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Abstract: We report on a paper device capable of carrying out
target-induced rolling circle amplification (RCA) to produce
massive DNA amplicons that can be easily visualized.
Interestingly, we observed that RCA was more proficient on
paper than in solution, which we attribute to a significantly
higher localized concentration of immobilized DNA. Further-
more, we have successfully engineered a fully functional paper
device for sensitive DNA or microRNA detection via printing
of all RCA-enabling molecules within a polymeric sugar film
formed from pullulan, which was integrated with the paper
device. This encapsulation not only stabilizes the entrapped
reagents at room temperature but also enables colorimetric
bioassays with minimal steps.

There is currently a great need for developing rapid and
effective point-of-care (POC) diagnostics that can improve
patient care in resource-limited settings.[1] Paper-based POC
diagnostic devices provide a platform for portable, low-cost,
low-volume, disposable, and simple sensors,[2] which can be
developed using inkjet printing,[3] wax printing[4] or screen
printing technology,[5] making them amenable to automated
fabrication or even on-site production in areas with limited
resources.[6]

One major challenge in paper-based diagnostics is to
integrate molecular amplification technology to allow sensi-
tive target detection. Recently, isothermal nucleic acid
amplification techniques have been widely investigated as
a method to facilitate target or signal amplification in
molecular biology and bioanalysis without the use of thermo-
cycling devices.[7] Thus the combination of isothermal nucleic
acid amplification techniques with paper-based POC diag-
nostics should add critical functionality to these devices to
make them more robust and sensitive.[8]

Herein, we describe rolling circle amplification (RCA),
a simple and efficient isothermal enzymatic DNA replication
process,[9] that is performed in a microzone plate fabricated on
a paper substrate (paper-based RCA) using wax printing, and
provide a theoretical basis for understanding the nucleic acid
amplification reaction on paper, and in particular, the
intriguing finding that RCA efficiency on paper is enhanced
relative to solution. We further demonstrate an “all-in-one”
paper-based amplification system, in which all required
reagents for amplification and detection are integrated via
printing into the sensor, providing improved functionality and
ease of use.

To make a paper device for RCA, we chose to print
a preformed 5’-biotinylated DNA-streptavidin conjugate onto
a nitrocellulose membrane surface (see Supporting Informa-
tion (SI) for details), which is known to have high affinity for
protein binding. Importantly, the sequence of the printed
DNA molecule was designed to be complementary to part of
a circular DNA template (CDT) and thus can act as a primer
for RCA. To demonstrate that the proposed strategy allows
efficient printing of DNA primers onto a paper surface, we
performed the following experiment. We first used the wax-
printing technique to produce a 96-microzone paper plate,
with the diameter of each test zone being 4 mm. A fluo-
rescently labeled DNA–streptavidin conjugate was then
printed onto each test zone using a piezoelectric microarray
printer. Using measured fluorescence intensity (Figure 1), we
calculated a molecular density of ca. 2.5 × 1013 cm¢2 on each
test zone, which is reasonably consistent with the theoretically
predicted value of 8 × 1012 cm¢2 (1 = 1/pr2 ; r = 4 nm, repre-
senting the diameter of streptavidin).

We then produced a similar 96-microzone paper device
using non-fluorescently labeled primer TP1. We performed
RCA on paper by placing on a microzone a mixture of
circular DNA template (CDT1 or CDT2; see below), phi29
DNA polymerase (f29DP), dNTPs and reaction buffer,
followed by incubation at room temperature for 40 min (see
SI for details). Four different methods were used to confirm
the formation of RCA products (RP) on paper. First,

Figure 1. Image of a paper plate made of 96 microzones printed with
fluorescent DNA–streptavidin conjugates.
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[a-32P]dGTP was added in the reaction mixture so that the RP
became radioactive (Figure 2A). Second, a fluorophore-la-
beled DNA probe (DP1) that can hybridize with the RP was
used to produce a fluorescence signal (Figure 2B). Third, gold
nanoparticles (AuNPs) functionalized with a complementary
DNA probe (DP2) was used to produce a colorimetric signal
(Figure 2C). Note that in these three assays we used the same
circular DNA template CDT1. However, in the final assay, we
used a modified CDT1, named CDT2, which was designed to
produce a special RP containing repetitive units of a perox-
idase-mimicking DNAzyme, PW17, that was able to generate
a colorimetric signal (Figure 2D).[10] Following RCA, the
reaction mixture was also taken and placed in a test-tube. No
color change was observed (Figure S1 in the SI), suggesting
that the RP is indeed paper-bound. Taken together, these tests
demonstrated that the RCA reaction could be performed on
paper printed with a DNA primer.

We next investigated RCA performance on paper relative
to solution. In order to quantify the long RP on paper, we
designed a new DNA primer (TP2) that contained two
sequence domains: a 5’ domain that binds to a DNA capture
sequence (DC1) printed onto paper microzones and a 3’
domain complementary to the circular template CDT2. After
the RCA reaction, we added urea to elute the RP from the
paper surface. The recovered RP, which contained a recog-
nition sequence for the restriction enzyme EcoRV, was
converted into monomers using EcoRV. Fully digested RP
was then analyzed by denaturing polyacrylamide gel electro-
phoresis (dPAGE). A full monomerization (60 nt) of RP was
achieved after a 24-hour digestion (Figure S2 in the SI).

Through the use of a 50-nt DNA molecule with a defined
concentration as an internal control, we were able to
determine the fluorescence ratio (FR) of the two bands in
each lane (Figure 3A), and calculate the average repeating
units (ARUs) in the RP (see SI for details).

We applied this method to compare the efficiency of
solution-based RCA using free TP2 (F-TP2) and solid-phase
RCA using paper-bound TP2 (P-TP2). Figure 3 B shows the
time-dependent ARU values for the two RCA strategies. It
was observed that the overall ARUs of paper-based RCA
were much higher than that of solution-based RCA. This
result highlights the enticing advantage of paper-based RCA
in terms of reaction kinetics, implying that the rate of the
enzymatic reaction was faster on paper.

The efficiency of RCA is highly dependent on the number
and thermal stability (Tm) of primer–template duplexes. In
general, the Tm of a DNA duplex is positively correlated with
the localized concentrations of hybridizing DNA strands.[11]

For a solution-based RCA system that consists of 10 nm TP
and CDT, the volume of a sphere containing one DNA
molecule would be 0.17 fL (Figure 3C, see SI for details), and
thus the calculated sphere radius is about 340 nm. For the
paper-based RCA strategy, the immobilization process will
confine each DNA partner within a hemisphere of less than
10 nm in radius considering its length. Thus the volume of the
hemisphere would be 2.1 zL. Under these conditions, the
localized concentration of these DNA molecules is estimated
to be 800 mm, or 80000-fold higher than in solution. This
should increase the estimated Tm for the TP-CDT duplex
from 48 88C to 67 88C with the increase of effective concen-

Figure 2. Performing RCA with paper-bound primer. Detection of RCA products (RP) through: A) incorporation of radioactive tracer into DNA
chain; B) fluorescent assay using a fluorophore-labeled DNA oligonucleotide (note that the higher background is attributed to the nonspecific
binding and the fluorescence background of paper); C) colorimetric assay using AuNP–DNA conjugates; D) colorimetric assay mediated by
a peroxidase-mimicking DNAzyme through the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) in the presence of hemin and H2O2.
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tration from 10 nm to 800 mm under the
conditions of 100 mm NaCl and 5 mm
MgCl2 at 30 88C, making the RCA process
more effective on paper.

Two additional experiments were
conducted to further confirm the
increased efficiency of paper-based
RCA. The first experiment examined
the effect of TP2 concentration on RCA
efficiency and the results (Figure S3A in
the SI) demonstrate that increasing
primer concentration has more profound
effect on solution-based RCA than
paper-based RCA. The second experi-
ment involved the use of a longer primer,
TP3, designed to increase the Tm of
primer–template duplex (65 88C for TP3
and 48 88C for TP2). It was found that TP3
significantly boosted the efficiency of
solution-based RCA but had a much
smaller effect on paper-based RCA (Fig-
ure S3B in the SI). These observations
confirm the role of immobilization in
improving the thermal stability of
primer-template duplex, thus facilitating
the RCA reaction on paper.

Furthermore, like other DNA repli-
cation systems,[12] the rate of RCA is
also likely to be affected by the effective
concentration of substrates and
enzyme.[13] At low substrate concentra-
tions (as in solution), the enzymatic
reaction depends on the rate of diffusion
of substrate to the enzyme.[14] However,
when the effective concentration of
substrates (primers, circular templates,
dNTPs) reaches saturating levels, as on
paper (so-called positive partition
effect[15]), the contribution of diffusion
should no longer be rate limiting, and
thus the system should operate at the
intrinsic catalytic rate of the enzyme,
significantly enhancing the reaction rate
relative to solution.

To form a paper-based sensor, we
combined paper sensors with the poly-
meric sugar pullulan to give a simple
“all-in-one” POC diagnostic device that
can be used in remote settings with
a minimal need for special reagent
handling and tedious liquid pipetting.[16]

The sensors were prepared as follows
(Figure 4 A): 1) printing of a DNA cap-
ture sequence (DC2) on paper micro-
zones, 2) mixing a pullulan solution with
RCA reagents containing a circular
DNA template (CDT3), f29DP,

Figure 3. Determination of RCA efficiency. A) dPAGE analysis of digested RP obtained at varying
RCA times with free TP2 (F-TP2) and paper-bound TP2 (P-TP2). Top band: digested RCA
monomer (60 nt). Bottom band: DNA loading control (50 nt). FR: ratio of fluorescence intensity
of the 60-nt and 50-nt DNA bands. ARU: average repeating units of RP from a given circular
template. B) Average repeating units (ARU) of RP vs. RCA time for F-TP2 and P-TP2.
C) Schematic illustration showing that the immobilization of DNA primers on paper substan-
tially increases the localized concentrations of the primer–circular template complex.[11]

Figure 4. A) Schematic diagram of the preparation of all-in-one paper-based amplification
system using pullulan. B) Typical images of pullulan tablets. C) Dose–response curves for HCV-
1 DNA detection with the bioactive paper sensor. Inset: a photograph for visual detection on
a chip array at HCV-1 at various concentrations. Two rows represent two repeats. D) Evaluation
of the long-term stability of the paper sensors stored at 4 88C and room temperature (RT).

Angewandte
ChemieZuschriften

2761Angew. Chem. 2016, 128, 2759 –2763 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


dNTPs and hemin, 3) printing the above mixture into the
circular test zones as described previously,[17] and 4) air-drying
(see SI for details). The transparent pullulan films (letter “P”
can be seen) with the encapsulated RCA reagents are
obtained on the paper array after drying (Figure 4B).
Addition of a DNA or RNA target leads to the formation
of a DC2/CDT3/target complex, which enables the RCA
reaction. The RP produced can be detected colorimetrically.
We note that the current device requires several sample
preparation steps prior to addition of the test sample to the
paper device. More efficient on-paper sample preparation
strategies, such as the DNA extraction method described by
Govindarajan et al., are required to further simplify the
assay.[18]

We utilized this method for the detection of single-
stranded HCV-1 DNA (a portion of DNA sequence from the
hepatitis C virus genome) to demonstrate analyte-triggered
RCA and subsequent detection on paper. As shown in
Figure 4C, RP was observed upon addition of the target,
producing colorimetric signals that were proportional to the
target concentration, with data calculated using ImageJ. In
the absence of HCV-1 DNA, the RCA reaction was not
initiated (Figure S4 in the SI). The sensor provided a detection
limit of 10 pm on the basis of the 3s/slope (s, standard
deviation of the blank samples), demonstrating the key
advantage of amplification on paper, and showed excellent
selectivity against unintended targets HCV-M1 and HCV-M2
with mutations in the HCV-1 sequence (Figure S5 in the SI).
The positive results further indicate that pullulan does not
interfere with the RCA reaction (Figure S6 in the SI).

We also evaluated the long-term stability of the “all-in-
one” amplification system. As shown in Figure 4D, RCA
reagents stored in solution at room temperature lost 65� 6%
activity within three days and become completely inactive
within 15 days. In contrast, RCA reagents within pullulan
films retained 91� 5% and 66� 8% of their initial activity
after storage at 4 88C and room temperature for 15 days,
respectively. This result clearly shows that the biomolecules
can be effectively protected from thermal denaturation or
chemical modification after pullulan encapsulation. This
feature is encouraging for room-temperature shipping and
storage of the paper-based sensors.

To demonstrate the analytical utility of the paper based
RCA system, the sensor was used to detect microRNAs
(miRNAs), a group of short (19–25 nucleotides) and endog-
enous non-protein-coding RNAs, which are promising bio-
markers in clinical diagnosis and therapy.[19] We employed the
“all-in-one” amplification system to measure the absolute
amounts of hsa-miR-21 (miR-21) in enriched small RNA
(< 200 nt) extracted from human breast cancer cell line
(MCF-7) and normal mammary epithelial cell line (MCF-
10A). Studies have indicated that miR-21 is one of the most
abundant miRNAs over-expressed in numerous tumor tis-
sues.[20] The contents of miR-21 in these two cell lines were
estimated by the standard addition method and the value of
miR-21 was compared with the result of the qRT-PCR
method (Figure S7 and S8 in the SI). It was determined that
the absolute amount of miR-21 found in MCF-7 and MCF-
10A cells were 30.7 × 105 copies/ng RNA (or 5400 copies/cell)

and 6.6 × 105 copies/ng RNA (or 250 copies/cell), respectively,
which are comparable with the values obtained using qRT-
PCR (Table 1), thus demonstrating the reliability of our assay.

Overall, our work demonstrates that the RCA reaction
can be performed on a patterned paper device, with the
reaction operating with enhanced kinetics, producing rapid
and sensitive POC diagnostics. This work also demonstrates
that enhanced local reagent concentrations can actually
improve RCA performance relative to solution. Our work
further demonstrates that pullulan materials provide both
a suitable reagent depot to allow stabilization of labile
(bio)reagents and a simple method to immobilize such
reagents on paper. The paper sensor with integrated amplifi-
cation is shown to be suitable for carrying out colorimetric
bioassays with minimal steps and without the need for special
reagent handling, making this approach particularly suitable
for POC testing in resource-limited settings.
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