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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, c) 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, e) 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.

Mishra et al. Page 3

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 (KCl) 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 NaCl, 0.1% SDS, 1% NP-40, or 

Triton X-100, 1mM ethylene diamine tetra acetic acid (EDTA), 50 mM Tris-HCl, 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-HCl, pH 8.0, Thermo Scientific RIPA buffer (catalog 

# R0278) contains 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 25mM 

Tris-HCl 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-HCl, 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 β-

glycerophosphate, 0.1% SDS, 1 mM sodium vanadate (Na3VO4), 1 μg/ml leupeptin, 20 mM 

Tris-HCl pH 7.5. Sodium pyrophosphate has both chelating ability (binds calcium) and can 

act as a buffering agent, while β-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 NaCl, 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 μg), 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 μg/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-ERK2, and β-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 μg 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 μl) 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 PVDF 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 IgG binding site 

that can interact with the primary or secondary antibody used for target protein detection. 

The IgG 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 immunoblotting 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], toxoplasmosis [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-III, specifically 

detected by antibodies in serum from AIDS or pre-AIDS 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 IgG 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].

11. 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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Table 1.

Commonly used reagents in lysis buffer and their concentration

Common lysis buffers Common reagents in 
lysis buffer

Typical 
concentration range

Role References

NP-40 buffer, RIPA buffer, Tris-
Triton buffer, Tris-HCl buffer

Tris-HCl 50 mM-100 mM (pH 
7.4 –8.0)

pH buffering of solution [5,8,22]

NaCl 50 mM− 150 mM Cell membrane rupture and 
protein solubility

[5,8,22]

Non-ionic detergents: 
NP40
Octyl Glucoside Triton 
X-100 Tween

0.1–2% Solubilization of non-polar 
insoluble proteins

[5,8,19,22,97]

Ionic Detergents: SDS 
Sodium deoxycholate 
CTAB 0.1–1%

0.1–0.5%
0.01–0.5%

Coat proteins with negative 
charge and facilitates their 
separation on gels based on their 
molecular mass Membrane 
disruption Solubilization of 
poorly soluble proteins

[5,8]

Zwitterionic CHAPS 
(SB3–10 and ASB-14)

2% Break protein-protein 
interactions

[98,99]

Urea 5–8M Breaks non-covalent interactions 
and leads to protein denaturation

[5,99]

EDTA

1–5 mM

Chelate metal ions, reduce 
oxidation damage and inhibition 
of metalloproteases

[8]

EGTA Chelate metal ions [5]

Glycerol 5–10% Stabilization [5,97]

DTT
1–10 mM Cleavage of disulfide bonds and 

protein denaturation
[5,97,99]

2-Mercaptoethanol ^ 1–10 mM Cleaves disulfide bonds and 
protein denaturation

[5,97]

TCEP

10–50 mM Cleaves disulfide bonds 
destabilizes the secondary and 
tertiary structure

[97]

Na3VO4 0.1– 2 mM Tyrosine and alkaline 
phosphatase inhibition

[5,19]

NaF 50 mM Serine/threonine phosphatase 
inhibition

[5]

Protease inhibitor 
cocktail

Usually in 
prepackaged tablet or 
liquid forms

Inhibits proteolysis [5,8]

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).
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t c
an

 a
ds

or
b 

ab
ou

t 7
—

10
 

μg
/c

m
 2

 o
f 

pr
ot

ei
ns

.
(b

) 
A

ci
d 

B
lo

tti
ng

: A
ft

er
 S

D
S 

PA
G

E
 th

e 
ge

ls
 w

er
e 

in
cu

ba
te

d 
in

 0
.5

 %
 a

ce
tic

 a
ci

d 
co

nt
ai

ni
ng

 
0.

5 
%

 N
P-

40
 f

or
 1

0 
m

in
 a

t r
oo

m
 te

m
pe

ra
tu

re
. A

t l
ow

 p
H

, t
he

 p
os

iti
ve

 c
ha

rg
ed

 p
ro

te
in

s 
w

er
e 

el
ec

tr
o 

tr
an

sf
er

re
d 

to
 g

la
ss

 f
ib

er
 p

ap
er

.

[2
3,

12
6]

B
ot

h 
ni

tr
oc

el
lu

lo
se

 a
nd

 n
yl

on
 m

em
br

an
es

 
ar

e 
no

t s
ui

ta
bl

e 
fo

r 
se

qu
en

ci
ng

 c
he

m
is

tr
y.

T
he

 u
nd

er
ly

in
g 

m
ec

ha
ni

sm
 f

or
 p

ro
te

in
 

ad
so

rp
tio

n 
on

 a
ct

iv
at

ed
 g

la
ss

 f
ib

er
 w

as
 d

ue
 

to
 th

e 
io

ni
c 

in
te

ra
ct

io
n 

of
 th

e 
po

si
tiv

el
y 

ch
ar

ge
d 

pr
ot

ei
ns

 w
ith

 th
e 

ne
ga

tiv
e 

ch
ar

ge
s 

on
 th

e 
gl

as
s 

fi
be

r 
sh

ee
t.

[4
,2

3]

W
et

 tr
an

sb
lo

t
In

 th
is

 m
et

ho
d,

 th
e 

ni
tr

oc
el

lu
lo

se
 o

r 
PV

D
F 

m
em

br
an

e 
is

 s
an

dw
ic

he
d 

be
tw

ee
n 

th
e 

ge
l, 

fi
lte

r 
pa

pe
rs

 a
nd

 a
 s

up
po

rt
 p

ad
 f

ac
in

g 
an

od
e.

 T
he

 tr
an

sf
er

 s
an

dw
ic

h 
is

 s
ec

ur
ed

 in
 a

 c
as

se
tte

 a
nd

 is
 

su
bm

er
ge

d 
in

si
de

 a
 T

ra
ns

-b
lo

t b
uf

fe
r 

ta
nk

 w
ith

 p
la

tin
um

 w
ir

e 
el

ec
tr

od
es

 a
nd

 f
ill

ed
 w

ith
 c

ol
d 

tr
an

sf
er

 b
uf

fe
r. 

Fi
na

lly
, e

le
ct

ro
tr

an
sf

er
 is

 c
ar

ri
ed

 o
ut

 to
 tr

an
sf

er
 p

ro
te

in
s 

fr
om

 g
el

 to
 

m
em

br
an

e.

>
10

00
G

oo
d 

tr
an

sf
er

 e
ff

ic
ie

nc
y,

 b
ut

 r
eq

ui
re

s 
la

rg
e 

vo
lu

m
e 

of
 tr

an
sf

er
 b

uf
fe

r 
w

ith
 m

et
ha

no
l. 

T
ra

ns
fe

r 
is

 c
ar

ri
ed

 o
ut

 b
y 

pl
ac

in
g 

an
 ic

e 
pa

ck
 w

ith
in

 th
e 

tr
an

sf
er

 ta
nk

 o
r 

by
 p

la
ci

ng
 

th
e 

w
ho

le
 a

pp
ar

at
us

 in
 a

 c
ol

d 
ro

om
.

[1
09

]

Fa
st

 tr
an

sf
er

 (
R

ap
id

 
el

ec
tr

ob
lo

tti
ng

)
T

hi
s 

is
 a

 r
ec

en
t t

ec
hn

iq
ue

 d
ev

el
op

ed
 b

y 
T

he
rm

o
Sc

ie
nt

if
ic

 f
or

 r
ap

id
 tr

an
sf

er
 o

f 
pr

ot
ei

ns
 f

ro
m

 g
el

 to
 m

em
br

an
e 

us
in

g 
th

e 
Pi

er
ce

™
 G

2 
Fa

st
 

B
lo

tte
r. 

T
he

 te
ch

ni
qu

e 
ut

ili
ze

s 
th

e 
co

m
bi

na
tio

n 
of

 h
ig

h-
io

ni
c 

st
re

ng
th

 tr
an

sf
er

 b
uf

fe
r 

an
d 

a 
hi

gh
 c

ur
re

nt
 p

ow
er

 s
up

pl
y 

(1
0 

fo
ld

 o
r 

m
or

e)
 th

at
 in

cr
ea

se
s 

th
e 

tr
an

sf
er

 e
ff

ic
ie

nc
y 

lik
e 

w
et

 o
r 

se
m

id
ry

 tr
an

sf
er

 a
nd

 c
an

 b
e 

ac
hi

ev
ed

 in
 5

–1
0 

m
in

.

N
on

e
E

ff
ic

ie
nt

ly
 tr

an
sf

er
 o

f 
lo

w
, m

ed
iu

m
 a

nd
 

hi
gh

 m
ol

ec
ul

ar
 w

ei
gh

t p
ro

te
in

s 
in

 ju
st

 1
0 

m
in

.

[1
27

]

T
ra

ns
-B

lo
t T

ur
bo

 
T

ra
ns

fe
r

H
ig

hl
y 

ef
fi

ci
en

t a
nd

 r
ap

id
 m

et
ho

d 
fo

r 
pr

ot
ei

n 
tr

an
sf

er
 th

at
 a

llo
w

s 
tr

an
sf

er
 o

f 
pr

ot
ei

n 
in

 ju
st

 3
 

m
in

. T
he

 T
ra

ns
-B

lo
t T

ur
bo

 T
ra

ns
fe

r 
ut

ili
ze

s 
an

 o
pt

im
iz

ed
 b

uf
fe

r, 
m

em
br

an
e,

 f
ilt

er
 p

ap
er

 a
nd

 
th

e 
T

ra
ns

-B
lo

t T
ur

bo
 b

lo
tti

ng
 a

pp
ar

at
us

.

>
20

0
T

ra
ns

fe
r 

m
in

i g
el

s 
in

 3
 m

in
H

ig
he

r 
tr

an
sf

er
 e

ff
ic

ie
nc

y 
an

d 
hi

gh
 

th
ro

ug
hp

ut

[1
28

]

* ot
he

r 
th

an
 th

e 
or

ig
in

al
 p

ap
er

 d
es

cr
ib

in
g 

th
e 

m
et

ho
d.

 A
bb

re
vi

at
io

ns
: 

po
ly

vi
ny

lid
en

e 
di

fl
uo

ri
de

 (
PV

D
F)

; 3
-(

cy
cl

oh
ex

yl
am

in
o)

-1
-p

ro
pa

ne
- 

su
lf

on
iq

ue
 a

ci
d 

(C
A

PS
);

 p
ol

ye
th

yl
en

e 
gl

yc
ol

 (
PE

G
);

 tr
if

lu
or

ac
et

ic
 

ac
id

 (
T

FA
);

 N
on

id
et

 P
-4

0 
(N

P-
40

);
 m

at
ri

x-
as

si
st

ed
 la

se
r 

de
so

rp
tio

n/
io

ni
za

tio
n 

(M
A

L
D

I)
; e

nz
ym

e-
lin

ke
d 

im
m

un
os

or
be

nt
 a

ss
ay

 (
E

L
IS

A
);

 h
IN

F 
(h

um
an

 in
te

rf
er

on
)-
γ.
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Ta
b

le
 3

.

A
n 

ov
er

vi
ew

 o
f 

w
es

te
rn

 b
lo

tti
ng

 p
ro

ce
du

re
, k

ey
 is

su
es

 a
nd

 p
os

si
bl

e 
so

lu
tio

ns
 to

 a
dd

re
ss

 th
es

e 
is

su
es

.

St
ep

s 
in

 W
es

te
rn

 
bl

ot
ti

ng
M

aj
or

 is
su

es
P

os
si

bl
e 

So
lu

ti
on

s
R

ef
er

en
ce

s

Sa
m

pl
e 

pr
ep

ar
at

io
n

a)
 P

ro
te

in
 e

xt
ra

ct
io

n 
an

d 
pu

ri
fi

ca
tio

n

Fr
eq

ue
nt

 f
re

ez
e/

th
aw

 c
yc

le
s 

of
 ti

ss
ue

 s
am

pl
es

.
T

im
e 

ga
p 

be
tw

ee
n 

tis
su

e 
co

lle
ct

io
n 

an
d 

its
 

fr
ee

zi
ng

.
U

se
 o

f 
in

ap
pr

op
ri

at
e 

ly
si

s 
bu

ff
er

.
Po

or
 h

om
og

en
iz

at
io

n 
te

ch
ni

qu
es

.
E

rr
on

eo
us

 s
am

pl
e 

pr
ep

ar
at

io
n 

an
d 

pr
ot

eo
ly

tic
 

de
gr

ad
at

io
n.

O
pt

im
iz

e 
ly

si
s 

bu
ff

er
 (

de
te

rg
en

t, 
sa

lt,
 E

D
TA

 c
on

ce
nt

ra
tio

ns
, p

H
) 

to
 p

re
ve

nt
 p

ro
te

ol
yt

ic
 d

eg
ra

da
tio

n 
an

d 
hi

gh
 y

ie
ld

 o
f 

ta
rg

et
 p

ro
te

in
s.

A
 s

ui
ta

bl
e 

ho
m

og
en

iz
at

io
n 

m
et

ho
d 

m
us

t b
e 

ch
os

en
 th

at
 c

an
 e

ff
ic

ie
nt

ly
 r

el
ea

se
 th

e 
in

tr
ac

el
lu

la
r 

co
nt

en
ts

 o
f 

th
e 

ce
ll.

H
om

og
en

iz
at

io
n 

te
ch

ni
qu

e 
sh

ou
ld

 b
e 

op
tim

iz
ed

 f
or

 is
ol

at
io

n 
of

 ta
rg

et
 p

ro
te

in
s.

To
 a

vo
id

 e
nd

og
en

ou
s 

pr
ot

eo
ly

tic
 d

eg
ra

da
tio

n 
sa

m
pl

es
 s

ho
ul

d 
be

 q
ui

ck
ly

 h
ar

ve
st

ed
 in

 ic
e 

co
ld

 b
uf

fe
r 

(n
eu

tr
al

 p
H

) 
an

d 
im

m
ed

ia
te

ly
 f

ro
ze

n 
in

 li
qu

id
 n

itr
og

en
 a

nd
 s

to
re

d 
at

 −
80

 °
C

 u
nt

il 
us

e.
M

ul
tip

le
 f

re
ez

e/
th

aw
 c

yc
le

s 
of

 p
ro

te
in

 s
am

pl
es

 m
us

t b
e 

av
oi

de
d.

[3
,5

–7
,1

9,
12

9]

b)
 M

ea
su

re
m

en
t o

f 
pr

ot
ei

n 
co

nc
en

tr
at

io
n

In
co

rr
ec

t p
ro

te
in

 q
ua

nt
if

ic
at

io
n 

du
e 

to
 

in
co

m
pa

tib
ili

ty
 o

f 
bu

ff
er

 c
om

po
ne

nt
s.

R
ed

uc
in

g 
ag

en
ts

 s
uc

h 
as

 D
T

T
 o

ft
en

 in
te

rf
er

e 
w

ith
 

pr
ot

ei
n 

qu
an

tif
ic

at
io

n 
m

et
ho

ds
.

U
se

 p
ro

te
in

 q
ua

nt
if

ic
at

io
n 

m
et

ho
ds

 th
at

 a
re

 c
om

pa
tib

le
 w

ith
 c

on
ce

nt
ra

tio
n 

of
 r

ed
uc

in
g 

re
ag

en
ts

 
us

ed
 in

 th
e 

ly
si

s 
bu

ff
er

.
A

pp
ro

pr
ia

te
 ly

si
s 

bu
ff

er
 m

us
t b

e 
us

ed
 a

s 
bl

an
ks

 a
nd

 in
 th

e 
st

an
da

rd
 c

ur
ve

s 
to

 a
cc

ou
nt

 f
or

 
in

te
rf

er
en

ce
 b

y 
bu

ff
er

 c
om

po
ne

nt
s.

[3
,1

9]

c)
 S

am
pl

e 
lo

ad
in

g 
am

ou
nt

Pr
ot

ei
n 

of
 in

te
re

st
 is

 n
ot

 w
ith

in
 it

s 
lin

ea
r 

de
te

ct
io

n 
ra

ng
e.

D
et

ec
tio

n 
of

 lo
w

 a
bu

nd
an

t p
ro

te
in

s.
D

et
ec

tio
n 

of
 p

os
t-

tr
an

sl
at

io
na

l m
od

if
ie

d 
pr

ot
ei

ns
.

T
he

 a
m

ou
nt

 o
f 

pr
ot

ei
n 

lo
ad

ed
 o

n 
ge

ls
 s

ho
ul

d 
be

 o
pt

im
iz

ed
 to

 e
ns

ur
e 

lin
ea

r 
dy

na
m

ic
 r

an
ge

 o
f 

sa
m

pl
e 

pr
ot

ei
n 

an
d 

lo
ad

in
g 

co
nt

ro
l i

n 
th

e 
bl

ot
.

U
se

 o
f 

ad
va

nc
ed

 a
ut

om
at

ed
 te

ch
ni

qu
es

 s
uc

h 
as

 c
ap

ill
ar

y 
el

ec
tr

op
ho

re
si

s 
ba

se
d 

w
es

te
rn

 b
lo

tti
ng

 
m

et
ho

ds
 m

ay
 b

e 
us

ef
ul

 in
 d

et
ec

tin
g 

lo
w

 a
bu

nd
an

t a
nd

 p
os

t-
tr

an
sl

at
io

na
lly

 m
od

if
ie

d 
pr

ot
ei

ns
.

[7
,2

3,
24

,4
0]

G
el

 e
le

ct
ro

ph
or

es
is

Po
ly

ac
ry

la
m

id
e 

ge
l

SD
S-

PA
G

E
 g

el
s 

ar
e 

no
t p

ro
pe

rl
y 

ca
st

ed
. P

ro
te

in
s 

ar
e 

no
t p

ro
pe

rl
y 

re
so

lv
ed

 o
n 

ge
ls

.
Pr

op
er

 s
am

pl
e 

se
pa

ra
tio

n 
on

 S
D

S 
ge

ls
 d

ep
en

ds
 o

n 
pr

ot
ei

n 
sa

m
pl

es
 c

on
ta

in
in

g 
SD

S,
 D

T
T

 o
r 

2-
m

er
ca

pt
oe

th
an

ol
. S

am
pl

es
 m

us
t b

e 
de

na
tu

re
d 

by
 h

ea
tin

g 
pr

io
r 

to
 lo

ad
in

g.
O

pt
im

iz
at

io
n 

of
 s

ep
ar

at
io

n 
co

nd
iti

on
s 

fo
r 

ta
rg

et
 p

ro
te

in
s 

(p
er

ce
nt

ag
e 

of
 a

cr
yl

am
id

e,
 b

is
-a

cr
yl

am
id

e 
ra

tio
) 

as
 w

el
l a

s 
am

ou
nt

 o
f 

pr
ot

ei
n 

lo
ad

ed
 o

n 
th

e 
ge

l f
or

 d
et

ec
tio

n 
m

us
t b

e 
op

tim
al

.
R

ou
tin

e 
ch

ec
k 

of
 p

H
 o

f 
bu

ff
er

s 
us

ed
 f

or
 e

le
ct

ro
ph

or
es

is
 is

 u
se

fu
l.

[3
,1

9]

B
lo

tt
in

g
T

ra
ns

fe
r 

co
nd

iti
on

s 
an

d 
m

em
br

an
e

Po
or

 a
nd

 in
su

ff
ic

ie
nt

 p
ro

te
in

 tr
an

sf
er

.
L

ow
 tr

an
sf

er
 e

ff
ic

ie
nc

y 
of

 h
ig

h 
an

d 
lo

w
 m

ol
ec

ul
ar

 
w

ei
gh

t p
ro

te
in

.
U

se
 o

f 
lo

w
 q

ua
lit

y 
m

em
br

an
e 

fo
r 

tr
an

sf
er

 p
ro

ce
ss

.
H

ig
h 

ba
ck

gr
ou

nd
 s

ta
in

in
g.

In
ef

fi
ci

en
t b

in
di

ng
 o

f 
pr

ot
ei

n 
to

 m
em

br
an

e.

L
ow

 m
ol

ec
ul

ar
 w

ei
gh

t p
ro

te
in

s 
ca

n 
be

 e
ff

ic
ie

nt
ly

 tr
an

sf
er

re
d 

w
ith

 th
e 

us
e 

of
 h

ig
h 

qu
al

ity
 

ni
tr

oc
el

lu
lo

se
 a

nd
 P

V
D

F 
m

em
br

an
e.

 T
ra

ns
fe

r 
co

nd
iti

on
s 

fo
r 

bo
th

 h
ig

h 
an

d 
lo

w
 m

ol
ec

ul
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gh
t 

pr
ot

ei
ns

 m
us

t b
e 

op
tim

iz
ed

. B
ac

kg
ro

un
d 

fl
uo

re
sc

en
ce

 c
an

 b
e 

op
tim

iz
ed

 u
si

ng
 d

if
fe

re
nt

 
co

m
bi

na
tio

ns
 o

f 
bl

oc
ki

ng
 s

ol
ut

io
ns

 a
nd

 a
nt

ib
od

y 
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nc
en

tr
at

io
ns

. U
se

 f
re

sh
 tr

an
sf

er
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uf
fe

r 
an

d 
pr

e-
st

ai
ne

d 
m

ar
ke

rs
 to

 e
ns

ur
e 

op
tim

iz
e 

tr
an

sf
er

.

[1
9,

26
]

B
lo

ck
in

g
H

ig
h 

am
ou

nt
 o

f 
no

n-
sp

ec
if

ic
 p

ro
te

in
s 

on
 

m
em

br
an

e 
an

d 
hi

gh
 b
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ro
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d.
O

pt
im

iz
e 

bl
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m
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an

d 
so

lu
tio
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. I

nc
re
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e 

th
e 

pe
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en
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n-
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r 

B
SA

 u
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y 
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tio
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.
[7

,1
9]

L
ab

el
lin

g
Pr

im
ar

y 
an

tib
od

y
M

ul
tip

le
 b

an
ds

 r
ec

og
ni

ze
d 

by
 a

nt
ib

od
y 

to
r 

th
e 

ta
rg

et
 p

ro
te

in
.

N
o 

ba
nd

s 
or

 ta
in

t b
an

ds
.

L
ot

-t
o-

lo
t v

ar
ia

bi
lit

y 
in

 a
nt

ib
od

y.
L

ac
k 

to
 p

ro
pe

r 
an

tib
od

y 
va

ca
tio

n.

O
pt

im
iz

e 
pr

im
ar

y 
an

tib
od

y 
di

lu
tio

ns
, i
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ub

at
io

n 
tim

e 
an

d 
te

m
pe

ra
tu

re
, a

nd
 n

um
be

r 
to

 w
as

he
s 

in
 

w
as

hi
ng

 b
ut

te
r.

To
 m

in
im

iz
e 

ba
ck

gr
ou

nd
, a

nd
 n

on
-s

pe
ci

fi
ci

ty
 r

ed
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e 
pr

im
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an
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od
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n 

an
d 

th
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n 
ge
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V

al
id

at
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