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Abstract
The outbreak of new viral strains promotes advances in universal diagnostic techniques for detecting infectious diseases 
with unknown viral sequence. Long double-stranded RNA (dsRNA), a hallmark of infections, serves as a virus marker for 
prompt detection of viruses with unknown genomes. Here, we report on-chip paper electrophoresis for ultrafast screening 
of infectious diseases. Negatively charged RNAs pass through the micro and nanoscale pores of cellulose in order of size 
under an external electric field applied to the paper microfluidic channel. Quantitative separation of long dsRNA mimick-
ing poly I:C was analyzed from 1.67 to 33 ng·μL−1, which is close to the viral dsRNA concentration in infected cells. This 
paper-based capillary electrophoresis chip (paper CE chip) can provide a new diagnostic platform for ultrafast viral disease 
detection at the point-of-care (POC) level.
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1  Introduction

Infectious disease diagnostics aims at rapid diagnosis 
and isolation of patients to prevent further propagation of 
virus and introduction of new, and mutant strains. Reverse 
transcription-polymerase chain reaction (RT-PCR) [1] and 
microarray hybridization [2] have become standard methods 
for virus detection due to their high sensitivity to a spe-
cific sequence in viral genome. However, a target nucleic 
sequence is required for complementary primer or probe 
design, thus limiting the immediate detection of novel and 
mutant viruses whose genomic sequence remain unknown 
[3].

Long viral double-stranded RNA (dsRNA) has been 
recently reported as a universal biomarker for virus [4, 5]. 
Viral dsRNA features a long length of about kilo base pairs 
(kb) and a double helix structure unlike human RNA includ-
ing long single-stranded RNA (ssRNA) and short dsRNA 
[5]. Long dsRNA is produced abundantly as an interme-
diate of viral replication in human cells [6, 7] infected by 
various viruses, including positive-stranded RNA viruses, 
DNA viruses, dsRNA viruses [8], single-stranded DNA 
(ssDNA) viruses and a few negative-stranded RNA viruses 
[9]. Such intrinsic features of long dsRNA rationalize the use 
of long dsRNA as the universal virus marker and encourage 
the development of detection methods [10, 11]. The detec-
tion of long dsRNA often utilizes the immunofluorescence 
based on antibody that specifically recognizes dsRNAs more 
than 40 bp in length [5, 8, 12]. However, antibody based 
identification still limits timely virus detection due to the 
time-consuming process, including antibody incubation 
and target recognition [13, 14]. In addition, false positive 
results occur when the antibody recognizes human innate 
dsRNAs longer than 40 bp [15]. Separation of viral long 
dsRNA from human innate dsRNA should be performed 
primarily for absolute quantification of viral long dsRNA. 
As a result, the integration of separation prior to detection of 
viral dsRNA is very crucial for rapid, and precise diagnosis 
of the infectious disease.
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Separation of nucleic acids can provide information about 
the presence of genomic biomarker for disease diagnosis 
[16, 17]. For instance, the size distribution of cell-free DNA 
(cfDNA) was employed to predict ICU mortality of patients 
[18] and long dsRNA from plant leaves was electropho-
retically separated to confirm viral infection in plants [19]. 
Recently, the increasing demand for point-of-care (POC) 
diagnostics led to the development of on-chip separation due 
to significant advantages such as time saving procedure, less 
sample consumption, and high portability [20–23]. In par-
ticular, microchip electrophoresis (ME) allows high speed 
separation by scaling down conventional bulk electropho-
resis to on-chip electrophoresis [24]. However, additional 
processes such as nanofabrication or gel casting are required 
to form a sieving matrix in typical glass or PDMS based 
chips [25, 26]. Several advent of microfluidic paper-based 
analytical devices (μPADs) overcome complexity in fabrica-
tion [27–30]. The micro-/nanoscale cellulose pores inher-
ent in paper allow high resolution separation of molecules 
without additional processes for the sieving matrix [31, 32]. 
Electrophoretic separation of fluorescent molecules or small 
proteins has been studied using paper microfluidics [33, 34]. 
However, separation of nucleic acid using the μPADs still 
remains an unsolved area due to the conformational com-
plexity of nucleic acid.

Here, we report a paper-based capillary electrophoresis 
chip (paper CE chip) for ultrafast screening of infectious 
diseases by quantitative separation of viral dsRNA (Fig. 1a). 
Long and short dsRNAs are separated according to their 
size by an external high electric field confined within the 
wax-patterned paper microfluidic channel and the cellulose 

micro-/nanofiber matrixes. Force balance between electro-
phoresis and electroosmosis influences the electrophoretic 
movement of negatively charged RNAs (Fig. 1b). Long 
dsRNA (~ kb) is separated from RNA mixtures and quanti-
tatively analyzed by the relationship between long dsRNA 
concentration and fluorescence intensity. This work reports 
the first approach for electrophoretic separation of RNA on 
a paper microfluidic device.

2 � Results and Discussion

The whole operation from electrophoretic separation to RNA 
detection was performed with fully packaged paper-based 
CE device including the paper CE chip and a polylactic acid 
(PLA) housing (Fig. 2a). The paper CE chip is mounted 
on the rectangular groove of bottom plate and fixed by the 
anchor plate of PLA housing. The top cover of housing 
serves as a lid for reducing the sample evaporation from 
the paper microfluidic channel and provides injection ports 
for running buffer and Au electrodes. Two Au electrodes as 
anode and cathode are connected onto the injection ports of 
PLA housing to contact with the midpoints of buffer res-
ervoirs on the paper CE chip. An external electric field is 
applied to the paper CE chip through the electrodes. The 
paper CE chip consists of two buffer reservoirs, a sample 
inlet, and a separation channel (Fig. 2b). The paper micro-
fluidic channel was printed in wax on the cellulose paper. 
The wax printed paper was heated on a hotplate at 150 °C 
for 3 min so that the top wax layer penetrates the cellulose 
pores to form hydrophobic fluid barrier. The wax invades the 

Fig. 1   Paper microfluidic chip for electrophoretic separation of viral 
long double-stranded RNAs (dsRNAs). a Schematic illustration of 
paper CE chip. The red band on the separation channel indicates the 
electrophoretic band of viral dsRNA, and the green and blue bands 
indicate the electrophoretic bands of various human RNAs. The small 

rectangles below the main channel serves as a ruler to locate electro-
phoretic bands roughly. b Force balance of electrophoresis (EP) and 
electroosmosis (EO). Electroosmotic flow (EOF) from anode to cath-
ode interferes with the electrophoretic movement of RNA
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hydrophilic channel pattern during the melting process and 
results in reducing the channel width by about 1 mm. There-
fore, the initial channel width was determined to be 2 mm 
wide to prevent the blockage of flow path by hydrophobic 
wax. The final width was reduced to 1 mm as a result of wax 
invasion after heating. The channel length was determined 
on the basis of electrophoretic movement of fluorescein 
isothiocyanate (FITC), which is utilized as a reference for 
negatively charged small molecules with high electropho-
retic mobility [33, 35]. The electrophoretic movement of 
FITC was measured by using electrophoretic separation of 
FITC and toluidine blue (TB) (Fig. S1). Positively charged 
TB and negatively charged FITC moved toward the cathode 
and the anode, respectively, depending on their charges after 
5 min of paper CE at 210 V·cm−1. FITC is detected at the 
distance of 20 mm from the sample inlet, and the migration 
distance of FITC was set as the lower limit of the chan-
nel length. The channel lengths longer than 20 mm require 
higher voltages to generate the same electric field within 
20 mm long channel. Therefore, the initial channel length 
was set to 20 mm, which is the shortest length capable of 
electrophoresis of FITC.

On-chip paper electrophoresis consists of the procedures 
of buffer injection, electric field generation, and sample 
injection. Short RNAs move relatively faster than long 
RNAs due to the inverse relationship between the electro-
phoretic mobility and the molecular size [36]. Force bal-
ance between electrophoresis and electroosmosis governs 
the movement of RNA bands within the separation channel 

[37]. Electroosmosis is the bulk solution movement that 
occurs in the opposite direction to electrophoresis when a 
strong electric field (> 100 V·cm−1) interacts with the sur-
plus of cations near the negatively charged cellulose surface 
[38]. The electric field dependence of electroosmosis was 
monitored with a neutral molecule of rhodamine B (RhB) 
(Fig. 2c). RhB diffuses to the middle of the separation chan-
nel under a low electric field of 160 V·cm−1, but as the elec-
tric field increases, the diffusion of RhB is suppressed by the 
strong electroosmotic flow (EOF) from anode to cathode. 
The fluorescence intensity profile according to the migration 
distance confirms the RhB peak shifts toward the cathode 
with increasing electric field. The EOF-driven RhB move-
ment occurs significantly under 360 V·cm−1, resulting in the 
peak shift and narrow fluorescent band of RhB.

The peak width serves an important role in evaluating 
the separation resolution during the electrophoresis. Electro-
phoretic movement of RNA depending on the electric field 
and the channel width were analyzed to optimize separation 
parameters for narrow peaks. Cy3-tagged 19mer ssRNA was 
targeted as a representative of typical RNA in human cells. 
Fluorescence emitted from Cy3 was quantified by convert-
ing the fluorescence images into the sum of the grayscale 
values of each pixel. The electrophoretic separation of Cy3-
tagged 19mer ssRNA was performed under a wide range 
of electric field from 160 to 360 V·cm−1 for 5 min using a 
1.0 mm wide channel. A RNA band is not observed under 
160 V·cm−1 because the low electric field generates a wide 
and ambiguous band across the whole channel due to the 

Fig. 2   a Fully packaged paper CE chip. An external electric field 
is applied through Au electrodes in the inlets at both ends. b Opti-
cal images of wax printed paper CE chip and polylactic acid (PLA) 
housing. Fluorescence signal of RNA is detected through the detec-

tion window at the bottom. (Scale bar: 5 mm) c Electroosmotic flow 
depending on applied electric field. Fluorescence images of rhoda-
mine B (top) and fluorescence intensity profiles under each electric 
field (bottom) demonstrate that EOF increases with external E-field
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weak electrophoretic mobility and EOF. However, a clear 
RNA band is formed at a specific location within the sepa-
ration channel under 260 V·cm−1. The RNA band mainly 
results from the optimal force balance between electropho-
retic RNA movement and EOF. Above 260 V·cm−1, a wide 
band is formed at the front of the channel due to the strong 
EOF generation, which suppresses the electrophoretic move-
ment of RNA. The full width at half maximum (FWHM) of 
the fitted curves in fluorescence intensity profile evaluates 
electrophoretic resolution at each electric field (Fig. 3a). The 
smallest FWHM at 260 V·cm−1 certifies the clearest band 
formation. Such a similar tendency is shown in the channel 
width-dependent electrophoretic movement of RNA. The 
0.5 mm wide channel is so narrow that a large amount of 
RNA cannot pass through the channel and form a single 

specific band in the middle of the channel. RNAs migrate 
in one narrow band in the wider channels of the 1.0 and 
1.5 mm with the smallest FWHM of 1.7 mm (Fig. 3b). Fur-
ther increase in channel width results in peak broadening due 
to the diffusion of short ssRNA.

The separation efficiency was evaluated by a separation 
resolution (SR) metric, the distance between two peaks 
divided by the average peak width. The electric field and 
the channel width-dependent separation efficiency was ana-
lyzed with two different molecules, fluorescein-tagged poly 
I:C (1.5–8 kb) and Cy3-tagged 19 bp dsRNA. Long poly 
I:C hardly moves from the sample inlet, while 19 bp dsRNA 
moves toward anode along the channel. The SR increases 
with the electric field up to 235 V·cm−1 and decreases 
thereafter due to the significant band broadening of poly 

Fig. 3   Characterization of separation parameters. a Electric field 
dependent electrophoretic movement of Cy3-tagged 19mer ssRNA 
(left) and the FWHM of fit curve depending on electric field (right). 
The smallest FWHM at 260  V  cm−1 is marked with a red star. b 
The FWHM of fit curve depending on channel width. The small-

est FWHM at 1.5  mm is marked with a red star. c Band broadness 
of poly I:C (1.5-8 kb), i.e., mimicking viral long dsRNA, indicating 
the standard deviation (σ) of poly I:C. Separation resolution (SR) 
depending on d E-field and e channel width
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I:C (Fig. 3c,d). The channel width-dependent separation has 
a good agreement with previously demonstrated the chan-
nel width-dependent electrophoretic movement. The SR 
increases with the channel width up to 1.5 mm, resulting 
in a clear distinction between poly I:C and 19 bp dsRNA 
(Fig. 3e). The band broadening of 19 bp dsRNA becomes 
significant after 1.5 mm due to diffusion of 19 bp dsRNA 
through cellulose pores.

Microfluidic separation using paper CE chip clearly dem-
onstrates the inverse relationship between molecular size and 
electrophoretic mobility. The electrophoretic separation of a 
high diversity mixture including fluorescein-tagged poly I:C, 
Cy3-tagged 19 bp dsRNA, and FITC was achieved using the 
paper CE chip. FITC was chosen for modeling short nucleic 
acids or negatively charged small proteins in cell lysates. 
Relative sizes of poly I:C, 19 bp dsRNA, and FITC can be 
compared in mass unit (kDa), 2096.67, 13.26, and 0.39 kDa, 
respectively. The molecules were electrophoretically sepa-
rated in order of poly I:C, 19 bp dsRNA, and FITC from 
the inlet by applying 210 V·cm−1 for 6 min on 1.5 mm wide 
cellulose channel (Fig. 4a). The band intensity in gel electro-
phoresis provides quantitative information of analytes [39]. 
Likewise, the quantification of poly I:C was achieved by the 
fluorescence intensity measurement near the sample inlet, 
where poly I:C is located after paper-based electrophoresis 
(Fig. 4b). The fluorescence images of 3600 μm × 3600 μm 
rectangular area, including the sample inlet were acquired 
after paper-based electrophoresis of mixtures containing 
poly I:C concentrations varying from 0.33 to 33 ng·μL−1. 
The fluorescence intensity increases with the poly I:C con-
centration from 1.67 to 33 ng·μL−1. Note that 1.67 ng·μL−1 
is low enough to detect an infectious disease given that long 
dsRNAs of high concentration over 40 ng·μL−1 are produced 
in an infected cell.

3 � Conclusion

To be concluded, we have successfully demonstrated a paper 
CE chip for ultrafast screening of infectious diseases using 
viral long dsRNA as a universal biomarker. The micro-/
nanoscale cellulose pores allow size-based separation of 
RNA under strong electric fields within the wax printed 
microfluidic channel. A single and narrow electrophoretic 
peak of RNA was achieved by adjusting the separation 
parameters such as the electric field and the channel width. 
The parametric separation of RNA mixture further optimizes 
the separation parameters by the SR evaluation. Finally, the 
paper CE chip demonstrates the quantitative separation of 
poly I:C under optimized parameters. The paper CE chip 
can provide a new approach for rapid diagnosis of infectious 
diseases at the point-of-care (POC) level.

4 � Materials and Methods

4.1 � Reagents and Materials

Various synthetic RNAs were used as mimics for viral 
long dsRNA and human dsRNA. Fluorescein tagged 
polyinosinic:polycytidylic acid (poly I:C) (1.5–8 kb) was 
purchased from Invivogen. Cy3-tagged 19mer ssRNA 
[5’–UCG​AAG​UAC​UCA​GCG​UAA​G–3’–(Cy3)] and 
19  bp dsRNA [Forward: 5’–CUU​ACG​CUG​AGU​ACU​
UCG​A–3’–(Cy3), Reverse: 5’–UCG​AAG​UAC​UCA​GCG​
UAA​G–3’–(Cy3)] were purchased from Bioneer. TBE 
10X stock solution of running buffer was purchased from 
Sigma Aldrich.

Fig. 4   Quantitative separation of poly I:C using the paper CE chip. 
a Electrophoretic separation of the mixture under optimized separa-
tion parameters. Relative molecular sizes are expressed in mass unit 
(kDa). b Fluorescence intensity at the sample inlet depending on poly 

I:C concentration in the mixture. Poly I:C was quantified from the 
1.67 to 33.33 ng μL−1, which is close to viral dsRNA concentration 
in an infected cell
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4.2 � Fabrication of Paper CE System

The paper CE chip consists of the two buffer reservoirs, a 
sample inlet, and a separation channel. The design of micro-
fluidic channel was printed in wax on Whatman cellulose 
chromatography paper. The top layer of wax was heated for 
3 min at 150 °C and formed a hydrophobic fluid barrier. 
A piece of water-impermeable adhesive tape was attached 
to the back of the paper CE chip to prevent fluid leakage 
through the cellulose pores. Fluid evaporation was mini-
mized by attaching the optical adhesive tape on the sepa-
ration channel. The paper CE chip housing was designed 
via SolidWorks 2017 and 3D printed with polylactic acid 
(PLA) filament. Each component was printed separately and 
assembled into a paper CE device. The physical dimension 
of fully packaged paper CE device is 8 cm × 4 cm × 8 mm.

4.3 � Operation of Electrokinetic Motion in Paper CE 
Chip

20 μL of TBE 5X running buffer (total 40 μL) was injected 
into each reservoir to fully wet the paper microfluidic chan-
nel. Electric field was applied for 5 min through 0.5 mm 
diameter Au wire by the high voltage AC-DC power sup-
ply (FJ1P120, Hanpower Co. Ltd.). The default values of 
electric field and channel width are 210 V·cm−1 and 1 mm, 
respectively. 1 μL of 47.9 ng·μL−1 rhodamine B (RhB) was 
introduced into the sample inlet for electroosmotic flow 
(EOF) analysis. 2 μL of 19mer ssRNA sample was used as 
the sample for electric field and channel width-dependent 
movement of RNA. Parameter-dependent separation was 
evaluated by calculating separation resolution between 
fluorescein tagged poly I:C and Cy3-tagged 19 bp dsRNA. 
80 ng·μL−1 of poly I:C and 2.47 ng·μL−1 of 19 bp dsRNA 
were mixed in equivalent proportion and 1 μL of the mix-
ture was injected into the sample inlet. Quantitative separa-
tion of poly I:C was performed using mixtures consisting of 
0.017 ng·μL−1 of 19 bp dsRNA, 3.23 ng·μL−1 of FITC, and 
various concentrations of poly I:C from 1.67 to 33 ng·μL−1. 
210 V·cm−1 of electric field was applied for 6 min across 
2 cm × 1.5 mm separation channel.

4.4 � Fluorescence Image Acquirement for RNA 
Detection

The fluorescence from RhB and fluorophores that attached 
to various RNAs were detected to locate the molecules 
after paper CE. An inverted confocal laser scanning micro-
scope (Axiovert 200 M, Carl Zeiss Co. Ltd.) equipped 
with a CCD camera was used for fluorescence detection. 
The Cy3 attached to 19mer ssRNA and 19 bp dsRNA was 
excited by a mercury arc lamp combined with a 546/12 nm 
bandpass filter for transmission of excitation wavelengths. 

Fluorescence images were acquired using a 575–640 nm 
bandpass filter as the emission filter. The optical section 
of 3000 μm × 4000 μm on the CCD camera was captured 
along the channel. For RhB and fluorescein derivatives, 
a 543 nm He–Ne laser and a 488 nm Argon laser were 
used as excitation light sources. Laser scanned images 
were acquired by transmitted emission wavelengths from 
a 560 nm longpass filter for RhB and a 505 nm longpass 
filter for fluorescein derivatives. The optical section of 
900 μm × 900 μm was captured along the channel. Each 
image was converted to grayscale and divided into 10 
along the row for the gradual change between adjacent 
images. The grayscale intensity change of each image was 
expressed as the fluorescence intensity profile according to 
the migration distance. The fluorescence intensity profile 
was fitted on the basis of Gaussian function for electro-
phoretic peak assignments.
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