elution buffer and gradient profile were
selected, we then determined the effect of the elution flow rate
on mAb elution volume. Both a 2.1 mm i.d. column (POROS
A) and a 1.0 mm i.d. column (TSK Gel) were evaluated. It was
expected that the 1 mm i.d. column would have a lower
elution volume due to its smaller column volume.
Surprisingly, the larger diameter 2.1 mm i.d. column pro-
duced peaks with lower elution volumes compared to the
1.0 mm i.d. column for all flow rates tested (Figure 3 and
S2). For the 2.1 mm i.d. column, it was shown that reducing
the flow rate would reduce the peak volume (Figure 3), but
there was only a 20% reduction in elution volume between
1.0 mL/min and 0.4 mL/min. A significant improvement was
observed at 0.2 mL/min, but running the 1D separation at
0.2 mL/min would require a significant increase in the analy-
sis time and reduce throughput. While this was not explored
further in this study, using a flow rate of 0.2 mL/min or less
for the ProA separation may enable use of smaller loop
volumes for the 2D interface if throughput is not a high
priority. Instead, we settled on a flow rate of 1 mL/min,
which then required optimization of the interface loop
volume as discussed below. Finally, we confirmed that this
ProA method exhibited a linear response for titer analysis for
injections of mAb with masses between 5 and 40 µg (Figure
S3). The ProA elution conditions described here not only
provided a rapid elution from the 1D column in less than
1.5 min, but also minimized the mAb elution volume, and
minimized exposure of the mAb to acid stress during elution.

Optimizing the loop size and SEC separation

Next, we developed a rapid SEC separation that would tolerate
the large volumes of 1D effluent transferred from the ProA
separation. The XBridge SEC 200A 7.8 mm i.d. x 150 mm (3.5
µm particle size) column was used because it has a column
volume of about 7 mL, which minimizes the loss in resolution
due to the large injection volumes.23 To test the effect of the
loop size on the SEC separation, we compared a 1D SEC
separation with an injection volume of 2 µL (i.e.,
a conventional 1D-LC separation), to the SEC separation in
the second dimension of the ProA-SEC setup with loops sizes
that varied from 40 µL to 180 µL (Figure 4). In these experi-
ments, we also tested the effect of the configuration of the
interface valve in the 2D-LC system on recovery and resolu-
tion. The valve can be setup in either a concurrent (i.e., loops
are filled and emptied in the same direction) or countercur-
rent (i.e., loops are filled and emptied in opposite directions)
configuration. Figure 4(a) shows that even using the 40 µL
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loop resulted in an increased SEC peak width compared to the
1D SEC separation, and the peak width increased with larger
loop volumes. These increases in peak width naturally lead to
losses in resolution between monomer and HMW peaks in
the SEC separation, as shown in Figure 4(b). These results
also show that peak widths were narrower (and thus resolu-
tion was higher) when using the interface valve in

countercurrent mode. The observed trends were the same
for two different mAbs, NISTmAb and mAb1.

In the 2D-LC experiments, the region targeted for transfer
to the second dimension was centered on the ProA elution
peak to optimize antibody recovery in the second dimension
separation. Here, recovery is defined as the peak area detected
following elution of the mAb from the 2D SEC column

1.0 1.1 1.2 1.3 1.4 1.5
0

2000

4000

Elution Buffer A

Time (min)

A
b

so
rb

an
ce

(m
A

u
,2

14
n

m
)

1.0 1.1 1.2 1.3 1.4 1.5
0

2000

4000

NISTmAb

Time (min)

A
b

so
rb

an
ce

(m
A

u
,2

14
n

m
)

1.0 1.1 1.2 1.3 1.4 1.5
0

2000

4000

Elution Buffer B

Time (min)

A
b

so
rb

an
ce

(m
A

u
,2

14
n

m
)

1.0 1.1 1.2 1.3 1.4 1.5
0

2000

4000

mAb1

Time (min)

A
b

so
rb

an
ce

(m
A

u
,2

14
n

m
)

1.0 1.1 1.2 1.3 1.4 1.5
0

2000

4000

Elution Buffer C

Time (min)

A
b

so
rb

an
ce

(m
A

u
,2

14
n

m
)

1.0 1.1 1.2 1.3 1.4 1.5
0

2000

4000

mAb2

Time (min)

A
b

so
rb

an
ce

(m
A

u
,2

14
n

m
)

a b

Figure 2. Peak shapes for different mAbs (B) eluted from a 1D ProA column using different buffers (A). (a) NISTmAb peak shapes obtained using three different ProA
elution buffers. Buffer A was 12 mM hydrochloric acid and 150 mM NaCl at pH 1.9. Buffer B was 25 mM potassium phosphate and 150 mM potassium chloride at pH
2.5. Buffer C was 100 mM potassium phosphate and 100 mM potassium chloride at pH 3.0. (b) ProA elution profile of three mAbs using elution buffer C. Dashed lines
indicate the portion on of the effluent that would be captured using a 120 µL sampling loop.
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relative to the peak area detected following elution of the mAb
in a conventional 1D-LC experiment using the same column.
As expected, increasing the loop size from 40 to 120 µL
increased the material recovered in the second dimension
relative to the peak area observed in 1D SEC separations.
This is simply because the 40 and 80 µL loops are too small

to capture the entire ProA elution peak in a single fraction,
and thus some of the mAb material is never transferred to the
2D SEC column and cannot be detected at the 2D detector.
Interestingly, the observed recovery was smaller using the 180
µL loops compared to the 120 µL loop, and neither exhibited
over 95% recovery. These data suggested that some mAb

Figure 3. Dependence of Protein A peak volume on flow rate. Peak volume is calculated by multiplying the peak width measured at half-height in time units by the
flow rate. Chromatographic conditions: Column, 30 mm x 2.1 mm i.d. POROS Protein A (20 µm); Mobile phase A, PBS (see Materials and Methods for details); Mobile
phase B, 100 mM sodium dihydrogen phosphate adjusted to pH 3; Gradient elution of the mAb occurred upon a step change from 100% of mobile phase A to 100%
of mobile phase B in 0.01 min. The length of the initial hold at 100% mobile phase A was scaled in relation to the flow rate such that the mobile phase volume
during this time was 0.2 mL; Injection volume, 1.0 µL; Sample, 1.0 µg/µL mAb4 in PBS. Detection was by absorption of UV light at 210 nm.

Figure 4. Effect of loop size between dimensions on 2D SEC separation. (a) Half-height width of monomer peak in 2D SEC. (b) Resolution between HMW and
monomer species in 2D SEC. For the resolution calculation, widths of peaks were calculated using tangent line method, because half-height width could not be
measured for the HMW species peak in some cases. Heart cuts for each loop size were timed to optimize recovery for 2D SEC. (c) Recovery of material in 2D SEC
compared to 1D SEC. In all graphs, error bars show 1 standard deviation.
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protein was being lost in the loops as it was being transferred
between dimensions (e.g., due to adsorption). The net out-
come of these experiments is that the 120 µL loop, operated in
countercurrent mode, provides the best compromise between
analysis speed and mAb recovery and resolution of mAb
monomer and HMW species. To better understand the
impact of loop size on mAb recovery, we further investigated
the effect the timing of the start of loop filling prior to transfer
of the fraction to the second dimension.

Optimization of fraction transfer

The optimal timing for transfer of a single fraction of ProA
effluent was empirically determined by a series of experiments
where the transfer window was “marched” through the
1D mAb elution peak, as described in the Materials and
Methods section. These experiments were carried out with
three different mAbs to determine which loop size and timing
were optimal in each case. NISTmAb and mAb1 both exhib-
ited symmetrical ProA elution profiles, and are representative
of the behavior typically observed for mAbs in ProA purifica-
tion, while mAb2 exhibited a tailing peak, which was chosen
to represent a more challenging mAb (see Figure 2). Using
both the 180 and 120 µL loops resulted in about 90-95%
recovery for both NISTmAb and mAb1, as shown by the
black bars in Figure 5. Interestingly, even the 80 µL loop
provided a recovery close to 90%. While the larger loop
sizes only provided marginal improvement in overall recov-
ery, they do improve the robustness of the method by provid-
ing a wider time window where better than 90% recovery can

be achieved. For example, for mAb1, the highest recovery of
90% is only observed for two start times for the fraction
transfer step: 1.22 and 1.23 min (a 0.6-s window). On the
other hand, using the 180 µL loop provides more than 90%
recovery for start times ranging from 1.14 to 1.20 min (a
3.6-s window). This makes the method less susceptible to
small changes in 1D retention time. As expected, lower recov-
eries were observed for the atypical mAb2 across all the loop
sizes because of the wider ProA elution peak for this mAb.
Only at one specific time for the start of fractionation with the
180 µL loop did the recovery exceed 90%. While using larger
loops between dimensions improves the recovery, they also
provide a greater amount of surface area that can possibly
adsorb protein during the transfer between dimensions, which
has the potential to affect the results of the 2D SEC.

The %HMW values, shown by the gray bars in Figure 5,
varied slightly depending on the loop size used, and the timing
of the fraction transfer. The %HMW values in the SEC separa-
tions were calculated by dividing the area of the HMWpeaks by
the total area of the HMW and monomer peaks. This calcula-
tion assumes that equal masses of each species (i.e., monomer,
HMWs) produce the same detector response. Generally,
separations involving smaller loop volumes resulted in higher
%HMW values compared to separations involving the larger
loops, and the difference between loop sizes was mAb depen-
dent. Additionally, methods involving later starting points for
fraction transfer resulted in slightly higher %HMW values, so
long as the fraction transfer window was not clearly misaligned
with the ProA elution profile. The greatest variation in %HMW
values was observed for NISTmAb, ranging from 1.7% using
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Figure 5. Changes in mAb recovery and %HMW species due to varying loop size and timing of heart cut. The time listed on the x-axis is the initiation of the fraction
being collected. The recovery of the 2D-LC method was calculated by comparing the total integration area at 214 nm of the 2D SEC to the total integration area of
the 1D SEC separation performed on the same sample. The %HMW was calculated by dividing the area of the HMW peak by the total area of the HMW and monomer
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the 80 µL loop to 0.7% using the 180 µL loop. For mAb1, the
range was smaller, between 0.8% and 0.4% for the 80 µL and
180 µL loops, respectively. Table 1 shows a comparison of %
HMW values based on 1D SEC separations to those obtained
from rapid ProA-SEC experiments. In each case the %HMW
values from ProA-SEC experiments were lower, and ranged
from 37% to 64% lower for mAb1 and NISTmAb, respectively.
Although %HMW values were lower for the 2D-LC experi-
ments compared to 1D experiments, the values were precise.
Each mAb sample was analyzed in duplicate and the percent
difference for each sample was less than 10%. Unfortunately,
for each mAb tested the loss of HMW species was much greater
than the loss of monomer (Table 1). From these data alone, it is
unclear how much of the loss of HMW species was due to
a misalignment between the fraction transfer window and the
elution profile of HMW species from the ProA column, and
how much was due HMW species being lost between the two
dimensions compared to mAb monomer (e.g., due to selective
adsorption).

Overall, we determined that using the 120 µL loop and
starting the fraction transfer at 1.21 min provided the best
compromise between recovery, robustness, %HMW accuracy,
and mAb stability. Recovery using the 120 µL loop was the
same or higher recovery compared to that of the 180 µL loop.
Also, the 120 µL loop had only slightly less %HMW values
compared to the 80 µL loop. Importantly, both ProA product

(PAP) and HCCF samples from the same production batch of
mAb3 were tested using this optimized method and the %
HMW values were comparable, which showed that the other
contaminants in the HCCF sample do not affect %HMW
values provided by the rapid ProA-SEC method (Figure S5).

Evaluation of rapid ProA-SEC accuracy

After we showed that the rapid ProA-SEC method produced
precise measurements of %HMW species at a single concentra-
tion, we evaluated the ability of the method to detect changes in
the level of mAb aggregation. Light-stressed samples of mAb1
andmAb3 were prepared, resulting in higher levels of aggregates
(Figure S6). The stressed sample of mAb1 contained 11.5%
HMW species, and, of these species, 45% were oligomeric and
55% were dimeric. The stressed sample of mAb3 contained
10.4% HMW species, and of these species 10% were oligomeric
and 90% were dimeric. These samples were mixed with
unstressed samples in different ratios to prepare a gradient of
samples having between 1% and 12% total HMW species. Each
sample was first analyzed by 1D SEC to determine the “true” %
HMW in the sample and then analyzed again using rapid ProA-
SEC to determine the accuracy of the rapid ProA-SEC method.
As shown in Figure 6, the %HMW values obtained from the
rapid ProA-SEC method were highly correlated with the values
from 1D SEC for both mAb1 and mAb3, but the %HMW values
obtained using the 2D-LC method were always lower than those
from the 1D SEC method.

By fitting each plot in Figure 6 to a linear equation, wewere able
to use the slope and y-intercept to evaluate the rapid ProA-SEC
method. In the equations of Table 2 the slope represents the
fraction of HMW species that was captured from the first dimen-
sion, transferred to the second dimension, and eluted from the
loops for analysis by the second dimension. The y-intercept repre-
sents the %HMW induced by the method itself. The 1:1 line is
shown for reference; points would fall on this line if the 2D-LC
method produced the same values obtained by the 1D SEC
method. For mAb1 the slope is 0.45, which means that on average
only 45% of the HMW species from the sample was successfully
captured, transferred, and eluted to the seconddimension.At 65%,
the recovery of HMW species of mAb3 was better using the rapid
ProA-SEC method, but in both cases a significant fraction of the
HMW species from the sample was lost. The y-intercept was 0.11

Table 1. Comparison of recoveries and %HMW values from 1D SEC and 2D ProA-
SEC methods. The %HMW was calculated by dividing the area of the HMW peak
by the total area of the HMW and monomer peaks. The % loss of each
component was measured by calculating the percent difference in area between
the 1D SEC method and the 2D ProA-SEC method. For each %HMW value,
the percent difference between of the duplicates is shown in parenthesis.

Sample
% HMW

1D

% HMW
2D

(120 µL
loop)

% Loss of
Monomer

% Loss of
HMW

NISTmAb DS 3.17%
(0.2)

1.14%
(6.4)

6.0 68

mAb 1 DS 0.93%
(0.1)

0.59%
(1.0)

5.2 40

mAb 2 DS 1.02%
(2.5)

0.45%
(0.7)

12 62

Protein A product
mAb 3

2.92%
(0.8)

1.68%
(9.0)

10 48

HCCF mAb 3 N/A 1.56%
(3.0)

N/A N/A
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Figure 6. Comparison of 1D SEC and 2D ProA-SEC across a gradient of HMW samples. Each set of data was fitted to a linear regression and equations are found in
Table 2. Error bars represent 1 standard deviation.
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and −0.1 for mAb1 and mAb3, respectively, which means that no
aggregates formed while the antibody was transferred between
dimensions (i.e., these intercepts are not statistically different
from zero). Although the final measurement of the rapid ProA-
SEC method was not accurate, the results could be used to detect
differences in HMW species across samples.

To improve the accuracy of the rapid ProA-SEC method,
we attempted to further optimize the 1D-ProA elution condi-
tions for each mAb. It has been reported that aggregates elute
later than monomers during ProA purification,24,25 and we
hypothesized that reducing tailing in the ProA elution would
enable capture of more aggregates during transfer to the
2D SEC separation. To reduce tailing for mAb1, the elution
pH was lowered to pH 2.25 and the flow rate was reduced to
0.5 mL/min (Figure S7). Since this change in ProA elution
conditions resulted in a shift in the retention of the mAb
peak, we also shifted the start time of the fraction transfer
step. Optimizing these ProA elution conditions increased the
slope of the linear regression from 0.45 to 0.85, which means
that the change in ProA elution conditions resulted in
a remarkable doubling of the recovery of HMW species
from the 2D SEC separation, and thus more accurate %
HMW values. However, the lower pH also induced aggrega-
tion of this mAb during the fraction transfer step, as indicated
by the increase in the y-intercept value from 0.11 to 0.36 (see
Figure 6 and Table 2). Similar attempts to optimize ProA
elution conditions for mAb3 by reducing flow rate and pH
of the elution buffer were unsuccessful. Even the reduction of
the pH from pH 3.0 to pH 2.8 resulted in an increase in
aggregation of 2.3% just due to aggregation during fraction
transfer, while only marginally increasing the slope from 0.65
to 0.77. In the case of mAb3, the ProA elution at pH 3.0 and
1 mL/min was retained as the optimal condition providing the
best compromise between analysis speed, and accuracy and
precision of %HMW determination.

Discussion

The work described here highlights how we optimized the
ProA-SEC separation to rapidly measure both titer and aggre-
gation of mAbs from untreated HCCF samples. In 2D-LC
methods, modifying a single variable in one part of the assay
can affect the entire method.26 Thus, while we optimized each
component of the rapid ProA-SEC method, we had to
account for the effect each change would have on other
aspects of the separation.26 During development of the
method, we made multiple compromises between speed,
robustness, accuracy, precision, and recovery of material in
the second dimension to arrive at the final conditions. Based
on these results, we see opportunities for technology

development that could be used to improve the performance
of the rapid ProA-SEC method further, such as ProA columns
that narrower elution peaks.

Optimization of the 1D ProA separation

Capturing the entire mAb elution peak from the ProA column
in a single fraction proved to be the most difficult aspect of
this development effort. Our goal was to optimize the ProA
elution conditions to minimize the mAb elution volume so
that only a single 2D SEC separation was necessary. There are
both physical and chemical factors that contribute to the ProA
peak volume. Our first step was to determine which commer-
cially available column was optimal for the ProA separation.
While we expected a smaller 1.0 mm i.d. column to give
a smaller elution volume, we found that the 2.1 mm i.d.
column actually produced lower elution volumes (Figure 3
and S1). This result highlights the need for commercial col-
umns with smaller inner diameters that could produce nar-
rower ProA elution peaks (in volume units). Next, we
explored different elution conditions to see if we could further
reduce the ProA peak volume without sacrificing accuracy of
quantitation or speed. We found that decreasing the pH of the
ProA elution buffer was effective for reducing the elution
volume of the mAb peak, but for some mAbs decreasing the
pH also induced aggregation of the mAb during the ProA
separation and transfer of the eluted protein to the
2D separation. Thus, we sought a compromise between mini-
mizing elution volume and minimizing the time the mAb was
exposed to low pH conditions. Our study suggests that there
are also opportunities for the development of ProA stationary
phases and elution conditions that produce more symmetrical
peaks with lower elution volumes.

Optimization of fraction transfer to the second dimension

In this work, we used larger volume loops than the 20 to 40
µL loops commonly used in 2D-LC analysis. Generally, the
smaller loop sizes are used to prevent dispersion in the loops
and loss of resolution from the first dimension. However, the
ProA separation results in a single peak containing the mAb
species of interest, so there is no first-dimension resolution to
be lost by using larger loops. Instead, the concern with larger
loops was the loss of resolution during the SEC separation due
to a larger injection volume. To minimize the effect of the
large injection volumes, we used a 7.8 mm i.d. SEC column.
With this column, the 120 µL and 180 µL loop volumes are
only 1.7% and 2.6% of the column volume, respectively. Using
this column, we observed marginal decreases in resolution
upon increasing the injection volume from 2 µL to 120 µL.
However, moving to the 180 µL loop resulted in a more
significant decrease in resolution (see Figure 4(b)).
Additionally, we evaluated the effect of the operational
mode of the 2D-LC interface valve on the 2D SEC resolution
and found that resolution was measurably higher when using
the countercurrent mode, and that the difference between
modes increased as the loop volume was increased (see
Figure 4). We are not aware of any other descriptions in the
literature of an effect this large due to the operational mode of

Table 2. Linear regressions of 1D SEC and 2D ProA-SEC methods in response to
changing %HMW samples. Standard error (SE) for each value is shown in
parenthesis.

Elution Conditions Slope (SE) Y-intercept (SE) R2

mAb1 2D pH 3.0 0.45 (0.02) 0.11 (0.10) 0.9961
2D pH 2.25, 0.5 mL/min 0.82 (0.01) 0.36 (0.09) 0.9991

mAb3 2D pH 3.0 0.65 (0.01) −0.10 (0.08) 0.9986
2D pH 2.8, 0.5 mL/min 0.77 (0.01) 2.33 (0.05) 0.9995
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the 2D-LC valve. To explore possible causes of this effect, we
measured the injection profiles from the 2D-LC valve oper-
ated in either concurrent or countercurrent mode, by sam-
pling a 1D separation and detecting the peak after the valve
without any additional separation (Figure S4). The biggest
difference between the two modes arises when the analyte
band proceeds only part of the way into the loop during
sampling. In the case of concurrent operation, this band
would then be pushed the rest of the way through the loop
and become broadened along the way. In the countercurrent
mode, the band only has to travel a short distance out of the
loop on its way to the 2D column. These measurements were
made with the small molecule butyrophenone; it is likely that
this effect will be exaggerated with larger molecules such as
mAbs.

Accuracy of %HMW determination

To the best of our knowledge, this is the first study to criti-
cally compare the %HMW values produced by a ProA-SEC
method to values produced by offline ProA purification fol-
lowed by conventional 1D SEC. The values discussed above
show that the %HMW values produced by our rapid ProA-
SEC method are precise, but not accurate relative to 1D SEC
values. Typically, mAbs analyzed using the rapid ProA-SEC
separation had lower values of %HMW compared to the 1D
SEC method. Despite the inaccuracy of the current method,
we feel it is still very useful for two reasons. First, the %HMW
values are accurate enough to be useful in multiple pharma-
ceutical areas to determine trends in %HMW levels. Such
areas include clone and media selection in cell line and
upstream development, and process analytical technology to
detect perturbations during continuous processing. Second,
this study has identified areas of focus for technology devel-
opment where future advances will likely improve the accu-
racy of %HMW determination in the 2D-LC format.

To understand why the 2D-LC method produces %HMW
values that are lower than expected, we explored multiple
possibilities by testing PAP samples using both the ProA-
SEC and conventional 1D SEC methods. First, it is possible
that mAb monomer and HMW species are not equally dis-
tributed across the 1D ProA peak, and thus if we use the
overall peak profile to guide the timing of the fraction trans-
fer, we may miss a significant fraction of HMW species that
lie outside this window. Indeed, the data in Figure 5 show that
the monomer and HMW elution profiles from the ProA
column are not well aligned. Obvious solutions to cope with
this include improving ProA elution conditions to get more of
the HMW species to elute with mAb monomer and increasing
the size of the transfer window. However, neither of these is
a straightforward solution in practice. For example, the results
in Figure 6 show that reducing the pH of the ProA elution
buffer significantly improved the recovery of mAb1, but for
mAb3 the lower elution pH-induced protein aggregation dur-
ing the transfer of the mAb fraction between dimensions.
Multiple modulation techniques have been described in the
2D-LC literature, such as stationary phase assisted
modulation27 and active solvent modulation.28 We are cur-
rently investigating these approaches as potential solutions to

address the low recovery of HMW species in our method.
The second possibility is that mAb protein is being lost to
instrument components that lie between the 1D and
2D columns, including connecting capillaries, sampling
loops, and valves. The data in Table 1 provide evidence that
such losses occur, and that the magnitude of the loss is species
dependent (both in terms of the particular mAb, and in terms
of monomer vs. HMW species). Further research is ongoing
to determine whether the materials (e.g., metal vs. polymer)
used for the instrument components that lie between the
1D and 2D column have an effect on recovery of different
mAbs and mAb species.

In conclusion, we developed a rapid ProA-SEC assay based
on 2D-LC that enables determination of both mAb titer and
aggregation levels for samples of untreated HCCF in a total
analysis time of 5 min. Use of a single assay to both purify and
characterize mAbs is attractive, as it improves throughput
while removing the need to pre-treat samples before analysis.
Previous studies have attempted to combine ProA and SEC
separations into a single assay, but each had limitations, such
as the requirement for customized instrument components or
long analysis times, that prevented their widespread use.17,18,29

The method described here is executed using commercially
available instrumentation and enables quantitative capture of
the entire mAb elution peak from a ProA purification in
a single fraction for subsequent separation using a second
dimension SEC column. This capture of the ProA mAb peak
in a single fraction dramatically reduces overall analysis time
because only one 2D separation is required for each 2D-LC
analysis. In the process of developing the method, multiple
performance metrics were considered, including analysis time,
quantitative precision and accuracy, robustness, mAb recov-
ery, mAb stability, and resolution of the 2D separation. We
have shown that a rapid ProA-SEC method using a pH 3.0
proA elution produces %HMW values that are precise, but
slightly inaccurate, typically underestimating %HMW levels
compared to determinations based on offline ProA purifica-
tion followed by conventional 1D SEC. Nevertheless, the
ProA-SEC method is powerful and will be useful as
a stability indicating method that can be used for screening
and selecting mAb-producing clones during cell line develop-
ment and as a process analytical technology. Research is
ongoing to address the limitations of the current method.

Materials and methods

Materials

NISTmAb was purchased from the National Institute of
Standards and Technology (RM8671). mAbs 1, 2, and 3,
all IgG1 isotypes, were produced and purified in-house
using Chinese hamster ovary cell lines at Merck & Co.,
Inc. PAP and HCCF samples of mAb3 were obtained from
the same batch of production. mAb4, used only for method
development purposes was an IgG1, was a gift from Agilent
Technologies. Stressed samples of mAb1 and mAb3 were
prepared by exposing the sample to 500 W/m2 UVa light,
using a Photostability Chamber (Caron, Cat# 6545–2). All
dry chemical reagents used in buffer preparation were
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purchased from Sigma Aldrich, including sodium chloride
(Cat# 59888), potassium chloride (Cat# P3911), potassium
phosphate dibasic anhydrous (Cat# 795496), and potassium
phosphate monobasic anhydrous (Cat# P0662). A 30% solu-
tion of hydrochloric acid in water was purchased from
Honeywell (Cat# 96208), and 85% phosphoric acid in
water was purchased from Aldrich (Cat# 345245). All
mobile phases were filtered through Steritop 0.22 µm filters
(Millipore, Cat# S2GPT10RE) before use in analysis.

2D-LC instrumentation

The equipment used in these experiments was the commer-
cially available Agilent 1290 Infinity II 2D-LC system. The
first dimension consisted of a Multisampler (Cat# G7167B),
a High-Speed Pump (Cat# G7120A), and a Diode Array
Detector (DAD; Cat# G7117A) with an ultralow dispersion
flow cell (Cat# G4212-60038). The outlet of the first-
dimension DAD led to an Active Solvent Modulation valve
(Cat# 5067–4266) connected to two Multiple-Heart-Cutting
valves (Cat# 5067–4142 or 5067–4273); all three valves were
installed in Infinity Valve Drives (Cat# G1170A). Unless
otherwise stated, a 120 µL stainless steel loop (Cat#
5067–6646) was used on the MHC valves. The second
dimension consisted of a High-Speed Pump (Cat# G7120)
and a Diode Array Detector (Cat# G7117A) with 1.0 µL flow
cell (Cat# G4212-60008). The columns of both dimensions
were held in a Multicolumn Thermostat (Cat# G7116B).
OpenLAB CDS ChemStation Edition (REV. C.01.07 SR4
[505]) was used for instrument control and data acquisition.

First-dimension protein A method (1D ProA)

The optimized first-dimension ProA separation used a POROS
Protein A Column (ThermoScientific, Cat# 2100100). For
detection, absorbances from both 214 and 280 nm wavelengths
were recorded for analysis. In all ProA separations, mobile
phase A was phosphate-buffered saline (PBS) pH 7.4 (Gibco,
Cat# 10010023) which consisted of 1 mM potassium phosphate
monobasic, 3 mM sodium phosphate dibasic, and 155 mM
sodium chloride. Three different mobile phase B buffers were
prepared to determine the optimal elution conditions. Buffer
A was 12 mM hydrochloric acid and 150 mM NaCl at pH 1.9.
Buffer B was 25 mM potassium phosphate and 150 mM potas-
sium chloride at pH 2.5. Buffer C was 100 mM potassium
phosphate and 100 mM potassium chloride at pH 3.0. For all
separations, the samples of antibody were diluted to 5 mg/mL
and 2 µL was injected to load 10 µg of antibody onto the ProA
column. The sample was eluted at a flowrate of 1 mL/min,
unless otherwise stated, using the following gradient: 0-0-100-
100%B in 0-1-1.1–2 min. The column was then cleaned by
stepping between 0% B and 100% B every 0.5 min from 2.01
min to 4.50 min. The linear response in relation to titer was
evaluated by injecting between 5 and 40 µg of antibody and
measuring the area of the elution peak at 280 nm.

One-dimensional SEC method (1D SEC)

The 1D SEC method used an XBridge BEH 200Å 3.5 µm
column, 7.8 mm i.d. x 150 mm (Waters, Cat# 186007639).
All mAb samples were diluted to 5 mg/mL, and 2 µL was
injected to load 10 µg of mAb on the column. The separation
used an isocratic mobile phase of 100 mM potassium phos-
phate and 200 mM potassium chloride at pH 7.0, with a flow
rate of 2.0 mL/min for 3.0 min.

Two-dimensional ProA-SEC peak “marching” experiment

In the rapid ProA-SEC method, the ProA separation was per-
formed as described above. The 2D SEC used the same column
and mobile phase as described for the 1D SEC method. The
outlet of the 1D DAD flowed through loops on the MHC valve.
While 40, 80, 120, and 180 µL stainless steel loops (Agilent, Cat#
5067–5926, 5067–6645, 5067–6646, and 5067–6647, respec-
tively) were used between dimensions to collect fractions, the
optimized condition used a 120 µL loop. The start time of the
single fraction transfer using the 120 µL loop during the ProA
separation was 1.21 min. Note that this timing is dependent on
the configuration of the 2D-LC instrument, especially the capil-
lary tubing used between modules. The two instruments tested
had different size 1D injection loops, and different capillaries
between the various modules, which caused a shift in retention
time of 0.2 min.

The optimal time for the single fraction transfer during the
ProA elution was determined by “marching” the transfer
window through the Protein A peak. For a given mAb, multi-
ple methods were setup using the same sample while changing
the start time for the fraction transfer by 0.1 min intervals.
This “marching” experiment was performed using 80, 120,
and 180 µL loops between dimensions. The data generated
by each 2D method was analyzed to determine %HMW
species, and then compared to the traditional 1D SEC method
to determine the percent recovery between dimensions.

mAb specific optimization of ProA-elution

For mAb1 the optimal condition for measuring HMW species
in the sample had two modifications from the above ProA
separation. The flow rate was reduced to 0.5 mL/min, and the
elution buffer was lowered to pH 2.25 using 85% phosphoric
acid in water. Similarly, the ProA elution of mAb3 in the first
dimension was adjusted to have a flow rate of 0.5 mL/min,
and the pH of the buffer was lowered to 2.80 using 85%
phosphoric acid in water. In both cases, the sample was eluted
using the following gradient: 0-0-100-100%B in 0-1-1.1–2.5
min. The column was then cleaned by stepping between 0%
B and 100% B every 0.5 min from 2.51 min to 5.00 min.
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