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Abstract

Introduction: Western blotting is one of the most commonly used techniques in molecular
biology and proteomics. Since western blotting is a multistep protocol, variations and errors can
occur at any step reducing the reliability and reproducibility of this technique. Recent reports
suggest that a few key steps, such as the sample preparation method, the amount and source of
primary antibody used, as well as the normalization method utilized, are critical for reproducible
western blot results.

Areas covered: In this review, improvements in different areas of western blotting, including
protein transfer and antibody validation, are summarized. The review discusses the most advanced
western blotting techniques available and highlights the relationship between next generation
western blotting techniques and its clinical relevance.

Expert commentary: Over the last decade significant improvements have been made in
creating more sensitive, automated, and advanced techniques by optimizing various aspects of the
western blot protocol. New methods such as single cell-resolution western blot, capillary
electrophoresis, DigiWest, automated microfluid western blotting and microchip electrophoresis
have all been developed to reduce potential problems associated with the western blotting
technique. Innovative developments in instrumentation and increased sensitivity for western blots
offer novel possibilities for increasing the clinical implications of western blot.
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1. Introduction

The western blot is a common method used to detect proteins as well as post-translational
modifications on proteins, and can provide semi-quantitative or quantitative data about the
target protein in simple or complex biological samples [1]. Western blotting is an extensively
used technique for protein analysis [2—4]. It is a multistep procedure (Figure 1) that typically
involves a) sample preparation (protein extraction and measurement of protein
concentration) from cells or tissue lysates, b) separation of proteins by size on sodium
dodecyl sulphate (SDS) polyacrylamide gel by electrophoresis, ¢) immobilization of
separated proteins in a nitrocellulose or polyvinylidene fluoride (PVDF) membrane, d)
blocking of non-specific proteins on membrane, e) probing of target proteins with specific
primary antibodies, €) incubation with secondary antibody conjugated with labelled
chemiluminescent or fluorescent molecule, f) detection of signal that reflects antigen/
antibody binding, g) densitometry analysis of protein bands of interest using a software
[3,5]. Variations at any step of the process can influence the result. Thus, care must be taken
to standardize each step of the western blot process for reproducibility and high sensitivity.

2. Sample Preparation

An often-overlooked aspect of reproducible western blotting is efficient sample preparation.
An efficient protein extraction and purification step has a substantial impact on the results
and interpretation of western blotting experiments [3]. To effectively extract proteins, a
suitable homogenization method that can efficiently release the intracellular contents of the
cell through the rupture of cell membranes should be selected [5]. In addition, an optimal
lysis buffer should be chosen to facilitate the proper solubilization of proteins and prevent
proteolytic degradation in order to obtain high amounts of target proteins [5,6]. Once the
protein samples (cell lysates, tissue homogenates, and body fluids) are prepared, they are
then subjected to electrophoretic separation based on their size on SDS polyacrylamide gel
electrophoresis (PAGE), and immobilized on a membrane by electroblotting.

3. Improvement in protein purification over last decade

Protein samples used in western blot are very diverse, ranging from purified proteins to
highly complex samples such as cell/tissue lysates that contains cellular debris, protein
aggregates, fats and proteases. To isolate an intracellular protein the cell membranes must be
ruptured to free the cellular contents using a suitable lysis buffer to obtain a high yield of
solubilized target protein. The expression, conformation, and stability of proteins varies
significantly with the buffer and experimental conditions utilized [7]. The principal factors
that can influence sample processing include the time between tissue collection and its
freezing, frequent freeze/thaw cycles of tissue samples, poor homogenization techniques,
and use of inappropriate lysis buffer [8]. A report by Glatter et al., 2015 showed that the
detected total proteome mass of a sample was highly dependent on the sample preparation
protocol [9]. Some lysis buffers resulted in incomplete protein extraction of certain protein
groups such as membrane proteins, proteasome subunits, and ribosomal proteins [9]. Tissues
are more complex than cultured cells and require more mechanical intervention than
cultured cells for effective sample preparation.
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To improve western blot accuracy, samples should be quickly harvested in ice cold buffer
(neutral pH) and should be immediately frozen in liquid nitrogen and stored at —80 °C until
use to avoid proteolytic degradation by endogenous proteases (as sometimes indicated by gel
streaks) [10]. Moreover, multiple freeze/thaw cycles of protein samples must be avoided to
prevent protein degradation [5]. Homogenization techniques (mechanical, sonication,
chemical) employed for extraction of target proteins vary with types of tissues (liver, kidney,
muscle, heart) or cells (suspended or cultured primary cells or cell lines) [11,12].

Although an ideal disruption method would involve only one step, many laboratories utilize
two or more methods to obtain efficient sample disruption. The method of sample
preparation depends on desired use of the sample. If active proteins are needed for
subsequent native gel electrophoresis [13] the homogenization procedure should avoid
processes that generate heat or cause foaming. If subcellular fractions are needed, simple
cutting of tissue with scissors, then use of a handheld homogenizer for course grinding and
subsequent use of glass Dounce homogenizer for shearing could be utilized. Dounce
homogenizers are inexpensive and effective at mildly lysing cells. The shearing force of
Dounce homogenizers depends on the diameters of the pestle and container. Glass-teflon
homogenizers, Dounce hand homogenizers, or polytron homogenizers are generally used to
mince tissues to release target proteins in homogenization buffer [12]. In some cases, to
achieve higher yield of target proteins that are expressed at lower levels, additional
sonication of samples is done to disrupt cellular membranes [5]. Sonication utilizes high
frequency sound waves created by a probe that rapidly enlarges and contracts at high
frequencies. These sound waves can disrupt most cell samples in seconds. Although very
effective at disrupting cells and partly homogenized tissue, sonication is not very effective
for solid tissue. Because sonication generates a significant amount of heat, it is important
that this procedure should be carried out on ice using multiple short bursts.

With the increasing need for high throughput homogenizers in applications such as in
screening strategies, various approaches were developed to increase the throughput of
homogenization. One strategy our lab employs is a mixer mill which utilizes the
effectiveness of bead beating and can process numerous samples in different types of tubes
including microwell plates. Several companies make high throughput homogenizers
including Retsch® Mixer Mill and the HT Homogenizer®. These homogenizers can
homogenize most samples within 2 minutes.

Cyrogenic grinding, also known as cryogrinding, is the act of reducing material such as plant
or animal tissue into a small particle size [14]. Cyrogrinding is commonly used for the
extraction of ribonucleic acid (RNA) to keep samples at very low temperatures [14], but is
also an alternative for thermally labile proteins. One such cryogrinding device is the SPEX
Certiprep freezer mill which utilizes small magnetic bars to pulverize samples inside a self-
contained chamber liquid nitrogen container and insulated case to allow pulverization at
ultra-low temperatures. Although cyrogrinding is not widely used in proteomic applications,
its benefits for preventing proteolysis as well as changes to post-translational modifications
suggest that this method should be more commonly used for preparing tissue samples for
more efficient homogenization.
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Lysis buffers vary with their ability to solubilize proteins and have effects on protein quality
and antigenic recognition sites that ultimately affect the western blot results [8,15,16]. An
optimal lysis buffer should efficiently extract the target proteins. In some cases the lysis
buffer should possess the ability to maintain the integrity of protein as this is important for
doing western blots on protein complexes separated by native gels [17,18]. Lysis buffer can
be optimized by varying the concentration of detergents and other chemical components to
solubilize target proteins and prevent protein precipitation [5,6]. One study suggested that
the use of detergent octyglucoside is the best option to get high quality and high amount of
integrin protein receptors (an integral membrane protein) compared to the non-ionic
detergents nonidet-40 (NP-40) or Triton X-100 [19]. The use of sodium chloride (NaCl) or
potassium chloride (KCI) at a concentration of 100 mM to 150 mM in homogenization
buffers prevents protein aggregation [5]. Reducing agents such as dithiothreitol (DTT) are
often utilized to help solubilize proteins as well as to keep some proteins in an active state
(such as for native gel electrophoresis). These reducing agents often interfere with protein
quantification methods utilized. Thus, the assay chosen for quantifying proteins must be
compatible with concentration of reducing reagents used in the lysis buffer for protein
extraction. Avoiding reducing agents in sample preparation and gels has also been shown to
be beneficial in antibody detection of some conformationally sensitive epitopes. Some
antibodies only recognize non-linear epitopes that require conformational integrity of the
target protein. Since reducing agents are used to provide linear epitopes, non-denaturing
PAGE systems are required for non-linear epitopes. The common reagents and their typical
concentration range used in lysis buffer have been summarized in Table 1.

Radioimmunoprecipitation assay (RIPA) buffer is a commonly used lysis buffer that utilizes
increased concentration of salts and detergents to facilitate nuclear disruption and increase
the yield of proteins in preserved conformations [6]. The RIPA buffer is one of the most
commonly used buffers in protein extractions used for western blotting [16]. The
constituents of RIPA buffer typically includes 150 mM NacCl, 0.1% SDS, 1% NP-40, or
Triton X-100, 1mM ethylene diamine tetra acetic acid (EDTA), 50 mM Tris-HCI, 1%
sodium deoxycholate, pH 7.4 —7.8 along with protease and phosphatase inhibitors [6].
Protease and phosphatase inhibitors are available as tablets from many companies including
Thermo Fisher and Sigma-Aldrich. One major problem with using RIPA buffer is the many
different formulations of this buffer and the lack of information about the advantages and
disadvantages of each of these different fomulations. For example, RIPA buffer from Sigma-
Aldrich (catalog # R0278) contains 150 mM NaCl, 1.0% IGEPAL® (CA-630), 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris-HCI, pH 8.0, Thermo Scientific RIPA buffer (catalog
# R0278) contains 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 25mM
Tris-HCI pH 7.6, Millipore RIPA buffer (catalog #20-188) contains 150 mM NaCl, 1%
NP-40, 0.25% deoxycholic acid, 1 mM EDTA, 50 mM Tris-HCI, pH 7.4, while Cell
Signaling RIPA buffer (catalog # R0278) contains 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM f-
glycerophosphate, 0.1% SDS, 1 mM sodium vanadate (NazVVOy), 1 ug/ml leupeptin, 20 mM
Tris-HCI pH 7.5. Sodium pyrophosphate has both chelating ability (binds calcium) and can
act as a buffering agent, while B-glycerophosphate is utilized in some sample preparation
buffers as a protein phosphatase inhibitor. The use of different RIPA buffers may yield
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higher levels of certain proteins of interest [20-22], but a comprehensive study of what RIPA
buffer is optimal for which type of samples is needed.

Although use of RIPA buffer for lysis of HT-29 human colon adenocarcinoma cells yielded
both solubilized cytoplasmic proteins and insoluble proteins (containing several histones and
transcriptional factors) [6], the use of Laemmli sample buffer as the lysis buffer resulted in
higher concentrations of apoptotic factor cleaved caspase 8 compared to RIPA buffer [6].
Others have successfully used Laemmli buffer as the lysis buffer but concerns about
quantification and the presence of insoluble material in the lysates may limit the use of this
method.

In a recent report, protein extraction from Trizol-precipitated brain tissue proteins allowed
the analysis of both gene and protein expression from same sample simultaneously [21]. A
Trizol based method is generally employed to isolate DNA and RNA, however, protein
extraction from the Trizol-precipitated proteins is difficult due to insolubility of precipitated
protein. The method gives a high yield of proteins with similar protein amounts as those
isolated using RIPA buffer [21]. The lysis buffer was optimized by using high concentrations
of EDTA, SDS, and Tris (20 mM EDTA, 140 mM NacCl, 5% SDS, 100 mM Tris, pH 8.0).
This solubilization method enabled the analysis of post translational modifications of
proteins [21].

After proteins are extracted from cells or tissues, the amount of protein in the lysate must be
determined. Protein concentration is measured by different methods including the Bradford
assay, UV absorbance (Nanodrop) method, bicinchoninic acid (BCA) method, and ortho-
phthaladehyde assay [5]. Appropriate lysis buffer compatible with subsequent chosen
protein assays must be used as blanks and in the standard curves to avoid interference by
buffer components during protein quantification [19]. The presence of insoluble and soluble
proteins in samples will also affect protein quantification.

4. Western Blotting

4.1 Problems related to western blotting

A major concern of western blotting is the lack of any consensus on what constitutes
reproducibility. Although western blotting seems to be a straightforward and simple method
for protein analysis in practice, it is an error-prone method due to its time-consuming
multistep protocol [3,7]. Detection of low abundant proteins and post-translational modified
proteins such as phosphorylation, acetylation, and methylation are difficult due to the
requirement of relatively large sample amounts (usually >10 pg), as well as high quality
validated antibodies against phosphorylated antigens used for western blotting [7,23]. Other
problems include analysis of multiple proteins from a single sample run is often
cumbersome, as it usually requires stripping of membranes to remove antibody and then
again re-probing with second antibody for next target protein detection [24]. A recent
method called multiple antigen detection (MAD) was developed to allow non-stripping
detection of multiple antigens on a single blot [25]. To minimize nonspecific background in
the MAD-immunoblotting procedure, the blot is incubated with secondary antibody and the
membrane developed with chromogenic substrate before probing with the primary
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antibodies of interest [25]. While this method seems promising, an important aspect of
western blotting, the quantification of these blots, was not well described [25]. Blots can
also be cut into several pieces and used to detect targets within the molecular mass ranges of
the cut membrane, but this limits information about what other targets the antibody may
detect.

Detection of some very large molecular weight proteins (>500 kDa) can be problematic due
to difficulty in their complete transfer from gels to membranes [26]. Our laboratory has
found that the transfer of very large protein complexes (20S and 26S proteasomes, 800 kDa
to over 2000 kDa) was more optimal with long (overnight) transfers using the Bio-Rad mini-
Protean 3 “wet-transfer” system when compared to semi-dry blotters such as the Bio-Rad
Trans-Blot Turbo™ [13,17]. However, we utilize the Trans-Blot Turbo™ to transfer proteins
as large as 300 kDa in seven minutes. Moreover, improper sample preparation, proteolytic
degradation of samples, lack of automation, problems with normalization of blots and
quantitative analysis are other critical issues associated with western blotting procedure
[7,23,24].

5. The antibody problem

Irrespective of how advanced or automated the methodology for western blotting gets, the
main problem associated with western blotting, the quality of the antibodies used, still needs
to be properly addressed. An ad hoc group of scientists called the International Working
Group for Antibody Validation (IWGAV) suggested at least one of five areas is needed for
validation of conventional and recombinant antibodies: (i) genetic strategies, (ii) orthogonal
strategies, (iii) independent antibody strategies, (iv) expression of tagged proteins, and (v)
immune-capture followed by mass spectrometry (MS) [27]. The group suggested that the
use of more than one strategy would strengthen the conclusion.

Many researchers don’t realize that validating an antibody is different from characterizing an
antibody. Importantly, validating an antibody doesn’t just involve determining the antibody’s
specificity for its target but also involves determining its reproducibility; that is,
demonstrating that the antibody’s properties are independent of lot-to-lot variations.
Methods for validating antibodies for western blotting do not apply to other applications
utilizing the same antibodies including immunohistochemistry and enzyme-linked
immunosorbent (ELISA) applications.

Numerous examples of the problems associated with improperly validated antibodies exist.
One example is a laboratory at Mount Sinai Hospital in Toronto, Canada, that was using a
commercial kit to detect their protein target CUZD1, which they hypothesized, could be
used as a marker for pancreatic cancer. After two years of using Kits, hundreds of thousands
of dollars in cost, and thousands of patient samples they realized that the antibody provided
in the kit did not interact with CUZD1 and was binding to a different protein, CA125
[28,29]. Larger scale studies done in 2008 showed that fewer than half of approx. 6000
commercial antibodies recognized only their targets [30]. More in depth studies showed that
only 6 of 53 published preclinical studies could be replicated [31]. Hence believing the
“validation” done by commercial companies can often lead to false results. Although we
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suggest that all manufacturers should properly validate all antibodies and include lot specific
data, this is unlikely to happen due to the high production rate of new uncharacterized
antibodies and the desperation of many researchers to find antibodies for specific targets.
Most researchers don’t currently think about validating antibodies they obtain commercially
and rely on the reputation of the company or previous publications using these antibodies.
However, as previously shown by our group, the most utilized antibodies are not always the
best quality antibody for specific targets [32]. To help increase the number of quality
antibodies used in western blotting, national agencies such as NIH and journals should start
requiring basic validation data for antibodies that are critical for conclusions of the
manuscript. A Western Blotting Minimal Reporting Standard (WBMRS) that should be
included in all manuscripts has been suggested by our group to help with the reproducibility
of western blotting [32]. Unfortunately, currently researchers need to independently validate
key antibodies because changes in the western blotting equipment used, the temperature, the
incubation times, the buffers used, or the concentrations of antibodies used may result in
different results from what is provided by the antibody manufacturer.

Although polyclonal antibodies are cheaper and easier to make, monoclonal antibodies are
advantageous because the specificity of each batch of monoclonal from the same hybridoma
is the same. Polyclonal antibodies for the same immunogen raised in different rabbits show
batch to batch variations, sometimes major variations, mainly due to differences in the mix
of antibodies generated by the animal. Although monoclonal antibodies are superior to
polyclonal antibodies with respect to being able to generate the same antibody in different
batches, monoclonal antibodies also have problems. Sometimes hybridoma cell lines can be
contaminated and not grow after storage or may die off. One possibility to overcome some
of the limitations of monoclonal and polyclonal antibodies is the use of recombinant
antibodies. Several projects are currently underway to improve the quantity of renewable
validated antibodies available. One project at Johns Hopkins University, is creating a large
number of monoclonal antibodies while another project at the University of Chicago is
generating recombinant antibodies [33].

5.1 Recombinant antibodies

Recombinant antibodies have many advantages including the ability to engineer the antigen
binding site, the ability to rapidly produce many variants to a specific antigen and the ability
to quickly screen these variants [34]. However, the main advantage of recombinant
antibodies is that it can be defined by its sequence, and researchers anywhere would be able
to create the same recombinant antibodies, significantly reducing the lot-to-lot variability. If
a batch of recombinant antibody is contaminated or lost, new ones can be created if the
antibody sequence is known [34]. However, like all antibodies, validation of recombinant
antibodies is needed before it should be used for western blotting.

6. The “housekeeping” protein problem

Another concern in the western blotting field is that the most commonly used normalization
technique for getting semi-quantitative data is the use of “house-keeping” proteins. Several
reports from multiple laboratories including our laboratory suggest that most if not all
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housekeeping proteins are not equally expressed in the same tissue under all experimental
conditions as previously assumed [7,15,35]. The Journal of Biological Chemistry
instructions for authors suggest that quantification normalization of signal intensity to total
protein loading (using a total protein stain such as Ponceau S) is preferred [7,36]. If “house-
keeping” proteins are used for normalization, evidence must be provided to show that the
expression of the proteins is not affected by the experimental conditions. The best methods
currently available for normalization using total protein staining utilize either Ponceau S or
Bio-Rad’s Stains-free methods [37,38].

7. Improvement in western blotting over last decade

Over last two decades, substantial improvements in the basic western blot technique have
been reported. Modifications in the preparative phase (lysis buffers, homogenization),
blotting (blotting reagents, apparatus, and procedures) and detection methods have all been
reported. These modifications improve the time required, the reliability, and the
reproducibility of the western blot. Several more sensitive alternative methods such as single
cell-resolution western blot, far-western blotting, diffusion blotting, automated microfluid
western blotting, western blotting using capillary electrophoresis and microchip
electrophoresis have all been developed to overcome problems associated with western
blotting. The most recent technologies to improve the sensitivity and reproducibility of
western blotting are discussed below.

7.1 Capillary and microchip electrophoresis (MCE)

Major limitations associated with western blot include its time-consuming nature, the
requirement of a relatively large amount of sample (usually 10-20 pg/assay), and they
usually detection of only one protein at a time. Moreover, it requires detection of
housekeeping proteins or total proteins on the membrane to normalize the target bands
detected [23]. To address these issues, a hybrid between capillary electrophoresis for SDS-
PAGE and conventional blotting for the western part, referred to as capillary and microchip
electrophoresis (MCE) based western blotting was developed by Jin et. al. (2016) [24].
Compared to conventional western blotting technique, MCE has a higher sensitivity with
better resolution that allows measurement of multiple target proteins from a single cell lysate
sample. This approach eliminates blocking steps and requires shorter analysis time (approx.
8 min for electrophoretic resolution). MCE allows the performance of parallel multiplexed
assays of a group of proteins using a small sample amount. In brief, multiple injections of
the same protein samples are loaded in separate tracks on a microchip and are captured on a
PVDF membrane for immunoassay. Using only 400 ng of Jurkat cell lysate sample MCE
was applied to measure 11 different proteins including ERK1/2, MEK1/2 AKT, STAT3,
phosphor-ERK1, phospho-ERK?2, and B-tubulin [24]. Several of these protein targets show
very little difference in molecular weight but were detected by MCE. This method is still
being developed and is unlikely to be available for the average researcher within the next
few years. Further improvements to this technique would allow significant improvements in
multiplexing protein detection.
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7.11 Automated microfluidic protein immunoblotting and single cell-
resolution western blotting—Another automated microfluidic protein immunoblotting
technique was developed to save time, avoid multiple assay steps and limit equipment and
reagents requirements. This automated protein immunoblotting is a programmable
controlled technique (i.e. voltage control and pressure) that combines PAGE with blotting in
one device [39]. The technique allows the integrated assay steps (PAGE, transfer and in-gel
blotting) to be viewed using an epifluorescence microscope equipped with a charge-coupled
device camera. In this method photo patterning (photochemical etching) of polyacrylamide
gels is done on microfluid glass devices that act as a platform to integrate the multiple assay
steps. The method is rapid and was employed to detect free prostate specific antigen in
human seminal fluid sample in less than 5 min. This method is economical and lowers the
consumption of reagents as the glass chips that are used are reusable after simple chemical
treatments. The technique is still in process of development to further improve sensitivity
and enable protein quantitation [39].

Single cell-resolution western blotting was developed to detect individual cell-to- cell
variations in protein expression between cells [40]. The microdevice used for this assay
consists of a thin layered polyacrylamide gel with micro wells. The micro wells in the gel
layer are loaded with single cell protein samples and are lysed chemically in each well to
obtain single cell lysate to be resolved on PAGE. Subsequently, the proteins are immobilized
on the same gel using ultraviolet (UV) light and are probed with antibodies for
immunoblotting. Multiplexing of a single cell is achieved by incubating immobilized
proteins with different antibodies using stripping/ re-probing protocols. From a single cell,
multiplexed data (more than 10 proteins) was obtained within a time of 4-6 hrs. The
microdevice used can be manipulated for the gels having either uniform or gradient pore-
size, and proteins of similar or different molecular mass can be analyzed at the same time.
For example, the use of a gradient polyacrylamide gel allowed target proteins ranging from
25 to 289 kDa molecular mass to be detected in breast cancer cells [40]. The highly sensitive
single cell-resolution immunoblotting has also been applied to study protein variations in
stem cell signaling and differentiation [41]. A recent commercial product called Milo™
(ProteinSimple) is the world’s first Single-Cell Western platform. Milo won the Scientists’
Choice Awards Best New Life Sciences Product of 2016. Milo™ is capable of measuring
protein expression (up to 4 proteins per cell simultaneously) in around 1000 single cells in
about 4 hours.

7.12 Simple Western—The first reported use of the imaged capillary IEF (iclEF)-based
method for western blots was by O’Neill et al. [42]. A few years later, a microchip capillary
electrophoresis (CE)-SDS combined with immunoprecipitation was utilized as a western
blot alternative [43]. In 2010 a new instrument, Simple Western™, which utilized similar
technology to the latter method, but separated proteins based upon size instead of charge was
reported [44]. Scientists from Merck Research Laboratories showed that quantitation of
Simple Western™ western blots using vaccine sample preparations had a coefficient of
variation (CV) of < 10% [45]. Quantitative western blotting was found to be associated with
an error of >35% standard deviation [46]. Investigation of the source(s) of the error
suggested that the antibody interaction and the 5-bromo-4-chloro-3-indolylphosphate
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(BCIP) and nitro blue tetrazolium (NBT) color development reagents were the major sources
of the error [46].

Simple Western developed by ProteinSimple (San Jose, California) is based on CE-SDS
where the separated proteins are attached to the wall of capillary by a proprietary photo
(ultraviolet) activated chemical crosslink [47]. Each capillary contains separation gel matrix
and stacking matrix proteins are separated based upon size using high voltage. Subsequent
blotting is done automatically by washing the capillary to remove the gel matrix, then
incubating and washing the capillary with primary and secondary antibodies conjugated with
horseradish peroxidase. The horseradish peroxide is detected by its signal generated upon
exposure to luminol and an electropherogram trace or a virtual gel image displayed. The
system combines immunoassay, detection, and data analysis in one machine [48]. For assay
the prepared protein samples together with required antibodies and a molecular weight
marker are loaded in the plate prefilled with separation matrix and buffers. Once the assay
begins all steps ranging from loading and separation of sample protein, immobilization of
samples in the capillary, immunodetection by primary and secondary antibodies, and
quantitation are automated. The advantages of the Simple Western technique includes:
relatively fast procedure, requires small sample amounts, can perform analysis using 24-90
different antibodies simultaneously, can carry out standard curve quantification similar to
ones done using high pressure liquid chromatography (HPLC), and potentially improves
reproducibility [44,45,49,50]. The technique was recently employed to measure mitogen-
activated protein kinase (MAPK) signaling proteins in the sex-determining stage of gonadal
development [51]. Although this technique has been available for about 10 years, the
number of publication using this technology has significantly increased over the last few
years [45,52-54]. The disadvantages include the need for specialized reagents, and the small
number of independent comparisons comparing this system to the classical western blotting
method [54].

7.2 DigiWest

Several technologies are vying to replace traditional western blotting. One method, a high-
throughput western blotting procedure called DigiWest, is a modified version of the western
blot method which increases the throughput of western blotting [55]. The DigiWest method
separates proteins by electrophoresis and transfers proteins to blotting membrane as usually
done for western blots. The next step is to biotinylate (using amino-reactive biotinylation
reagents) proteins on the membrane and cut the membrane into 96 strips to create 96
different molecular weight fractions that are on the membrane. The proteins on these strips
are eluted into wells in 96 well plates that contain neutravidin-coated Luminex beads. Each
well contains a different distinct bead set with different color codes. After pooling the beads,
the components of the entire lane are now reconstructed with different color codes
corresponding to the molecular weight of the immobilized proteins. Using a small aliquot of
the bead pool, new wells are then incubated with antibodies overnight and then
phycoerythrin-labelled secondary antibodies added to detect the primary antibodies used.
Detection of the phycoerythrin is done using a Luminex FLEXMAP 3D instrument. The
advantages of this method are the increased throughput of the samples, lower amounts of
lysate require/target detection, and lower amounts of antibody required. The disadvantages
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of this method include the modification of the target proteins by biotinylation, the need for
specialized reagents and equipment, the initial startup costs, concerns about the translational
of the digital DigiWest result to western blots mimics, and specifics about certain procedures
such as elution of proteins from PVDF membranes which has proven to be difficult.

7.3 Micro-loader

Several modifications of the standard technique have resulted in improved sensitivity of
PAGE and the western blot assay. One such method involves a funnel-like structure sample
micro-loader device to load samples. The device is attached to the top of polyacrylamide gel
and filled with 4% stacking gel solution through the outlet of the tips via capillary action.
The protein in a sample that travels through the transfer pipette is concentrated by
electrophoresis. The incorporation of micro-loader device in gels improved both protein
separation and resolution. This technique was able to detect number of proteins and
phosphoproteins in each sample by loading only 1.5 pg of protein per lane. This technique
has the advantage of being relatively simple to do and would be very useful to measure
protein expression and phosphorylation in samples that are limited, rare and difficult to
obtain, as it require very small amount of loading samples for signal detection [1].

7.4 Thin-film direct coating with suction-western blotting

High consumption of expensive antibodies and operational time are current drawbacks of
western blotting. Thin-film direct coating with suction (TDCS) is a capillary-tube based
approach designed to reduce antibody consumption and time required for western blotting
[56]. This is a highly sensitive and rapid detection method for quantitative analysis of
multiple antigen-antibody interactions. The operational time for TCDS is much shorter
(about 5 min) than conventional western blotting with increased signal-to-noise ratio. The
TCDS method gave a high dynamic detection range for purified recombinant glutathione-S-
transferase (GST) proteins (90-6000 ng). In this method proteins are resolved on SDS-
PAGE by electrophoresis and are transferred to PVDF membrane for 1 hour using 10 mM 3-
(Cyclohexylamino)-1-propanesulfonic acid (CAPS) transfer buffer (pH 11) with 15%
methanol. The PVDF membrane is placed on a stage and allowed to air dry for 10 min.
Thereafter, the primary antibody solution (0.1 0.2 pl) is added to the coater (super light-
and-slim slot die coater or capillary tube) mounted on a translational stage for coating the
membrane via capillary force/liquid pump. The coating process is less than one minute and
is programmable. The gap between the coater and the PVVDF membrane is controlled. The
PVDF membrane is then incubated for 2-10 min followed by subsequent washing steps for
less than one minute with suction (~30 cm Hg) and again coated with secondary antibody
using a similar coating process [56]. Thus, this technique is fast and enables quantitative
analysis of multiple protein interactions. This technique is also still in the experimental stage
and it is likely that it would be a few years before other laboratories utilize it.

7.5 Improvement in techniques to transfer proteins from gel to membrane in western

blotting

The different approaches that have been employed by various research groups to transfer
resolved proteins from SDS-PAGE gels to PVDF or nitrocellulose membranes is
summarized in Table 2.
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7.6 Improvements in transfer methods

One of the utilized changes in western blotting technology is the development of faster
methods to transfer proteins from gels to membranes. These include the Trans-Blot Turbo
(3-7 minutes transfers, Bio-Rad, USA), the iBlot® dry blotting system (5-7 minute
transfers, Thermo Fisher Scientific, USA), and the Pierce™ Power Blot Cassette (5-10
minute transfers, Pierce, USA). The use of these new methods significantly reduces the
transfer time from 1 hour or overnight to 10 minutes or less. My laboratory has not used wet
transfer methods for over two years now.

7.7 Improvements in Polyacrylamide gels

Many companies have introduced pre-made gels with better protein separation abilities,
longer shelf life (typically one year, but we have found that they can last several months
longer than the expiry date), faster running times, and are cheaper than pre-made gels just 5
years ago.

7.8. Improvements in retention of peptide hormones on blotting membranes

The retention of insulin on PVDF membranes was found to be low [57]. Western blotting of
the insulin and proinsulin was found to be significantly improved by treating the PVDF
blotting membrane with 0.2% glutaraldehyde in Tris buffer saline containing Tween 20
(TBST) for 15 minutes. The glutaraldehyde fixation prevented or reduced the amount of
insulin lost from the membrane during western blotting. Utilization of a citrate retrieval
buffer (10 mM citric acid, 1 mM EDTA, 0.05% Tween 20, pH 6.0) slightly enhanced the
signal of both insulin and proinsulin [57].

7.9 Diffusion blotting

Diffusion blotting is simple and fast method to develop multiple blots from single precast
SDS-PAGE gels on plastic support. Through diffusion blotting, multiple proteins can be
tested on identical blots made from same gel. It was demonstrated that through diffusion
blotting about 10 % of protein was transferred in 3 min, 20% of protein was transferred after
20 min, and 45-65 % was transferred after 3 hours. Compared to electroblotting, diffusion
blotting may increase the amount of both high and low molecular weight proteins that are
efficiently transferred to the membranes. This method allows complete transfer of proteins
from ultrathin gels of 0.1 mm-0.2 mm size on plastic support, which are otherwise difficult
to separate using standard electroblotting methods [58].

7.10 Western blot analysis using secondary antibody-detecting molecular weight marker

In general, most molecular weight markers to determine the size of specific proteins in
immunoblotting are proteins conjugated with dyes. However, use of dyes for protein
conjugation often modulate the electro mobility of proteins and may affect accurate
molecular weight determination [59,60]. Molecular weight markers conjugated with dyes are
usually calibrated with unstained standards and many unstained protein ladders are available
but they are invisible when blots are being imaged. To overcome this issue, new molecular
weight standards that are dye free and auto-detectable such as green fluorescent protein
(GFP) ladder [61], Protein A/G-based protein ladder [62] and Easy See Western marker
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(from Spark Biologicals Technology) [63], have been developed. However, one limitation
with the use of this class of markers is that they must be used under non-denaturing
conditions for precise molecular weight determination. Another class of denaturable markers
were developed such as mega-Tag ladder [64], hex histidine tagged and S-tagged marker (9).
However, these markers need tag-specific primary antibodies for detection and are not
suitable for tag-free protein measurements. A new mouse and rabbit linear epitopes (M&R
LE) molecular weight standard for SDS-PAGE and immunoblotting was developed to
provide easy and precise analysis of proteins size [59]. The M&R LE marker contains linear
antibody-binding epitopes derived from heavy chain constant regions of mouse and rat
immunoglobulin G. Compared to conventional protein markers, M&R LE marker is dye
free, auto-detectable, and can be recognized by both horseradish peroxidase-conjugated
mouse and rat secondary antibodies in denaturing conditions, and can be used as a positive
control for secondary antibodies [59]. Another concept using antibody-binding epitopes, the
MagicMark™ XP western protein standard, was developed by Invitrogen.

MagicMark™ contains 9 recombinant proteins, each of which contains an 1gG binding site
that can interact with the primary or secondary antibody used for target protein detection.
The 1gG binding site on the recombinant proteins can interact with many host species
including human, mouse, and rat, allowing direct visualization of the standard on the
western blot.

7.10 Co-detection of target and total protein by Cydye labeling and fluorescent ECL plex
immunoblotting

Western blotting is commonly applied to one-dimensional gel electrophoresis to detect target
proteins using antigen-antibody interactions. However, application of immunaoblotting to
two-dimensional gel electrophoresis (2-DE) which can identify thousands of proteins on one
gel is complicated due to the problem in identification of spot correlation (reproducibility)
between immunoblots [65]. To counteract this problem an ECL Plex CyDye immunoblot
detection system that combines differential gel electrophoresis (DIGE) labeling with ECL
Plex CyDye conjugated secondary antibodies was developed. This approach allows
simultaneous immune-detection of specific target proteins as well as the total protein
expression. After labeling protein samples with cyanine CyDye reagents, before they are
resolved on one-dimensional and 2-D gel electrophoresis, the samples are run on the gel and
the separated proteins immobilized into membranes. The immobilized proteins are incubated
with specific primary antibodies and fluor-labeled ECL Plex CyDye secondary antibodies.
The proteins are then visualized using a fluorescent imager at specific wavelengths [66].
Although this process has high sensitivity the modification of proteins by the CyDye may
affect antibody-antigen interactions.

7.11 Micro-Western

The micro-Western is an efficient next generation western blot technique employed for
confirmatory diagnosis of purified gp120 and p24 HIV proteins in human serum [67].
Compared to conventional western blotting, Micro-Western is an automated advanced
microchip technique with up to 5-plex protein detection in a single microchannel, 54-plex
channel throughput, requires total 10-80 min operational time and is economic (103 fold less
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antibody and buffer consumption than basic western blot). Although not yet commonly
available, the Micro-Western is likely a suitable choice to exploit as a diagnostic tool for
cancer biology and infectious diseases [67].

7.12 iBind™ Western System

A relatively inexpensive semi-automated western blotting system, the iBind™ Western
System (Thermo Fisher Scientific), utilizes sequential lateral flow technology (capillary
action) to distribute antibodies and reagents that are placed in different compartments. The
advantages of this system include the low cost, the lower amount of antibody needed, and
once the reagents are loaded the relatively small system does the primary and secondary
antibody incubations unassisted. The concerns about this system include the low through-put
of the device as well as the need for specialized materials such as a Bind card.

7.13 BlotCycler™

The BlotCycler™ (Precision Biosystems) performs complete automation of all membrane
processing steps and allows the processing of up to twelve membranes simultaneously. Some
advantages of this system are lower antibody requirements than conventional blots, the
primary antibody is automatically saved, and the increased throughput. Non-manufacturer
comparisons about how the BlotCycler™ compares to conventional western blotting
technique is limited.

7.14 SNAP i.d.® 2.0 system

The inexpensive SNAP i.d.® 2.0 system (MilliporeSigma) uses a vacuum-based technology
and a flow distributor to thrust reagents through the membrane in an evenly distributed
manner. The main advantage of this system is the reduced time needed for blocking,
antibody incubations and washing (about 30 minutes). In our hands, this system worked well
but the signal to noise ratio of the bands detected were not as good as the classical western
blotting method (unpublished results).

8. Relationship between improved western blot methods and its clinical
implications

Western blotting is a valuable tool to studies ranging from regulatory signaling processes to
confirmatory serum diagnosis of HIV [68-70]. The evolution of western blot technique from
identification of a specific protein in a complex mixture to the direct detection of protein in a
single cell allows this technique to be an important analytical tool for clinical research. An
advanced single cell western blotting technique was employed to study stem cell signaling
and differentiation as well as drug response in tumor cells [69]. Through single cell western
blotting it was possible to analyze cell-to-cell variations in approximately 2000 cells
simultaneously within complex populations of cells [71]. With the integration of intact cell
imaging, the technique allows the identification of protein expression changes of a single
drug resistant tumor cell and its isoforms among heterogeneous population of tumor cells in
human glioblastoma cells treated with chemotherapeutic daunomycin [69]. Identification of
upregulated multidrug resistant protein, P-glycoprotein in living glioblastoma
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subpopulations was indicative of an active drug eflux pump as an underlying mechanism for
drug resistance [69,71]. With the application of 2-DE gel separation together with spotting
of protein by peptide mass fingerprint, the analysis of clinically relevant Helicobacter pylori
(H. pylori) in related gastric disease conditions (chronic gastritis, duodenal ulcer) was
possible [72]. The database of H. pylori (low expressed and membrane proteins) was created
through the application of one-dimensional or 2-DE/MALDI-mass spectrometry techniques
[72]. In a similar manner, the Simple Western technique was employed for the analysis of
15-valent pneumococcal vaccine PCV15-CRM197 [73]. Due to its high sensitivity and
automation, the Simple Western method may be extended to analyze serotypes of other
polysaccharide protein conjugate vaccines [73].

Western blotting is commonly used for the clinical diagnosis of various parasitic and fungal
diseases including echinococcosis [74], toxoplasmaosis [75], and aspergillosis [76]. In a
recent study, the assay was successfully used for the reliable serodiagnosis of Farmer’s lung
disease (FLD), a pulmonary disorder caused by inhalation of antigenic particles [77]. Thus,
this technique can be exploited for rapid routine diagnosis of FLD in clinics [77]. Similarly,
for immunodiagnostic of tuberculosis meningitis which is a chronic disease of central
nervous system different molecular and immunological methods were used for clinical
diagnosis of the disease. However, each of these techniques has their own limitations [78].
To overcome diagnostic issues of lower sensitivity and specificity, the immunoreactivity to
Mycobacterium tuberculosis antigens was performed by western blotting [78]. Furthermore,
western blotting was performed for the early and sensitive diagnosis of congenital
toxoplasmosis [79] and was employed for rapid and sensitive serological diagnosis of a
serious infectious disease paracoccidioidomycosis (PCM) [80]. Using immunoblotting, a
new subgroup of human lymphotropic retroviruses (HTLV), was detected in patients with
the acquired immunodeficiency syndrome (AIDS) [81]. Antigens of HTLV-11I, specifically
detected by antibodies in serum from AIDS or pre-AlDS patients [81]. Western blotting has
also been used as a test for variant Creutzfeldt-Jakob Disease [82], some forms of Lyme
disease [83] and is sometimes used as a confirmatory test for Hepatitis B [84] and Herpes
Type 2 [85] infections. Western blots have also been used to confirm feline
immunodeficiency status in cats [86].

Recently, a commercial Aspergillus western blotting 1gG kit was developed by LD Bio
Diagnostics (France) to carry out immunoblotting for the clinical diagnosis of chronic
aspergillosis. The commercial kit was found to be sensitive and can analyze hundreds of
samples from patients with aspergillus disease [87]. Thus, the clinical applications of
western blotting technique will continue to progress as further advancements are made to
improve sensitivity and reproducibility of the western blot.

9. Conclusion

Significant advancements have been made to solve various issues related to western blotting.
Kits (Thermo Scientific Pierce Fast Western Kits) and streamlined procedures (Bio-Rad’s
V3 Western Workflow™) are available to make western blotting faster and more
quantitative. Advances in gel preparation, enhanced chemilumescence reagents, fluorescent
secondary antibodies, and chemiluminescence and fluorescence imagers have all occurred at
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a rapid pace over the last five years as companies realize the large amount of money spent on
the western blotting technique every year. Conventional western blots can be completed
within one hour using fast western kits. While these advances are significant, the major
advances in the last five years is the introduction of non-traditional western blotting
concepts, mainly based upon microfluidic systems and capillary electrophoresis.
Microfluidic systems drastically reduce both the time require for western blotting as well as
the amount of antibodies and reagents required. These systems also are easier to adapt to
systems which allow high throughput.

While the future looks better than it has ever looked for western blotting, several non-
equipment related problems still need to be addressed. The choice of primary antibody and
its user validation by positive and negative controls is critical to avoid non-specific binding
of proteins and subsequent inaccurate western blot results. The optimal choice of
homogenization buffer for sample preparation is not known for many samples and untrained
or inexperienced researchers often lack a basic understanding of the technique complicating
data collection and often resulting in misinterpretation of western blot results.

10. Five-year view

Over next five years, it is likely that the expansion and improvement in the available western
blot equipment, blotting reagents, software, digital detection systems and quantification
methods will increase at a faster rate than the previous years based upon the number of new
western blot products released in the last two years. Many companies are investing in next
generation western blotting products. Licor was awarded a small business innovation
research (SBIR) grant from the US federal government to create a new automated microfluid
direct blotting technique [88].

Further improvements and innovation in multiplexing to study protein expression will
continue with the development of new fluorochromes. Additional enhancements to
commercially available digital detection systems will continue and prices will continue to
fall as the cost of the high resolution and low light condition cameras decrease. The use of
polyclonal antibodies will decrease relative to monoclonal antibodies. The reduction in
availability of polyclonal antibodies to many targets was partly due to the inability of Santa
Cruz Biotech (USA) to sell polyclonal antibodies following the loss of its license under the
Animal Welfare Act to use rabbits or goats [89]. Santa Cruz Biotech was one of the largest
suppliers of polyclonal antibodies, however, the company is now focusing on generating a
large number of monoclonal antibodies.

Substantial progress will be made to enhance the sensitivity and specificity of antibodies for
unique phosphorylation sites. Efforts are being made to improve the efficacy of monoclonal
antibodies. By modulating the antigen-binding fragment (Fab) and crystallizable fragment
(Fc) region of monoclonal antibodies, bispecific antibodies with a wide range therapeutic
applications will be developed [90,91]. These bispecific antibodies are artificial molecules
that recognize two different epitopes either on the same or on different antigens and are still
in a process to development [92]. The use and availability of recombinant antibodies will
significantly increase as recombinant antibodies to complex post-translational modifications
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such as tri-methylated lysine residues of histone H3 have already been successful and used
to study histone post-translational modifications [93].

Important advancements in the automated techniques like Simple Western and microfluidic
protein immunoblotting will be made by introducing variations in the separation matrix,
capillary flow, capillary materials, and automated imaging and analysis software. The
amount of sample (reduced from micrograms levels to nanograms levels) and antibody
needed for western blotting will continue to decrease because of new equipment as well as
improvements in ECL reagents and detection systems. With the availability of more reliable,
higher sensitivity, and faster western blot assays, the analysis of individual cells from
different patients is already possible and will be adopted by more laboratories to investigate
different diseases.

Western blotting will continue to be an important analytical tool to provide mechanistic
insights into the molecular processes associated with various metabolic disorders and will
continue to help in designing novel therapeutic approaches against different disorders.
Improvements in the western blot technique over the next five years will result in
significantly more clinical studies being conducted using this technique. In the next decade
small, high throughput automated western blotting devices that contain automated analysis
software are likely to challenge ELISA’s for diagnosis of some human infections. Western
blotting is already a powerful method for detection of viruses in human serum such as the
zika virus [94].

Expert Commentary

Although the western blotting procedure is extensively used in most basic and some clinical
research settings and is a very sensitive technique, it is prone to errors, if important aspects
of the method are ignored. Procedural discrepancies, lack of expertise, and poor
interpretations of data all generate inaccurate results. To continue to improve the technique
many improvements are needed including the proper characterization of different lysis buffer
and development of improved lysis buffers to enhance the quality and quantity of sample
proteins obtained from cells or tissues.

A major concern with western blotting is associated with the quantification step. Most semi-
quantification of targets relies on loading controls to normalize the results. However, all
loading controls seem to be altered under some experimental conditions. Often, when
incorrect results are obtained the problem usually is due to loading control and the target
protein band intensities are not within the same linear range. Using tubulin as a loading
control to determine protein expression of a specific gene in mice the target protein was
found to be significantly reduced in the mutant group relative to the control group [95].
However, this result was due to more sample amount being loaded for the wild type group,
as there was no difference in the protein expression between the two groups when same
amount of sample was loaded [95]. The expression of housekeeping proteins also varies with
type of tissues and different experimental conditions. Under such conditions relative
quantification of protein expression is misleading. To address these problems, the use of a
total protein stain as an alternate loading control is suggested. The protein loading steps of
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western blot method should be optimized to ensure linear dynamic range of sample protein
and loading control. However, quantification of protein levels from different samples on
different blots is still challenging, and should be avoided if possible.

Problems are still encountered when blotting high molecular weight proteins. Due to their
larger size (>200 KDa) these proteins are poorly resolved on gels and are sometimes not
efficiently transferred. The use of tris-acetate (3-8 %) gels and addition of 0.05 % SDS in
the transfer buffer is a suitable choice to achieve efficient resolution and transfer of larger
proteins. It is known that many proteins exist as several isoforms and can appeared as
corresponding multiple bands in western blots [96]. In general, it is common to crop the
extra bands on the blot and present only the band of interest for a research article, sometimes
giving the misinterpretations of the presence of only single form of protein. On other hand,
the information related to the isoform-specificity of the antibodies used is most often not
well documented thus, negatively affecting the characterization of a given protein of interest.

Because of problems with batch to batch reliability of polyclonal antibodies the use of
monoclonal antibodies should be preferred, if both polyclonal and monoclonal antibodies
are available. The western blotting technique will continue to be improved and will offer
novel possibilities for research and clinical diagnosis of diseases. However, to advance at a
faster rate, major journals and organizations such as the National Institute of Health should
require better reporting and documentation of western Blotting performed in manuscript.
This can easily be done by accepting a standardized method for reporting the western
blotting technique used.
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11.
Key issues

. The availability of validated antibodies to target proteins is the main
limitation for increasing the reliability of western blots. Several major
initiatives are currently underway to produce better quality monoclonal and
recombinant antibodies.

. Each step of western blot protocol is crucial and has potential for variations
and errors to occur. For reliable and reproducible western blot results care
should be taken to use an optimized and standardized protocol.

. Most laboratories that employ western blotting do not put significant
emphasis on sample preparation. Sample extraction and purification step has a
substantial impact on the quantification and interpretations of western blot
results and should be optimized before use.

. The development of new transblotting machines, improved imagers, ECL
reagents and other components have all contributed to increased sensitivity
and faster western blotting using the classical technique. However, throughput
is still an issue.

. The development of highly sensitive, automated, and advanced techniques
such as single cell-resolution western blotting, Micro-Western, and Simple
Western all reduce sample and antibody amounts required, and reduce the
time needed to get results.

. A lack of detailed non-manufacturer studies comparing the various automated
methods available with the classical western blotting method is limiting the
use of these automated techniques in academic research.

. Due to the problems associated with housekeeping proteins, total protein
staining is recommended as a better method for normalization of the western
blot results.

. To obtain better reproducibility between laboratories, standardized methods
are needed for reporting western blotting results.
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Figure 1.
Schematic representation of the Western Blotting Procedure
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Commonly used reagents in lysis buffer and their concentration
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Common lysis buffers Common reagents in Typical Role References
lysis buffer concentration range
Tris-HCI 50 mM-100 mM (pH pH buffering of solution [5,8,22]
7.4-8.0)
NaCl 50 mM- 150 mM Cell membrane rupture and [5,8,22]
protein solubility
Non-ionic detergents:
NP40 - 0.1-2% I [5,8,19,22,97]
Octyl Glucoside Triton ) Solubilization of non-polar ETES
X-100 Tween insoluble proteins
lonic Detergents: SDS Coat proteins with negative
Sodium deoxycholate 0.1-1% charge and facilitates their
CTAB 0'1_0 504 separation on gels based on their [5,8]
gt molecular mass Membrane '
0.01-0.5% ) - M
’ ' disruption Solubilization of
poorly soluble proteins
Zwitterionic CHAPS 2% Break protein-protein [98,99]
(SB3-10 and ASB-14) interactions
Urea 5-8M Breaks non-covalent interactions | [5,99]
and leads to protein denaturation
NP-40 buffer, RIPA buffer, Tris- | EDTA Chelate metal ions, reduce | [6]
Triton buffer. Tris-HCI buffer oxidation damage and inhibition
' 1-5mM of metalloproteases
EGTA Chelate metal ions [5]
Glycerol 5-10% Stabilization [5,97]
1-10 mM Cleavage of disulfide bonds and [5,97,99]
oTT protein denaturation
2-Mercaptoethanol » 1-10 mM Cleaves disulfide bonds and [5,97]
protein denaturation
10-50 mM Cleaves disulfide bonds [97]
destabilizes the secondary and
TCEP tertiary structure
NazVO, 0.1-2mM Tyrosine and alkaline [5,19]
phosphatase inhibition
NaF 50 mM Serine/threonine phosphatase [5]
inhibition
Protease inhibitor Usually in Inhibits proteolysis [5,8]
cocktail prepackaged tablet or
liquid forms

1duosnuen Joyiny

Abbreviations: Sodium dodecyl sulphate (SDS); Nonidet- 40 (NP-40); Radio immunoprecipitation assay (RIPA); Ethylene diamine tetra acetic acid
(EDTA); Ethylene glycol tetra acetic acid (EGTA); Dithiothreitol (DTT); Sodium vanadate (Na3VO4); Sodium fluoride (NaF); cetyl trimethyl-

ammonium bromide (CTAB) (CTAB); (tris(2-carboxyethyl)phosphine (TCEP).

Expert Rev Proteomics. Author manuscript; available in PMC 2019 October 23.



Page 29

Mishra et al.

*anbiuyoal siy)
Buisn passnooal sem uis)oid 810w o G9

"UIW G Joy Jayng BUINO|g 21pOYIRD U Ul SBWI OM) paelqi]inba
pue Jaem paziuolap Ui paxeos Ajsnoiasid sjab woly uisload Jsysuel) 0) pasn usaq sey Jayng

J1ajSueJ} 01939 Jale
abeyjon Buireu.slje anem
arenbs Buisn A1an00a1

[zzT'y] anbiuyoa) buimojq psepuess 01 paredwo) [teT] SdVD pue (AVMS) abe1JoA aAITeUIB)[R SABM 8Jenbs JO UoIjeuIquwod syl ‘poylawl iyl uj uigjo4d psoueyug
sauelquawW 4AAd
“layng 1jwwae] ul |36 jo 01 s|ab apiwejAioeAjod
Buisuis ay3 Inoyum Aj3oaa1p pailajsues) aq “Jajsuel} 03 Jolud Jayng 1jwiwae] SAs xg ul 186 ay3 buisuu woJy sugjold paurels
[ozT'v] | 01 punoy a1am suisoid paurels IsA|IS aW0S [6TT'8TT] Aq 196 apiweAioeAjod e woiy 4QAd 01 paiiajsues) Apuaidlya ae suislold paulels-1aa|IS -JIBA|IS JO Jajsuel]
‘PIoe 211808 s|ab apiwejAioeAjod
‘l1am se Buio|qo.y8|a 9% G SUIBIUOD Jey] UOIIN|OS JajSueJ} © Ul UlW GT 10} A G PUB YW GTT Je Saueiquaw 4aAd BaIN-ploe Wolj
VNY pue YNQ 10} pash aq ued 01 paliaysuel) ale suIBlold "JOVd-SAS Aq panjosal ag 0] a|ge 10U Pinom asimiayio eyl | sutslold pue sapndad jo
] UOIYM pasn poylalll JUSIUBAUOD pue Jaise [211] sapndad pue sulsjold snoLIeA aAj0sal 0] ealn d1pide Bulppe Aq weisAs 39vd Hd mo pesn | Bumojqonos|3 Aip-1wes
“Xiyew 136 ul
paddeu; suisjoud Jo Jaysuely Asea Buimole (WW G'T) %G°2T PUe 90T ‘% //uiw oz pue sjab (wwg/ o) s|ab
Anpgeaw.ad 196 ayy paseasoul BuiresH %G°ZT PUB %0T/UulW GT ‘s[ab (WWSG/ 0) IDVA-SAS %/ /Ul QT J0) SUOP SBM I3)SUeII0III3|d 1eay Buisn suisjoud
‘sugyod 1ybiram tepnaajow ybiy 3yl "D, G/—0/ 01 Paleay Sem ey} Jajng Jajsuel) [ewlou Jo asn ayl Y)m aueiquiall 1ybB1am Jejnosjow
[9z] | pue moj yloq Jajsuely Ajuaioiys pue pidey [oTT'sTT'92] 950|N||820411U 0} paliajsuel) AjJualols ale suiajoid ybram Jejnoajow moj pue ybiy ayyl | moj pue ybiy Jo Jaysuel |
*Buissadoad Juanbasgns Burinp sso| uisoid aziwiuiw 0}
paLIp-J1e SeM aURIGLUSLL 8SO|N|[300411U B} JaJSURII0AI3]a Ja)e ‘UOIIpPE. U] “Jayng Jajsuel) 0}
pappe Sem UOI1esIusdu0d % T0'0 © ¥ SAS Jajsues) ugiold sdueyus 0] Iy 0z-9T 10} Alsusp
JuaLINd Yby 1e Jaysueli-01398]9 pabuojoid jo dals puodas ayi Aq pamojjo “Alisusp Juslind
'sadAl []99 SnoLIeA Woly paurelqo suisoid MO] B Je 1y T 10} pain|a aue suiajoid ybiam-enosjow-mo| dais 1sii4 uj 's|ab apiwejioeAjod suiaoud Jybram
104 Se |]oM se swiaisAs |ab apiwejAioeAjod W0} SaurIqIBW 8s0[N||@20.431u 03 sutajold (000°0Z Uey ssa)) Jyblam-Iejnaajow Moj| - Iejnosjow ybiy pue
[tT1'60T'V] 1O pupy [|e 10} 8]qBIUNS SI POYIdW SIYL [yTT-TTT] pue (000‘00 uey Jarealb) ybram-rejnasjow -ybiy 4o Jajsuel) 1oy poylsw dais-omi e sisiyl | Moj Jo Jajsuely dais-om|
's1aouanbas eulw.s) sisAjeue
-0 U0 pasn Ansiwayd ay} 0} Haul aJe pue 'sutajold az1jensiA 0} Ul QT 40} [OUBYIBW % QS Ul | 8dusnbas euiwisl O pue
Buiouanbas [eurwaal - pue -N ‘uonsabip g 9UILWEPOYIOLINS 9% GO0'0 YN PaureIs aiam S1o|q Jajsuel) BuImo||0 JajSueli0A199]a 8104aq N Joj saueiquiaWw pue
anAjoaloud nyis ul ‘sisAjeue pioe oulwe JOURY33 81NJOSCe UM PaXeOoS aJam SauelquiaLl asay ] "sauriquiawl auajAylalonjjensifjod adey uoyyal 03 sutsjoud
[v] 10} B|GBINS 8¢ 0} PUNOJ 813M S)0|q U081 [oTT] papuedxa X31-3409 pue ade) uojyal ANSusp-mo| 0} Jajsuel} 04199]9 aJe Sulsloid Jo Bumojqonds|3
‘uraloud
"aNnssl] Siy) 0] SS300R 196.e) 01 214199ds SBIPOQIIUE YHM Paleqnaul aJe pue ssuelquisw 4dAd 0} pallajsuel) ‘sjoh
aney Ajjensn jou op Jey} salioleloqe] Aq J9OVd-SAS Aq pareuoioely ‘pajorlIxa aJse sulajod sanssi uewiny ajoyAn “uolssaldxa uisiosd
[601] SaNSSI) uewny 4o Buio|g uaIsam smo||v [80T1] 214199dS-8NSS1} JO UONIBIBP MOJ[e $10]q (M LIA) UIslsam sanssii a|diynw uewny apewsid Bumojq anssn aidnniA
“Juan|a sy} U1 way Buryeos Jayye sauelquiaw SISAeIp
auelqwaw 4AAd molaq padeld pue 4aAd yum Buoje 4y T 1oy B x 000E e pabinyiiuad pue Ind Uy} a1am spueq uaoid Jeajd
sem Ualym suislold pazijigowiwi -uou BUL UIW Z 10} [DM INT Ul paslawiwi sem 1saiaul Jo utalold yum 96 39vd-sas bumojq
[v] urelaJ 0} Pasn Sem auesquiaw SIsAferg [z0T'90T] 0.399]9 JO peaisul uonelinynuad Ag sueiquisw 4d/Ad 0} Pallajsues) pue pain|a Si u1slold Bumolq abnyus)
"sajeuabowoy pue sutajoid "WB)SAS JaAIp Q]S B 01 PaJI8UUO0D auBIGUISW 3S0|N||89041U
[sot'v] ydwAjowsy paiiaysuesy Ajuaiony3 [¥0T-00T] © 0] |96 © woJy suidloid Jajsuely 03 dwnd e 4o 8210} UOIIONS B UO paseq si anbiuyds) siy L Buimojq wnnoep
, Poyiaw
siy1 Buisn
RIS ETEN| S910N S uoneal|gnd uondiiosaq Jalug SpPoYISIN

Author Manuscript

Author Manuscript

aurIquiaW 0) |86 WoJy suigload Jaysuel) 01 SPOYIBW 10]q UISISaM Juaiaplq

‘¢ slqeL

Author Manuscript

Author Manuscript

PMC 2019 October 23.

in

available

1

Expert Rev Proteomics. Author manuscript



Page 30

Mishra et al.

*A-(uotapaur uewny) 4N1Y (wSI13) Aesse Juaglosounwil paxulj-swAzus ‘(1@ TVIA) uoneziuol/uondiossp Jase| paisisse-xiew :(0f-dN) 0t-d 18pIuon ‘(v41) p1oe
onadelony {(93d) 109416 ausjAuisAlod (SdvD) pioe anbiuoyns -suedold-T-(oulwe|AxayolaAd)-¢ {(HaAd) apuionjiip auapijAuinAjod :suoneinsigqy “poylsw ayr Buiqiosap Jaded feuibiio ayy ueyl Jayio
¥

ndybnouyy
yb1y pue Aouaiolya Jajsuely 1aybiH

'snyesedde Buimojg ogin] 1ojg-suel] ayx

pue Jaded Jayf1y ‘BueIqUIBW ‘Jayng paziwndo Ue s8zijiin Jaysuel] oging 10jg-suel] 8y ‘uiw

Jajsuel ]

[8z1] ulw € ui s|ab 1w Jagsuel | 00z< | ¢€asnlul uieiold Jo Jajsuely smojfe eyl Jagsuey utsjoad 1oy poyiaw pides pue Jusioie AjybiH 0gJn] 10|g-suell
"UlW OT—G Ul PAASIYe 8 Ued pue Jajsuel) AIpiwas
10 19M 33|1] AouaId1y)a Ja)suel] 8y} sasealoul ey (aiow o pjoy 0T) Ajddns samod jualind ybiy
ulw B pUB Jayng Jajsuesd ypbuans ajuol-yby 40 uoreuiquiod syl sazijin anbiuydsl syl “Jeno|g
07 1snf ui suigoud yhiram sejnasjow ybiy 1564 29 w1 92131d 8y Buisn auriqwiaw 03 |96 wouy suisyoid Jo Jajsuely pided 1oy 0131USIDS (Bumojgoaosle
[221] pue WNIpaw ‘Mo JO Jajsuel) Ajuaion)3 auUON owuay | Aq padojanap anbiuyds) Jusdal e St SiyL pidey) Jajsuely 1se
'WwooJ pjod e ul snjesedde ajoym ayy "aueIqIBW
Buioeyd Aq Jo yuey Jaysues) syl ulyum yoed 01 |96 wouy sutaoid Jagsuel) 01 IN0 PaLLIed SI 18)JSULII01109]8 ‘Aj[eul “Jayng Jajsuel)
901 ue Buioe|d Aq Ino paliied si Jaysuel | PIO9 YIIM paj|l} pue S8p0.J10aa aJlm winuizejd Yim yue) Jayng 10]g-suel] e apisul pabiawigns
‘JoueyIBW YIIM J3}Jnq Jajsuel} JO SWNjOA SI pue 8)39SSEJ B Ul PaJNdas S YdImpues Jajsued) ay “apoue Buioey ped poddns e pue siaded
[60T] | ofue) sasnbai ing ‘Aousioiys Jaysues) poos 000T< 13114 ‘186 8y} UsamIag paydIMpUES SI ueIqaL 4dAd 10 8S0|N|[320411U 8y} ‘poyla Iyl uj 10|qsue.} 19\
“1aded Jaqiy sse|b 01 pailaysuel) 0419913
alam suiajold pabieyd ansod ayy ‘Hd mo| 1y "ainiesadwa) Wood e uiw QT 104 0-dN % G0
Buiureluod proe 21339€ 9 G'Q Ul PajeqnaUl a1am s|3B 8y IOV SAS JaYY :Bummolg p1v (q)
"193ys Jaqiy sse|b ay) uo 'sutajoud o g wo/br
sabreyd anrebau ayr yum suiioad pabreyd 0T—/ In0ge gJospe ued Juawieall 41 *A|919|dwod paup uay} pue ainyesadwa) wool Je y
Ajanisod sy Jo uonveIBIUL O1UOI U} 0} T 40 USIP 113d B Ul -1 YN palesl) 8iam $188ys 4/49 10 O/49 Uewieyn :Buiyaz pioy (e)
anp sem Jaquy ssejb pajeande uo uondiospe :pakojdwia
uta1o4d 4oy wsiueydaw BuiAiapun ayL 3JaM SJuaWIeal] SnoLIeA sse|b ajeAlloe o) "suoipuod Bulouanbas 1oy a|qels AjaWwallxa aq
‘Ansiwayd Buiouanbas 1oy ajqelns jou ase 01 punoy sem Lioddns Jaded Jaquy sse|f pajeanoe ay | ‘suisiold Jo S|jaAs] Jejowoald gns ureiqo sse|b pajeAnoe
[ez'y] SaueIqLUBL UOJAU pue 8S0|N||320.1U Y109 [ozT'e?] 01 4d/\d 10 850|N|[320.1U JO peslsul Sse|f pajeAllde 0} PaIIaJSURII0IIIB|D 8I9M SUIBI0Id uo Bumo|qo.idsle proy
"103)48 a|qedjewal aney
Ou pey 00QT UeY} SS8] DId 'J8ASMOH "P|o} 182884 D, 0C— B Ul A 0ZT/VW 002 18 Y 81— 17¢ 10}
00T-0T Aq Bumojgounwuwi Jo ANARISUSS aueIquaW 4aAd 03 [96 8y} wouy sutsjoid Jo Jaysuelioadaa Ag pamoj|of sem siyL “suigloid | Jajsuesy Bumojgounwiwi
[szT'v] 8y} pasea.aul 000Z *® 00ST ‘000T 93d [FzT'ezt] | 8ur X1 01 Jo14Ng 000Z DI % OE © Ul 1Y Z 10} Paxeos 318M JOVd-SAS U0 pajeledss sulsloid parelpaw-93d
, poyisw
1y1 Buisn
RIESETEN| S310N s uonealgnd uondiisaq Jalug SpPoYIsIN

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 October 23.

in

available

1

Expert Rev Proteomics. Author manuscript



Page 31

Mishra et al.

6121 "W} ainsodxa Jauoys asn ‘leuBis pueq ajeinles | Buibewr pue uondsleg
‘Spueq
[6T'2'€] *UOITRJIUBIU0I ApOgiIue AJepuodas aonpay 1s0yb ‘punoibxoeq ybiy ‘spueq o13198ds-UoN Apoqgnue Arepuodss
'S]0J3u09 aAleBau pue aAnisod asn
‘uabue o1319ads e 0 s)ueLieA Auew aonpoud Ajpides o3 Aujige ays ‘aus Buipuiq
uabnue ay1 Jeauibua 01 Aljige ayy Buipnjoul sabeiuenpe Auew Ssey salpogiiue Jueulquiodal 0} asn
‘uig104d 10611
01 ANoiy10ads Jaybiy Joy snosbejueApe si saipogiue [euojaAjod JaA0 SIPOGIIUE [EUOJIOUOW 0} 85N
"e1ep 014193ds 10| Ym alepifen A|snoiasid ssajun Salpogiue |[e alepijeA ‘uolyesen Apognue Jadoid 03 3oe7]
'196 uo papeo] uiglo.d [e10] 01 JUNOWe ‘Apognue ul AlljigeLieA 10]-03-10
3y} pue uoneJusduod Apognue Arewrid aanpas AN91198ds-uou pue ‘punolfsoeq aziwiuiw o) "Spue( JUle} JO Spueq ON
“1anng Buiysem ‘uia104d 10b.e) Apoqnue Arewiid
[6T'2'€] Ul Saysem 03 Jaquinu pue ‘ainjeladwa) pue awil uolyegnaul ‘suonnjip Apognue Arewd sziwndo ay} 10) Apognue Aq paziubodal spueq ajdini Buijiage
'suonnjos Apogiue pue Buixoo|q ‘punoJBoeq ybiy pue sueiquisw
[6T'2] 10} Pasn /S g Jo yjiw Aip 1ej-uou Jo abejuadlad ay) asealdu] ‘suonn|os pue awi Burjoolq sziwndo uo sutajold oi419ads-uou o unowe ybiH Buoolg
"aueJqIBW 0} utsjoid Jo Buipuig Juaidiyau]
“Jajsuel) aziwndo aInsua 0} Siaxsew paulels ‘Buiures punoibyoeq ybiH
-a1d pue Jaynq Jajsuel) ysaly asn "SUOIIRAUSIUOI ApOqIuR pue Suoinjos Buixdo]q Jo suolreulquiod | "ssadoud Jajsuel) 1oy sueiquiaw Alijenb moj o asn
JuaJaylp Buisn paziwndo aq ued aguadsalonyy punoibxoeg paziwndo aq Isnw suisjoid ‘urajoud ybram aueIqIBW
yBiam Jejnaajow moj pue ybiy Yylog Joj SUOIIPUOD Jajsuel] “auelquiaw 4QAd PUe aso|njjadoliiu | Jejnosjow moj pue ybiy Jo Aousioiys Jajsues Mo |  pue SUOIIPUOD Jajsuel |
[9z'6T] Apenb ybiy Jo asn ayy yim paliajsuel) AJusiolge aq ued suiaoid ybiam Jejndajow Mo *Jajsuea] U1g)04d UBIOIYNSUI pue 100d Bumolg
"Inyasn s1 s1sa10ydo199]a 40} Pasn Ssiayng Jo Hd Jo 328y aunnoy
‘lewnndo aq 1snw uonva18p Joy 186 sy} uo papeo| utsloid Jo Junowe se |[am se (o1el
apiwejAioe-siq ‘apiwe|Aioe o abejusalad) suisioad 186uey 1oy suonipuod uolesedss o uoneziwndo
‘Buipeo) 03 Jowd Buneay Ag painjeusp aq 1snw sajdwes ‘joueyiaoideataw 's|ab uo panjosal Ajiadoud jou are 196 apiwrejAioeAjod
[6T'€l -z 10 11@ ‘sas bBurureiuod sajdwes uialoud uo spuadap sjab s@s uo uonetedas ajdwes Jadoid suIgl04d "paised Apiadoad Jou ale sjab 39vd-SAS sisa1oydoa1a9|s |99
'sutgjold paiipow Ajjeuoiie|suesl-lsod pue Juepunge moj Burldslap Ul [njasn aq Aew spoyiaw 'suajoid paipow [euolie|sueli-isod Jo uondRRA
Bumo|q ulsisam paseq sisaioydosios|s Alejjided se yons senbiuyoas) payewoine padueApe Jo asn ‘suigjold JuepUNge MO| JO U018
10]q ayp Ul [o13u0d Buipeo] pue uig)oid ajdwes "abues junowe
[ov'vz'ez' 2] 30 abuel J1wreUAp Jeaul| ainsus 0} paziwndo aqg pinoys sjab uo papeo| ulsloid Jo JUNowe sy | UOIJSIBP Jeaul] SH UIUNM JOU S| ISaJ8lul JO UIS)0Id Buipeo| ajdwes (2
"sjuauodwiod Jayng Aq 8oualaiaiul ‘spoyiaw uolesyiuenb uisyoud
10} JUN0JJ® 0} SBAIND PIepUBlS 3y} Ul pue Syue|q Se pash aq 1snwi Jayng sisA| areridosddy | ynm alapsiul usyo 1 1@ se yons siuabe Buionpay
“Jayng SISA| ay} ui pasn "sjuauodwod Jayng Jo Anjigredwosul UoITeJIUadU0 uld)0Id
[61'€l sjuafieal Buionpal JO UOITRIIUAIUOD YYM 3]qiredwod ale Tey) spoyaw uonesynuenb uislold asn 01 anp uolresynuenb uigyold 198.1109U] 10 Juswainses (q

[6zT'6T'2-5'¢]

"paploAe aq isnw sajdwes uiajoid Jo sajaAd meyy/azaaly ajdnini

'asn [1un O, 08— 1e paJols pue uabosiu pinbij ul uazouy Ajsrelpawiwi pue (Hd [esinau)

Jayng pjod 991 ul parsansey Apjoinb ag pinoys sajduwres uonepelbap o11A|0a104d snousbopus ploAe o)
‘sutajoud 1a6e} Jo uolre|osi 4oy paziwndo ag pjnoys anbiuydsy uoneziushowoH

1189 83 0 SJUBUOI

Je|n||a2eAUI 8y} aseajal AJJUsIoIys Ued 1eyl Ussoyd aq 1SN poylsw uoneziusbowoy a|qeins v
'suiajoud 1961e3 Jo paiA ybiy pue

uonepelbap onAjosloid Jusnaid 01 (Hd ‘suoirenuadsuod w1.a3 ‘yes ‘wabiarep) Jayng sisA| aziwndo

‘uolyepelfiap

211Aj0s10.d pue uonesedald ajdwes snosuolg
'sanbiuy2a) uopeziusbowoy Jood

“Jlapng sisA| areidoaddeutn Jo asn

‘Buizaauy

S}l pue Uo1398]|09 anssI usamiaq deb awi |
"sa|dwes anssi) J0 Sa[2Ad meyy/azaaly Juanbal4

uoneayund pue
U019BIIX3 U18104d (B
uoneaedaid ajdwes

SERIVEPETEN]

SUoIIN|0S 8|qISsod

sanssi Jdoley

fumolq
U919\ Ul sda1s

Author Manuscript

"SaNSSI 9say) SSappe 01 suonNn|os ajgissod pue sanssi Ay ‘ainpadold BUIIO|g UIBISSM JO MBIAISAO UY

‘€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2019 October 23.

in

available

1

Expert Rev Proteomics. Author manuscript



Page 32

Mishra et al.

"(39v4d) sisaioydo.os|e 36 apiwelhioedjod ((SNS) sreydns [Aoapop winipos ‘(1.La) 1oHaupolyip (ANAJ) sproniip auaptjAuiakjod suoneinsiqqy

[se'2e'6T'aT]

"(spoyiawl

9911-SUIeIS S, peY-01g 10 S NB3dUOd) [03U0d Buipeo] ajeulsije Ue se uress uiajoid €10} e 10 asn
'$)0]q UJ9)SaM 3JeInade 10} 9Bl SIY} UIYIM Pasn pue PaulwIs)ep ag 0}

spaau uiaio.d 186e) ayy eue uisioud Buidasyasnoy ayp ‘uisiold [e101 ayl 1oy abuel d1WRUAp Jeaul| ay L

'SUOIIIPUOI [ejuswLIdadXa

JuaJale pue anssi 03 adA) YIM AJeA sawrswos
ued suisyold Buidasyasnoy 031 uoissaldxa ay |
"abuel Jeaul] awes sy} UIY}IM 10U aJe SaIsuaul
pueq uigro4d 196.e) 8Y3 pue |04U02 Bulpeo]

uigoad Buidasyasnoy
10 UonEeZIjeWION

[6zT'se'6T'ST 2]

“uoleJnIes [eubls SMOUS 18y} 9JeMYOS 3N
“uoIIRIIIIUEBND 10} 8IEANIJOS JUBIBLIP OM) BSN
"sayesA| a|duies pue saipognue paysijqeiss |jam Buisn uoneaynuenb sziwndo

‘uolresnyes [eubis pue ‘Ajenb afew Jood
‘Jsa1a1u1 01 ulg)04d 0} uoIrealiUeNb ajeINddeU|

31eMOS JUdlaye
Buisn uisjoid 196.1e) 03
sisAeue Anawoususq

uoneaynuend

'J0]q uJa)sam 10} saqoud Jusdsalonyy asn
‘Areaul] Janaq pue ‘Aianisuas Jaybiy 1oy s10ssa204d paseq-wiiy 190 siebew [eubip asn
"JuaBeal JUsdSBUILIN|IWBYD PadULYUS 0] JUNOWE pue awi) uoiegnaul aziwndo

‘M0 00} Jo ybiy 001 [eubis

Bumolq
[ERIEYETENS| Su0IIN|OS 8]q1SS0d sanssi Joley UJ81S9/\\ Ul sda1s
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

PMC 2019 October 23.

in

available

1

Expert Rev Proteomics. Author manuscript



	Abstract
	Introduction
	Sample Preparation
	Improvement in protein purification over last decade
	Western Blotting
	Problems related to western blotting

	The antibody problem
	Recombinant antibodies

	The “housekeeping” protein problem
	Improvement in western blotting over last decade
	Capillary and microchip electrophoresis (MCE)
	Automated microfluidic protein immunoblotting and single cell-resolution western blotting
	Simple Western

	DigiWest
	Micro-loader
	Thin-film direct coating with suction-western blotting
	Improvement in techniques to transfer proteins from gel to membrane in western blotting
	Improvements in transfer methods
	Improvements in Polyacrylamide gels
	Improvements in retention of peptide hormones on blotting membranes
	Diffusion blotting
	Western blot analysis using secondary antibody-detecting molecular weight marker
	Co-detection of target and total protein by Cydye labeling and fluorescent ECL plex immunoblotting
	Micro-Western
	iBind™ Western System
	BlotCycler™
	SNAP i.d.® 2.0 system

	Relationship between improved western blot methods and its clinical implications
	Conclusion
	Five-year view
	Expert Commentary
	References
	Figure 1.
	Table 1.
	Table 2.
	Table 3.



