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The necessity of and strategies for improving confidence in the 
accuracy of western blots

Rajeshwary Ghosh1, Jennifer E. Gilda1, and Aldrin V. Gomes1,2,*

1Department of Neurobiology, Physiology, and Behavior, University of California, Davis, CA 
95616

2Department of Physiology and Membrane Biology, University of California, Davis, CA 95616

Summary

Western blotting is one of the most commonly used laboratory techniques for identifying proteins 

and semi-quantifying protein amounts, however, several recent findings suggest that western blots 

may not be as reliable as previously assumed. This is not surprising since many labs are unaware 

of the limitations of western blotting. In this manuscript we review essential strategies for 

improving confidence in the accuracy of western blots. These strategies include selecting the best 

normalization standard, proper sample preparation, determining the linear range for antibodies and 

protein stains relevant to the sample of interest, confirming the quality of the primary antibody, 

preventing signal saturation and accurately quantifying the signal intensity of the target protein. 

Although western blotting is a powerful and indispensable scientific technique that can be used to 

accurately quantify relative protein levels, it is necessary that proper experimental techniques and 

strategies are employed.
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The western blot

The western blot, also sometimes referred to as the immunoblot, involves separating native 

or denatured proteins by gel electrophoresis, transferring these separated proteins to a 

protein binding membrane and subsequent detection of a target protein by an antibody 

specific to the target protein (Figure 1). Although western blotting is mainly carried out on 

complex samples such as tissue or cell extracts, this procedure is also used to detect target 

proteins in less complex samples such as purified proteasome complexes [1,2]. The name 
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“western blot” was coined by W. Neal Burnette [3], but actually originated in the laboratory 

of Harry Towbin [4]. Over the last three decades the use of western blotting has continued to 

increase, currently making it one of the most widely used analytical techniques in scientific 

laboratories worldwide. This review highlights the key issues with western blotting that 

cause inconsistent results between similar experiments that are reported in the literature. 

These issues include sample preparation, sample fractionation, protein loading amounts, 

antibody specificity, linear dynamic range of antibodies, normalization controls, detection 

method, blotting reagents, incubation times, and the quantitative analysis method. The 

strategies described are limited to the main western blotting techniques currently utilized, as 

strategies for all of the different western blotting variations are not possible in a single 

review.

Why do we need western blotting?

Besides being an essential analytical tool to identify a protein of interest in a complex 

mixture, western blot data can also be used as a semi-quantitative method to determine and 

compare the expression of specific proteins in various cells and tissues [5]. Although the 

western blotting technique can also be used for absolute quantification [6], this requires a 

linear standard curve of purified target protein. The target protein in the homogenate must be 

within the range of the standard curve; hence western blotting is very rarely used for 

absolute quantification. However, semi-quantification of protein levels using western blots 

is common in most life science laboratories.

The advantages of western blots include the ability to detect picogram levels of protein in a 

sample [7], allowing the technique to be used for many purposes including as an effective 

early diagnostic tool [8,9]. The sensitivity and specificity of western blots is due to two main 

factors: 1) the separation of proteins which are different in size, charge and conformation by 

gel electrophoresis. For sodium-dodecyl sulfate (SDS)-polyacrylamide gel-electrophoresis 

(PAGE) the proteins are denatured and given a negative charged by binding to SDS, then 

separated based on size. The molecular mass of the protein identified by western blot can be 

determined by using standards of known molecular weights. 2) The specificity of the 

antibody-antigen interaction. The selective nature of the specific antibody allows the 

detection of a target protein in complex mixtures containing > 100,000 different proteins. 

When two-dimensional (2D) electrophoresis is used instead of one dimensional (1D) 

electrophoresis (2DE westerns), isoforms and post-translationally modified target proteins 

with similar molecular masses can be identified [10].

Limitations of western blotting

As with all techniques, western blotting has its limitations [4,5,11]. The main limitation of 

western blotting is that it can only be carried out if a primary antibody against the protein of 

interest is available. To detect post-translational modifications such as phosphorylation of 

target proteins, specific antibodies against the phosphorylated residues are needed. While 

antibodies for many different proteins are available from biotech companies, they are not 

cheap, and if primary antibodies are not available for a given protein, it will not be possible 

to perform a western blot to detect that particular protein. Another major limitation is that 
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many antibodies exhibit off-target effects by interacting with other proteins. There are also 

many commercially available antibodies that do not detect the target protein when tested in 

the laboratory with particular tissues or cell types, resulting in what can only be described as 

expensive buffer. Another important limitation of the western blotting technique is the 

technical demand on the scientist. It is not uncommon for simple mistakes such as using too 

little or too much primary antibody to result in unusable results. An investigation of 

quantitative western blotting using erythropoietin showed that the interoperator variability 

was the main error source accounting for nearly 80% of the total variance [12]. Other 

western blotting limitations include the need for each antibody to be independently 

optimized and the cost of modern western blotting equipment such as advanced digital 

imagers. The basic western blot protocol is often ineffective in detecting a particular protein 

and modified protocols exist in most laboratories. One problem that may be encountered is 

variations in transfer efficiency. Small proteins (< 10kDa) may not be retained by the 

membrane, large proteins (> 140kDa) may not being transferred to the membrane, and 

varying gel concentrations may affect transfer efficiency [13]. Other problems include the 

primary antibody not recognizing the immobilized antigen in its denatured state, the 

detection signal decaying too quickly and high background to name a few. However, many 

of these limitations can be overcome with proper experimental techniques.

Sample preparation and amount of protein loaded onto polyacrylamide gels

Sample preparation is an often overlooked source of inaccuracy in western blotting. Tissues 

and cells should be rapidly frozen with liquid nitrogen and lysed as quickly as possible to 

avoid degradation of proteins by endogenous proteases. Repeated freeze/thaw cycles should 

be avoided as they can have an adverse effect on the quality of protein. Samples are usually 

centrifuged to remove “cellular debris” or fractionated to enrich the sample of interest [14]. 

However, in some cases removal of “cellular debris” or fractionation could lead to a 

significant loss of the protein of interest, resulting in incorrect results. A misconception is 

that the “cellular debris” of a homogenate interferes with the detection and quantification of 

the target proteins. When homogenates are run on SDS-PAGE at high concentrations the 

“cellular debris” can sometimes affect western blotting, but these homogenates can be run at 

significantly lower concentrations, resulting in more accurate western blotting. This 

“cellular debris” was shown to contain almost 50% of the myosin and two-thirds of 

calsequestrin-2 found in skeletal muscle cells [14]. Many other proteins of interest are likely 

to be associated with this “cellular debris.” Hence, it is important to determine if the cellular 

debris contains the target protein when quantifying total sample homogenates. Some 

cultured cell samples show streaks in the gel due to high levels of DNA; this can be reduced 

by adding DNase to the sample during homogenization or just before lysis in SDS-PAGE 

sample buffer. Lysis buffers used to prepare samples for western blotting should facilitate 

efficient protein extraction and preserve antibody recognition sites on proteins [15].

The amount of protein loaded onto gels for subsequent western blotting is a major source of 

inconsistency between laboratories. Most laboratories use a range of 20–40μg of total 

protein for loading homogenates for western blotting. However, some labs use greater than 

100μg of total protein to detect lower abundance proteins. Under certain conditions loading 

large amounts of protein samples may actually decrease the relative amount of low 
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abundance proteins that bind to nitrocellulose and PVDF membranes due to saturation of the 

membrane by highly expressed proteins. The benefits of loading lower amounts of sample 

for western blotting are often overlooked. Quantification of poorly expressed proteins has 

been demonstrated with less than 2μg of total sample [11]. When small amounts of whole 

skeletal muscle homogenate were utilized, μ-calpain was found to occur at a concentration 

of approximately 200nM [16]. Two other proteins, calsequestrin 1 (CSQ1) and AMP-

activated kinase (AMPK) β1, were found to be linear up to 70 μg (CSQ1) or 150 μg (AMPK 

β1) of purified protein, while signal saturation was obtained with only approximately 12 μg 

of protein sample loaded [17]. These latter results suggest that loading 20 μg of total protein 

for quantification of either of these proteins will result in incorrect results. It is important 

that proper protein determination assays which are compatible with the homogenization 

buffers be utilized and that scientists realize different methods can give different protein 

concentrations for the same sample in buffers compatible for these assays [18]. An alternate 

approach to using whole tissue sample for western blot is using single cell western blotting, 

which utilizes individual cells. This method enables the detection of specific proteins in a 

very small sample and avoids the common problem of tissue heterogeneity which increases 

the detection of non-specific proteins. Quantitative protein analysis can be performed in 

single segments of individual human skeletal muscle fiber allowing for the detection of low 

abundance proteins such as the ryanodine receptor 1 (RyR1) which was present at 

approximately 200nM levels [19]. The quantification of the bands obtained in this case 

required a standard curve of the tissue homogenate (non-fractionated) to detect the target 

protein and to compare the expected band specificities of the antibodies used.

Antibody quality, antibody interaction solution and incubation time

To carry out western blot successfully, the quality of the primary antibody is a critical factor. 

Therefore validation of the antibody is vital to avoid inaccurate results. Validation includes 

determining the optimal antibody concentration for the protein of interest. The occurrence of 

multiple bands does not necessarily mean that the antibody recognizes non-specific bands, 

as some proteins may be post-translationally modified or alternately spliced resulting in 

forms which run at different molecular masses but contain the same epitope recognized by 

the antibody [20,21]. However, many commercial antibodies show non-specific binding to 

antigens other than the targeted protein. Some of the antibodies that recognize non-specific 

proteins can still be utilized for western blotting if the non-specific interactions occur at a 

molecular mass which is sufficiently different from the target protein to allow accurate 

quantification of the target protein. Non-specific interactions can sometimes be reduced by 

lowering the concentration of the primary antibody and/or by varying the period of 

incubation time. Inefficient blocking reagent or insufficient blocking times are common 

mistakes which result in increased non-specific bands; however, caution is needed as 

overblocking also results in poor signal intensity of the target protein. We have found that 

some antibodies give stronger signals when incubated at room temperature for 2–4 hours 

than when incubated overnight at 4ºC. The amount of Tween 20 used in the buffers is also 

important for reducing background staining [22].

The specificity of the antibodies can readily be determined using positive and negative 

controls. The best positive controls are purified proteins or lysates which overexpress the 
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target protein, while the best negative controls are tissues from knock-out animal tissues or 

cell lysates. Some companies sell peptides to the epitope recognized by the antibodies which 

can be used to verify that the antibody binds specifically to the target epitope. As a last 

resort, if purified protein or lysates which overexpress the target protein are unavailable 

many companies such as Aviva Systems Biology, Cell Signaling Technology and Santa 

Cruz Biotechnology all have available lysates for many tissues and cells, which can be used 

as positive controls if the target proteins are known to be highly expressed in these tissues or 

cells. Antibody specificity can also be comprehensively determined using whole proteome 

microarrays [23]. The need for verifying antibodies is exemplified by a recent publication 

which showed a high risk of artifactual signal when performing western blotting with 

routinely used anti-tau antibodies [24]. This manuscript strongly recommends the use of 

negative and positive controls in all experiments for tau detection [24]. We recommend the 

use of negative and positive controls in at least one western blotting experiment for each 

antibody.

Using the ability of the antibody to detect the correct molecular weight as the only criteria 

for judging whether the antibody is specific for the target is not satisfactory, since many 

proteins migrate anomalously on SDS-PAGE. The target protein itself may migrate to a 

different molecular mass than expected, or a non-specific antibody-interacting protein may 

migrate at the same expected molecular mass as the target protein. The same protein can 

also migrate differently relative to other proteins on different types of SDS-PAGE gels. 

Examples include calmodulin and cardiac troponin C, which migrate differently when bound 

to calcium compared to when EGTA is present, preventing calcium from binding to the 

proteins [25,26]. Another example is CSQ1, which has a predicted molecular mass of 

approximately 45.3 kDa but runs on a Tris-HCl pH 8.3 SDS-PAGE gel above CSQ2 at 

approximately 63kDa [6], but on a Bis-Tris-HCl pH 7.3 gel migrates faster than CSQ2 [27]. 

An important principle of SDS-PAGE is that during denaturation of the sample proteins 

SDS binds to proteins in excess, resulting in a net overall negative charge which supersedes 

the intrinsic net charge of the proteins [28]. However, proteins which are highly anionic or 

contain regions with high levels of glutamic and/or aspartic acid residues often migrate at 

higher molecular masses than predicted, possibly because the high amount of intrinsic 

negatively charged residues prevent significant binding of SDS to certain regions of the 

protein. Human CSQ1 has 14% glutamic acid and 12.1% aspartic acid residues (Uniprot 

accession number P31415), while the average natural occurrence of glutamic and aspartic 

acid in proteins are 6.3 and 5.2% respectively [29]. Depending on the protein investigated 

the use of specific enzymes such as protein kinases could also affect the migration pattern of 

proteins. One example is recombinant troponin I incubated with protein kinase A and 

subsequent determination of troponin I phosphorylation levels by antibodies to 

dephosphorylated and phosphorylated troponin I: a lower molecular weight band was 

detected due to contaminants in the protein kinase A that partially degraded troponin I [30].

After validating that the antibody specifically recognizes the target protein it is important to 

determine the linear dynamic range for the target protein using the validated antibody 

against the samples being investigated. Different antibodies show different linear dynamic 

ranges, especially at high total protein levels (Figure 2). Using western blotting, Bag3 

protein expression was found to increase 23 fold when co-expressed with HspB8 in HEK293 
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cells [31]. When the amount of HEK293 sample was increased 10 fold, Bag3 expression 

was determined to increase by only 4 fold [31]. The fold changes in protein expression 

detected decreased with increasing protein loading. Hence it is critical that western blots are 

carried out within the linear range of the antibody being utilized. This can be easily carried 

out by doing western blots using different sample dilutions. To improve data accuracy in 

western blotting these calibration or dilution curves must be carried out for every antibody.

Normalization and quantification of western blots

Attaining quantitative data from western blots requires the proper execution of the western 

blotting procedures including gel loading and transfer of proteins. Inconsistency in any of 

the above methods could result in variations in signal intensity between the same protein 

bands in different gel lanes. For this reason, researchers typically opt for lane to lane 

normalization using housekeeping proteins (HKPs) or total protein to rectify the errors 

related to the variations in sample loading and transfers.

While HKPs are excellent normalization references when validated for the tissue or cell 

being investigated, recent findings suggest that these HKPs are substandard loading controls 

under many conditions [32–34]. Commonly used loading controls include the expression of 

HKPs such as β-actin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and β-tubulin. 

Reasons for the poor reliability of HKPs as loading controls include the presence of 

numerous poor quality antibodies to each HKP, the relatively high expression of HKPs in 

many tissues and cells, and the change in expression of HKPs in some tissues under certain 

experimental conditions. It has been demonstrated that HKP levels vary under certain 

conditions, such as hypoxia, serum starvation, exercise, and transplantation [35–38]. The 

levels of GAPDH and α-tubulin have also been shown to change with the density of cultured 

cells [39]. A recent mass spectrometry-based approach found that the protein expression 

levels of housekeeping proteins such as GAPDH vary substantially between tissues [40]. 

Both the protein of interest and the HKP need to be with the linear detection range for their 

expression levels to be accurately determined. HKPs are high abundance proteins and 

therefore are often overloaded, particularly when large amounts of total protein are loaded to 

detect low abundance target proteins, so that HKP expression levels cannot be quantified 

accurately [22,33,41]. Another overlooked aspect of HKPs is that they are highly post-

translationally modified (Figure 3), which can also potentially affect quantification 

depending on the epitope of the antibody utilized.

Over the last five years, the use of total protein normalization has increased and has been 

found to be a better normalization control than HKPs for several cells and tissues 

investigated. Total protein normalization utilizes the intensity of all the proteins in a lane on 

either a nitrocellulose or PVDF membrane. Total protein quantification by Coomassie blue, 

Ponceau S, and the Stain-Free method has been shown to have advantages over HKPs for 

normalization of western blots mainly due to the fact that this normalization does not depend 

on expression of a single protein [22,42–44]. Other staining methods for total protein 

detection on blots are also available [45]. Stain-Free gels contain trihalo compounds that 

modify tryptophans when exposed to UV light, producing a strong fluorescent signal that is 

proportional to the total amount of protein present. Total protein quantification with the 
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Stain-Free method has been shown to serve as a reliable loading control and conveniently 

allows for the investigator to ensure that proteins have been separated and transferred before 

continuing with the procedure [32,41,46,47]. We currently utilize the Stain-Free method for 

our western blots because of its high sensitivity compared to Ponceau S staining (Figure 4), 

as well as its cost effectiveness when compared to HKPs as a loading control. Figures 2 and 

4 show that the Stain-Free protein normalization method for determining changes in PSMA7 

amounts in rat heart homogenates would allow for accurate determination of the amount of 

protein in each lane.

Another major concern of western blot quantification is the difficulty in determining 

whether the signal is saturated using film for developing western blots. Digital imagers, 

which are available from many companies (Azure Biosystems, Bio-Rad, BioSpectrum, GE 

Healthcare, Li-cor, ProteinSimple, SYNGENE, and UVP to name a few) show higher 

sensitivity, better linearity, and easier detection of saturated bands than film-based 

processors. Digital imagers have a 3-fold increase in linear dynamic range when compared 

to film [48]. While digital imagers will continue to improve, resulting in lower background, 

higher resolution and increased dynamic range, advances in film technology are likely to be 

minimal at best.

Quantification of the image detected has been described as being based on traditions and 

guesswork [49]. Software for the quantification and determination of molecular mass of the 

target proteins has improved considerably in the last two decades. Depending on the digital 

imager, the optimal image that prevents signal saturation of the most intense band can be 

determined. Better tools are now available for automatically detecting bands and lanes and 

for moving and bending individual bands and lanes. For molecular mass determination, 

chemiluminescent and colorimetric images for detection of pre-stained molecular weight 

standards can be imaged and merged. Assignment of the molecular masses to the unknown 

molecular weight standards or automatic assignment to previously assigned molecular 

weight standards allows for the automatic determination of the molecular masses of the 

target proteins which removes human error and bias. In many gels some of the lanes do not 

run as a straight line but often run as curved or wavy lines, which make it more difficult to 

properly detect lanes. Software has advanced such that using automatic detection of lanes 

has improved from members of our lab being unsatisfied with any automatic lane detection 

method to being satisfied about 50% of the time. Helpful tools to discriminate between two 

closely detected bands such as the 3-D viewer allow the investigator to determine if the 

detected bands are sufficiently separated from each other for protein semi-quantification of 

individual bands. Recommendations for scientifically sound densitometry determination 

have been presented but are not utilized [49–51].

The background subtraction problem

An optimized semi-quantification scheme which utilizes the Chemidoc MP (Bio-Rad) and 

ImageLab 5 is described below. ImageLab is a recently developed software program which 

is now supplied with all Bio-Rad imagers and contains an array of analysis tools for 

quantification and determination of the molecular weights of the target proteins in the 

samples. One of the most important improvements in semi-quantification software is in 
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determining the levels of intensity of each lane. A major problem with semi-quantification 

of western blots is the determination of the level of background. All western blots contain 

non-specific background signals due to many factors including secondary antibodies and 

auto-chemiluminescence of the membranes utilized. Proper background subtraction is 

critical for accurate semi-quantification of a western blot. The most common method for 

background subtraction involves determining the intensity of an area of blot that is the same 

size as the area of blot that is used for the determination of the protein of interest. The area 

(usually a rectangle) that is used for background subtraction is usually placed above or 

below or is an average of the intensity of the area above or below the band of interest. While 

this method has been shown to be accurate under many conditions, on some blots the 

background intensity varies considerably such that the background intensity at the target 

protein is different from either above, below or an average of these two intensities (above 

and below). In many cases the area above or below a band of interest is unavailable to be 

used for background subtraction due to signals from other bands. The ImageLab software 

utilizes an optional rolling disc background subtraction algorithm which can be used to 

manually or automatically subtract background. In the rolling disc background subtraction 

method, the desired disc size can be set for each band or lane background subtraction to 

specify the size of the rolling disc that selects the band or lane along its length and corrects 

the background levels with the aid of a lane profile tool [50]. The lane profile tool shows the 

intensity of the target protein or proteins as well as the background associated with the 

samples. The size of the disc determines the level of background removal. Since the 

intensity before and after the target proteins are also visualized with the lane profile tool it is 

convenient to determine the optimal disc size to remove the background. We have found that 

this method is as good and in many cases better than previously used methods for 

background subtraction. We suggest using test samples at different concentrations when 

using this feature for the first time so that the advantages and disadvantages of this feature 

are understood, as a larger disc size than necessary leads to only partial removal of the 

background while a smaller disc size than needed will result in the deletion of the actual 

target protein signal. Hence, an appropriate disc size should be selected and a value of ≤ 

10mm is usually considered optimum for removal of most backgrounds. The advantage of 

the rolling disc background subtraction is evident when total protein intensity determinations 

are carried out. Blank lanes containing no proteins are not needed for background correction. 

For total protein detection individual bands can be detected in each selected lane by 

selecting the sensitivity for which the lowest intensity band can be detected. Using too high 

a value for sensitivity sometimes results in the detection of background staining as bands. 

This can easily be prevented by using the lane profile tool together with the band detection 

sensitivity tool. When the protein signal is developed based on methods like immuno-

probing (either chemiluminescence or fluorescence), commassie, silver staining, or Sypro 

Ruby where the substrate or the dye itself can contribute to uneven background on the blot, a 

small disc size would help generate more consistent lane profiles among the samples. As 

previously noted programs containing rolling ball algorithms that are applied to the entire 

image for immunoblots such as found in ImageJ [101] should be avoided [49]. When the 

[101]Website
ImageJ
http://rsb.info.nih.gov/nih-image/
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protein signal is developed by methods that do not contribute to the background (signal is 

generated only when the dye binds or reacts with proteins), such as Stain-Free, a large disc 

size for a global background subtraction is more appropriate.

Other problems associated with inaccurate quantification of western blots

Protein transfer method

Two main types of protein transfer exist: wet transfer and semi-dry transfer. Traditional wet 

transfer is still the most common method for protein transfer from gel to membrane and 

offers high efficiency, but at a cost of time and effort. Life Technologies’ iBlot2® systems 

are referred to as dry systems but are really still semi-dry blotters since they still utilize 

small amounts of buffer for transfer. Semi-dry transfer is faster than wet transfer [52]. The 

iBlot2® and Trans-Blot® Turbo (Bio-Rad) are two semi-dry systems that can efficiently 

transfer proteins to membranes in 7 minutes. In our hands the quality of the transfer are 

similar between the new semi-dry blotters and the traditional wet transfer method.

A common problem observed during protein transfer to a membrane is the appearance of air 

bubbles. This problem typically arises due to improper assembly of the transfer stack. The 

use of a plastic rod (shaped like a thick pencil) or a miniature roller is very effective at 

significantly reducing air bubbles. Air bubbles should be rolled out and excess transfer 

buffer should be used at every step during the transfer assembly before protein transfer to 

the membrane is started. Although not obvious, several small bubbles may lead to 

inaccuracies in protein quantification depending on the location of the bubbles and the 

method of quantification of the target protein. Improper assembly of the transfer stack can 

also lead to parts of the gel having better transfer than other parts of the gels, such as what 

happens due to partly worn fiber pads when using wet transfer.

Another issue faced by researchers is low signal detection where the target proteins cannot 

be detected even after 2–5 minutes of exposure. This often happens due to incomplete 

transfer or over-transfer. Depending on the transfer method, membrane type, current and 

voltage used, the appropriate transfer time should be determined using an extra membrane 

below the membrane touching the gel to determine whether proteins are being over-

transferred. The pore size of the membrane, as well as the transfer buffer and the type and 

percentage of acrylamide gel used all affect protein transfer from a gel to a membrane. The 

reuse of transfer buffer for protein transfer to membrane can also be problematic and is not 

recommended [53].

Blocking reagent and blocking time

Appropriate blocking reagents must be selected in order to avoid high background and non-

specific binding [54]. Under certain blocking conditions as much as 60% of proteins has 

been shown to be lost from membranes [55]. 3–5% non-fat dry milk, bovine serum albulmin 

(BSA), or goat serum is usually recommended to be incubated with the membrane for 1 hour 

in order to block non-specific sites. However excessive blocking must be avoided, as it may 

produce low signal. We have found that including 1% non-fat dry milk in the antibody 

buffer typically yields better results than using 5% non-fat dry milk. In some cases using 

milk as a blocking buffer results in high background, such as when using phospho-
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antibodies. The casein in the milk is sometimes recognized by the phospho-specific 

antibodies leading to non-specific binding. Therefore, before the initiation of any western 

blot experiment using new antibodies, the researchers should first determine the best 

blocking reagent for their antibody and the duration of incubation which will help in 

attaining reproducible results. If manufacturers’ recommendations are suggested then the 

researchers should start optimizing using these recommendations. For some antibodies the 

manufacturers recommend using PBS instead of TBS; this is important as some antibodies 

show significantly better results when incubated in PBS than TBS. However, most 

antibodies work well in TBS. An easy way to check for nonspecific binding of primary 

antibody to the membrane blocker is to incubate a small piece of blocked membrane with 

the primary antibody working solution followed by the secondary antibody working 

solution. If a background signal is detected on the membrane after addition of detection 

substrate it is recommended to use either a different blocking solution or less primary 

antibody.

Enhanced chemiluminescence (ECL) substrate

Detection of the tagged secondary antibody by ECL is the most common technique currently 

used in western blotting [56]. The secondary antibody is tagged with the enzyme horseradish 

peroxidase (HRP), which catalyzes the oxidation of luminol (substrate) in the presence of 

peroxide to 3-aminophthalate, leading to the emission of light at 428nm which is detected by 

film or digital imagers [57]. Modern enhanced luminol-based chemiluminescent substrates 

are non-radioactive and show high sensitivity for the detection of conjugated secondary 

antibodies bound to primary antibodies interacting with low picogram (1–3 pg) amounts of 

antigen. An advantage of using ECL substrate is that the blots can be successfully stripped 

of the reagents and re-probed with a different antibody to detect a new protein. Stripping of 

the blot and reprobing require careful analysis of the stripping method to verify that 

improper or uneven stripping do not occur. Other concerns with stripping and reprobing 

exist, such as the loss of protein bound to the membrane [58]. The signal detected in the 

presence of ECL reagent is transient in nature, in that the signal can be found only when a 

reaction occurs between the enzyme and the substrate. Addition of too much secondary 

antibody enzyme conjugate and/or incubation of the secondary enzyme for prolonged 

periods are major causes of high background, short signal duration, signal variability, and 

low sensitivity. It is important to obtain signal emission curve that decays slowly because 

this allows reproducible results, as longer lasting signals reduce variability due to transfer 

efficiency, different manufacturer lots of substrate and other factors. HRP can become 

inactive with prolonged exposure to substrate, as free radicals produced during the oxidation 

reaction can bind to HRP reducing the enzyme’s ability to interact with the substrate [59]. 

High levels of HRP produce free radicals that not only affect HRP itself but can also damage 

the antigen, antibodies and membrane.

Although not as common as ECL, fluorescently labelled secondary antibodies has been 

shown to be powerful reagents in the western blotting scheme [60]. Using fluorescence 

instead of chemiluminescence for signal detection has its advantages and disadvantages. A 

major advantage of using fluorescently labelled secondary antibodies is the ability to detect 

multiple targets by using fluorophores with non-overlapping excitation-emission spectra. 
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One factor that has limited the use of fluorescence detection in western blotting is the 

relatively poor performance of fluorophores in the visible range [61]. However, fluorophores 

in the infrared spectrum are as sensitive as chemiluminescence but have the advantage of a 

wider linear dynamic range than chemiluminescent detection [61].

Automated western blots

A few companies currently sell automated western blotting machines, which have their 

advantages and disadvantages. However, several of the concerns that plague non-automated 

western blotting will also affect automated western blotting. The use of capillary columns in 

some new automated machines [62,63] introduces new technical concerns including how we 

can relate some of the results from capillary electrophoresis westerns back to traditional 

western blotting results.

Conclusion

Western blotting is entering an exciting time period in which new equipment and reagents 

are being introduced annually. No researcher can compare all of the numerous equipment 

currently available for western blotting. While some equipment reduces the time needed for 

western blotting, most do not actually improve western blotting. The more essential 

improvements needed for improving confidence in the accuracy of western blots include 

better documentation of primary antibodies, better training of researchers to use 

quantification software, use of antibodies within their linear range and proper choice of a 

loading control.

The average scientist would like to detect specific proteins and quantify relative changes in 

these proteins under different conditions in an efficient and robust manner. Many 

laboratories waste valuable and costly antibodies because of the lack of guidelines for 

properly using these antibodies. Even antibodies that have been pre-tested and packaged 

with recommended methods often do not work well for all tissues and cell types. Companies 

selling antibodies should not only test the antibodies against overexpressed proteins, but in 

tissue samples which are more complex and typically show more non-specific bands than 

cells. Relying exclusively on commercially available antibody datasheets is a common 

mistake made by investigators. Most antibody datasheets do not typically provide complete 

sample preparation information, tissue specific data for the antibody or adequate negative 

control data. Hence researchers must do their own antibody validation for their tissues of 

interest. Ultimately, having the best equipment and reagents will still not prevent inaccurate 

western blots results if the researchers carrying out the blots are not well-trained.

Expert commentary

Few researchers who do western blotting have a detailed understanding of the theory and/or 

proper practice needed to obtain accurate results. This is because western blotting is often 

done by researchers who are shown how to do the blots but are never taught the detailed 

theory behind the technique. At a recent seminar we attended where a graduate student 

presented her research and showed normalization to total protein staining a faculty told the 

student that she should have normalized to a HKP. Misconceptions like these hinder 
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scientists’ ability to fully utilize western blots for quantification of relative protein 

expression levels. When HKPs are utilized as loading controls they should be validated so 

that HKP levels are within the linear range at which the protein samples are being utilized. It 

is important to note that different laboratories utilize different methods to determine protein 

concentration, so it is advisable that each laboratory do an independent determination that 

the HKP used is within the linear range for their protein sample. This needs to be carried out 

each time a new batch of HKP antibody is utilized, since each antibody batch may have a 

different linear dynamic range. When total protein staining is used for normalization the 

linear detection range for the sample being investigated should also be carried out.

As a scientific group we need to do a better job of documenting poor quality antibodies to 

prevent or significantly reduce their use in scientific discovery. Another concern is the 

current inability of any laboratory to reproduce published western blots since the details 

published in journals about western blotting are typically minimal. More details about the 

amount of sample loaded and method used to determine protein concentration, antibody 

used (catalog, lot number and company), antibody concentrations, type of imager used, basic 

imaging conditions, type of membrane used, protein transfer method, time of exposure to 

developer (if used), type of film (if used), ECL reagent (if used), and quantification software 

all need to be provided either in the main publication or in the supplement.

Five-year view

Western blotting techniques, equipment and software will all considerably advance within 

the next five years. Hence, the sensitivity and reliability of this powerful technique will 

continue to improve. The use of total protein normalization will substantially increase as 

more concerns about housekeeping proteins are uncovered. The amount of protein samples 

loaded on a gel will slowly be reduced as researchers realize the advantages of loading less 

protein as well as the improved sensitivity of new chemiluminescent reagents and imagers. 

The type and numbers of automated western blotting machines will significantly improve 

and begin to be adopted by pharmaceutical researchers, core facilities and larger research 

laboratories.
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Key Issues

1. Signal detection. The ease at which x-ray film becomes saturated with signal 

gives investigators a false sense that film is more sensitive that digital imagers. 

Laboratories should be encouraged to switch from x-ray films to digital imagers 

or learn how to validate that signals are not saturated on x-ray films.

2. The misconception that HKPs are the best normalization method for western 

blots needs to be addressed.

3. The need for researchers to load sample amounts in which target detected by the 

antibody is within the linear range

4. High volume of poor quality antibodies available.

5. Need for positive and negative controls to validate antibodies.

6. Need for determining and stating the molecular weight of the target protein on 

blots.

7. Need for an unbiased database allowing researchers to document good and poor 

quality antibodies.

8. Need for publications to describe the western blotting technique utilized in more 

detail. A minimum reporting standard for western blotting data should be 

established.

9. Need for recommended procedures for protein quantification.
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Figure 1. Schematic diagram of a typical western blot
The typical western blot requires gel electrophoresis to separate proteins based upon 

molecular mass with subsequent transfer of the proteins from the gel to a protein binding 

membrane. The membrane is then incubated with the primary antibody to the target protein 

and the primary antibody is detected by a tagged secondary antibody. The tagged secondary 

antibody catalyzes an enzymatic reaction with the substrate which can be detected by film or 

a digital imager.
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Figure 2. The linear dynamic range for each target protein may be different
Western blotting of heart homogenates (40 to 80μg) using anti-TPPII (Santa Cruz), anti-

PSMA7 (Abcam) and anti-Rpt4 (Enzo). A Stain-Free image of a representative region of the 

blot is shown. The figure shows the relative intensity of the different target proteins without 

any normalization. Both anti-TPPII and anti-PSMA7 were linear within the range of 

linearity of the total protein stain (see Figure 4) but the anti-Rpt4 antibody was not linear 

within the protein range utilized. Use of the anti-Rpt4 antibody in samples in which 50μg of 

total protein was loaded would give incorrect results.
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Figure 3. Schematic diagram of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
showing known post-translational modifications identified by different methods including mass 
spectrometry
The diagram is drawn to scale to show the location of the post-translational modifications 

(PTMs) on the 355 residue long GAPDH. The residue number for each PTM is shown. Ub-

K, ubiquitinated lysine; Ac-K, acetylated lysine; pT, phosphorylated threonine; pS, 

phosphorylated serine; pY, phosphorylated tyrosine. PTMs on GAPH were obtained from 

PhosphoSitePlus (http://www.phosphosite.org/).
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Figure 4. The linear dynamic range for total protein detection varies with the staining reagent 
utilized
Both Stain-Free and Ponceau S staining of total proteins (40 to 80μg) in heart homogenates 

show that both stains were linear between 40 to 60 μg of total protein. Images shown are 

nitrocellulose membranes post-transfer. Due to the larger relative changes in intensity using 

the Stain-Free method when compared to the Ponceau S stain, it is likely that smaller 

differences in target protein changes could be distinguished using the Stain-Free method.
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