Journal of Pharmaceutical and Biomedical Analysis 128 (2016) 447–454

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis
journal homepage: www.elsevier.com/locate/jpba

Implementation of USP antibody standard for system suitability in
capillary electrophoresis sodium dodecyl sulfate (CE-SDS) for release
and stability methods
Abbie L. Esterman ∗ , Amit Katiyar, Girija Krishnamurthy
Biologics Manufacturing and Process Development (BMPD), Bristol-Myers Squibb, 519 Route 173, Bloomsbury, NJ 08804, USA

a r t i c l e

i n f o

Article history:
Received 6 April 2016
Received in revised form 3 June 2016
Accepted 6 June 2016
Available online 7 June 2016
Keywords:
Capillary electrophoresis sodium
dodecylsulfate (CESDS)
Monoclonal antibodies
System suitability
Reference standard
US Pharmacopeia

a b s t r a c t
Capillary electrophoresis sodium dodecyl sulfate (CE-SDS) is widely used for purity analysis of monoclonal
antibody therapeutics for release and stability to demonstrate product consistency and shelf life during
the manufacturing and life cycle of the product. CE-SDS method development is focused on exploring the
method capability to provide the information about the product purity and product related degradants
(fragmentation, aggregation etc.). In order to establish the functionality of the instrumentation, software,
and sample preparation; system suitability criteria need to be deﬁned for analytical methods using a well
characterized reference standard run under the same protocol and analysis as the test articles. Typically
the reference standard is produced using a manufacturing process representative of the clinical material.
The qualiﬁcation, control, and maintenance of in-house reference standards are established through
rigorous quality and regulatory guidelines. The U.S. Pharmacopeia (USP) has developed a monoclonal
IgG System Suitability Reference Standard to be utilized for assessment of system suitability in CE-SDS
methods.
In this communication, we evaluate the system suitability acceptance criteria performance of the USP
IgG standard using two methods, the recommended USP protocol provided in monograph <129> and a
molecule speciﬁc Bristol-Myers Squibb (BMS) CE-SDS method. The results from USP IgG standard were
compared with two in-house monoclonal antibody reference standards. The data suggest that the USP
CE-SDS method may not be suitable for CE-SDS analysis for release and stability of monoclonal antibody
therapeutics due to the high level of method induced partial reduction observed for all molecules tested.
This high level of fragmentation observed utilizing the USP method will result in reporting lower purity
levels, which will impact the overall quality assessment of the molecule. The system suitability criteria
recommended by the USP method can be achieved by using the USP reference standard during the development and pre-validation stages. Furthermore, the USP reference standard does not offer signiﬁcant
advantages to existing SST criteria in the BMS method during release and stability testing, and therefore
we propose use of the USP standard only during the optimization and pre-validation stages of method
development.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Capillary electrophoresis sodium dodecyl sulfate (CE-SDS) has
evolved over the last two decades to become the method of
choice for release and stability analysis of monoclonal antibody
(mAb) therapeutics [1–7]. The method separates molecule speciﬁc fragments and other impurities based on their electrophoretic
mobility under denaturing conditions [8]. As a release and stability
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indicating method, ICH guidelines [9] must be followed and the
appropriate system suitability criteria included in any validated
method. The current Guidance for Industry Q2B Validation of Analytical Procedures: Methodology states that system suitability test
must be “. . .based on the concept that the equipment, electronics, analytical operations, and samples to be analyzed constitute an integral
system that can be evaluated as such” [10]. In addition, the reference
standard should be “. . .linked to clinical trial material and the current
manufacturing process. . .” [11].
Representative qualiﬁed and validated product reference
standard manufactured following the same procedures as the production/clinical material, is used for system suitability to ensure
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Table 1
CE-SDS method parameters.
USP Method

BMS Method

Sample Preparation

•
•
•
•

•
•
•
•

Denaturation

• 70 ◦ C 15 min Non-reduced
• 70 ◦ C 15 min Reduced

• 70 ◦ C 5 min Non-reduced
• 70 ◦ C 10 min Reduced

Detector

• UV or PDA, 220 nm

• UV, 220 nm

Capillary

• Fused silica 50 um i.d. 20 cm
effective length

• same

Instrument
methods

• ABSciex PA800plus Antibody
Separation Method

• same

Sample Storage

• 25 ◦ C

• 15 ◦ C

Separation Time

• 40 min Non-reduced
• 40 min Reduced

• 40 min Non-reduced
• 30 min Reduced

1 mg/mL IgG
0.67% SDS
2.5 mM IAM (non-reducing)
5% BME (reducing)

calibration and suitability of methods for their intended purpose. The sample preparation and analytical testing of test articles
is identical to the system suitability reference standards which
are also used for speciﬁcity in method validation. Appropriate
acceptance criteria can be determined based on molecule speciﬁc
behavior enabling direct comparison of reference standard electropherograms and relative abundance of molecule speciﬁc fragments
to each test articles.
The U.S. Pharmacopeia (USP) provides validated standards, with
corresponding monographs, for a number of molecules and proteins such as insulins, therapeutic peptides, BSA and Protein A for
use as system suitability standards for many analytical methods
[12]. Recently, USP suggested that a universal monoclonal antibody
System Suitability Reference Standard (SSRS) be adopted for CESDS and size exclusion chromatography. The USP Monoclonal IgG
System Suitability Reference Standard and corresponding monograph <129> Analytical Procedures for Recombinant Therapeutic
Monoclonal Antibodies has been made available for testing [13].
This monograph contains detailed sample preparation protocols,
instrumentation settings, run conditions and system suitability
acceptance criteria.
During sample preparation, antibodies are denatured in the
presence of an ionic detergent which masks the native charge of the
protein providing a net negative charge enabling electrophoretic
mobility separation based almost exclusively on the hydrodynamic
radius of the protein molecule(s) [14]. The disulﬁde bonds which
are responsible for the tetrameric structure of monoclonal antibodies are disrupted (reducing) or protected (non-reducing) during
heat denaturation by reducing or alkylating reagents respectively
[15,16]. In the non-reducing condition, sensitivity of antibodies to
partial reduction and fragmentation necessitate molecule dependent optimization of sample preparation [16–18]. These factors
include: sample buffer composition; denaturation temperature and
duration; and sample storage conditions during analysis. Although
Monograph <129> provides some ﬂexibility for test article preparation, the sample preparation of reference standard is deﬁned, and
the system suitability acceptance criteria is based on the performance of the SSRS using only the prescribed method as written.
In this study we evaluated the utility of using the USP System Suitability Reference Standard and USP provided method
for system suitability for CE-SDS methods run for release and
stability of well characterized IgG 1 and IgG 4 monoclonal anti-

0.9 mg/mL IgG
0.75% SDS
30 mM IAM (non-reducing)
5% BME (reducing)

bodies (mAb). We compared the performance of the USP reference
standard prepared and run following both the <129> monograph
method and the BMS CE-SDS method typically used for mAbs in
our laboratory. Method performance was determined by evaluating method induced fragmentation and conformance to system
suitability acceptance criteria.

2. Materials and methods
USP Monoclonal IgG System Suitability RS was obtained from
U.S.Pharmacopeia (USP). Antibody 1 and Antibody 2 were sourced
from Bristol Myers Squibb (BMS). All capillary electrophoresis was
carried out using the PA800plus instrument ﬁtted with a UV detector and 220 nm ﬁlter (AB Sciex). All reagents and consumables
associated with the PA800plus such as sample vials, SDS MW
Analysis Kit, and capillaries, were purchased from AB Sciex. Iodoacetamide (IAM) and 2-mercaptoethanol (BME) were purchased from
Sigma-Aldrich.
Duplicate sets of samples (3 independent preparations and 3
independent determinations for each condition) were prepared
following the BMS optimized CE-SDS method and the recommended sample preparation provided by USP monograph <129>
Analytical Procedures for Recombinant Therapeutic Monoclonal
Antibodies. The sample preparation and method parameters are
shown in Table 1. BME was added to the sample buffer to disrupt di-sulﬁde bonds for the reduced condition and IAM was added
to the sample buffer at the indicated concentration to minimize
disulﬁde shufﬂing. Samples were loaded onto the sample tray
such that injection of each triplicate preparation was 6 h apart.
This strategy provided the ability to also evaluate any changes
due to sample stability on the instrument. Separation was accomplished using the PA800plus Antibody Separation Method and UV
absorbance detected at 220 nm. The sample storage temperature
was maintained at either 25 ◦ C (USP recommended) or 15 ◦ C (BMS
optimized). All non-reduced samples were run using 40 min separation time, all reduced samples were separated for 30 min. (40 min
separation was not used for the reduced USP method as all peaks
migrated before 28 min) Data was analyzed using Empower 3 software (Waters) using time corrected peak area. For peak integration,
the test article electropherogram was compared to the second
blank in the sequence. All peaks not observed in the blank were
integrated and included in the total corrected peak area. The USP
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Table 2
USP system suitability acceptance criteria.
Parameter

Non-Reduced

Reduced

Electropherogram
Resolution

Consistent with Certiﬁcate A (Fig. 1B)
Main
 IgG peak and F1 NLT
 1.3

Consistent with Certiﬁcate (Fig. 1A)
NG-HC and HC NLT
 1.3

• RSD bracketing internal standard NLT 2%
• No peaks observed after IS

• RSD bracketing internal standard NLT 2%
• No peaks observed after IS

Ratio
Blank

IgGAcorr
Sum of all integrated peaksAcorr

× 100 = 70% − 80%

system suitability criteria for the reduced and non-reduced methods are shown in Table 2. The USP System Suitability Reference
Standard (SSRS) electropherograms provided in the USP Certiﬁcate
are shown in Fig. 1.
3. Results and discussion
3.1. Non-reduced
The data signatures of the USP-SSRS from samples prepared
using the non-reducing USP method and BMS method (Fig. 2) were

NGHCAcorr
NGHCAcorr + HCAcorr

× 100 = 0.8% − 1.3%

compared to the USP Certiﬁcate proﬁle (Fig. 1A). The peak proﬁles
were similar to the USP Certiﬁcate with all expected peaks, F8, F6,
F5, F4, F2, F1 and IgG observed. The samples prepared using the
USP protocol showed increased levels of fragments (F8, F6, F2 and
F1) resulting in lower IgG relative percent area compared to the
sample prepared using the BMS protocol. The differences observed
in the relative abundance of the peaks can be explained by the differences in the sample preparation methods (Table 1). It has been
shown that sample preparation during CE-SDS and PAGE analysis
can increase disulﬁde scrambling and partial reduction of antibodies due to the disruption of the di-sulﬁde linkages by heat and the

Fig. 1. USP monoclonal antibody system suitability reference standard certiﬁcate.
Electropherogram of the USP monoclonal antibody system suitability reference standard showing the data signature of the non-reduced (Panel A) and reduced (Panel B) USP
methods. This certiﬁcate is supplied with the purchase of each USP standard.
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Fig. 2. USP SSRS electropherogram non-reduced method comparison.
The USP system suitability reference standard was analyzed using both the BMS method (top panel-black) and the USP method (bottom panel-blue). The data signatures
showing the relative abundance of each fragment are shown.

presence of free thiols. (␤-elimination) [16,19] is independent of
the natural degradation pathway of the molecule. Conﬁrmation
of method induced ␤-elimination has been shown using in-gel
digestion followed by matrix-assisted-laser-desorption-ionization
time of ﬂight [20]. Alkylating agents such as iodoacetamide (IAM)
and N-ethylmaleimide (NEM) are used to reduce the effect of
thermal-induced fragmentation and partial reduction [19,20]. The
extent of thermal-induced fragmentation is inversely proportional
to the concentration of these reagents, with concentrations of IAM
between 5 mM to 40 mM typically used [18]. Following the sample preparation steps in the USP method, the ﬁnal concentration of
IAM in the sample during denaturation is 2.5 mM, as compared to
30 mM IAM concentration for BMS method. The denaturation temperature, 70 ◦ C, is same in both two methods, however the time of
denaturation in the USP method is 15 min as compared to 5 min
in the BMS method. The additional exposure to 70 ◦ C for 10 min
in the absence of optimum IAM concentration contributed to the
increase in the method induced partial reduction observed in the
USP prepared samples.
Furthermore, a similar increase in method induced partial
reduction is observed in two well characterized BMS IgG molecules
(mAb 1 and mAb 2) using the USP method compared with the BMS
conditions as shown in Figs. 3 and 4. Fig. 3 shows the data signature differences between SSRS, mAb 1, and mAb 2 using the USP
and BMS methods. The data signature of the SSRS shows seven fragments with relative migration times very different from the BMS
molecules. The SSRS does not provide a good control over the resolution around the HHL fragment which can be a stability indicating
peak for monoclonal antibodies using the BMS method. To further illustrate the changes in fragmentation, the relative corrected
area percent for each fragment, is shown in Fig. 4. The LC and HHL
fragments are increased and percent purity decreased for in-house
monoclonal antibodies when prepared and run using the USP protocol. SSRS fragment F2 is especially sensitive to method induced
partial reduction suggesting that a less harsh sample preparation such as the BMS method is a better choice for this molecule.
Decreased purity and increased fragmentation for IgG molecules

in development due to USP method may impact the purity% and
induce artifacts.
Another source of method induced fragmentation is the sample tray temperature. During method development, both sample
preparation conditions and sample storage temperature are optimized to minimize the method induced partial reduction. ICH
guidelines require testing of on-board stability to ensure that the
ﬁrst and last injections in a sequence do not signiﬁcantly differ.
Employing the PA800plus for analysis, the ﬁrst injection of reference standard is typically three hours after samples are loaded onto
the instrument due to warming and required blank injections at the
beginning of each run. Since each injection takes approximately
one hour with a maximum run time of 24 h, on-board stability of
the SSRS was investigated by preparing the SSRS samples in triplicate using the two method conditions outlined in Table 1, and
injecting sequentially for a total of 17 h. Fig. 5 shows the relative
corrected area percent of the main IgG peak over the duration of the
PA800plus sequences. Differences in the relative percent purities at
the ﬁrst injection are the result of two factors. The ﬁrst is the differences in the sample preparation conditions and the second is due to
the sample storage temperature. Samples held at 25 ◦ C, as per the
USP method, were less stable (75–68%) compared to samples held
at 15 ◦ C (87–85.5%) over the duration of the assay as shown in Fig. 5.
If running a complete 24 injection sequence, the SSRS run under
the USP method would fail system suitability for purity of greater
than 70%. These results demonstrate the USP method conditions
and the system suitability criteria for SSRS will not be suitable to
operate the sequence for more than 24 h. This is an additional consideration that needs to be followed to meet the system suitability
criteria. Moreover the lower on-board stability of an external reference standard due to suboptimal method will shorten the number
of samples that can be analyzed in the sequence.
In contrast, the BMS method performed on SSRS resulted in
meeting system suitability acceptance criteria for the non-reduced
method (Table 2) as shown in Table 3. The RSD of the internal standard migration time for the blanks run in all sequences were less
than 1.2%. This conﬁrms the challenges associated with method
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Fig. 3. Non-reduced electropherograms of SSRS, mAb 1 and mAb 2.
The electropherograms of each of the antibodies tested run utilizing the non-reduced BMS and USP methods are shown. BMS method is shown in black, the USP method is
shown in blue.
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USP Method Fragments
BMS Method Fragments
USP Method IgG
BMS Method IgG
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5
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mAb2 IgG

mAb 1 IgG

SSRS F1

SSRS F4

SSRS F2

SSRS F6

SSRS F5

SSRS F8

mAb 2 NG-IgG

mAb2 LC

mAb2 HHL

0

mAb 1 LC

20

mAb 1 HHL

Area Percent Fragments

100

0

Fragment
Fig. 4. Non-reduced method comparison of corrected peak area percent.
The peak area percent for each fragment shown in Fig. 3 were plotted (right axis).
The percent purity of the antibody was calculated and plotted (right axis). Data from
samples run using the USP method are shown in the dark green and dark blue bars
respectively. The data utilizing the BMS method are shown in the light green and
light blue bars.

Fig. 6. Proposed strategy for use of primary and secondary reference standard for
CE-SDS method.
It is proposed that the USP-SSRS, secondary reference standard, be used during
method development and pre-validation activities. The primary reference standard
will be used for method validation, release and stability testing.
Table 3
USP SSRS non-reduced system suitability criteria results.
Target: Non-Reduced Fragment F1 to IgG Resolution >1.3

USP System Suitability Reference Standard

Injection 1 3 h
Injection 2 9 h
Injection 3 12 h

100

USP Method
1.9
1.9
1.9

BMS Method
1.9
1.9
1.9

Percent Purity

Target: Non-Reduced IgG 70–80%

90

BMS Method
USP Method

80

70

60
0

5

10

15

20

Time (hours)
Fig. 5. USP-SSRS on-board stability.
USP SSRS samples were prepared in triplicate and placed on the PA800plus autosampler (Time 0). Samples were run in a sequential manner such that injections occurred
every 6 h. The time between the ﬁrst and last injection of each sample was 12 h. Samples analyzed using the USP method are shown in green and samples analyzed using
the BMS method are shown in blue.

Injection 1 3 h
Injection 2 9 h
Injection 3 12 h

USP Method
74.8
72.0
69.1

BMS Method
86.8
85.9
85.1

system suitability criteria for validation/commercial applications of
analytical methods using internal reference standard (Fig. 6). This
robust approach will provide two fold advantage over the current
approach of using internal reference standard across the method
life cycle. Firstly, side by side system suitability criteria can be
assessed for primary and secondary standard using one CE-SDS
method and secondly, historical data based on system suitability
criteria from both reference standards can be used to set stringent system suitability criteria for primary reference standard for
monitoring the performance of CE-SDS method.
3.2. Reduced

induced fragmentation for USP method, and therefore, it is recommended to use BMS CE-SDS method for release and stability of the
monoclonal antibodies.
Therefore, it is critical to have a CE-SDS method in place which
can be suitably applicable for reference standard as well as IgG in
development. The use of secondary reference standard (USP SSRS)
in conjunction with internal reference standard using BMS CESDS method might provide more information about the method
performance, however, the system suitability criteria for that combination needs to be deﬁned, which will be different from currently
proposed criteria deﬁned by USP method for SSRS. It is beneﬁcial
to use USP SSRS during the development and pre-validation space
in conjunction with internal product speciﬁc reference standard
to gather the data to understand method performance and system
suitability. The use of primary and secondary standard during the
pre-validation space will provide the platform to deﬁne the suitable

The data signatures of the USP-SSRS from samples prepared
using the reducing USP method and BMS method (Fig. 7), were compared to the USP Certiﬁcate (Fig. 1B). The general pattern showing
the light chain, non-glycosylated heavy chain and heavy chain is
similar in all electropherograms. Both methods show equivalent
results.
The system suitability criteria were met as shown in Table 4. The
RSD of the internal standard migration time for the blanks run in
all sequences were less than 1.2%. For all USP-SSRS samples tested
the ratio of non-glycosylated heavy chain to the heavy chain was at
the lower limit of acceptance ranging from 0.8% to 1.0%. This may
have been the result of the baseline and peak integration strategy
used for data analysis as no integration guidance was given in the
USP monograph or Certiﬁcate. The resolution between the nonglycosylated heavy chain and heavy chain were all greater than 1.2.
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Fig. 7. Reduced electropherograms of SSRS, mAb 1, and mAb 2.
The electropherograms of each of the antibodies tested run utilizing the reduced BMS and USP methods are shown. BMS method is shown in black, the USP method is shown
in blue.
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Table 4
USP SSRS—reduced system suitability criteria results.
Target: Reduced NGHC/HC Resolution >1.2
Injection 1 3 h
Injection 2 9 h
Injection 3 12 h

USP Method
1.5
1.4
1.4

BMS Method
1.6
1.6
1.6

Target: Reduced NGHC:HC Ratio 0.8–1.6%
Injection 1 3 h
Injection 2 9 h
Injection 3 12 h

USP Method
0.9
1.0
0.9

BMS Method
0.8
0.8
0.8

Therefore the same BMS conditions using the optimized methods
can be used for both the non-reduced and reduced methods.
The scope of this evaluation is centered on two subtypes of
antibodies, IgG 1 and IgG 4 using a BMS optimized method compared to a generic method proposed by the USP. With the growing
pipeline for biologics (different IgG subtypes, isotypes, Fc-fusion
proteins, bio-speciﬁc antibodies, etc.) and the availability of new
technologies for capillary electrophoresis, additional investigation
will be required to determine the need for molecule speciﬁc methods as highlighted in recent publication [21–25]. Under reducing
conditions, using CE-SDS microﬂuidic chip technology, heavy chain
isomers of some IgG 1 and IgG4 molecules were shown to separate when samples were prepared using buffers containing less
than 1.3% surfactant due to the hydrophobicity of some IgGs and
lack of complete denaturation at lower SDS concentrations [21].
In a study by Guo et al. [22] IgG2 structural isoforms resolved run
under “typical” CE-SDS conditions. Other antibody based molecules
such as bispeciﬁc antibodies [23], antibody-drug conjugates [24]
and Fc-fusion proteins [25] show the need for molecule-speciﬁc
optimization due to their atypical behavior using generic methods.
For each new molecule, the system suitability reference material
will need to be prepared and analyzed using the same method as
the test article. The observations from these studies and the results
presented here support the recommendation shown in Fig. 6.
4. Conclusion
Based on the results of this study, the USP method for CESDS run under non-reducing conditions caused increased method
induced fragmentation as compared to the BMS method for the
three molecules tested. These ﬁndings support the conclusion that
the USP method is not suitable for release and stability testing of
monoclonal therapeutics where molecule-speciﬁc CE-SDS methods are essential to minimize method induced artifacts and address
molecule speciﬁc behavior. In addition, the system suitability criteria for the SSRS will require modiﬁcation when following the BMS
method due to differences in purity and resolution.
We understand the importance of external reference standards
for understanding instrument and method performance and therefore, based upon the comparison of the results from the two
methods, it is recommended to use both the USP SSRS and internal
reference standard during the development and pre-validation of
molecule speciﬁc methods. This strategy will strengthen the system suitability criteria for the internal molecule speciﬁc reference
standard for use during validation and commercial testing.
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