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ABSTRACT 

We introduce a new microfluidic approach for rapid, 

integrated two-dimensional electrophoresis (2DE), which uses a 

fundamentally different design strategy for integrating two the 

distinct assay stages of isoelectric focusing (IEF) and size-based 

electrophoretic separations.  A novel device microchamber 

architecture coupled with spatially heterogeneous polymers 

enables the separated species from the 1st dimension to be 

transferred for sizing separations without discretization into 

individual side channels.  The carrier ampholyte based pH gradient 

is confined to the microchamber by incorporating immobilines into 

the polyacrylamide (PA) gel regions flanking the microchamber.  

The resulting pH is both linear and stable, with cathodic drifts 

<3μm/min.  Sample loading and focusing is rapidly achieved in 

<30min. Species with isoelectric points (pI) of <0.1pH units can be 

resolved and we estimate peak capacities of ~100 in the 1st 

dimension.  Protein transfer (enabled by ionic mobilization) and 

separation are rapid (<10min) and preserve 1st dimension 

separation information with band broadening factors <1.3x and 

position drifts of <50μm. 

 

INTRODUCTION 
In biological processes, proteins are dynamic, ubiquitous 

conduits for transfer of information into action.  Proteomic assays 

are central to the study of protein-mediated signaling.  In 

particular, multidimensional protein separations enable the specific 

identification of protein species even amidst complex sample 

backgrounds.  

Conventional 2DE integrates two serial assays to separate 

proteins by isoelectric point (pI) and size [1].  Separating complex 

protein samples by IEF and protein sizing yields two 

physicochemical properties for each protein and enables the 

identification of species with a higher degree of precision then 

available from a single stage assay.  For example, protein size 

separations are used for the identification of specific proteins; 

combined with charge separations, specific isoforms can also be 

identified [2].  Additionally, 2D separations provide better 

separation resolution and higher peak capacities compared to 1D 

assays, making 2D assays more suitable for the analysis of 

complex biological samples [3]. 

 While powerful, conventional benchtop multidimensional 

separations are low throughput, semi-quantitative, and require 

manual intervention by a trained operator.  Progress in proteomics 

is hindered by limited innovation in analytical technology. 

Consequently, we introduce the development of a new 

microfluidic 2DE technology, as is critical to advancing the much 

needed ‘proteomics revolution’.  Unfortunately, conventional 2DE 

is labor and time intensive, making the assay a bottleneck for 

protein studies.  Prior efforts to develop microfluidic 2DE have 

attempted to overcome these limitations, but suffer from 

information losses during transfer to the second stage.  The as-of-

yet unreported work we detail here introduces a fundamentally 

different design strategy for integrating two distinct assay stages.  

A novel device architecture (microchamber) coupled with spatially 

heterogeneous polymers overcomes key technical gaps that have 

plagued advances in on-chip proteomics.   

 

 
Figure 1: Polymer photopatterning in microchamber enables 2DE. 

Etched glass microdevice device features a 4x4mm microchamber 

spanned by side channels for sample loading and electric field 

control.  A multi-step PA photopolymerization protocol allows 

definition of spatially heterogeneous sieving media within the 

microchamber for IEF and subsequent size separations.   

 

Established microfluidic 2DE employs intersecting 

microchannel networks supporting IEF and sizing.  These 

integration efforts to unify 2DE in a microdevice have been 

severely limited owing to reliance on intersecting microchannel 

networks. In one implementation, species focused in a single 

channel are mobilized to a channel intersection using a low 

dispersion electroosmotic flow.  When a band of interest reaches 

the intersection, the electric field direction is reversed to transfer 

individual bands to the second dimension [4].  In another 

incarnation species are focused in a channel flanked by multiple 

channels. The bands are then transferred to the array of channels 

for the second separation stage [5, 6]. 
In both cases, the continuous first stage assay is discretized in 

sampling to the second stage.  Total peak capacity and 1st 

dimension separation resolution depend on this sampling 

frequency in addition to the 1st dimension separation performance.  

This general strategy for microfluidic 2DE leads to significant 

information losses that are not experienced with conventional 

benchtop approaches [7-9].  Thus, there is a critical need to 

introduce technology that combines the benefits microfluidic 

(speed, automation, low sample needs) and macroscale (lossless 

transfer) approaches.  
Three major advances underpin our unique approach.  Firstly, 

we introduce a new design utilizing microchamber and channel 

networks housing functional hydrogels (Figure 1). In contrast to 

previous studies, we use this approach to integrate multiple 

electrophoresis separations.  Secondly, we utilize a novel 

photopatterning approach that allows spatial definition of 

physicochemical properties of hydrogels within this geometry.  

This marks a significant advance on state-of–the-art, as spatial 

definition of chemical properties has not been previously 

demonstrated.  Thirdly, we demonstrate a novel integration 

approach that harnesses chemical mobilization of the first stage 

into distinct chamber regions, thus ensuring a transfer process with 

minimal losses between the two separation modes. 

 

METHODS AND RESULTS 
Device Fabrication 

Etched glass chips were designed in-house using commercial 

computer-aided design (CAD) software.  Designs were then sent to 
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a commercial vendor (Caliper Life Sciences) for fabrication using 

well established glass wet-etching protocols.  Subsequent 

customizations of the glass devices were all done in-house. PA 

gels within the microchannels of the device were 

photopolymerized using conventional UV photoinitiator (VA-086) 

and PA precursor and cross-linker reagents. Photopatterning was 

achieved using chrome photomasks in conjunction with an 

exposure system consisting of an inverted epifluorescence 

microscope coupled to a mercury lamp.  Photopatterning protocols 

in conjunction with precursor solution wash steps enable the 

localization of the chemical and physical properties of the PA gel 

matrix with a high degree of spatial precision.  

 

pH Gradient Confinement 

A novel PA photopolymerization protocol allows us to 

confine the chemical conditions required for IEF within the 

microchamber (Figure 2).  While achievable in a single channel, 

spatially confined IEF in a 2D geometry is a key component of our 

integration strategy and has never previously been reported.  Chip 

designs that allow precise electric field control in 2D geometries 

have not allowed control over the conditions for the formation of 

the pH gradient in specific regions.  Specifically, to achieve 

voltage shaping and therefore precise electrophoretic transport in a 

2D geometry, side channel arrays flanking the main chamber are 

required [10, 11].  These long control channels complicate the 

control of chemical conditions within the chamber by conventional 

approaches.  This challenge was overcome by our novel fabrication 

approach.  We achieve pH gradient confinement by using 

immobilized buffers to establish the basic and acidic boundary 

conditions flanking the microchamber.  Immobilines are 

acrylamido weak acids and bases that can be incorporated into PA 

gels.  Combinations of immobilines are used to achieve gels 

buffered at basic (pH 9.3) and acid (pH 3.6) conditions.  

 

 
 

Figure 2: pH gradient confinement. Immobilines (acrylamido weak 

acid and bases) are incorporated into the gel flanking the 

microchamber. The presence of the stationary pH boundaries 

constrains the pH gradient created by the (non-immobilized) 

carrier ampholytes within the chamber, demonstrated by the 

inverted micrograph of fluorescent UV pI markers performed in 

the 2D geometry.  This pH gradient is stable with cathodic drifts 

<3μm/min.  

 

Gels containing (non-immobilized) polybuffer broad range 

(pH 4-9) carrier ampholytes are then patterned in the chamber.  

Upon application of an electric field, the carrier ampholytes 

migrate to their pI. Ampholytes buffer at their pI and therefore 

using mixtures of several ampholytes with a large pI range, the pH 

gradient is established.  Typically, the pH gradient for IEF using 

carrier ampholytes is formed by having a basic buffer (catholyte) 

and an acidic buffer (anolyte) at the terminals.  In our approach, 

the stationary pH boundary conditions flanking the chamber 

constrain the pH gradient created by the carrier ampholytes within 

the chamber.  pH gradients formed using our unique approach are 

stable with minimal cathodic drifts of <3μm/min.  Importantly, this 

approach enables highly flexible design, as the pH gradient range 

can be easily tuned for the desired application. 

 

Spatially Constrained IEF in 2D Geometry 

In order to integrate the chamber-based IEF with subsequent 

separations, a 1D “lane” for IEF in the chamber must be defined 

under the constrained pH gradient approach.  Proper loading and 

precise voltage protocols are necessary to achieve focusing on a 

1D lane in the chamber.  

 

 
 

Figure 3: Confined high resolution and rapid IEF in 

microchamber. (A) Inverted fluorescence micrograph of wtGFP 

focusing in a confined ‘1D lane’ in the microchamber geometry. 

Sample loading is performed through a single side channel and 

electric field control minimizes dispersion.  Stable, focused 3 

isoform pattern of wtGFP (pIs 5.19, 5.00, 4.88) is visible <7min 

after loading into chamber.  The pH gradient from 4-9 is linear 

and constrained within the microchamber.  (B)  For comparison, 

wtGFP focusing in a single 10.4mm channel.  

 

Confinement is achieved by loading the protein sample 

through a single channel and precise control of the electric field 

182



within the microchamber to prevent dispersion [12, 13]. In the 

current design, samples are electrophoretically injected from a 

single channel in the cathode side.  After the desired amount of 

material has been loaded, the loading well is washed with catholyte 

buffer.  An additional benefit of our pH gradient confinement 

approach using immobilines is that ampholytes in entire chamber 

are uniformly focused. Without these uniform conditions, IEF on a 

1D lane is not possible, as conductivity variations in focused and 

unfocused regions leads to substantial dispersion due to non-

uniform electric fields.  

Sample loading and focusing is rapid, taking less than 30min 

to complete.  Focusing occurs in a <0.5mm lane, thus enabling 

seamless integration with other regions of the microchamber.  IEF 

performed in this configuration enables the separation of GFP 

isoforms resulting in resolution <0.1pH units and peak capacities 

of ~100 in the first dimension (Figure 3).  Further design 

improvements would include distinct wells for sample loading and 

catholyte reservoirs, thereby ensuring completely hands-free 

protocols.  Resolving power on IEF systems depends on the 

steepness of the pH gradient and the separation axis length.  The 

separation performance of this system can therefore be further 

enhanced by constraining narrower pH ranges and increasing the 

size of the microchamber. 

 

Transfer and Separation 

Low dispersion integration of the separate assay stages has 

been a hurdle to realizing high total assay performance.  A major 

challenge is inherent to IEF, as proteins focused at their pI have no 

net charge and thus will not be mobilized unless the local pH is 

disrupted [14].  

We initiate mobilization from the IEF stage to protein sizing 

by disrupting the pH gradient using electrophoretic introduction of 

a salt in the perpendicular direction to focusing (Figure 4).  The 

introduction of an ionic species will cause the local hydronium ion 

and hydroxide ion levels to change in order to maintain the 

electroneutrality condition.  Consequently, the local pH is altered 

allowing proteins to be mobilized given that they are no longer at 

their pI.  

The mobilized proteins separate based on their relative 

mobilities.  Protein transfer and separation is rapid, taking <10min 

to complete and preserves 1st dimension separation information 

with band broadening of only <1.3x (competing microfluidic 

approaches result in effective band broadening of ~10x due to 

undersampling).  The bands drift <50μm towards the acidic end 

during transfer, but retain their relative positions. Total assay time 

is <1hr.   

The two key characteristics the ideal transfer mechanism 

would provide would be speed and transfer uniformity. A fast 

transfer will improve total assay performance as diffusion resulting 

from the stopping of the focusing electric field will be kept to a 

minimum. A uniform transfer will retain 1st dimension separation 

information intact as well as enable size and electrophoretic 

mobility information to be extracted from the 2nd separation.  We 

are currently testing the uniformity of the transfer for broad pH 

ranges. 

Another approach for mobilizing focused species is the 

introduction of an ionic detergent such as Sodium dodecyl sulfate 

(SDS) to impart a net charge on the proteins.  We are currently 

testing how transfer performance will be affected with the 

introduction of ionic detergents compared to the demonstrated 

detergent-free transfer.  

 

 
 

Figure 4: Microchamber integration enables lossless transfer for 

subsequent size separation.  (A) Inverted fluorescence micrographs 

of CE540 labeled transferrin and ovalbumin focusing in confined 

‘1D lane’ in microchamber and subsequent transfer. Upon 

switching electric field direction and electrophoretic loading of a 

salt, the pH gradient is disrupted and the proteins migrate through 

the sieving matrix with mobilities proportional to their molecular 

weights.  Offset intensity profile plots of transferrin and ovalbumin 

as they migrate through the chamber.  Band broadening factors of 

<1.3x and position drifts <50μm are observed. (B)  For 

comparison, transferrin and ovalbumin focusing in single 

channels. 

 

CONCLUSIONS 
Our approach combines the benefits of microfluidic (speed, 

automation, small volumes) and macroscale (lossless transfer) 

platforms. We are working towards developing capabilities for 

extracting both pI and molecular weight information from 

unlabeled biological samples. In addition, we hope to continue to 

improve total assay performance by further optimizing chip 

designs and experimental protocols.  We see these advances as 

forming a new design paradigm for automated multi-stage assays 

with relevance spanning from fundamental biological inquiry to 

study of protein diagnostic biomarkers. 
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