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Immunoblotting has revolutionized the life sciences and impor-
tant aspects of diagnostic medicine.1 Protein immunoblotting is
central to studies ranging from cellular signaling to confirmatory
serum diagnosis of HIV.2 In 1979 Towbin and colleagues intro-
duced the multistage immunoblotting assay (i.e., Western blotting)
to overcome the challenge of spurious binding of fluorescently
labeled antibody probes to nontarget proteinaceous sample com-
ponents, as can occur in immunohistochemistry and flow cytom-
etry.3 To achieve high-specificity protein identification in a single
assay, protein immunoblotting reports analyte identity by sequen-
tially assaying two characteristics: (i) protein electrophoretic
mobility (µ, e.g., charge to mass ratio, size or molecular weight)
and (ii) binding between resolved protein target and antibody probe.
The unrivaled specificity of immunoblotting arises from this
capability to directly map analyte mobility to the presence or
absence of an antibody-binding interaction.

While powerful and ubiquitous, conventional slab-gel immuno-
blotting has numerous drawbacks, yet the approach has changed
little since introduction. The technique suffers from a manual, low-
throughput naturesoften requiring days to complete and neces-
sitating interventions by a skilled operator. Slab-gel electrophoresis,
the first step, requires hours. The second step, protein transfer to
the membrane, is also time consuming and suffers from variable
blotting efficiency and reproducibility.4 Large molecular weight
species are notoriously difficult to transfer.5 The last step, blotting
with antibodies, requires an incubation step and consumes sub-
stantial antibody mass (∼10 µg), which is especially detrimental
as antibodies are typically costly and vary in affinity from lot-to-
lot.6

To overcome the noted limitations, we have designed, fabricated,
and validated an automated immunoblotting assay that relies on
high-resolution polyacrylamide (PA) gel photopatterning in a two-
dimensional (2D) microfluidic architecture to yield polyacrylamide
gel electrophoresis (PAGE), transfer, and antibody-functionalized
blotting regions (Figure 1, and Figures S1, S2 and Table S1 in
Supporting Information (SI)). To our knowledge, limited effort has
been made to streamline the multiple steps needed to obtain mobility
and binding-based identity information in one continuous assay.7

Though similar 2D channel networks have yielded notable perfor-
mance for free-flow electrophoresis and nanostructured sieving
assays,8-10 we use a chamber patterned with various PA gels to
mimic both a miniature slab gel and a protein-binding membrane.
Importantly, our chip design enables blotting of all protein bands
from PAGE against the blotting region in a single electrophoretic
transfer step that is fully programmable.

The reported performance is an important improvement over our
previous work,11 as the gel chamber allows direct mapping of
protein mobility to antibody binding using full-field imaging.
Through simulation and empirical adjustment of the applied
potentials and optimization of the gel architecture, we achieve high
performance in all three transport processes core to immunoblotting:

separation, sample transfer, and antibody-based blotting (Figure S3
in SI). To optimize the first step (PAGE), we use a discontinuous
gel (large-to-small pore size) near the sample injector to minimize
injection dispersion for improved separation resolution (SR). Using
the gel discontinuity, PAGE achieves an SR ) 1.5 for the two
highest mobility peaks in Figure 1D, whereas without the discon-
tinuity, SR ) 0.4 for the same two species.

We implemented a complete native immunoblot of free prostate
specific antigen (fPSA) extracted from human seminal fluid (Figure
2). Free PSA is a tumor marker currently used for serum diagnosis
of prostate cancer. Much recent interest centers on improving
prognostic performance through analysis of other forms of PSA
and alternate diagnostic fluids (nonserum).12 Using our microfluidic
immunoblot, native PAGE analysis completed within 36 s with an
average SR ) 1.59 (pairwise for labeled proteins in Figure 2,
detailed in Table S2 in SI). After PAGE, the on-chip transfer step
required 30-60 s, compared with 2 h in slab-gel systems (Table
1). A major consideration in the transfer step is conservation of SR
and mobility information. During the transfer, electric field shaping
and use of PA gels yielded a transfer efficiency of ∼90% (Figure
S4B in SI) and an SR loss of 6% (Table S2 in SI). Large and small
molecular weight species were efficiently transferred, with no
sample retained along the separation or transfer axes.

In the blotting stage, species exhibiting affinity for the blotting
membrane were retained in the blotting region, while species with
low-to-no affinity freely migrated past the blotting region, as shown
for the three non-fPSA proteins in the sample (Figure 2). Several
non-fPSA peaks were also detected by slab-gel electrophoresis
under native and 12% SDS conditions with postseparation staining
(Figure S4A in SI). The target fPSA protein was identified by on-

Figure 1. Polyacrylamide gel photopatterning in a 2D microfluidic
geometry enables fully integrated protein immunoblotting. Bright-field
images of: (A) glass device housing patterned PA gels and (B) magnified
chamber with photopatterned gels for sample loading (blue), PAGE
separation (red) and transfer to antibody functionalized blotting region
(green). (C) The automated multistage assay protocol is overlaid on
micrographs of the microdevice. (D) Large-to-small pore size discontinuity
at PAGE start yields size-based PSA sample stacking (inverted grayscale).
µ is mobility; “i” indicates direction of electrical current flow.
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chip immunoblotting with immobilized anti-fPSA antibody (∼1 µg)
in 65 s. A signal-to-noise ratio of 40 was detected for fPSA (500
nM) in the blotting region. Further detection sensitivity optimization
is underway. The on-chip fPSA immunoblotting result was con-
firmed with conventional native slab mini-gel blotting, which
required 2 days to complete (Figure S4A in SI, Table 1).

To further assess the versatility of the PAGE-transfer sequence,
we considered two additional PAGE systems: sodium dodecyl
sulfate (SDS) and cetyl trimethylammonium bromide (CTAB)
(Figure S5, SI). As expected for sizing assays, the log molecular
weight was linearly related to protein mobility with RSDS

2 ) 0.96
and RCTAB

2 ) 0.90, comparable to slab-gel SDS-PAGE (R2 ) 0.98).
A ∼2.5% migration reproducibility was obtained for on-chip sizing
PAGE (n ) 4) (Figure S5B, SI). Transfer of the resolved proteins
from the PAGE separation to the blotting region resulted in <10%
loss in SR and <4% band shifting, indicating satisfactory conserva-
tion of mobility information during the transfer step (Table S3, SI).
As compared to slab mini-gel PAGE, on-chip PAGE was completed
in 4% of the separation length and in 0.5% of the time, with
improved transfer efficiency.

We have introduced a facile, rapid immunoblotting assay that
utilizes a single microfluidic chamber photopatterned with hetero-
geneous gel elements to unify PAGE protein separation, electro-
phoretic transfer, and antibody-based in-gel blotting. Mapping of
the separation axis to the blotting region yields both electrophoretic
mobility and binding information. As demonstrated, the native
immunoblot for fPSA required fewer than 5 min to complete.
Inclusion of a gel pore size discontinuity at PAGE start minimized
injection dispersion in the chamber.

The directed transfer of proteins from the separation to the
blotting region was also low-dispersion and benefited from both

microfluidic scaling (i.e., short transfer distance) and integration.
This programmable assay affords ‘walk-away’ operation. Further,
antibody-patterning of the blotting region by the end-user consumes
limited blotting antibodies and allows assay customization even
after device fabrication and storage, as demonstrated in our previous
work11 and relevant to the 2D geometry presented here. The
heterogeneous gel approach introduced is a powerful new tool
applicable to a broad range of multistage assays, including DNA/
RNA blotting and multidimensional separation strategies. We are
further developing the approach for analysis of complex protein
samples relevant to both basic science and clinical questions.
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Figure 2. On-chip immunoblotting of native fPSA extracted from human seminal fluid is rapid and automated. Fluorescence CCD images show the PA gel
patterned chamber during: separation, transfer, and blot. A conventional native slab mini-gel blot allows comparison (inverted grayscale, * marks fPSA,
numerals 1-3 mark non-fPSA sample peaks).

Table 1. On-Chip vs Slab Mini-Gel Immunoblotting of PSA Sample

on-chip conventional WB6

Transfer reproducibility 3% 15%13

SR loss 6% 15%14

efficiency 90% 67.8%4

Duration separation 30-60 s 2 h
transfer 30 s 2 h
blotting 30 s 6-8 h
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