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Abstract

Western blotting is a ubiquitous tool used extensively in the clinical and research settings to 

identify proteins and characterize their levels. It has rapidly become a mainstay in research 

laboratories due to its specificity, low cost, and ease of use. The specificity arises from the 

orthogonal processes used to identify proteins. Samples are first separated based on size and then 

probed with antibodies specific for the protein of interest. This confirmatory approach helps avoid 

pitfalls associated with antibody cross-reactivity and specificity issues. While the technique has 

evolved since its inception, the last decade has witnessed a paradigm shift in Western blotting 

technology. The introduction of capillary and microfluidic platforms has significantly decreased 

time and sample requirements while enabling high-throughput capabilities. These advances have 

enabled Western analysis down to the single cell level in highly parallel formats, opening vast new 

opportunities for studying cellular heterogeneity. Recent innovations in microscale Western 

blotting are surveyed, and the potential for enhancing detection using advances in label-free 

biosensing is briefly discussed.

Introduction

Western blotting (WB) is a semi-quantitative technique used extensively in research to 

specifically identify proteins and characterize their levels.1–3 Introduced in 1979, it quickly 

established itself as a robust, powerful, and cost effective approach for protein analysis.1,3 

The tremendous impact of WB comes from its specificity, which arises from the orthogonal 

mechanisms used to identify proteins. Proteins are first separated based on size using gel 

electrophoresis and then detected with antibodies specific for the protein of interest; 

combining two independent mechanisms for identification.1–4 The advantage of this 

orthogonal approach over sensing using antibodies alone is illustrated by the ongoing 

discussion of antibody specificity.

Antibodies that specifically bind proteins have had an enormous impact in basic research, 

medical diagnostics, and biotechnology. They are of central importance in WB analysis and 

for widely used research methods such as immunoprecipitation and immunofluorescence 

imaging. Antibodies have also played a pivotal role in the development of medical 

diagnostics. The enzyme-linked immunosorbent assay (ELISA) represents the gold standard 

for detecting and quantifying levels of diagnostic biomarkers in serum and other body fluids. 
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Immunohistochemistry is extensively employed in the clinical setting to confirm and 

identify the presence of cancerous tissues and other hallmarks of disease. The ubiquitous use 

of antibodies in the medical and life sciences has resulted in a significant market, with global 

demand surpassing US$80 billion a year.5

There is, however, mounting concern over the reliability of antibodies obtained from 

different sources or even the same source, which has led to issues in repeating measurements 

and confirming results between labs.6–11 Antibody variability can arise from many sources, 

which has sharpened attention on antibody validation.12,13 The potential magnitude of this 

problem was exemplified in a recent study testing 1,124 antibodies in HEK293 cell lysates. 

Using consistent protocols spread across five independent labs, this study concluded that 

only 452 of the 1,124 antibodies tested even recognized their intended targets.13 This can be 

further aggravated by cross-reactivity and studies showing that even when antibodies 

recognize their intended target, binding can be influenced by the environment or sample 

preparation methods.14–16 Clearly, methods relying solely on single protein recognition 

events require extensive control and validation protocols to confirm specificity.

Multidimensional approaches such as WB, on the other hand, help ameliorate these 

complications by comparing orthogonal information to identify proteins.2,4 In conventional 

WB analysis, proteins are first separated based on size using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The anionic surfactant SDS linearizes the 

proteins and uniformly decorates them with negative charge, leading to an overall charge 

proportional to the size of the protein. In an electric field, proteins separate based on size as 

they pass through the porous polyacrylamide (PA) sieving gel. PA porosity can be tuned by 

changing the concentration of polymer and amount of crosslinker, providing a flexible and 

easily optimized platform for protein separation based on size. Once separated, the protein 

bands are transferred to a membrane such as PVDF (polyvinylidene difluoride) or 

nitrocellulose by electroblotting, forming a replica on the more porous support. The porous 

membrane enables access of probe antibodies to the protein bands for immunodetection.1–3

The electroblotting step represented the key experimental breakthrough in the development 

of WB and closely followed principles developed earlier by Edwin Southern for DNA 

blotting.4,17 The latter became known as Southern blotting, and the other “geographical” 

assays, including WB, were named accordingly.1,3 The efficiency of protein transfer from 

the gel to the membrane, retention during processing, and subsequent detection/

amplification, largely determine the detection performance in WB.4

While WB is a robust, powerful, and easily implemented approach for protein identification, 

it does have key limitations.2,18,19 As generally applied, the approach is slow, semi-

quantitative, and labor intensive, with most steps done manually. Gel preparation and 

separation, transfer, blocking, multiple incubation and washing steps, and finally imaging all 

contribute to a significant investment in time (hours to overnight). Since most platforms have 

not been miniaturized, the process is also sample and antibody intensive. Conventional WB, 

for example, typically requires micrograms of sample and antibody. 2,18,19 The former can 

be an issue in sample limited applications and the latter can be expensive. Finally, the 

detection of multiple targets often requires stripping the membrane (removing the antibody) 
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and re-probing, which is time consuming, has limited re-probing cycles, and inevitably 

results in antigen loss.4

To overcome performance limitations and expand its capabilities, the last decade has seen a 

transition from method refinement to a complete repackaging of the WB hardware.20 Many 

of these advances have leveraged the considerable progress made in microfluidics and on-

chip microanalytical systems made during this same period.21–24 The inherently small 

amount of consumables needed in these platforms, their scalability, enhanced signal-to-

noise, and rapid analysis times are well-suited to address many of the current limitations in 

WB analysis and advance the method for new applications. Here we highlight a few of these 

exciting developments, which help illustrate the potential of these new platforms.

Multiplexed Microfluidic Probing Following Western Blotting

As mentioned, multiplexed detection in conventional WB is time consuming, requires harsh 

chemical treatments, and leads to loss of protein from the transfer membrane. An approach 

for integrating multiplexed microfluidic immunodetection with conventional WB was 

introduced by Jiang and coworkers to overcome these drawbacks.25 In this report, 

conventional protocols were used to separate lysates of NIH-3T3 cells using SDS-PAGE and 

transfer the separated protein replica onto a PVDF membrane. To detect the immobilized 

proteins, a simple microfluidic chip was fabricated in PDMS consisting of seven co-linear 

channels (150 μm wide × 100 μm deep and 3.5 cm in length) equipped with inlet and outlet 

ports at the ends.

After staining the protein bands with Ponceau S, the microfluidic chip was sealed against the 

PVDF membrane. The microchannels were aligned parallel to the separation axis, with the 

channels overlaying the protein bands. Each channel in the microfluidic chip was used to 

deliver a primary antibody probe solution to those regions of the protein bands overlaid by 

the microchannel. This enables multiplexed labeling across the width of the protein features 

on the PVDF membrane, similar in concept to the micromosaic immunoassay.26 Following 

incubation, the PDMS chip was carefully peeled away from the PVDF membrane, which 

was incubated with fluorescently labeled secondary antibody for detection. The 

simultaneous detection of seven proteins was demonstrated with similar sensitivity and 

detection limits as conventional WB. A similar format was used to multiplex detection of 

inflammatory markers in cell lysates.27

A slightly more complicated serpentine microfluidic design was later introduced for 

multiplexed probing of multiple separation lanes.28 As shown in Fig. 1, the PDMS chip 

incorporated seven parallel channels designed to weave along multiple lanes in a PVDF 

membrane, sharing one set of inlet and outlet ports. This enables each microchannel (probe 

antibody) to interact along each lane in a multilane separation, thus increasing throughput. 

Beyond the multiplexed capabilities, this general approach requires significantly less 

antibody (1% of conventional WB), has some advantages in optimizing labeling conditions, 

and is easily adapted with existing WB platforms.25
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Microarray Spotting of Samples for Western Blotting

Another approach that can be adapted with conventional WB uses advances in microarraying 

technology to design highly parallel assays. In one report, microarray printing enabled 

efficient spotting of cell lysates onto a PA gel in a pattern matching a conventional 96 well-

plate.29 The spotting was used to print 96 identical blocks, with each block containing one 

size standard and six sample spots. During printing, the relative humidity was held at 80% to 

keep the gel and samples hydrated. Once printed, semidry electrophoresis was completed in 

12 minutes and the separated proteins were electroblotted onto a nitrocellulose membrane (1 

hour to overnight). Following transfer, a 96 well isolation mask was aligned onto the 

membrane, enabling separate antibody probing of each block. In theory, this geometry 

enables six different lysates to be probed with 96 different antibodies, one for each block. 

Higher content, moreover, can be introduced using multiple probing or multiplexed 

detection steps. Incubation with dye-labeled secondary antibodies and infrared fluorescence 

detection was used to measure the developed membrane.

In this study, the time evolution of 91 phosphorylation sites in 67 proteins was tracked 

following epidermal growth factor stimulation of A432 human carcinoma cells.29 Moreover, 

each spot in the printed array required only 250 ng of protein (approximately 1000 cells) and 

16 ng of detection antibody.29 While the overall process is similar in length to conventional 

WB, significant advantages in multiplexing and throughput are realized using this 

microarraying approach.

Capillary Gel Electrophoresis Coupled with Direct Blotting

While the previous methods largely adapted conventional WB approaches to increase 

performance, recent trends have sought to completely change the ways in which the 

separation step, blotting step, or both are carried out. For example, capillary electrophoresis 

(CE) encompasses a versatile and an effective suite of analytical tools for separations.30–34 

In particular, capillary gel electrophoresis (CGE) uses small capillaries loaded with a 

polymer sieving matrix to separate SDS treated proteins based on size35, making SDS-CGE 

a natural replacement for SDS-PAGE in WB.20,36 Advantages of SDS-CGE include 

dramatically reduced sample volumes, increased separation efficiency, and more accurate 

protein sizing capabilities.31,35 CE techniques also lend themselves to automation making 

them attractive for method development.37,38

As shown in Fig. 2, Kennedy and coworkers36 integrated SDS-CGE into a WB format using 

a direct delivery arrangement for blotting the separated proteins.19,39–41 The separation 

capillary was loaded with an entangled polymer gel and fitted with a gel-filled sheath 

capillary surrounding the outlet.36 A flow of gel through the sheath was needed to stabilize 

the electrophoresis current and prevent bubble formation in the separation capillary. The 

sheathed outlet was brought into light contact with an underlying PVDF membrane, and 

negative high voltage was applied at the capillary inlet reservoir and grounded at the stage 

supporting the membrane. Separated protein bands exiting the capillary were directly 

deposited onto the PVDF membrane, which was slowly translated beneath the sheathed 

outlet to spatially disperse the bands for subsequent detection. An equal volume mixture of 
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methanol and running buffer kept the membrane moist and was found necessary for efficient 

protein deposition. The methanol increases capture efficiency at the hydrophobic membrane 

by dissociating the SDS-protein complex. Following band deposition onto the PVDF 

membrane, conventional immunoassays can be used to probe the membrane. For these 

experiments, rapid immunoassays were performed using the SNAP i.d. (Millipore) system 

that actively drives reagents through the membrane with vacuum.

To demonstrate protein-sizing capabilities, two fluorescently labeled ladder markers, FITC-

insulin and FITC-BSA, were mixed directly with a test sample consisting of carbonic 

anhydrase.36 Following GCE separation and direct blotting, an initial fluorescence image of 

the membrane mapped the locations of the ladder markers. Subsequent probing with 

antibodies specific for carbonic anhydrase and imaging revealed an intermediate band as 

expected.

Using the SDS-CGE direct blotting approach, WB analysis of the small protein lysozyme 

(MW=14 kDa) was completed in less than an hour with limits of detection of 5 μg/ml (50 pg 

injected). While larger proteins like BSA take slightly longer (1.5 hr.) due to their slower 

migration times, this approach results in a significant savings in time over conventional WB. 

Increased broadening in the delivered protein bands was observed compared to conventional 

on-column detection, which was attributed mainly to parabolic flow within the sheath at the 

end of the capillary.36

Sieving Microchip Electrophoresis Coupled with Direct Blotting

A subsequent report addressed the sheath broadening and further reduced assay times by 

replacing the CGE separation with a microchip approach.42 Microfluidic separations offer 

many advantages; they are fast, efficient, easily scaled, and consume minimal amounts of 

reagents.31,43–46 The microchip shown in Fig. 3 was fabricated in glass with three sample 

reservoirs connected in a tee-format with buffer and waste reservoirs. The separation channel 

itself was 2 cm long (50 μm wide, and 15 μm deep) and filled with an entangled polymer 

sieving matrix. As in the capillary design, a postcolumn sheath flow of sieving material was 

required to maintain stable currents. This postcolumn sheath channel was slightly wider (90 

μm) than the separation channel and extended 300 μm beyond its end. A syringe pump was 

used to feed the two inlets supplying the sheath flow. As in the original report, direct blotting 

was used to load the separated proteins onto a PVDF membrane using similar protocols.36,42

As expected, a dramatic reduction in protein separation times was realized in the microchip 

configuration.43 A protein size ladder consisting of seven protein-SDS complexes ranging 

from 11 kDa to 155 kDa was separated with the sieving electrophoresis microchip in 5 

minutes, with separation efficiencies ranging from 5×104 to 1.8×105 theoretical plates 

(detected at the exit of the separation channel).42 Moreover, separation times were reduced 

to 2 minutes at higher voltages by sacrificing some of the separation efficiency. This can be 

compared with the 20-minute separation times typically realized with capillaries.35,36 The 

microchip design also enabled better control over sheath geometry thus reducing broadening 

effects once flow rate of the sheath buffer was optimized. While the blotted protein 

electropherogram retained comparable theoretical plates as on-column detection, the overall 
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separation had slightly lower resolution on the membrane. Sensitivity and limits of detection 

were evaluated for actin, carbonic anhydrase II, and lysozyme following development of the 

blotted proteins, with limits of detection ranging from 0.03 μg/ml to 0.06 μg/ml. Of 

particular interest for comparison is lysozyme, which led to a noticeably improved LOD of 

0.06 μg/ml compared to 5 μg/ml in the previous work.36,42

This promising approach was further optimized to improve separations and multiplex the 

detection using a slightly modified microchip and blotting protocol.47 The new microchip 

design extended the separation channel length from a few centimeters to 8.6 cm, thus 

enabling better resolution of similarly sized proteins at the expense of slightly longer 

separation times. To multiplex the immunodetection, individual separation tracks are 

transferred to the PVDF membrane, one for each probe antibody to be used. These 

membrane regions are physically separated, exposed to the probe antibody, and developed 

using standard protocols. The key advantages here are the small amounts of sample required, 

the elimination of stripping procedures used to re-probe membranes in conventional WB, 

and the significant multiplexing capabilities afforded by this approach. In this initial 

demonstration, 11 proteins were individually detected using only 400 ng of sample.47

With the faster protein separation step afforded by the microchip, total analysis time was 

reduced from 1–1.5 hours using CGE to 22–32 minutes.36,42,47 For high throughput, it was 

noted that 60 injections could be separated on the same microchip with minimal degradation 

in performance. Performance, moreover, is completely restored upon gel replacement, 

enabling chips to be reused.42 While more rapid than the SDS-GCE Western approach and 

considerably faster than conventional WB, the microchip WB approach is still throttled by 

the immunoassay step (20–30 minutes). For higher throughput, this can be somewhat 

mitigated by laying down sequential separations on the same membrane for subsequent 

immunodetection.42,47 Migration time repeatability, however, limits the performance using 

this approach and was found to vary from 3 to 6% for the proteins studied.

Fully Integrated Microchip for Western Blotting

A separate microchip approach has been explored that integrates the separation and blotting 

steps onto a single microfluidic platform. Microfluidic analysis platforms can integrate a 

large number of processes onto a single chip, which offers many advantages.48,49 Compared 

to their macroscopic counterparts, these processes are often faster and more efficient while 

leading to substantial reductions in sample and reagent requirements. Herr and coworkers 

have made significant progress in miniaturizing protein analysis onto microchip formats. 

These creative approaches help illustrate the potential of these platforms for microscale WB 

analysis.50–68

Initial work focused on developing microchips that integrated separation and blotting 

steps.50,52,55,58,60 As shown in Fig. 4, a glass microfluidic chip was fabricated with a central 

1 mm × 1.6 mm rectangular chamber connected to various reservoirs to introduce sample, 

buffer, and apply sequential voltage programs.52,55,58,60 The central chamber housed a thin 

PA gel that was spatially modified to create zones for sample loading/stacking, separation, 

and blotting. The regional properties of the PA gel were controlled through a multistep 
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photopolymerization protocol to modify pore size and functionality of the gel. Initial work 

immobilized the probe antibody for the desired protein target in the blotting region.50,52,55

Native protein samples (not treated with SDS) introduced and stacked at the loading zone 

were separated based on their charge-to-mass ratio in the neighboring separation PA gel 

using electrophoresis.52,55 Once separated, the proteins were laterally transferred to the 

blotting zone using a voltage applied orthogonal to the previous separation step. The blotting 

region with immobilized probe antibody captured the protein of interest while bands not 

recognized by the antibody were swept away, out of the blotting zone.

The microchip design enabled full-field imaging so that protein mobility in the separation 

area could be directly linked with antibody recognition in the blotting region. To 

demonstrate the capabilities of this approach, free prostate antigen (fPSA) extracted from 

seminal fluid was detected.52 Native PAGE in the microfluidic chamber required only 36 

seconds with an average separation resolution of 1.59. An additional 30–60 s was required to 

transfer the separated bands into the blotting region, where electric field shaping and gel 

properties resulted in 90% transfer efficiency with only 6% loss in separation resolution. 

Only the band associated with fPSA was retained in the blotting region by the immobilized 

anti-fPSA antibody. Most impressively, the entire native fPSA analysis required less than 5 

minutes, required approximately 1 μg of immobilized detection antibody, and yielded a 

detection S/N of 40 at 500 nM fPSA.52 This represents a significant savings in time and 

illustrates the distinct advantages inherent in miniaturized designs. This unified microchip 

design was later extended to incorporate several blotting regions for multiplexed protein 

detection as shown in Fig. 4.55

A limitation in the previously described approach is that proteins are not separated by size as 

they are in conventional SDS-PAGE. The reduced affinity between surfactant-coated 

proteins and the immobilized antibody made peak capture difficult using SDS treated 

samples.58 To circumvent this, a new approach was introduced that used electrostatic 

interactions to trap separated proteins in the blotting zone for subsequent probing. As before, 

the microfluidic PA chamber was photopatterned to create a loading/stacking zone, a 

separation gel, and a new electrostatic immobilization region where anionic charged 

moieties were copolymerized in the gel. Protein samples were treated with the cationic 

surfactant cetyltrimethylammonium bromide (CTAB), commonly used in Eastern blotting, to 

coat proteins with positive charge.2,58,69 Following sample loading and CTAB-PAGE 

separation to size the protein mixture, the protein bands were electrotransferred laterally into 

the electrostatic immobilization gel. Electrostatic interactions between the CTAB decorated 

proteins and the negatively charged gel immobilized the protein bands for subsequent 

blocking and probing with antibodies.58 This general scheme was later expanded to enable 

SDS-PAGE separation using an electrostatic capture zone incorporating positively charged 

poly-L-lysine.60,70 Unlike the original designs, both approaches enable direct correlations 

between protein size and immunodetection, albeit at the expense of assay speed (hours).60
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On-Capillary Protein Immobilization Approaches

In conventional WB, separated proteins in the PA gel are generally difficult to access 

directly with antibody probes, thus necessitating the replica transfer step to a more porous 

membrane.1–3 The last decade, however, has seen a rapid expansion of approaches using a 

protein immobilization step following separation that enables subsequent antibody probing. 

These approaches eliminate the transfer step, which reduces the complexity of the assay, 

increases throughput, and facilitates automation. This has evolved into a suite of commercial 

instruments for automated, high throughput WB in parallel formats.59,71–74

Capillary electrophoretic protein separation followed by an immobilization step for 

immunoprobing was first introduced by O’Neill et. al. in 2006.75 Isoelectric focusing was 

used to separate proteins in a short capillary (5 cm long with 100 μm i.d.). Separated 

proteins were then photochemically captured onto the walls using photoactive moieties 

lining the capillary. Capturing the proteins to the capillary wall preserves the separation 

information and enables subsequent probing with antibodies. This provides the confirmatory 

information that gives WB its specificity for targeted proteins.

As shown in Fig. 5, this basic approach has been extended and commercialized to separate 

proteins based on molecular weight followed by UV immobilization to the capillary wall 

using proprietary chemistry (SimpleWestern, ProteinSimple).59,71–74,76 Following 

immobilization, the column is flushed with a matrix removing buffer and blocking buffer 

before incubated sequentially with primary and secondary antibodies. To detect the 

immobilized bands, chemiluminescence signals from HRP linked secondary antibodies are 

detected using a CCD camera.

With their introduction, SimpleWesterns have had a substantial impact since they automate 

the WB process, can analyze proteins ranging from 12 to 440 kDa in size, require only 

nanograms of sample loading, and can run 25 analyses in parallel in about 3–5 hours.59,71–74 

Comparisons between SimpleWesterns and manual WB have confirmed significant 

advantages in throughput, repeatability, and quantification.59,71,73,74 Both intra- and inter-

assay reproducibility are improved in the automated systems and are less dependent on 

operator skill or technique.18,74 There are, however, low capture efficiencies in the 

immobilization step and less flexibility in gel options, which can limit high-resolution 

measurements at the extremes of molecular weight.57,74

In-Gel Protein Immobilization Approaches

Recently, another approach for eliminating the transfer step and carrying out in-gel sieving, 

immobilization, and probing has appeared that has enabled Western analysis down to the 

single cell level.56,57,64–66,68 The general approach uses a bifunctional gel that serves as a 

sieving matrix for protein separation and immobilization scaffold, following brief UV 

exposure, capturing separated proteins for subsequent probing with antibodies. This method 

eliminates the transfer step and lends itself to scalable, microfabricated platforms.

Initial reports used microfabricated chips with 1 cm long separation channels (70 μm wide 

and 10 μm deep) wet etched into borosilicate glass slides.56,64 The enclosed channels were 
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loaded with photopatterned PA gel incorporating a benzophenone methacrylamide monomer 

that can covalently bind separated proteins upon UV exposure. Following protein separation 

in the gel, 30 second exposure to UV light immobilized the separated protein bands which 

were then probed with antibodies, electrophoretically passed through the same channel.56,64 

This sequence of steps is shown schematically in Fig. 6.

The potential for high throughput was demonstrated by fabricating 48 separate microchannel 

assays on a standard glass microscope slide.56 A photoactive gel was designed that had a 

tunable porosity (PACTgel). The sieving gel is photopatterned to reproducibly create the 

loading interface and incorporates benzophenone moieties for photoimmobilization of 

proteins following separation. The parallel format was tested by measuring the transcription 

factor NFκB in lysates of NFκB-transfected 293T cells, purified HIV proteins, and HIV 

antibodies in human sera. Analysis was completed in less than an hour with competitive 

detection metrics. Notably, the efficiency of protein capture in the photoactive 3-D gel was 

greater than 75%, which can be compared with approximately 0.01% efficiency in the 

SimpleWestern approach.56

A discontinuity in pore size at the interface between the sample loading and separation 

segments of the gel was found important for optimizing separation efficiency and antibody 

probing.64 A step in pore size from large to small at the interface transitioned the assay from 

transient isotachophoresis, used to stack the sample, to protein sizing in the PAGE 

separation. A discontinuous tris tricine buffer system was also used to improve separation 

efficiency and more effectively separate smaller proteins, which can remain stacked in other 

buffers.64

Controlling interfacial pore size was also found important for optimizing antibody loading 

and transport to the immobilized protein bands.64 Interestingly, a discrete plug of antibody 

swept down the channel was found to provide better detection than loading the entire 

channel. Not only do discrete plugs reduce antibody consumption, they also decreased 

background signal and assay time. The reduced background enhanced the signal-to-noise by 

a factor of two and improved the correlation of variation from 18.8% in whole channel 

loading to 11.4% in the swept plug approach.64

This same in-gel separation and probing approach has been extended to the single cell level, 

opening exciting possibilities for studying cellular heterogeneity.65,66,68 As shown in Fig. 7, 

an array of open microwells, optimized to capture single cells (30 μm deep × 32 μm 

diameter), were fabricated in a thin, 30 μm thin film of photoactive PA gel. As before, the 

bifunctional gel serves as the sieving matrix for protein separation and immobilization 

scaffold following brief UV exposure. The separation length is limited by the spacing 

between microwell rows, which was optimized at a 1 mm gap to maximize assay density 

while providing sufficient length to separate proteins ranging from 15 to 90 kDa.65,66,68 

More recently, a greyscale photolithography approach has enabled a gradient of pore sizes to 

be fabricated over the limited length of the separation axis, expanding the mass range of the 

separation.68
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A suspension of cells was distributed across the microchip and allowed to settle.65,66 

Repeated rinse cycles removed unwanted cells on the surface of the microchip while leaving 

a statistical population of occupied microwells. The trapped cells were lysed, the lysate was 

separated using PAGE, and the proteins were immobilized in the gel matrix using 

photoactivation of benzophenone. The slide was incubated with probe and secondary 

antibodies and finally analyzed using a fluorescence microarray scanner.66

This general approach was applied to characterize the single cell response of U373 MG 

human glioblastoma cells to the chemotherapeutic, daunomycin, and to map cell variability 

in stem cell signaling and differentiation.65,66 Detection limits below 30,000 protein copies 

were reported with total analysis times under 4 hours. Thousands of simultaneous assays can 

potentially be carried out on a chip the size of a conventional microscope slide, enabling 

significant throughput capabilities. As shown in Fig. 7, the thin, transparent gel also enables 

imaging of the trapped cells prior to lysis, providing additional phenotype mapping prior to 

single cell Western analysis.66

Future Prospects: Label-Free Biosensing for Multiplexed Detection

Miniaturized platforms have led to transformative improvements in WB automation and 

throughput. Given the activity in developing new microfluidic approaches and micro-total 

analysis systems, these directions are likely to further expand the capabilities and 

applications of microscale WB. For the most part, the preferred detection method in WB 

remains conventional antibody probing followed by incubation with HRP-linked secondary 

antibodies for detection. Significant advances, however, are being made in label-free 

biosensing that may offer interesting new capabilities for specifically detecting separated 

proteins in real-time.77–80 These approaches are generally rapid, quantitative, require 

minimal antibody, and are easily multiplexed; thus offering intriguing metrics worth 

exploring.81,82

Surface plasmon resonance (SPR), for example, has been developed extensively for sensing 

at surfaces and provides rapid, quantitative measurements of antigen binding to immobilized 

antibodies. SPR has also been integrated with CE, illustrating the feasibility of combining 

separation and sensing steps. Whelan and Zare, for instance, integrated SPR detection 

following CE to specifically detect IgG. Protein-A was immobilized on the SPR sensor 

surface which was positioned at the outlet of the CE.83 IgG exiting the separation capillary 

was specifically detected at the SPR sensor with a detection limit of 2 fmol and reported 

dynamic range of three orders of magnitude. Other reports have outlined improvements in 

interfacing SPR with CE and coupling it with microfluidic separations.84,85

Small optical microresonators have also been extensively developed for label-free sensing 

and recently integrated with separations.79,80,86–90 Whispering gallery mode (WGM) 

resonators are small, axially symmetric dielectrics that can resonantly trap and recirculate 

light via total internal reflection. Their spectral resonances are extremely narrow and shift in 

response to changes in local refractive index, providing a mechanism for label-free 

biosensing.79,80,86 Antibodies immobilized at the microresonator surface, for example, can 

recognize and bind antigens, which alter the local refractive index and shifts the WGM 
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resonance. The small size of WGM resonators (tens of microns), ease of multiplexed 

detection, and favorable figures of merit may enable new capabilities for microscale WB 

when combined with separations.

WGM detection has been integrated with both liquid chromatography and CE.88–90 For 

integration with CE, Fan and coworkers developed an on-column approach using thinned 

capillaries that support WGM resonances. The thinned wall of the capillary enabled the 

evanescent field of the circulating WGM to sense the interior environment of the capillary. 

To demonstrate detection capabilities, refractive index changes associated with neutral 

glycerol sample plugs driven through the capillary with electrophoresis, were characterized. 

These measurements reported detection limits of 10−7 RIU (refractive index units) and were 

the first to illustrate the feasibility of integrating WGM sensing with CE. While impressive, 

this particular approach results in fragile and difficult to reproduce capillaries that are not 

easily modified for immunosensing.

A more recent approach integrated WGM refractive index sensing using a more flexible end-

column geometry.88 As shown in Fig. 8, a Dove prism is used to couple excitation light from 

a tunable diode laser into a 53 μm diameter spherical microresonator positioned in the lumen 

of a 75 μm i.d. separation capillary. Spectral shifts in the WGM resonance were monitored 

to measure refractive index changes associated with the separation of three ions (Na+, Li+, 

and K+). The microsphere did not adversely affect the separation efficiency and 10−7 RIU 

detection limits were reported using a signal modulation scheme.88

Integrating specific biosensing with functionalized WGM resonators is conceptually similar 

to the on-chip antibody capture method and offers unique advantages. WGM sensing is 

compatible with both capillary and microchip based separations, each resonator (assay) 

requires trace amounts of antibody, and quantitative assays can be completed in minutes, 

significantly improving analysis times.81,91,92 However, much work is needed to explore the 

practical limits of such an approach. Biosensing performance is strongly dependent on 

analyte transport to the sensing surface, which depends on a number of factors.93–96 The size 

and shape of the sensing element, presence of flow, channel geometry, and development of 

depletion zones around the sensing element can all influence the observed response. These 

factors, moreover, become limiting at low concentrations where the unreasonably long 

timescales associated with analyte transport to the sensing surface prevents practical 

applications.93,94 For spherical WGM resonators, however, their size and shape lead to 

favorable mass transport metrics compared to smaller, two-dimensional sensing elements. 

Moreover, many practical applications do not require pushing the envelope of detection 

limits. In such applications, the potential for real-time, multiplexed detection of proteins 

following a separation step offers exciting opportunities.81,88,97

Summary

Expanding WB applications requires a departure from conventional slab gels and 

electroblotting to incorporate capabilities better suited to handle small sample sizes and 

high-throughput demands. Exciting new WB approaches incorporating capillary separations 

and integrated microfluidic chips have already decreased analysis times, increased 
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throughput, and decreased sample requirements down to the single cell level. The examples 

highlighted here help illustrate some of these breakthroughs and point to an exciting path 

forward for developing rapid, miniaturized WB platforms. The development of improved 

detection methods, moreover, that can expand multiplexing capabilities, push detection 

limits, and increase quantitation is an area ripe for exploration. Progress in these areas will 

likely continue at a rapid pace as improved methods for microfluidics, microscale analysis 

systems, and label-free biosensing continue to advance the field.
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Figure 1. 
(A) A PVDF membrane blotted with electrophoretically separated proteins and ladder 

markers. (B) A microfluidic network of seven parallel serpentine channels was sealed 

against the PVDF membrane, overlaying the protein bands. Probe antibodies were 

introduced in each microfluidic lane, enabling multiplexed detection (C) across each protein 

band. (Reprinted with permission from ref. 28. Copyright 2015 Royal Society of Chemistry.)
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Figure 2. 
Protein separation using capillary gel electrophoresis (CGE) coupled with direct blotting 

onto a PVDF membrane. Proteins were separated in a sieving matrix filled capillary using a 

negative high voltage at the inlet (A) and ground (D). Sheath flow was introduced at (B) to 

stabilize the separation current and the emerging protein bands were directly blotted (C) 

onto a PVDF membrane that was slowly translated under the sheath capillary. Inset (E) 

shows the end of the separation capillary with respect to the surrounding sheath capillary. 

(Reprinted with permission from ref. 36. Copyright 2011 American Chemical Society.)
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Figure 3. 
Protein separation using microchip gel electrophoresis coupled with direct blotting onto a 

PVDF membrane. The microchip was fabricated with a 2 cm long, 15 μm deep, and 50 μm 

wide electrophoresis channel and reservoirs for sample, size ladder, buffer, waste, and sheath 

buffer. Sample and ladder standards were injected into the electrophoresis channel by 

floating the buffer and waste reservoirs and applying the desired voltage between the sample 

and grounded membrane support. As in the capillary design, a sheath flow was required to 

stabilize current. The post-column sheath channel was slightly wider (90 μm) than the 

separation channel and extends 300 μm. As before, emerging proteins were directly blotted 

onto a PVDF membrane translated below the sheath channel. (Reprinted with permission 

from ref. 42. Copyright 2013 American Chemical Society.)
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Figure 4. 
Fully integrated microchip for multiplexed native Westerns. Reservoirs 1–8 provide access 

for sample, buffer and control voltages, which connect to a central assay chamber through a 

network of microfluidic channels. An expanded view of the central 1 mm × 1.5 mm 

microchamber is shown to the right. The patterned PA gel contains a sample loading zone, 

PAGE separation area, and two antibody-immobilized regions (Ab1 and Ab2) for 

immunoblotting. Proteins separated based on charge-to-mass in the PAGE region were 

electrotransferred to the antibody blotting area, where retention indicates binding to the 

immobilized probe. (Reprinted with permission from ref. 55. Copyright 2011 American 

Chemical Society.)
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Figure 5. 
Sequence of steps for WB analysis using the automated SimpleWestern method. The sample 

is loaded, stacked, and separated in a short capillary filled with sieving matrix. 

Photoactivation immobilizes the separated proteins to the capillary wall, which are then 

probed with primary antibodies. HRP-labeled secondary antibodies label the primary, 

leading to detection of the targeted protein. (Reprinted with permission from ref. 76. 

Copyright 2015 Humana Press.)
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Figure 6. 
Microchannel Western blotting using protein immobilization following separation. (1) 

Proteins were loaded, stacked, and separated in an enclosed separation channel, 1 cm long × 

10 μm deep, 70 μm wide, filled with photoactive PA gel. (2) Separated proteins were 

immobilized in the gel with UV exposure. (3) Antibody was introduced via electrophoresis 

to probe the immobilized protein bands. (Reprinted with permission from ref. 64. Copyright 

2014 American Chemical Society.)
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Figure 7. 
(A) An array of microwells fabricated into a thin layer (30 μm) of photoactive PA gel for 

single cell analysis. (B) Cells trapped in the wells can be imaged for phenotyping and (C) 

lysed for Western analysis. (D) Separated proteins were immobilized in the photoactive gel 

using UV light and probed with antibody. (Reprinted with permission from ref. 66. 

Copyright 2014 American Chemical Society.)
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Figure 8. 
(A) Schematic of the approach used to integrate end-column WGM refractive index sensing 

with capillary electrophoresis. The evanescent field created from total internal reflection in 

the Dove prism excites resonances in a 53 μm barium titanate microsphere positioned in the 

lumen of the separation capillary. Scattered light from the microsphere was collected from 

below and detected with a photomultiplier tube (PMT) to track shifts in its resonance as the 

tunable diode laser is scanned. (B) Magnified view showing the grounded buffer reservoir 

and detection geometry. Ions separated in the capillary change the refractive index around 

the WGM resonator as they pass by, leading to shifts in the WGM resonance. (Reprinted 

with permission from ref. 88. Copyright 2016 American Chemical Society.)
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