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   Introduction 
 PAGE is a common method for analyzing or 
isolating biomolecules. Despite advances 
in capillary electrophoresis, micro- and 
nano-fl uidics and in liquid-phase microex-
tractions  [1–3] , the minigel apparatus is still 
the choice of many investigators. Although 
PAGE equipment has been improved 
over the years, the methodology remains 
similar, as are the gel matrices, loading 
and running buffers. Nucleic acids have 
been labelled in different ways and are 
now typically detected with fl uorescent 
dyes  [4–6] . 

 In PAGE, for a given magnitude of 
external electric fi eld, the migration velocity 
of molecules is dependent on their mass, 
charge and conformation. The pore size of 
the gel matrix determines the separation 
based on size and shape. Labeling prior 
to electrophoresis or post-staining of 
the gels are used to detect molecules. 
Molecular markers are run in parallel to 

the sample for assessment of molecular 
mass. Electrophoresis can be used to 
separate molecules by properties other 
than their mass; for example, by treatment 
of the gel matrix before or during electro-
phoresis. For example, a pH gradient can 
be formed across the gel matrix prior to 
electrophoresis and molecules migrate in 
the gel matrix until their overall charge is 
zero (isoelectric point)  [7] . 

 To separate molecules within a sample 
based on different properties, 2D electro-
phoresis can be used. The sample is 
subjected to electrophoresis in one 
direction and the second dimension is 
perpendicular to the fi rst. The gel matrix 
can have different properties in the fi rst 
and the second direction or the gel matrix 
is treated between dimensions. Examples 
include treatment where molecules are 
chemically modifi ed or denatured with 
heat. An example of the latter is 2D 
strandness-dependent electropho-
resis (2D-SDE), a method to analyze 

the composition of complex mixtures 
of ssDNA and dsDNA  [8,  9] . In the fi rst 
dimension, molecules are separated 
based on their conformation, strandness 
(i.e.,  ssDNA and dsDNA), and base 
pair or nucleotide length. After the fi rst 
dimension, the molecules are denatured 
and separated only by nucleotide length 
in the second dimension. 

 Another electrophoresis method that is 
based on modifying molecular properties 
is the combined single-stranded confor-
mational polymorphism/heteroduplex 
analysis (SSCP/HA), which is based 
on effective separation of the double-
stranded homo- or hetero-duplexes from 
single-stranded molecules  [10] . Denaturing 
gradient gel electrophoresis (DGGE) and 
temperature-gradient gel electrophoresis 
(TGGE) are also examples of methods 
that both rely on the transition of dsDNA 
fragments into ssDNA fragments during 
the electrophoresis  [11,  12] . The transition 
is facilitated by the denaturing gradient 
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created with either a chemical compo-
sition gradient or a temperature increase. 
Such methods have been used to analyze 
the melting profile of DNA fragments both 
in 1D and 2D setups.

One way of carrying out 2D gel electro-
phoresis is to run the electrophoresis in the 
first dimension and then physically rotate 
the gel 90°, enabling electrophoresis to be 
carried out in the second dimension. This 
can be done manually or using a robotic 
system. An alternative setup would be 
an apparatus with two sets of opposed 
electrodes where the gel would not have 
to be rotated. In this configuration the pair of 
electrodes not in use could potentially distort 
the electrical field generated by the other 
pair of electrodes through shortcut. This 
would affect the distribution of molecules 
after electrophoresis and reduce the area 
of the gel where 2D gel electrophoresis can 
be carried out.

The electrophoresis system introduced 
here is a novel 2D electrophoresis system 
for PAGE in which a uniform electric field 
can be produced across the electropho-
resis gel in both dimensions to provide an 
even distribution of separated molecules 
and to maximize the useful area of the 
electrophoresis gel. The system is based 
on a microgel format in a closed single-use 
gel cassette with internal electrodes on all 
four sides eliminating the need to rotate 
the gel between dimensions. The user can 
load samples directly to the wells without 
loading buffers and control the temper-

ature of the gel during the electrophoresis 
to allow different kinds of separation in the 
two dimensions. Compared to conven-
tional PAGE, this format allows users to 
perform very quick and robust gel electro-
phoresis with minimal skills and hands-on 
time. Longer runs up to at least 20 min 
are possible in both directions, allowing 
better separation of larger molecules. Like 
PAGE in general, gel fragments containing 
molecules of interest can be cut out of the 
gel after electrophoresis and nucleic acids 
isolated for various downstream applica-
tions. The resolution is similar to PAGE 
minigels and, compared with agarose, 
better for smaller fragments and worse for 
larger kilobase-sized fragments. Because 
of the small electrophoresis area used 
for each sample, the minimal amount of 
nucleic acids that can be analyzed is in 
the subnanogram range. This platform 
could be useful for characterization of the 
efficiency of molecular procedures with 
complex samples such as optimizations of 
library preparations for NGS and genomic 
amplifications. This platform can also be 
used to characterize quality of and damage 
to DNA samples in biological specimens 
such as FFPE samples, ChIP-Seq samples 
and liquid biopsies.

Material & methods
Electric field calculation
The electric field distribution for different 
electrode configurations was simulated 

using the finite-element software COMSOL 
(COMSOL, Inc., MA, USA).

Gel cassette
The cassette was made using acrylic 
plates (Goodfellow Cambridge Limited, 
Huntingdon, UK), where the bottom plate 
was 0.5-mm thick, the middle plate spacer 
was 2.5-mm thick and the top plate was 
1.0-mm thick. Electrodes were printed on 
the bottom plate using liquid carbon paste 
(Electra Polymers Ltd, Kent, UK).

Instrument electrode connection unit
The instrument electrode connection unit 
was made with spring-loaded pogo pins 
connected via a circuit board to a relay 
that opens/closes the circuit depending 
on the direction of the electrophoresis 
(Wideblue Ltd, Glasgow, UK). A regular 
power supply (capable of constant current 
and constant power) was connected to 
the circuit board to perform the electro-
phoresis.

Thermal control
The gel/cassette temperature was controlled 
using Peltier element (CP-036), temperature 
control unit (TC-36–25-RS485) and power 
supply (PS-12–8.4A) from TE Technology, 
Inc. (MI, USA).

Gel electrophoresis
The gel solution typically consisted of 
4–6% acrylamide mixed with 1.25 × TBE 
buffer. If necessary, urea was mixed in 
the gel to a final concentration of 7%. 
The electrophoresis was performed using 
the following conditions: first dimension: 
gel cassette was cooled down to 4°C. 
Nucleic acid sample (1–6 μl) was loaded 
in each well along with a 100 bp size 
marker (Fermentas/Thermo-Fisher, MA, 
USA). The gel was run at 200V, constant 
36 mA for 5–13 min depending on the 
application. Before the second dimension 
the gel was heated to 85°C for 2 min, then 
the temperature was set to 55°C for 3 min 
before second dimension electrophoresis 
at 55°C and run at 60V, constant 36 mA 
for 4–7 min.

Gel staining & analysis
The gel cassette was opened, and the gel 
immersed in fluorescent staining solution 
containing 5  μl 10.000× Ribogreen 
(Thermo-Fisher) dye and 100 ml H2O for 
10 min. If the amount of nucleic acid is very 
low, the amount of Ribogreen dye can be 
increased. Thereafter the gel was washed 

Figure 1. Graphical illustrations of electric fields and current density calculations on the horizontal 
credit card-sized microgel cassette. First dimension electrophoresis is carried out from top to bot-
tom and the second dimension electrophoresis from left to right. (A) Schematic drawing of electrode 
configuration shown as 3 top to bottom and 6 left to right and electrodes in the figure [13]. The sample 
(black dot) is loaded into the rectangular loading well. (B) Simulated electrophoresis in the first dimen-
sion (down in the figure). The arrows indicate the flow of the current. (C) Simulated electrophoresis 
in the second dimension (to the right in the figure). A strong electric field was predicted between the 
closely spaced electrode wires in the passive direction. In the final version of the electrode connections, 
the electrode arrangement was the same, but the connection wires for each electrode were separated.
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with H2O, and imaged in a fluorescent 
scanner (Typhoon 8610, GE Healthcare, 
WI, USA). The gel image was analyzed, and 
DNA fraction quantified using ImageQuant™ 
software.

Results & discussion
We designed a microgel platform for 
PAGE that can be used to perform 1D 
or 2D electrophoresis of nucleic acids in 
a closed gel cassette. We simulated the 
electrophoresis and calculated the electric 
field distribution using COMSOL, a finite-
element software. After conducting a series 
of simulations, using different sizes of gel 
cassettes and different electrode config-
urations we fabricated gel cassettes with 
an optimized design, where electrodes of 
a certain size are evenly separated around 

the edges of the gel (Figure 1). This configu-
ration resulted in the largest area of evenly 
distributed electric field across the gel both 
in the first and second dimension. Specially 
designed electrodes on all four sides allow 
2D electrophoresis without removing and 
turning the gel in between dimensions. 

To perform PAGE in a quick and cost-
effective manner, the shape and material of 
the gel cassette was carefully considered. 
Different constructs and materials were 
tested, including plastics, glass and pure 
acrylic for transparency and heat transfer 
efficiency. For the bottom plate casted 
0.5 mm thick acrylic was used as it is 
thin enough to tolerate and transfer heat 
efficiently and is also transparent enough to 
allow visualization of molecules excited using 
fluorescent molecular dyes. Thicker bottom 
plates resulted in less efficient separation of 

molecules. Additionally, acrylic gel cassettes 
are low cost and have sufficient mechanical 
strength at the thickness allowing rapid 
heat conductance. The gel cassette easily 
tolerates temperature changes from 0°C 
to 85°C without distortion, which is a very 
important factor for 2D applications based 
on variation in temperature; for example, 
TGGE and 2D–SDE. The system is temper-
ature controlled. For 1D electrophoresis, 
cooling of the gel allows the user to perform 
electrophoresis very quickly without heating 
the gel matrix. Elevated temperature is used 
to denature nucleic acid molecules between 
dimensions. The second dimension electro-
phoresis is run under elevated temperature 
conditions where single-stranded nucleic 
acid molecules have no secondary structure 
and migrate only according to nucleotide 
length. This system allows straightforward 
characterization of structure, conformation 
and damage in complex nucleic acid 
preparations.

Using a closed gel system for electro-
phoresis with no additional running buffers 
can lead to depletion of ions because of 
insufficient buffer capacity. Buffer concen-
tration calculations were performed to 
estimate the optimum gel thickness and 
buffer concentration, to avoid reduction of 
buffer capacity affecting migration. These 
calculations indicated that regular PAGE 
gel of normal thickness (1.0 mm) would not 
suffice under these conditions. This led us 
to test between 2 to 4 mm-thick middle 
spacer plates (controlling the thickness of 
the gel) and a buffer of 1.0, 1.25 and 1.5 
× Tris Borate EDTA (TBE). After a series of 
electrophoresis experiments using different 
buffer concentrations and gel thickness we 
found that 1.25 × TBE and a gel thickness 
of 2.5 mm resulted in efficient electropho-
resis with good separation of bands.

Correct material for the electrodes is 
important. We tested platinum and gold 
electrodes, silver paste, silver epoxy, 
aluminum, brass, copper and carbon 
paste. At the cathode, highly reactive H2 is 
released during electrophoresis. Platinum, 
gold and carbon paste were all found to 
be resistant to H2. In the final version, the 
electrodes were made from carbon paste 
since they are inexpensive and easy to 
print onto the acrylic bottom plate.

During electrophoresis, H2 and O2 form 
at the cathode and anode, respectively. 
To avoid build-up of such gases within 
the gel cassette, we designed gas vents 
above the tip of each electrode (Figure 2). 

Figure 2. Apparatus and microgels. (A) Shape of electrodes, boundaries of the gel and location of vents 
to allow easy elimination of gas molecules. Dimensions of the gel card and gel are shown. (B) The three 
layers of the gel cassette. (C) Apparatus lid, with electric hardwire and pogo pins for connection to the 
gel electrodes. (D) Apparatus with power supplier in the background.
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The optimized electrode shape was an 
inverse-arrow shape at the tip to collect 
the gas bubbles for efficient evaporation 
from the gel into the vents and avoiding 
gas build-up within the cassette. 

In the gel cassette design, there is no 
buffer outside the gel, making handling 
and sample loading easy. We tested the 
system by running samples with and 
without glycerol and Ficoll loading buffers. 
The results showed that one could easily 
avoid the use of loading buffers without 
compromising the electrophoresis.

We tested the system using various 
preparations of nucleic acids. As an 
example, we tested 1D electropho-
resis using a 100 bp size standard and 
two different DNA fragments of 234 
and 264 bp. Using 4% acrylamide and 
a running time of 5 min gave excellent 
separation of bands (Figure 3A). To test 
the 2D electrophoresis, we first used 
Cy5-labelled dsDNA size marker. As can 
be seen in Figure 3B, the DNA fragments 
migrate as an arc in the gel as expected 
given the differential rate of migration of 
dsDNA and ssDNA molecules of different 

sizes. There was no indication of distortion 
in the electrical field during the second 
dimension and no indication of damage 
in the molecules of the size marker that 
affected their migration (in contrast to 
Figure 3C). 

The 2D-SDE methodology (described 
above) can be used for analysis of the 
amount of sDNA and dsDNA, RNA–DNA 
hybrids, inter-strand crosslinked DNA 
and many other types of DNA damage. 
We tested if our apparatus could be 
used for 2D-SDE analysis and used 
samples that contained ssDNA, dsDNA 
and inter-strand crosslinked DNA. The 
system efficiently separated the three 
different fractions (Figure 3C). Using 
the ImageQuant™ software we could 
determine the size distribution of each 
fraction (see chromatogram in Figure 3D) 
and measure the relative amount of each 
fraction.

The apparatus can also be used to 
analyze RNA. RNA samples separate 
according to length and as single-stranded 
molecules (Figure 3E). Ribosomal bands 
can be clearly seen in biological RNA 

samples and RNA can be distinguished 
from ssDNA by its RNase sensitivity and 
presence of ribosomal bands (data not 
shown).

Besides simple and quick 1D PAGE, 
2D applications include characterization 
of efficiency of complex molecular proce-
dures, checking quality of biosamples and 
detecting DNA damage in cells and body 
fluids. The system can run 1D electro-
phoresis of nucleic acids in 5 min with 
excellent separation making it an ideal 
system for use in teaching and research 
laboratories. For 2D electrophoresis, such 
as 2D-SDE, the sample can be electro-
phorized, poststained and scanned within 
a time span of 30 min. Using poststaining 
with Ribogreen allowed use of as little as 
250 pg for single bands and 1 ng of a 
complex nucleic acid sample. To date, 
we have successfully run around 3000 
gels on a single instrument. The system 
should also run SDS-PAGE and other 
protein gels.
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