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ARTICLE INFO ABSTRACT

Keywords: Immunoglobulin G (IgG) is the most common monoclonal antibody (mAb) grown for therapeutic applications.
Two-dimensional liquid chromatography (2D- While IgG is often selectively isolated from cell lines using protein A (ProA) chromatography, this is only a
LO)

stepping stone for complete characterization. Further classification can be obtained from weak cation exchange
chromatography (WCX) to determine IgG charge variant distributions. The charge variants of monoclonal an-
tibodies can influence the stability and efficacy in vivo, and deviations in charge heterogeneity are often cell-
specific and sensitive to upstream process variability. Current methods to characterize IgG charge variants are
often performed off-line, meaning that the IgG eluate from the ProA separation is collected, diluted to adjust the
pH, and then transferred to the WCX separation, adding time, complexity, and potential contamination to the
sample analysis process. More recently, reports have appeared to streamline this separation using in-line two-
dimensional liquid chromatography (2D-LC). Presented here is a novel, 2D-LC coupling of ProA in the first
dimension (lD) and WCX in the second dimension (2D) chromatography. As anticipated, the initial direct column
coupling proved to be challenging due to the pH incompatibility between the mobile phases for the two stages.
To solve the solvent compatibility issue, a size exclusion column was placed in the switching valve loop of the
2D-LC instrument to act as a means for the on-line solvent exchange. The efficacy of the methodology presented
was confirmed through a charge variant determination using the NIST monoclonal antibody standard (NIST
mADb), yielding correct acidic, main, and basic variant compositions. The methodology was employed to deter-
mine the charge variant profile of IgG from an in-house cultured Chinese hamster ovary (CHO) cell supernatant.
It is believed that this methodology can be easily implemented to provide higher-throughput assessment of IgG
charge variants for process monitoring and cell line development.

Monoclonal antibodies (mAb)

Protein A (ProA) chromatography

Weak cation exchange (WCX) chromatography
Buffer exchange

ability to recognize a single epitope, resulting in high specificity and
reduced cross-reactivity [8]. Specifically, the mechanisms of mAb

1. Introduction

Therapeutic antibodies have emerged as potent treatments for
various diseases due to the ability to target specific antigens [1].
Monoclonal antibodies (mAbs) are particularly versatile therapeutic
agents due to the capability to treat cancer, autoimmune diseases, and
viral infections [2], while presenting long half-lives and limited side
effects [3-6]. Due to popularity, more than 100 therapeutic-based mAbs
have been approved for treatments, resulting in a large presence in the
biopharmaceutical market, with expectations to reach $300 billion in
annual sales by 2025 [7]. The efficacy of mAbs is primarily due to the
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therapeutics include immune modulation, cell signaling, metastasis,
apoptosis, and effector function modalities [9]. The scope of application
of mAbs continues towards a greater variety of diseases, increasing the
number of therapeutic antibody products. With this growth, there is a
drive to produce antibodies more efficiently and cost-effectively, while
maintaining consistency and shelf-life.

One of the primary attributes in mAb production is the micro-
heterogeneity within and between lots. While microheterogeneity in
mAD production is expected, any production changes can also result in
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additional mAb modifications through enzymatic processes, sponta-
neous degradation/modifications, and chemical degradations [4]. These
modifications can ultimately affect the stability, potency, and bioac-
tivity of the mAb. As heterogeneity can negatively affect the pharma-
cokinetics of therapeutic mAbs, and lot-to-lot variability is known to
occur [10,11], there is a great need for more thorough mAb character-
ization and quality control. The charge variant state of the product mAbs
is considered a primary quality attribute (QA) of the process due to its
impact on bioactivity [12,13], necessitating regulation by authorities
such as the US Food and Drug Administration [14,15]. Charge variants
of mAbs are commonly determined through liquid chromatography (LC)
[16], mass spectrometry (MS) [17], or capillary electrophoresis (CE)
[18]. Ion exchange chromatography (IEX) [19] is perhaps the most
widely applied LC methodology due to the robustness, resolving power,
and non-denaturing conditions of the separation [20]. Both anion [21]
and cation [4,12,22] exchange chromatography have been used for
charge variant determination, with the cation variant being more
prevalent due to the basic isoelectric points (pls) exhibited by mAbs.
Cation exchange separations are commonly employed for mAbs,
involving salt [12,13,23] or pH [22,24,25] gradients have proven
capable of separating mAbs differing by a single charge unit [3].
Increasing the salt concentration or pH of the mobile phase causes the
molecules with the weakest ionic interaction to elute first, followed by
the strongest [19]. In the case of IgG, the acidic species will have the
weakest ionic interaction, while the basic species will have the strongest
ionic interaction. Both strong cation exchange chromatography (SCX)
using sulphonic acid ligands [26-28] and weak cation exchange chro-
matography (WCX) using carboxylic acid ligands [29-31] are employed
for charge variant separations of mAbs.

Charge variant analysis is often a complex multi-step process
[32-35]. Before determining the charge variants, the mAbs, specifically
immunoglobulin G (IgG), must be isolated from the complex cell culture
matrix of host cell proteins, cell debris, and various other waste com-
ponents inherent to the bioprocess. Protein A (ProA) chromatography is
the most common and gold standard purification modality for IgG,
where the antibody exhibits a specific binding affinity for the protein A
stationary phase ligand [36]. As such, ProA isolation is routinely per-
formed as the initial chromatographic step in the process. ProA sepa-
rations rely on the neutral pH binding buffer for IgG capture, followed
by a low pH (~2.5) elution buffer to disrupt the hydrogen bonds be-
tween IgG and protein A to effect elution [37,38]. A complicating factor
here is that the low pH elution can result in protein aggregation [39,40].
As such, the recovered target eluate must be neutralized prior to any
further characterization, e.g., charge variant analysis. This adjustment is
most often completed offline, as such, affecting further on-line chro-
matographic modalities in a two-dimensional liquid chromatography
(2D-LC) format following ProA is very challenging.

Here we present a novel coupling of ProA and WCX using 2D-LC for
the high throughput isolation and charge variant determination of IgG.
While researchers have coupled ProA with ion exchange chromatog-
raphy (IEX) offline, recently 2D-LC experiments have been introduced
using heartcut methods and specialty valves [41-43]. However, addi-
tional instrumentation is required, or only a fraction of the IgG eluate is
transferred to the 2D during heartcut methods, meaning the IEX sepa-
ration is not representative of the entire population. Additionally, the
eluate from the ProA separation is a high salt/conductivity solution and
low pH which is not ideal for binding conditions. This results in
decreased retention and the tendency of IgG to fold onto itself, hiding
potential binding sites [44,45]. Moreover, IEX has been coupled with
size exclusion chromatography (SEC) or reversed-phase chromatog-
raphy (i.e., IEX x SEC and IEX x RP) to determine charge variants of
mAbs [31,46-48], with the primary isolation of IgG being a discrete unit
operation. To address the solvent incompatibility and circumvent the
off-line sample manipulation, an SEC column has been implemented
here into the switch valve loop of the 2D-LC workflow (between ProA
and WCX) to achieve a stationary phase assisted solvent exchange. This
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placement also acted as a transfer modality to ensure the entire fraction
of 1gG from ProA is transferred to the WCX column in 2D. The SEC
column was added purely for solvent exchange and not to enhance
chromatographic performance, but it was not initially successful for the
eluate transfer between the ProA and WCX methods. As previously
mentioned, the low pH of the ProA elution solvent can lead to IgG ag-
gregation, compromising retention on the WCX column. Therefore,
arginine was added to the primary, acidic ProA elution solvent, as it has
been shown to prevent aggregation and improve recovery [40,49].
Together, the solvent exchange and the SEC column were effective in the
transfer between the ProA and WCX columns, where the absorbance
peak area response confirmed unit recoveries in the transfer process. The
quantitative recoveries and the accuracy and run-to-run repeatability of
the charge variant determinations through the overall 2D-LC coupled
method were verified using the National Institutes of Standards and
Technology Monoclonal Antibody Reference Material 8671 (NIST mAb).
Following the method verification, the coupling was tested using the
complex supernatant of in-house cultured Chinese hamster ovary (CHO)
cells, yielding high levels of recovery and run-to-run repeatability. It is
believed that the 2D-LC method employing an in-line SEC column to
effect buffer exchange will provide improved performance and higher
throughput than currently realized in most IgG charge variant
determinations.

2. Materials and methods
2.1. Chemicals and columns

Sodium phosphate, monobasic, monohydrate (EMD Millipore,
Merck, Germany), sodium phosphate, di-basic, heptahydrate (EMD
Millipore, Merck), citric acid (BDH, Dubai, United Arab Emirates), so-
dium chloride (Alfa Aesar, Ward Hill, MA, USA) and arginine hydro-
chloric acid (TCI, Tokyo, Japan) were used for ProA and WCX
separations. Deionized water (DI-H,0) for solvent preparation was ob-
tained from an Elga PURELAB flex water purification system, (18.2 MQ-
cm, Veolia Water Technologies, High Wycombe, England). Monoclonal
Antibody Reference Material 8671 (NIST, Gaithersburg, MD, USA) was
used as a standard for ProA and WCX separations, with charge variants
certified as 16.01 — 17.11 %, 72.99 — 74.65 %, and 8.99 - 10.25 % for
acidic, main, and basic, respectively. All columns for the separations
were from Agilent Technologies (Santa Clara, USA) and include: bio-
monolith recombinant protein A, 4.95 mm x 5.2 mm, bio SEC-5, 5 pum,
500 A, 4.6 mm x 300 mm, and bio WCX, NP5, 4.6 x 250 mm PEEK.
Supernatant from an IgG;-producing Chinese hamster ovary (CHO) cell
line, CHOZN®GS23 (MilliporeSigma, Burlington, MA), was cultured in
the Harcum laboratory (Department of Bioengineering, Clemson Uni-
versity). Both the cell line and AMBIC 1.1 basal media and feeds used for
culturing were shared by MilliporeSigma as part of an Advanced
Mammalian Biomanufacturing Innovation Center (AMBIC)-funded
project [50].

2.2. Instrumentation

All chromatographic separations were performed using an Agilent
2D HPLC (Agilent, Technologies, Santa Clara, CA), which includes a
1260 binary pump, 1260 degasser, 1260 Multisampler, 1100 multiple
wavelength detector, 1290 valve drive, 1290 ultra-high performance
liquid chromatography (UHPLC) high-speed pump, and 1290 variable
wavelength detector. 2D-LC instrumentation was operated using
OpenLab ChemStation Edition Software. Injection volumes for separa-
tions varied between 100 — 500 pL.

2.3. Methods

2.3.1. Protein A chromatography
Mobile phases for the ProA separation were 20 mM sodium
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phosphate, pH 7 (MP A), and 250 mM arginine hydrochloride, pH 2.5
(MP B). A step gradient was used for the separation, with a two-minute
column equilibration with 100 % MP A followed by a step to 100 % MP B
for two minutes. Arginine was added to the ProA citric acid elution
buffer to minimize the aggregation of IgG at the low pH required for
elution. A flow rate of 1.0 mL min~! and absorbance detection 280 nm
was used for all ProA separations. Mobile phases were pH adjusted as
needed using suitable aliquouts of NaOH and HCI.

2.3.2. Weak cation exchange chromatography

For one-dimensional WCX separations, 20 mM sodium phosphate,
pH 7 (MP C), and MP C + 0.5 M sodium chloride (MP D) were used. A
linear gradient resulting in 0.16 %B min~! was used to resolve the
charge variants of IgG, with the gradient program as follows: 0-4 min,
0 % D; step to 5 % D at 4 min; 4 — 34 min, from 5 - 10 % D; 34 — 36 min,
100 % D, 36 — 40 min, 0 % D. Again, a flow rate of 1.0 mL min~! and
absorbance detection at 280 nm was employed. The charge variants
were quantified using the peak area of each variant as described in [51].
One-dimensional separations were performed prior to the 2D-LC
coupling method to confirm each separation coupling individually.

2.3.3. 2D-LC coupling method

The complete column coupling and valving can be found in Fig. 1,
representing each of the respective steps in the separation workflow,
where the ProA column is in !D, the WCX column is in 2D, and the SEC
column was placed in the loop of the switch valve. As the SEC column
placement is the innovation of the charge variant method, the coupling/
placement of the SEC column in the switch valve is detailed here.
Additionally, the solvent parameters for each step of the separation can
be found in Table 1. Initially, no SEC column was placed in the loop,
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with a standard transfer directly from the ProA phase at low pH, filling
the 2D injection loop, and followed by elution to the WCX column in the
neutral-pH buffer. A 400 pL sample was injected onto the ProA column.
This method yielded very poor D retention and unsuccessful charge
state differentiation. The addition of the SEC column, effectively as the
injection loop, provides an environment where the antibodies can be
“parked” and eluted from the column with the WCX buffer, effecting a
mode of solvent exchange. For the first step of the separation, the 400 uL
sample is injected onto the ProA column at 1.0 mL min~! (Fig. la.),
where IgG is captured, and all other matrix species flow through unre-
tained into the waste (0 — 2 min). Subsequently, the ProA column is
switched to be in-line with the SEC column (Fig. 1b.), still at a flow rate
of 1.0 mL min~}, where the captured IgG is eluted using MP B (citric
acid/arginine) onto the SEC column (2 — 4 min). After the IgG is eluted
from the ProA column, the solvent is changed back to MP A, and the IgG
is passed through the SEC column (4 — 10 min). Once the IgG fraction has
traveled approximately three-quarters of the way through the SEC col-
umn, (determined based on IgG elution time on the SEC column) the
valve is switched to put the SEC flow in-line with the WCX column
(Fig. 1c.). With the switch, the flow is reversed as the 2D pump now flows
MP C through the SEC column and to the WCX at a lower flow rate of 0.4
mL min~! (10 — 40 min) due to the low backpressure limit of the SEC
column. Once the IgG plug has been completely transferred to the WCX
column, the SEC column is switched out of line (Fig. 1d) and the 2D flow
rate is gradually increased from 0.4 mL min " to 1.0 mL min~" (40 — 50
min) and equilibrated with MP C (50 — 55 min). Finally, the linear
gradient for the charge variants elution starts and goes from 5 % - 10 %
MP D (55 - 85 min), followed by a 100 % MP D wash (85 — 87 min), and
then back to 100 % MP C for re-equilibration from (87 — 90 min).
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Fig. 1. Diagram of 2D-LC column coupling, displaying a) the capture of IgG on the ProA column in 'D, b) the transfer of the IgG plug to the SEC column in-line with
the ProA column, c) transfer from the SEC column to the WCX column for charge variant determinations, and d) elution from the WCX column.
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Table 1
Switch valve orientation and solvent programming for 2DLC- ProA x SEC x WCX
IgG charge variant determinations.

Orientation Parameter 1D 2D
Sample Columns in- ProA x detector-
Injection/ line 1 x waste
Fig. 1a
Flow Rate 1.0 0.4
(mL min’l)
Gradient 100 % MP A (0 - 100 % MP C (0 — 2 min)
2 min)
IgG elution to Columns in- ProA x SEC
SEC/Fig. 1b line
Flow Rate 1.0 0.4
(mL min’l)
Gradient 100% MP B (2 - 100 % MP C (2 - 10 min)
4 min); 4 - 10
min MP A
Transfer of IgG Columns in- SEC x WCX
to WCX/ line
Fig. 1c
Flow Rate 1.0 0.4
(mL min~Y)
Gradient 100 % MP A (10 100 % MP C (10 — 40 min)
— 40 min)
Elution of IgG Columns in- WCX x detecto-2
from WCX/ line X waste
Fig. 1d
Flow Rate 1.0 0.4 — 1.0 (40 - 50 min)
(mL min~1)
Gradient 100% MPA (40 40-55min MP C; 5 - 10

— 90 min) % MP D (55 - 85 min);
100 % MP D (85 - 87
min); 100 % MP C (87 —

90 min)

3. Results and discussion
3.1. ProA separation

Prior to coupling the two chromatographic modalities, separations
were performed in a standalone (1D) format to verify the individual
operations. The standard ProA separation was tested by injecting a 100
pL of 0.28 mg mL ™! CHO IgG supernatant. The affinity-based separation
relies on the modulation of the pH of the loading and elution solvents for
the capture and elution of IgG. For IgG capture, a neutral pH of 7 is used,
while for the elution, an acidic pH of 2.5 was used. Studies have found
that the acidic pH of the eluent increases the amount of aggregation
within the IgG, when a typical mobile phase of 0.1 M citric acid at a pH
of 2.9 was used [40], with approximately 40 % of the IgG eluate
determined to be aggregated based on subsequent SEC separations.
Additionally, when the eluate is transferred off-line to WCX, the
aggregate was still present, negatively affecting the charge variant
separation. The reduction of antibody aggregation through the addition
of arginine to the eluent has been proven successful in multiple studies
[39,40,49]. As post-ProA aggregation leads to challenges for any further
chromatographic processing of antibodies, arginine was incorporated in
the ProA eluent. Additionally, efforts to increase the pH were attempted
to lessen the effects of the pH range between the ProA (~2.5) and WCX
separation (~7). The recovery of IgG using 100 mM citric acid and 150
mM arginine at pH 2.5, 3.5, 4.5 as elution solvents was evaluated. A
typical chromatogram of the protein A processing is shown in Fig. 2. The
target antibody was successfully recovered at ~99 % when using the
NIST mAD standard for elution at both pH 2.5 and 3.5 (citric acid and
arginine); however, at pH 4.5 the recovery dropped to negligible levels.
With the quantitative recovery of IgG using arginine addition at a pH 3.5
confirmed, the protocol was used in all ProA separations moving
forward.
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Fig. 2. ProA isolation of IgG, with MP A 20 mM sodium phosphate for binding,
pH 7 and MP B 100 mM arginine HCl, pH 2.5 for elution. Absorbance measured
@ 280 nm. Flow rate of 1.0 mL min~'. A 100 pL injection of 0.28 mg mL~* CHO
1gG supernatant.

3.2. WCX separation

For WCX separations, a salt gradient was used for the isolation of IgG
charge variants based on differing charged isoforms [52]. To verify the
effectiveness of the method, the charge variant-defined NIST mAb
standard was used. For the isolation of the NIST mAb charge variants a
linear gradient of 0.16 % MP B min~! was successful at obtaining the
correct charge state distribution. For the NIST standard, the charge
variant ranges are 16.01 —17.11 %, 72.99 — 74.65 %, and 8.99 - 10.25 %
respectively for the acidic, main, and basic fraction. Fig. 3 presents the
average WCX chromatogram for triplicate NIST mAb injections, with the
species determined as: acidic as 17.17 % (1.19 % relative standard de-
viation (RSD)), main as 73.53 % (0.39 % RSD), and basic as 9.30 % (1.20
% RSD). Each of the species was within the defined NIST ranges, except
for the acidic species, though having a charge variant percentage within
0.06 % of the certified range. The run-to-run repeatability of the sepa-
rations over three runs proved to be excellent, with all %RSD values
falling under 2 % RSD. Based on the excellent agreement between the
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Fig. 3. WCX separation of charge variants of NISTmAb IgG (purple) and
CHOZN®GS23-derived IgG (orange) IgG at a flow rate of 1.0 mL min .
Absorbance measured @ 280 nm. Injection volume of 100 yL for 1.0 mg mL~*
NISTmAb and 0.50 mg mL ™! CHO IgG supernatant.
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certified values and equally high level of run-to-run repeatability, the
developed method was considered successful, and the same gradient
(0.16 % MP B min_!) was used for all WCX separations moving forward.

With the WCX separation verified, pre-isolated IgG from the in-house
CHO cell supernatant was processed through the method as a pre-
liminary determination of the charge variants. That CHO IgG charge
variant isolation is presented in Fig. 3 along with the NIST mAb sepa-
ration. Due to the differing isoelectric points (plIs) of the samples
(CHOZN IgG pI: 8.3 — 8.7 versus NIST IgG pI: 9.0 - 9.5), the CHO-derived
variants elute sooner (i.e., lower salt concentration) than the NIST
mAbs, but were well resolved using the shallow gradient. Again, tripli-
cate runs were performed with the average charge variants as follows:
acidic as 38.73 % (0.22 % RSD), main as 53.70 % (0.63 % RSD), and 7.57
% (3.39 % RSD). For the CHO IgG, the acidic variant is predominant,
while very little is observed for the basic variant. Increases in the acidic
species’ fraction have been linked to longer incubation times [53], likely
due to sialic acid content or deamidation of asparagine residues [54,55].
Again, excellent run-to-run repeatability was observed, with each
showing variability of better than 4 % RSD.

3.3. 2D-LC via ProA x SEC x WCX

The determination of IgG titers and charge variant distributions are
essential parts of the screening of IgG produced from cell lines for
pharmaceuticals. For the overall coupling of the 2D-LC separation, the
ProA column was initially placed in the 'D, and the WCX column in the
2D, using the standard switch valve loop between the two in a heart-
cutting fashion. This direct transfer from ProA to WCX proved to be
ineffective, as the IgG was transferred from the ProA separation in the
low pH (~2.5) citric acid/arginine solvent to the WCX column. With this
transfer, the solvent mismatch was too great, as the pH of the WCX
separation was ~7 in 0.5 M NaCl and the conductivity of the ProA eluate
was too high for efficient IgG retention on the WCX phase, resulting in
significant sample loss.

To solve the solvent mismatch, an SEC column was placed in the
switch valve loop, shown in Fig. 1 as a stationary phase to facilitate the
solvent exchange. The entire method, with the incorporation of the SEC
column, is shown overlaid on the chromatogram in Fig. 4 for triplicate
injections of 400 pL of 0.67 mg mL~! CHO IgG supernatant. The chro-
matogram in Fig 4. is from the 2D detector, therefore only the WCX
elution is shown. The !D detector was used to monitor the ProA
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Fig. 4. 2D absorbance response for 2D-LC ProA x SEC x WCX separation, with
labeled steps: ProA separation (blue), transfer from ProA to SEC column (yel-
low), transfer from SEC to WCX column (orange), WCX separation (green).
Injection volume of 400 L of 0.67 mg mL~! CHO IgG supernatant. Absorbance
measured @ 280 nm.
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separation, as shown in Fig. 1. The first portion in blue represents the
ProA separation, where the sample is injected, and then only the eluted
IgG plug is transferred to the SEC column (Fig. 1b and Fig. 4). The
combination of the ProA and the SEC columns do not significantly in-
crease the overall backpressure, so the columns can run in-line at the
working flow rate of 1.0 mL min*. At 1.0 mL min~, the time it takes for
the IgG plug to travel completely through the SEC column was deter-
mined (based on the elution time of IgG with the SEC column) to be ~10
min. Therefore, the IgG plug from the ProA elution was allowed to flow
through the SEC column for 8 min (~75 % of the breakthrough of the
column), as displayed in yellow, to fully capture the entire IgG plug and
ensure no sample was lost. After the transfer to the SEC column, the line
is switched where the SEC column is placed in-line with the flow to the
WCX column (Fig. 1c), shown in orange in Fig. 4. Due to the maximum
backpressure limit of the SEC column, and the high operating back-
pressure from the WCX column, the flow rate is reduced to 0.4 mL
min~ . The peak at ~27 min reflects the solvent exchange from the ProA
eluent passing through the WCX column. Once the IgG plug is trans-
ferred to the WCX column (t=~40 min), the switch valve orientation is
changed so that the SEC column is no longer in line with the WCX col-
umn, and the flow rate is brought back up to 1.0 mL min~*. Finally, the
WCX separation is represented by the green section in Fig. 4.

Having developed the integrated method, the efficacy of the com-
plete 2D-LC method (ProA x SEC x WCX) was demonstrated using the
NISTmADb standard, shown in Fig. 5 with on the WCX portion of the
chromatogram displayed. With the coupled method, the charge variant
determinations were all within defined ranges, with acidic as 16.2 %
(0.86 % RSD), main as 73.9 % (0.25 % RSD), and basic as 9.86 % (2.95 %
RSD). As expected, there is slight peak broadening due to the length of
the separation; however, the charge variants are still isolated within the
provided ranges of the standard, along with excellent run-to-run
repeatability. Additionally, the percentage recovery of the 3-column
transfer method was determined to be 99.4 %, reflecting a near-unit
efficiency for the transfer method. Following the confirmation of the
NIST mAb standard, the charge variants of a different in-house CHO
supernatant sample were determined. The chromatogram for the CHO
isolation is also displayed in Fig. 5. Again, there is a difference in the
retention time due to the different pIs of the IgG analytes. The WCX
separation of the IgG from CHO supernatant, displays 6 discernible
peaks among the acidic species. Different from what was observed in
Fig. 3, a few basic species are observed, with three distinct peaks found
in the basic region. For the charge variant isolation, the acidic, main,

30
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Fig. 5. 2D WCX separation of NIST IgG (purple) and CHOZN®GS23-derived IgG
(orange). Absorbance measured @ 280 nm. Gradient 0.16 %B min~! and 1.0
mL min~! flow rate. 400 yL of a 0.5 mg mL~! NISTmAb solution and 0.43 mg
mL ™! of CHO IgG supernatant.
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and basic were determined to be 30.9 % (1.61 % RSD), 44.9 % (0.38 %
RSD), and 24.1 % (1.73 % RSD), respectively. The charge variants were
not expected to be the same as before as the samples were taken from
different CHO supernatants. The confirmation of the charge variant
determinations was confirmed using the NIST mAb and provides cer-
tainty in using this workflow to accurately reflect the charge variant
state of different process samples.

3.4. Evaluation of process recoveries

The linearity of the recoveries of the transfer from D ProA to the 2D
WCX, with the placement of the SEC in the switch valve, was evaluated
by loading various volumes of supernatant. CHO supernatant volumes
ranging from 100 pL to 500 pL at a concentration of 0.5 mg mL~! IgG (50
— 250 pg on-column) were injected. As a first consideration, the linearity
of the IgG absorbance response from the ProA separation was evaluated
across injection volumes of 100 — 500 pL. A linear response was observed
for the ProA elution across the volume range, with a linear regression of
y=0.3075x + 12.71, R2= 0.9930. As the ProA elution was unaffected by
the loading volume and produced a linear response, the percentage of
each variant from the 2D WCX separation was determined for each in-
jection volume. The 2D WCX chromatograms across each injection are
shown in Fig. 6. To determine the linearity of the transfer, the peak areas
of the acidic, main, and basic variants were plotted versus the volume of
supernatant loaded. For each, the peak area was determined through
integration of the chromatogram, by identifying the three variants of the
separation. The variants consisted of the acidic, or everything to the left
of the main peak (~50 — 74 min), the main peak in the center (~74 - 77
min), and finally the basic peak, or everything to the right of the main
peak (~77 - 100). A linear response was observed across each of the
charge variants, with each response function exhibiting an R? of greater
than 0.95. The linear regressions for acidic, main, and basic were y =
0.1247x — 6.8756 (R®= 0.9643), y = 0.1038x — 6.6380 (R?= 0.9920),
andy = 0.0701x — 4.4125 (R?= 0.9547). The charge variants across each
volume loaded were ~42 % (4.65 % RSD), ~35 % (3.99 % RSD), and
~23 % (4.14 % RSD) for acidic, main, and basic, respectively. While all
of the precision values are better than 5 % RSD, the variabilities were
slightly higher for the lowest injection volume, reflecting the low
absorbance responses. Indeed, if the data for the 100 uL injections is
removed, the precision is significantly improved with acidic as ~41 %
(0.73 % RSD), main as ~35 % (2.04 % RSD), and basic as 23.3 % (2.91 %
RSD). The excellent agreement of charge variants across various vol-
umes, along with the linear response in peak areas, proves that the 2D
WCX separation can serve as an additional mode of quantification (along
with 'D ProA), displaying excellent reveries throughout the transfer.

4. Conclusions

Overall, this 2D-LC coupling methodology proves to be a successful
separation and determination of charge variants of IgG, which can be
easily implemented to model the change of IgG charge profiles over a
cell growth cycle. The cell culture supernatant sample only needs to be
passed through a standard 0.2 pm syringe filter before the separation.
The methodology provides a fully automated separation through the
novel placement of the SEC column in the 2D-LC switch valve. Using this
coupling, the run-to-run repeatability was proved to be excellent as the
percent RSD was under 4 % for all separations. Additionally, due to the
linearity across injection volumes, the WCX isolation can serve as a
quantitative measurement of IgG charge variants. Additionally, this
coupling shows how an SEC column can be implemented as a mode of
solvent exchange in additional coupling strategies. Further efforts will
look at implementing capillary-channeled polymer (C—CP) fiber ProA
and WCX stationary phases into this methodology to reduce the sepa-
ration time and concentration requirements of the method [56-59],
with the anticipation of improving the overall process throughput and
reducing the component costs.
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Fig. 6. 2D WCX separation of CHO IgG for injection volumes from 100 — 500 uL
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