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    Chapter 16   

 Applications of an Automated and Quantitative CE-Based 
Size and Charge Western Blot for Therapeutic Proteins 
and Vaccines                     

     Richard     R.     Rustandi      ,     Melissa     Hamm    ,     Catherine     Lancaster    , 
and     John     W.     Loughney     

  Abstract 

   Capillary Electrophoresis (CE) is a versatile and indispensable analytical tool that can be applied to charac-
terize proteins. In recent years, labor-intensive SDS-PAGE and IEF slab gels have been replaced with 
CE-SDS (CGE) and CE-IEF methods, respectively, in the biopharmaceutical industry. These two 
CE-based methods are now an industry standard and are an expectation of the regulatory agencies for 
biologics characterization. Another important and traditional slab gel technique is the western blot, which 
detects proteins using immuno-specifi c reagents after SDS-PAGE separation. This technique is widely used 
across industrial and academic laboratories, but it is very laborious, manual, time-consuming, and only 
semi-quantitative. Here, we describe the applications of a relatively new CE-based western blot technology 
which is automated, fast, and quantitative. We have used this technology for both charge- and size-based 
CE westerns to analyze biotherapeutic and vaccine products. The size-based capillary western can be used 
for fast antibody screening, clone selection, product titer, identity, and degradation while the charge-based 
capillary western can be used to study product charge heterogeneity. Examples using this technology for 
monoclonal antibody (mAb), Enbrel, CRM197, and  Clostridium diffi cile (C. diffi cile)  vaccine proteins are 
presented here to demonstrate the utility of the capillary western techniques. Details of sample preparation 
and experimental conditions for each capillary western mode are described in this chapter.  

  Key words     Capillary western  ,   Western blot  ,   Mab  ,    Clostridium diffi cile  vaccine  ,   CRM197  

1      Introduction 

 Since the introduction of the western blot by Towbin and Renart 
[ 1 ,  2 ], it has become one of the most important methods in pro-
tein  characterization  , especially in complex cell lysates. The use of 
the western blot has increased tremendously in many laboratories 
worldwide over the last 30 years. The western blot can be consid-
ered as a pseudo two-dimensional analytical  technique   where in 
the fi rst dimension protein is separated by either size or charge 
using gel electrophoresis and in the second dimension the 
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separated protein of interest is immuno-blotted. During this 
 immuno- blot the protein of interest is probed using a specifi c anti-
body (primary) and detected by a labeled secondary antibody 
against the Fc-region of the primary antibody. The secondary anti-
body is usually labeled with an enzyme such as horseradish peroxi-
dase (HRP) or alkaline phosphatase (AP) or other fl uorescence 
agents [ 3 ]. Even after three decades, traditional westerns are still 
performed manually, are labor intensive, only moderately repro-
ducible, and qualitative or semi-quantitative at best [ 4 ,  5 ]. 

 In recent years, CE has emerged as an indispensable tool to 
analyze proteins due to its high resolving power, quantitative 
nature, relative speed, and the potential to automate. One of the 
many contributions of CE in the biopharmaceutical industry is the 
replacement of traditional, labor-intensive SDS-PAGE (size) and 
IEF (charge) slab gel electrophoresis by CE- SDS   (CGE) and 
CE-IEF methods, respectively [ 6 – 13 ]. In 2006 the fi rst capillary 
IEF-based western was introduced [ 14 ] and subsequently in 2011 
the capillary SDS-PAGE-based western was introduced with the 
fi rst commercial instrument called Simon™ from ProteinSimple 
[ 15 ,  16 ]. Over a 3-year period, several versions of this technology 
have come out with various names: Sally, Peggy, Sally Sue, Peggy 
Sue, and Wes, all collectively called Simple Western. Simple Western 
technology is a size and charge CE-based western blot system that 
provides advantages of being fully automated in operation, except 
for the sample preparation, quantitative and reproducible with CV 
<10 % [ 16 ,  17 ]. Technical details of the Simple Western technology 
have been described in several publications [ 15 – 18 ]. Briefl y, pro-
teins are separated in a capillary by either molecular weight (size) or 
pI (charge). The capillaries contain a proprietary UV-induced cross-
linked chemical that covalently binds proteins to the wall of the 
capillary after exposure to UV light. After proteins are bound, the 
capillary is washed to remove the  separation   matrix and each capil-
lary is incubated with the target-specifi c primary antibody followed 
by the species-specifi c secondary HRP-labeled antibody. Lastly the 
capillaries are incubated with a luminol and peroxide mixture to 
develop the chemiluminescence signal which is then recorded with 
a charge-coupled device (CCD) camera across all capillaries. All the 
above operations are fully automated including the electrophero-
gram signal integration. We have recently evaluated this western 
technology for qualitative and quantitative analysis of vaccine  pro-
tein   components, residual bovine serum albumin (BSA), dot blot 
for 15-valent pneumococcal conjugate vaccine, and enzymatic 
activity for PARP-1 [ 16 ,  19 – 21 ]. Here we provide detailed proto-
cols for the Simple Western method and examples of its application 
such as clone selections, rapid identity test, heat stress stability, and 
acidic variants biological activity in vaccine and therapeutic pro-
teins. A monoclonal  antibody  , a heavily sialylated Fc-fusion  glyco-
protein   for joint infl ammation pain (Enbrel), CRM197, and four 
toxin proteins from  C. diffi cile  vaccine will be discussed.  
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2    Materials 

       1.    Sally, Sally Sue, Peggy, Peggy Sue, Wes (ProteinSimple) 
( see   Note    1  ).   

   2.    UV-activated clear Tefl on coated bare fuse silica capillary 
5 cm long with100 μm ID and 375 OD μm (ProteinSimple) 
( see   Note    2  ).   

   3.    SDS-containing separation matrix (ProteinSimple) ( see   Note    3  ).   
   4.    Stacking matrix (ProteinSimple) ( see   Note    3  ).   
   5.    Running buffer (ProteinSimple) ( see   Note    3    and  Note    4  ).   
   6.    Matrix removal buffer (ProteinSimple) ( see   Note    4  ).   
   7.    Concentrated wash buffer (ProteinSimple) ( see   Note    4  ).   
   8.    Luminol S (ProteinSimple) ( see   Note    5  ).   
   9.    Peroxide (ProteinSimple) ( see   Note    5  ).   
   10.    Sample buffer 10× (ProteinSimple) ( see   Note    5  ).   
   11.     Streptavidin   HRP (ProteinSimple or Jackson Immuno 

Research) ( see   Note    5  ).   
   12.    Goat anti-rabbit HRP (ProteinSimple) ( see   Note    6  ).   
   13.    Goat anti-mouse HRP (ProteinSimple) ( see   Note    6  ).   
   14.    Antibody Diluent (ProteinSimple) ( see   Note    7  ).   
   15.    Fluorescent standard markers (ProteinSimple) ( see   Note    8  ).   
   16.    Biotinylated molecular weight markers (ProteinSimple) ( see  

 Note    9  ).   
   17.     D , L -Dithiothreitol (DTT).   
   18.    Iodoacetamide.   
   19.    20 % SDS solution.     

       1.    One vial lyophilized fl uorescent protein markers, 2 % SDS, 2× 
sample buffer, 200 mM DTT.   

   2.    Vortex and place at 22–25 °C for up to 1 day only.      

       1.    One vial lyophilized biotinylated molecular weight markers, 
1× sample buffer, 100 mM DTT.   

   2.    Vortex until all dissolved.   
   3.    Place in 90 °C heating block for 10 min.   
   4.    Equilibrate at room temperature for 10 min and  centrifuge   it 

to collect all liquid.   
   5.    Transfer 5 μL of sample into a 384-well plate, avoid bubbles 

while transferring.   
   6.    Store remaining MW markers at −70 °C for up to 1 year.      

2.1  Size-Based 
Western

2.1.1  Master Mix (2×) 
Reducing Solution 
Preparation 
(Final Volume 120 μL) 
( See   Note    10  )

2.1.2  Molecular Weight 
Standards Preparation 
(Final Volume 20 μL) 
( See   Note    9  )

Automated and Quantitative Capillary Western Blot
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       1.    Place 4 μL sample in 500 μL Eppendorf Tube.   
   2.    Add 4 μL of 2× prepared master mix solution.   
   3.    Place in 90 °C heating block for 10 min ( see   Note    11  ).   
   4.    Equilibrate at room temperature for 10 min and centrifuge it 

to collect all liquid.   
   5.    Transfer 5 μL of sample into 384-well plate, avoid bubbles 

while transferring.       

       1.    NanoPro 1000, Peggy, and Peggy Sue (ProteinSimple) 
( see   Note    12  ).   

   2.    UV-activated clear Tefl on coated bare fuse silica capillary 5 cm 
long with 100 μm ID and 375 μm OD (ProteinSimple) 
( see   Note    2  ).   

   3.    Anolyte (100 mM NaOH).   
   4.    Catholyte (10 mM Phosphoric acid).   
   5.    Wash Concentrate (ProteinSimple).   
   6.    Pharmalyte Ampholyte, pH 5–8 (GE Healthcare).   
   7.    Pharmalyte  Ampholyte  , pH 8–10.5 (GE Healthcare).   
   8.    Luminol (ProteinSimple) ( see   Note    13  ).   
   9.    Peroxide XDR (ProteinSimple) ( see   Note    13  ).   
   10.    Bicine Chaps (ProteinSimple) ( see   Note    14  ).   
   11.    Antibody Diluent (ProteinSimple).   
   12.    pI Standard Ladder 1 (ProteinSimple) ( see   Note    15  ).   
   13.    pI Standard Ladder 3 (ProteinSimple) ( see   Note    15  ).   
   14.    pI Standard 8.4 (ProteinSimple) ( see   Note    16  ).   
   15.    pI Standard 9.7 (ProteinSimple)  see   Note    16  ).   
   16.    Premix Ampholyte Free (ProteinSimple) ( see   Note    17  ).   
   17.    Premix Ampholyte 3–10, G2 (ProteinSimple) ( see   Note    17  ).   
   18.    Premix Ampholyte 4–7, G2 (ProteinSimple) ( see   Note    17  ).   
   19.    Premix Ampholyte 4–9, G2 (ProteinSimple) ( see   Note    17  ).     

       1.    Combine 1000 μL premix ampholyte of pI range that is appro-
priate with 60 μL pI standard  ladder   ( see   Note    18  ).   

   2.    Vortex thoroughly.      

       1.    Dilute primary antibody in antibody diluent as appropriate 
( see   Note   19 ).   

   2.    Dilute secondary antibody in diluent as appropriate ( see   Note   19 ).      

       1.    Dilute samples in bicine chaps buffer to the predetermined 
concentration within the linear range ( see   Note    20  ).   

2.1.3  Reducing Condition 
Sample Preparation

2.2  Charge-Based 
Western

2.2.1  Preparation 
of Premix

2.2.2  Preparation 
of Antibodies

2.2.3  Sample 
Preparation
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   2.    Urea may also be added to the sample for a denatured 
condition.   

   3.    Mix premix and sample in a 3:1 volumetric ratio ( see   Note   21 ).   
   4.    Vortex thoroughly ( see   Note   21 ).        

3    Methods 

   The size-based Western blot is performed under denaturing and 
reducing or nonreducing conditions. The conditions provide the 
advantage of less matrix interference when analyzing proteins in 
crude cell lysate/culture compared to standard ELISA which is 
run under native conditions. Furthermore, the protein  identifi ca-
tion   in a size-based western is much more specifi c due to the addi-
tional dimension of separation by molecular weight compared to 
ELISA which is one dimension (batch mode). Here we present 
fi rst the general analysis protocol and then demonstrate several 
important  applications   for the use of this automated and quantita-
tive capillary size-based western technology in vaccine and thera-
peutic protein development.

    1.    Prepare a sample plate containing luminol S/peroxide, pri-
mary antibody, secondary antibody, antibody diluent, stacking 
matrix, separation matrix, running buffer, and samples accord-
ing to individual instrument user’s manual.   

   2.    Perform self-test check ( see   Note    22  ).   
   3.    Prepare Simple Western instrument parameters according 

each system user’s manual (see  Note    23  ).   
   4.    Click run.   
   5.    Wait till the fl uorescent image appears indicating samples are 

injected.   
   6.    Analyze data using Compass software ( see   Note    24  ).   
   7.    If results are not satisfactory, then perform CE and western 

optimizations   
   8.    Optimize standard CE parameters ( see   Note    25  ).   
   9.    Optimize standard western blot parameters if necessary 

( see   Note    26  ).    

  The fi rst example of the utility of this technique is in antibody 
reagent screening (Fig.  1a ) and clone screening (Fig.  1b ). Figure  1a  
illustrates antibody screening for toxin B (TcdB), one of the four 
protein antigens from a  C. diffi cile  vaccine [ 22 ], which has MW 
~270 kDa ( see   Note    27  ). Ten different  monoclonal antibodies   
obtained commercially (lane 1–10) are screened for the best 
response. The antibody in lane 7 clearly has the best signal among 
all antibodies screened and therefore is chosen for further use in 

3.1  Size-Based 
Western
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this capillary western. Another antibody screening example for a 
different protein, CRM197 (MW ~58 kDa), which is a nontoxic 
form of  diphtheria   toxin used as a carrier protein in many polysac-
charide conjugate vaccines [ 23 ], is also shown in Fig.  1a . Two anti-
bodies (mAb1 and mAb2) are evaluated against CRM197 and the 
fi gure shows that mAb1 also detects CRM197 fragment (p35) that 
is different from that detected using mAb2 (CRM197 fragment 
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  Fig. 1    ( a ) Virtual gel image of ten antibodies screened for TcdB (43 μg/mL, MW ~270 kDa) in lanes 1–10. All 
antibodies were obtained from different commercial sources. The antibody in lane 7 provides the strongest 
response and was subsequently used for Western blot assays. In order to observe the high MW protein band, the 
stacking and sample loading times were adjusted from default conditions to 16 and 8 s, respectively. Similarly, 
two different mAbs were evaluated for CRM197 (50 μg/mL, MW 58 kDa) in lane 11–14. Each mAb was tested 
in duplicate. Both mAbs detect the main peak of CRM197 but they are specifi c for different epitopes as demon-
strated by the two different CRM197 fragments (p35 and p25) observed. All antibodies used were from mouse 
with 1:25 dilution; goat anti-mouse HRP was used as the detection secondary antibody. ( b ) Virtual gel image 
from proCDTb protein clone selection experiment in cell culture indicating clones that produce signifi cantly dif-
ferent protein product (C1 is intended, while other clones (C2–C7) provide either fragments and/or aggregates, 
no protein). ProCDTb-specifi c rabbit pAb with 1:1000 dilution was used. ( c ) The actual electropherograms of ( b )       
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(p25)). Hence these two antibodies detect two different epitopes 
on CRM197 and both become very useful for CRM197 degrada-
tion  characterization  . The antibody screening process can be com-
pleted in one run using the Simple Western platform that can take 
as little as 3 h, while with a manual western this would take at least 
1–3 days and signifi cant manual labor. Clone selection is com-
monly performed on a small scale and the quantity available for 
testing at this stage is often low. Therefore we need a sensitive assay 
to screen for the best product quality and titer. Simple Western is 
an ideal method for this purpose as it requires low sample volume 
(5–10 μL), sensitivity is high, and results are obtained quickly 
compared to traditional methods. Figure  1b  demonstrates the use 
of this technology for clone selection for binary toxin B (proCDTb), 
another one of the four protein antigens from the  C. diffi cile  vac-
cine which has MW ~95 kDa. Seven different clones obtained from 
 Baculovirus  constructs (C1-C7) are screened to determine which 
clone produced the highest yield and best quality. Clone 1 shows 
the intended product quality while clone 2 and 3 produce degrada-
tion products with no intact proCDTb. Clone 4 shows no product 
at all, while clones 5, 6, and 7 have increasing aggregation and 
degradation products. Therefore, clone 1 is chosen to move for-
ward for development.

   The second example showing the usefulness of this technology 
is for identity testing and antigen stability in the fi nal drug product 
of our tetravalent  C. diffi cile  vaccine. Figure  2  shows the identity 
test using Simple Western for the fi nal drug product containing 
four antigens in our  C. diffi cile  vaccine. TcdA and TcdB have MW 
~308 and 270 kDa, respectively. Both large MW proteins are not 
resolved using ProteinSimple gel matrix; consequently they appear 
above the highest MW standard of 180 kDa ( see   Note    27  ) but the 
MW is not accurate. The binary toxins, proCDTb and CDTa, 
appear at their respective MW ~95 and 48 kDa. This result demon-
strates that Simple Western technology can perform identity 
 analysis in the  C. diffi cile  vaccine drug product containing four 
different proteins potentially replacing the manual western blot.

   Additionally we have used this technology for assessing heat- 
stressed stability of our  C. diffi cile  vaccine samples. The samples are 
tested by both Simple Western and ELISA. ELISA is the typical 
method used as a stability indicating assay for fi nal  drug   product 
but the results are sometimes diffi cult to understand and they can 
be misleading due to the one-dimensional nature of the assay. 
Western blots have the potential of providing further information 
about each antigen’s stability because of the additional dimension 
of size or charge separation. Figure  3  illustrates the use of the size- 
based simple western to generate stability profi les of individual 
antigens in control and heat-stressed (37 °C) fi nal container  C. 
diffi cile  vaccine. Both TcdA and TcdB aggregate upon stress, indi-
cated by the appearance of high MW bands, while CDTa and 
proCDTb are very stable. The slight decrease in proCDTb 
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intensity at 37 °C is attributed to sample preparation. Hence, the 
capillary western blot provides an extra layer of information about 
stability by detecting both degradation and aggregation products 
as well as a quantifi able mass.

   The third example where this technology has been applied is in 
measuring titer for early cell culture samples. We use Simple 
Western for concentration measurements in both binary toxin 
CDTa ( C. diffi cile  vaccine) and for a therapeutic monoclonal  anti-
body  . Figure  4  shows typical CDTa electropherograms for titer 
optimization in various cell culture conditions. The  quantitation   is 
done by comparing with purifi ed standard CDTa from 0.45 to 
7.5 μg/mL. Furthermore CDTa concentrations measured by 
Simple Western correlate well with RP-HPLC [ 16 ,  24 ] (the origi-
nal method which is used before Simple Western exists, Fig.  4e ). 
Monoclonal antibody upstream production and quality can also be 
monitored by this Simple Western as depicted in Fig.  5 . 
Electropherograms and virtual images by Simple Western are 
shown for mAb production from day 6 through day 14. This result 
indicates an increase in measured mAb ( IgG  ) over time under 
the nonreducing condition and also confi rms good quality (no frag-
ments; only HC and LC) by reducing western. This capillary west-
ern can be used as alternative method to the standard protein A 
HPLC for measuring IgG production.
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  Fig. 2    Identity test for tetravalent  C. diffi cile  vaccine drug product using rabbit pAb (1:1000 dilution) specifi c 
for TcdA, TcdB, CDTa, and proCDTb with fi nal concentration of 5, 2.5, 1.4, and 1.4 μg/mL, respectively ( see  
 Note    27  ). ( a ) Electropherograms and ( b ) virtual gel image       
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       The charge-based western separates proteins by their pIs in a pH 
gradient matrix (capillary IEF) and the pI-separated protein is 
blotted in a similar manner as in standard size-based western blots. 
This experiment can be performed either native or denatured (by 
adding various concentrations of urea). Although the charge-based 
western is seldom used, it can provide complementary  information   
to the size-based western ( see   Note    28  ). Here we present fi rst a 
detailed protocol of the method and provide several examples of 
how this charge-based technology can be a useful tool; as a poten-
tial stability indicating method for multivalent vaccine products, as 
a method for evaluating biosimilar candidates, and in evaluating 
mAb charge heterogeneity in cell culture.

3.2  Charge-Based 
Western

  Fig. 3    Stability indicating assay for tetravalent  C. diffi cile  vaccine drug product. ( a ) The virtual gel image 
comparing drug product at −70 °C ( blue ) and 14 days at 37 °C ( red ), TcdA (lane 1 vs. 2), TcdB (lane 3 vs. 4), 
CDTa (lane 5 vs. 6), and proCDTb (lane 7 vs. 8). ( b ) The electropherograms of 3A. Note that TcdA initially has 
some high MW aggregation that increases at 37 °C for 14 days, while TcdB has no aggregation initially but 
becomes aggregated upon heat stress. The aggregation intensity is in most cases much higher than mono-
mer in an immuno-type of assay; hence the decrease in monomer intensity is not proportional to the increase 
in aggregation intensity. No clipping or aggregation was observed for CDTa and proCDTb. A slightly lower 
intensity observed for proCDTb peak at 37 °C was attributed to sample preparation (see also Fig.  6  for charge-
based western data)       
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    1.    Prepare sample plate by adding 15 μL of prepared samples, 
primary antibody, secondary antibody, and antibody diluent 
according to individual instrument user’s manual.   

   2.    Prepare Simple Western instrument parameters according to 
system user’s manual ( see   Note    23  ).   

   3.    Perform self-test check ( see   Note    22  ).   
   4.    Click run.   
   5.    Analyze data using Compass software ( see   Note    24  ).   
   6.    If results are not satisfactory, then perform CE and western 

optimizations.   
   7.    Optimize standard CE parameters ( see   Note    28  ).   
   8.    Optimize standard western blot parameters if necessary ( see  

 Note    29  ).    

  The fi rst example where the charge-based western shows utility 
is in analyzing heat-stressed stability samples of fi nal container 
drug product of tetravalent  C. diffi cile  vaccine. Figure  6  illustrates 

  Fig. 4    An example of CDTa titer screening in various cell culture conditions and using Simple Western. A fi ve- 
point standard curve was run together with many cell culture samples on a 96-capillary Sally. ( a ) Gel image of 
standard curve (lane 1–5) and samples (lane 6–11); ( b ) Electropherograms of standard curve in ( a ); ( c ) 
Electropherograms of samples in ( a ); ( d ) Linearity of standard curve from 0.45 to 7.5 μg/mL with  R  2  > 0.990; 
( e ) CDTa titer correlation curve between Sally and the traditional RP HPLC method [ 16 ,  24 ] with  R  2  > 0.967       
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the capillary IEF western for TcdA (pI = 5.9), CDTa (pI = 8.7), and 
proCDTb (pI = 4.5) fi nal drug product before (blue) after (red) an 
accelerated heat stress at 37 °C study. We are not able to obtain a 
reproducible IEF profi le for TcdB antigen. There is a decrease in 
intensity for TcdA after heat stress, while there is a slight increase 
in acidic variant peaks for proCDTb. For CDTa two peaks are pres-
ent of which the acidic peak increases when heat-stressed. For 
CDTa and proCDTb, the size-based western shows one peak with 
no change after heat stress while the charge-based western detected 
charge heterogeneity, with the acidic peak increasing upon stress, 
demonstrating how both techniques are complementary. 
Understanding acidic variants of proteins and the impact of heat 
stress on these  variants   is important and often this can be caused by 
deamidation. It has been demonstrated for some mAb products 
that their acidic variants are important for biological activity [ 25 , 
 26 ]; therefore the acidic variant in these cases becomes a critical 
quality attribute. The analysis of these acidic variants is very labor 
intensive involving multiple analytical methods including HPLC, 
MS, cIEF, and ELISA [ 27 ]. The native charge-based western can 
be used as a fast surrogate biological activity assay for acidic 

  Fig. 5    ( a ) Virtual gel image of therapeutic mAb production in CHO cell culture from day 6 to 14 as monitored 
under both nonreducing and reducing conditions with Simple Western. A 20× dilution of human anti-(HC + LC)-
HRP obtained from Jackson Immuno Research was used. Iodoacetamide was added in the nonreducing condi-
tion. An increase of  IgG   production is observed from day 6 to 14 without any clipping or misfolding between 
HL-LC and HC-HC observed. The method can be used as an alternative to both Protein A HPLC IgG titer assay 
and IgG product quality (see also Fig.  7b  for charge-based western data); ( b ) Electropherograms of ( a )       
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variants as demonstrated in Fig.  6d . The imaged capillary IEF of 
CRM197 is illustrated on the inset of Fig.  6d  showing the IEF 
profi le of CRM197 (pI = 5.8) and that acidic variants increase after 
3 months at 25 °C [ 23 ]. When this CRM197 is probed by its bio-
logically relevant mAb in a charge-based simple western, the three 
acidic variants are detected indicating that all are biologically active.

   The second example for charge-based western used is during 
biosimilar development of the heavily sialylated Fc-fusion protein, 
Enbrel. This technique is used to quickly screen cell culture 
samples from various clones for production of Enbrel produced 
in a  Pichia pastoris  expression system and compared to the 
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  Fig. 6    Stability indicating assay for tetravalent  C. diffi cile  vaccine drug product evaluated using charge-based 
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  Fig. 7    ( a ) The charge-based western (Peggy) was used to analyze samples as 
part of biosimilar development of Enbrel produced from  Pichia pastoris . Charge 
profi les are shown for three clones compared to the innovator. All sample fi nal 
concentrations were 0.5 μg/mL. Ampholyte 4–9 (1050 μL) range was used with 
pI ladder 1 (23 μL). ( b ) The same mAb production samples as in Fig.  5  were 
monitored for charge heterogeneity. Electropherograms from day 6 to 14 are 
shown and the percent acidic variants increase during production (see inset 
graph). The extra peak at pI = 6.5 is likely LC since there is always more LC than 
HC during cell culture production (note that this was not observed in the size-
based western in Fig.  5  and was likely caused by sensitivity, since it is known 
that in IEF the sample is concentrated at least 10× or higher after focusing). The 
fi nal mAb concentration was 2 μg/mL and the ampholyte 3–10 (500 μL) range 
was used with pI ladder 1 (20 μL). Peggy instrument default focusing parameters 
were employed for all charge-based western       
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innovator. The charge distribution profi les are shown in Fig.  7a . 
Although Enbrel from clone 3 looks slightly better than clone 2 or 
1 in terms of its charge variant distribution, it is still far cry from its 
innovator profi le. The method has helped the evaluation of various 
clones early in cell culture to match the innovator charge variant 
profi le. This demonstrates the use of this technique as a quick 
screen of low volume, upstream, cell culture samples (prior to puri-
fi cation) for development of a biosimilar therapeutic protein. The 
method can be applied to other heavily sialylated proteins such as 
 erythropoietin   (EPO).

   The third example where the charge-based western has shown 
usefulness is for monitoring charge heterogeneity in therapeutic 
mAb production during cell culture fermentation. Figure  7b  illus-
trates the capillary IEF western electropherograms from day 6 to 
day 14 of mAb production. The inset graph demonstrates that the 
acidic variants increase during mAb production. This early infor-
mation could become very important if the acidic variants are criti-
cal and the quantity of these variants can be controlled by varying 
the harvest time. Again this demonstrates that the charge-based 
Simple Western is a complementary tool to the size-based western 
as no size heterogeneity was detected during fermentation.   

4                                                           Notes 

     1.    ProteinSimple has come out with fi ve different instruments for 
the size-based Simple Western in the last 3 years. All instru-
ments use the same technology but vary by modes of separa-
tion, number of capillaries, and sensitivity. The fi rst generation 
is called Simon which runs 12  capillaries   and is being discon-
tinued. The fi rst 96-capillary version for size is called Sally, and 
was followed by Peggy, which can run both size- and charge- 
based capillary westerns. Later they launched Sally Sue and 
Peggy Sue which are more sensitive versions of Sally and 
Peggy. They are planning to eventually phase out Sally and 
Peggy, but the new reagents for Sally Sue and Peggy Sue can 
be used for Sally and Peggy, which will increase sensitivity 
without the need for upgrading instruments. Similarly, 
reagents from Sally and Peggy can be used on the new Sally 
Sue and Peggy Sue but sensitivity will decrease compared with 
using the Sue platform reagents. Finally, Wes is the most 
recently introduced instrument and is a 25 capillary version of 
Simple Western. The reagents for Wes are identical to Sally 
Sue or Peggy Sue, but most reagents for Wes are preplated and 
one only needs to prepare and add samples, luminol S/perox-
ide mixture, antibody diluent, primary and secondary anti-
bodies, and wash buffer. The benefi t of Wes is that sensitivity 
is as high as Sally Sue and Peggy Sue and it runs much faster 
than the other four instruments.   
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   2.    The total volume of a 5 cm capillary is approximately 
400 nL. When the default vacuum injection is used for each 
instrument, the total volume taken up in the capillary is about 
40 nL for the size-based western. In the charge-based western, 
the whole capillary is fi lled with sample (400 nL), then focused 
by a pH gradient after applying voltage. It is not recommended 
to use size capillary for charge or vice versa.   

   3.    Although the SDS-containing separation matrix and stacking 
matrix are labeled differently for Sally/Peggy and Sally Sue/
Peggy Sue, both can be used interchangeably without notic-
ing any differences. The running buffer is the same for all 
instruments. These three reagents are already in the prefi lled 
plate for Wes.   

   4.    The matrix removal buffer and concentrated wash buffer are 
only for Sally/Peggy. For Sally Sue/Peggy Sue, matrix removal 
becomes lower running buffer and running buffer becomes 
upper running buffer, while wash buffer is the same as in Sally/
Peggy. This change was recently implemented by Protein 
Simple. There is no matrix removal buffer in Wes and concen-
trated wash buffer can be used in Wes by diluting it three times.   

   5.    Luminol S, peroxide, sample buffer 10×, and Streptavidin- HRP 
are the same for all size-based instruments. Sample buffer 10× 
can be substituted by preparing 100 mM Tris, 10 % SDS pH 
7.5. Streptavidin-HRP can be purchased from Jackson Immuno 
Research and when diluted three times, it will give about a simi-
lar intensity as Streptavidin-HRP from ProteinSimple.   

   6.    Although both goat anti-rabbit and goat anti-mouse mAbs are 
different for Sally/Peggy and Sally Sue/Peggy Sue/Wes instru-
ments, the ones that are designated for Sally Sue/Peggy Sue 
can be used for Sally/Peggy and the sensitivity will increase 
signifi cantly. Different  antibodies   such as anti-donkey-HRP, 
anti-sheep-HRP, anti-monkey-HRP, and anti-human-HRP can 
be purchased from Jackson Immuno research and work well 
with some optimization such as dilution and incubation time.   

   7.    ProteinSimple came out with three different types of antibody 
diluents (proteins-containing blocking reagent similar to milk 
or casein for manual western). These three antibody diluents 
(antibody diluent, antibody diluent plus, and antibody diluent 
II) can be used on all instruments but sensitivity may vary.   

   8.    Fluorescent protein markers for size-based western contain 
three different proteins labeled covalently with a fl uorescent 
dye that function mainly for alignment (registration) using the 
1 kDa protein and coarse molecular weight standards (if these 
standards are used instead of the biotinylated MW markers, 
MW determination in the samples will be inaccurate) in Sally/
Peggy and Sally Sue/Peggy Sue. The fi rst generation fl uores-
cent standard markers contain 1, 29, and 180 kDa, while the 
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second generation has 1, 29, and 230 kDa. Both generations 
will work on all size-based instruments. It is also very important 
to perform a negative control experiment of your primary anti-
body against these fl uorescent protein markers for possible 
cross reactivity. Cross reactivity has been observed for various 
antibodies especially with the high MW protein markers, 180 
and 230 kDa.   

   9.    A large batch of these MW markers can be prepared, and they 
can be aliquoted at 8 μL each for single use and stored at 
−70 °C for up to 1 year. Custom biotinylated MW markers can 
be made by labeling the proteins of interest with biotin mole-
cule; however, any residual biotin needs to be removed because 
biotin will be separated and detected on this Simple Western 
system. Though surprising, we speculate the separation mech-
anism is not by MW but rather pseudo-MEKC [ 21 ].   

   10.    The master mix (2×) reducing solution preparation is not the 
same as ProteinSimple’s recommendation because we found 
that increasing the amount of DTT and SDS in fi nal sample 
buffer yields better reproducibility especially for crude lysate 
samples or membrane containing proteins. Increasing DTT 
helps in removing higher order disulfi de-linked oligomers 
sometimes observed for membrane proteins which are very 
critical for accurate  quantitation  . Master mix (2×) nonreduc-
ing solution can be prepared similarly by replacing the 200 mM 
DTT with 200 mM Iodoacetamide (this minimizes the disul-
fi de  shuffl ing   during sample denaturation and heating).   

   11.    The sample heating condition should be optimized for each 
protein. For example, mAbs are well known to degrade, form-
ing a thioether bond between LC-HC, and increase disulfi de 
shuffl ing if it is heated above 70 °C [ 6 ,  9 ,  28 ]. However, some 
membrane proteins containing coiled-coil motif anchored and 
β-strands or β-barrel structures need at least 95 °C or above to 
be effi ciently denatured and bind SDS [ 29 ].   

   12.    The charge-based western was actually the fi rst instrument 
that came to the market in 2006 and it was called the FireFly™ 
3000 blotless immunoassay which then later became the 
CB1000 and fi nally was called the NanoPro 1000. This 
NanoPro 1000 could only do the IEF-based western, but later 
it got upgraded to Peggy and Peggy Sue which can run both 
charge- and size-based westerns. Unlike size-based western, 
there is no difference in terms of performance in charge-based 
westerns between Peggy and Peggy Sue.   

   13.    Do not mix luminol/peroxide reagents for charge and size, as 
they are not identical.   

   14.    Bicine chaps is used for dilution but primarily for crude cell 
lysate to help cell lysis. However, for native condition, it is 
preferred to remove bicine chaps if possible.   
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   15.    Each pI standard set consists of fi ve different fl uorescently 
labeled pI markers (these are very similar to the fl uorescently 
labeled protein standards in size-based western). The pI lad-
der 1 has pI 4.0, 4.9, 6.0, 6.4, and 7.3; while pI ladder 3 
contains pI 4.9, 6.0, 6.4, 7.0, and 7.3.   

   16.    There are individual fl uorescently labeled pI markers that are 
added together with the pI ladder when very basic or acidic 
proteins are measured since all pI ladder sets do not contain 
very high pI markers.   

   17.    Premix ampholyte-free solution is used by mixing it with other 
commercial ampholytes such as pharmalytes, servalytes, or 
biolytes. ProteinSimple also provides ready to use premix with 
ampholyte added at varying ranges.   

   18.    pI ladder and ampholyte premix are chosen as appropriate to 
bracket the sample of interest. Combinations of these and 
conditions may be optimized for the given application but a 
20:1 (premix:pI ladder) ratio is a good starting  point  .   

   19.    Antibody dilution must be optimized for each application. A 
1:100 dilution for primary and secondary antibody is a good 
starting point but a range of dilutions should be tested 
( see   Note    26  ).   

   20.    The linear range of the assay needs to be determined for each 
analyte separately and will be dependent on sample type, anti-
bodies, and other factors. For a purifi ed protein or vaccine 
typically 1 μg/mL of protein was within the linear range for 
most applications so this may be a good starting place. For 
crude upstream samples, the dilution will vary depending on 
the amount of antigen present. However, some dilution in 
detergent or lysis buffer may be needed to solubilize cells and 
extract proteins of interest. Bicine chaps is a standard diluent 
but ProteinSimple has other recommended dilution and lysis 
buffers that can be used.   

   21.    It is important to use pipettes suitable for pipetting very vis-
cous solutions accurately. In addition it is important to care-
fully add the sample solution to the vial so as to avoid the 
introduction of air bubbles into the solution. Air bubbles in 
the sample solution injected into the separation capillary will 
result in noise spikes in the electropherogram. Lastly, mixing 
by vortexing is critical as the viscous premix and sample must 
be thoroughly mixed for accurate  quantitation  .   

   22.    It is important to perform self-test under the instrument tab 
on the main menu especially when the instrument has been 
idle for a long period of time.   

   23.    Since Simple Western is a combination between CE and west-
ern blot, both portions of the assay should be optimized for 
each protein. Default conditions from the manufacturer can 
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be used but these conditions may be suboptimum for the pro-
teins of interest.   

   24.    Although the instrument software Compass is adequate in 
most cases, it is still highly recommended to transfer data and 
analyze using a standard HPLC software package such as 
Empower.   

   25.    Standard CE optimization steps can be applied here such as 
varying stacking and sample injection times (sample volume) 
to obtain resolution and sensitivity. Resolution is usually the 
least important in a western blot since in most cases we are 
only interested in one protein, and hence improving sensitivity 
is more critical. A fi eld amplifi ed stacking, as is in the Simple 
Western system, can yield a tenfold or more improvement in 
sensitivity by varying stacking times to up 20 s and by longer 
sample  injection   times to up 15–20 s. When the stacking time 
is increased signifi cantly, the separation time may also need to 
be reduced or the 1 kDa marker could come off from the cap-
illary and the ability to align the sample will be lost. If greater 
resolution between two proteins is needed, then a higher 
stacking to sample loading ratio is preferred especially in the 
region of the higher MW proteins. Other CE parameters that 
can be optimized are separation time and voltage to reduce 
the  capillary gel electrophoresis   separation time. Since resolu-
tion is not typically important in western blot, separation time 
can be decreased by either increasing the voltage or reducing 
separation run time. When voltage is increased, the current 
needs to be monitored and maintained <150 μA for Sally/
Peggy and Sally Sue/Peggy Sue, and <400 μA for Wes to 
reduce Joule heating.   

   26.    Western blot optimization is very similar to a manual western 
with respect to optimizing primary antibody dilution and pri-
mary and secondary antibody incubation times. In general, 
decreasing antibody incubation times from the default will 
reduce signal intensity and background; however if sensitivity 
is not required reducing antibody incubation times as much as 
50 % can be done. Primary antibody dilution depends signifi -
cantly on how well it binds its target protein. Dilution can be 
varied between 10× and 1000× dilution from a standard 
1 mg/mL concentration of mAb. Generally lower mAb dilu-
tion gives both higher signal and background similar to longer 
antibody incubation times; therefore the balance between the 
signal to noise ratio needs to be considered when adjusting 
these parameters. Polyclonal antibodies produced in rabbits 
usually provide higher signal than monoclonal produced in 
mice; however, polyclonals can have more cross reactivity with 
other proteins especially if the source of the polyclonal is from 
a commercial vendor. If a polyclonal reagent is generated by 
immunizing rabbits using antigens with >90 % purity, the poly-
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clonal serum reagent usually has low/zero cross reactivity with 
other proteins and a 1000×–10,000× pAb dilution can be 
achieved. Two types of secondary antibody are available from 
ProteinSimple, anti-rabbit and anti-mouse (rarely dilution 
optimizations are needed). Finally, another parameter that can 
be changed to decrease the total run time is the chemilumines-
cence detection times. The instrument default usually provides 
6 different detection times varying from 5 to 960 s. In most 
cases longer detection time such as 960, 480, and 240 s are not 
needed especially when the assay produces strong signal. If 
these portions of the default method detection times are elimi-
nated, it reduces the total run time by almost 30 min for each 
cycle. Overall, with these adjustments, the total run time can be 
reduced from 22 h for all 96 capillaries to about 16–18 h, while 
for Wes the total run time can be decreased from 3 to 2 h.   

   27.    The TcdA (MW ~308 kDa) and TcdB (MW ~270 kDa) bands 
appear above 180 kDa MW marker because these MWs are 
beyond the range of the separation gel  matrix   of 12–180 kDa 
(stacking and sample injection times were adjusted accord-
ingly; see fi gure legend). The stock separation gel matrix could 
be diluted to 80 % with water which might give better separa-
tion, but ProteinSimple has just recently came out with a sepa-
ration matrix gel for high MW protein ranging from 66 to 
440 kDa.   

   28.    In general, method development of capillary IEF is much 
more diffi cult than CE- SDS   gel (CGE) methods for protein 
because protein isoelectric focusing depends on many param-
eters such as ampholyte mixture concentration, low ionic buf-
fer concentration (<20 mM), and focusing time (5–30 min). 
Additionally, a potential protein precipitation exists at its pI 
which may cause a requirement for additives such as a non-
ionic surfactant, urea, or glycerol to prevent it. Furthermore, 
when signal is not detected in charge-based western, it is 
sometimes diffi cult to troubleshoot the root cause (i.e., pro-
tein is not focused or primary antibody is not good).   

   29.    Instrument running conditions may be optimized outside of 
the vendor recommended defaults. For instance, the antibody 
incubation time, exposure times, wash times, and other condi-
tions may be changed to optimize each assay similar to the 
size-based western ( see   Note    26  ).         
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