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ABSTRACT: The development of low cost, portable, and
disposable biosensors for equipment-free and naked-eye
biosensing is in eager demand for their widespread application
in biomedical field, but it is still a challenge. Herein, we
propose a novel paper analytical device (PAD) for truly
equipment-free and naked-eye biosensing using dopamine as
the chromogenic agent based on target-initiated catalyzed
oxidation reaction. The dopamine-functionalized PAD
(DPAD) possesses a significant three-dimensional net
structure, excellent hydrophilicity, and unique response
toward G-quadruplex DNAs against other DNAs, benefiting
the bio/chemo reaction occurrence to assay target bio-
molecules. In light of the exceptional properties, the fabricated
DPAD was applied in the analysis of Dam MTase through target-triggered exponential isothermal amplification. The
recognition and methylation of H1 by Dam MTase contribute to formation of abundant hemin/G-quadruplexes, which catalyze
oxidation of dopamine into dopachrome and reduce the dopamine amount on the DPAD surface. In comparison with the case
in which Dam MTase is absent, an evident deep pink signal originating from dopachrome is observed directly by the naked eye
and relied on Dam MTase concentrations. Therefore, truly equipment-free and naked-eye detection of Dam MTase is achieved
with a detection limit of 1.46 U/mL. The fabricated DPAD not only achieves Dam MTase-visualized detection but also permits
the accurate determination of other analytes by varying recognizable DNA’s sequences, thus offering a universal biosensor and
depicting significant potential for widespread applications in biomedical field.
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■ INTRODUCTION

With increasing concerns on human health and public safety,
there is great demand for simple, accurate, and sensitive
detection of disease-related biomarkers.1−3 Aiming at this
problem, a large number of biosensors (fluorescence, ultra-
violet, photoelectrochemistry, electrochemistry, surface plas-
mon resonance, and so on) were reported and devoted to
assaying these biomarkers.4−9 For instance, Zhu et al. realized
the tumor-related ncRNA sensitive detection based on a
universal upconversion sensing platform.10 Tang et al. reported
a visible carcinoembryonic antigen assay using the fluorescence
immunoassay method.11 Although these biomarkers have been
sensitively and selectively detected, there are still some
insurmountable problems associated with the present bio-
sensors.12−15 (1) These sensing strategies are limited to large-
scale instruments, which are high-end, complex, and expensive.
(2) They need professional technicians to operate the
equipments and analyze the experimental information,
counting against universal applications. (3) Their diagnostic
processes mainly focus on solution-phase systems, which are
unstable and adverse for practical applications outside the

laboratory. Undoubtedly, these obstacles infinitely prevent the
large-scale applications of abovementioned biosensors outside
the laboratory and are bad for on-site/real-time/rapid
diagnosis of various diseases. In response to the issues
mentioned above, we endeavor, here, to devise a simple,
equipment-free, and naked-eye solid biosensor based on
cellulose paper for a highly sensitive detection of disease-
related biomarkers.
Cellulose paper has experienced rapid development in the

past few years because of its intrinsic promising specialties: low
cost, portability, disposability, and user-friendliness. Moreover,
it has a porous structure, which is favorable for it to act as
matrix to conduct bio/chemo reactions. From this context,
combining cellulose paper with various sensing strategies not
only reduces the cost of testing but also realizes the visualized
detection of target biomarkers.16−19 Thus, substantial efforts
have been devoted to the cellulose paper analytical device
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(PAD), and tremendous progress has been achieved in the
field of disease diagnosis. The previously reported PADs
primarily concentrated on colorimetric, fluorescent, electro-
chemical, and surface-enhanced Raman scattering techni-
ques.20−24 Among them, colorimetric PADs are regarded as
ideal tools because of the truly equipment-free and naked-eye
characteristics, which not only lower the cost of testing and
simplify the process of testing but also boost the large-scale
and universal application outside the laboratory. For example,
Mahato and Chandra reported a naked-eye alkaline phospha-
tase detection method using a paper-based miniaturized
immunosensor.25 Despite the simple and effective analysis,
these colorimetric PADs suffered from the relatively low
sensitivity, which impedes their broader applications because
of the low expression level of biomarkers in biological liquids.
In view of this, there is great demand for developing
colorimetric PADs with high sensitivity. It is well known that
sensing performance of colorimetric PADs mostly depends
upon the properties of selected chromogenic agents.
Dopamine is an organic molecule with −NH2 and −OH in
the benzene ring and is mainly applied as the raw material to
prepare polydopamine through catalyzing oxidation reaction.
Existing studies suggested that polydopamine has been widely
utilized in the fields of energy storage, catalysis, environmental
pollution, bio/chemo-analysis, and disease treatment.26

Recently, it was reported that dopamine can be catalytically
oxidized into dopachrome in mildly acidic solution with the aid
of H2O2 and horseradish peroxidase (HRP), accompanied with
the change in color of the discolored solution from colorless to
deep pink.27,28 Consequently, by making the best of the
outstanding discoloration characteristic, dopamine can be used
as an ideal chromogenic agent to develop colorimetric PADs
with high sensitivity.
Another effective method to improve detection sensitivity is

the enzyme-assisted signal amplification strategy, such as
exponential amplification reaction (EXPAR), exonuclease III
digestion reaction, polymerase chain reaction, and rolling circle
amplification reaction.29−33 Among them, EXPAR plays a key
role in signal amplification because of its intrinsic merits. (1)
EXPAR combines the advantages of polymerase-assisted strand
extension and nicking enzyme-mediated strand release, which
make for the high sensitivity; (2) EXPAR could realize the 106

to 109-fold signal amplification only for several minutes,
benefitting the on-site/real-time/rapid analysis; (3) EXPAR
can be successfully carried out under isothermal conditions.
Taking into account these outstanding features, we have
reasons to believe that the EXPAR strategy can be used as an
ideal signal amplification tool to improve colorimetric PADs’
sensitivity.
Enlightened by the aforementioned investigations, herein,

we proposed a novel PAD (DPAD) for truly equipment-free
and naked-eye biosensing using dopamine (Figure S1A) as the
chromogenic agent. The DPAD was fabricated through a
single-step drop-coating method and exhibited unique
response toward hemin/G-quadruplex (HRP mimicking
enzyme) in the presence of H2O2 via target-triggered catalyzed
oxidation reaction. For the abovementioned reason, the DPAD
was employed as a biosensor for Dam MTase (related with cell
proliferation and gene expression) assaying, used as the model
target, which triggers the EXPAR to produce large numbers of
hemin/G-quadruplexes with the help of K+.34−37 This study
allows the readout signal to be observed directly by the naked

eye and thus holds a great potential for large-scale and
universal applications in an undeveloped area.

■ EXPERIMENTAL SECTION
Fabrication of DPAD. Dopamine solution was prepared through

dissolving dopamine hydrochloride in 10 mM phosphate buffer (pH
7.0) to generate a concentration of 20 mM. Subsequently, the DPAD
was fabricated via dropping 3 μL of dopamine solution on the surface
of cellulose paper. The DPAD was then dried in a vacuum
environment at 4 °C for 12 h.

Detection of G-Quadruplex DNA Using the DPAD. The G-
quadruplex DNA assay was carried out in 85 μL of 10 mM Tris-HCl
reaction solution (50 mM NaCl, 50 mM MgCl2, 100 mM KCl, pH
7.4) containing 4.70 μM hemin and target G-quadruplex DNA with
different concentrations to generate hemin/G-quadruplexes. After
that, 15 μL of H2O2 (60 mM) solution was added into the above
solution. After complete mixing, 3 μL of the resulting solution was
dropped on the surface of the DPAD and reacted for 20 s. Then, the
images of the DPAD were obtained using a mobile phone (Huawei
Mate 20), and the signal intensity was read directly by the naked eye
for equipment-free detection of G-quadruplex DNA.

Detection of Dam MTase Activity Using the DPAD. The Dam
MTase-initiated methylation reaction was performed in 20 μL of 10
mM Tris-HCl reaction solution (50 mM NaCl, 10 mM MgCl2, pH
7.5) containing 10 μM H1, 1.0 mM dithiothreitol (DTT), 0.8 mM S-
adenosylmethionine (SAM), 500 U/mL Dpn I, and target Dam
MTase with different concentrations for 2.0 h. After that, 50 μL of 10
mM Tris-HCl solution (50 mM NaCl, 50 mM MgCl2, 100 mM KCl,
1 mM DTT, pH 7.5) comprising 8.0 μM P1, 1.0 U/μL KF
polymerase, 6.0 U/μL Nb.BbvCl NEase, and 3.5 mM deoxynucleotide
(dNTP) was added and reacted for 1.5 h to complete the EXPAR.
The mixture was then heated to 90 °C and maintained at 90 °C for 10
min to eliminate the influence of DTT. Then, 15 μL of 26.60 μM
hemin was incubated with it for 45 min to generate hemin/G-
quadruplexes. Another 15 μL of H2O2 solution (60 mM) was fully
mixed with hemin/G-quadruplex solution to prepare the resulting
solution. Finally, 3 μL of the resulting solution was dropped on the
surface of the DPAD and reacted for 20 s. Then, the images of DPAD
were obtained using the mobile phone (Huawei Mate 20), and the
RGB (red, green, and blue) values were recorded from a Color Picker
APP in the mobile phone.

■ RESULTS AND DISCUSSION
Characterizations of DPAD. DPAD was fabricated

following the schematic illustration manifested in Figure 1A,

Figure 1. (A) Schematic illustration for DPAD fabrication. (B) FT-IR
spectra of (a) cellulose paper, (b) dopamine, and (c) DPAD. (C)
EDS of cellulose paper. (D) EDS of the DPAD. (E) Contact angle of
the DPAD.
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and the detailed processes for its preparation are shown in the
Experimental Section (Fabrication of DPAD). In this strategy,
dopamine, which could specifically recognize G-quadruplex
DNA, was immobilized on cellulose paper’s surface via the
drop-coating method. The immobilization of dopamine on
paper’s surface was verified by Fourier transform infrared (FT-
IR) spectra. As depicted in Figure 1B, new peaks 708, 1278,
and 1493 cm−1, belonging to characteristic peaks of dopamine,
appeared in the spectrum of the DPAD compared with that of
cellulose paper, justifying the triumphant modification of
dopamine on cellulose paper’s surface. To further confirm the
attachment of dopamine to paper, the energy dispersive
spectroscopy (EDS) technique was conducted. Evidently, there
are two peaks existing in the EDS spectrum of cellulose paper,
which correspond well to C and O elements and are consistent
with paper’s molecular structure. After the modification of
dopamine, new peak 0.3920 keV belonging to N element
appeared. This newly appearing peak directly proved that
dopamine was immobilized on the surface of cellulose paper.
To gain more insights into DPAD, scanning electron

microscopy (SEM) and contact angle measurements were
conducted to evaluate the morphology and hydrophilicity/
hydrophobicity. As shown in Figure S2, a three-dimensional
network of cellulose fibers with a diameter of 5 μm was
observed for cellulose paper and DPAD. Meanwhile, the
DPAD enjoyed excellent hydrophilicity with the contact angle
of 8.7°, which is comparable to that of cellulose paper alone.
These experimental results suggested that dopamine had little
influence on the morphology and hydrophilicity of the used
paper, thus aiding the DPAD to conduct the bio/chemo
reactions and improve detection sensitivity.
Study of the G-Quadruplex DNA-Responsive Prop-

erty of the DPAD. On the ground of the fabricated DPAD,
analysis of G-quadruplex DNA via target-initiated catalyzing
oxidation reaction was proposed (Figure 2A). In the presence

of the target analyte, large amounts of hemin/G-quadruplexes
will be formed with the aid of K+. Hemin/G-quadruplex
possesses significant HRP-like activity, and thus can catalyze
oxidation of dopamine into dopachrome (Figure S1B) with
H2O2 as the coreactant, contributing to a significant color
change from white to deep pink. Nevertheless, when G-
quadruplex DNA was not added into the sensing system, the
DPAD maintained its color unchanged because of no
generation of hemin/G-quadruplex. Evidently, deep pink was
related to the catalytic oxidation product dopachrome, which
subsequently depended on target G-quadruplex DNA. Thus,

naked-eye analysis of G-quadruplex DNA can be readily
realized through the color change based on the DPAD.
To confirm the feasibility of the DPAD for G-quadruplex

DNA analysis, some experiments were carried out using T1 as
the model analyte, which can be intercalated with hemin
tightly to produce the HRP-mimicking DNAzyme. As depicted
in Figure 2B, the significant deep pink signal (image b) was
determined when T1 was added into the sensing system with
the assistance of K+, hemin, and H2O2, compared with that of
the blank sample (image a). It is no wonder that the sensing
mechanism was derived from hemin/G-quadruplexes’ ability to
efficiently catalyze oxidation of dopamine into dopachrome, as
well as the color difference of dopamine and dopachrome. The
catalyzed oxidation of dopamine by hemin/G-quadruplex can
also be verified by ultraviolet−visible (UV−vis) (Figure S3A)
and FT-IR characterizations (Figure 2C). Obviously, a new
absorption peak located at 475 nm, corresponding to
dopachrome, appeared when T1 was present in the sensing
system. In addition, much stronger absorbance than that of the
blank sample was obtained. Furthermore, a new FT-IR peak
located at 1609 cm−1, corresponding to carbonyl in
dopachrome, appeared in the spectrum of the DPAD after
the treatment of T1.
According to the working principle, it is inferred that the

fabricated DPAD can be employed as an effective biosensor for
differentiating G-quadruplex DNAs against other DNAs
through identifying the changed color. With the aim to obtain
more information, we conducted the experimental inves-
tigation of the DPAD subjected to different target DNAs with
their sequences shown in Table S1, namely, T2, T3, T4, and
T5 (Figure 2B). As expected, DPAD’s color changed to deep
pink only in the presence of T2 and T3. When T4 or T5
existed in the sensing system, the color of the DPAD changed
negligibly compared with that of the blank sample because of
no generation of hemin/G-quadruplex. Similar conclusion can
be also obtained from UV−vis measurements in solution
(Figure S3B). Overall, the fabricated DPAD possesses specific
color recognition ability toward G-quadruplex DNAs.

Naked-Eye Detection of Dam MTase Based on the
DPAD. Owing to specific response of the DPAD toward G-
quadruplex DNA, it is expected that the fabricated DPAD can
be applied in the sensitive detection of various analytes, which
can trigger enzyme-mediated signal transduction and amplifi-
cation reactions to generate abundant G-quadruplex DNAs. In
the present study, Dam MTase was used as the proof-of-
concept analyte, and the scheme for Dam MTase naked-eye
detection based on DPAD was depicted in Scheme 1. Both H1
and P1 were carefully designed so that they could eliminate the

Figure 2. (A) Principle of DPAD for G-quadruplex DNA biosensing.
(B) Images of DPAD under different conditions: (a) blank sample,
(b) T1, (c) T2, (d) T3, (e) T4, (f) T5. The concentrations of them
are 400 nM. (C) FT-IR spectra of dopamine under different
conditions: (a) in the absence of T1 and (b) in the presence of T1.

Scheme 1. Schematic Illustration of the Principle of the
DPAD for Dam MTase Detection Based on Target-Switched
EXPAR Reaction
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spontaneous reaction between each other in the absence of
target Dam MTase. In addition, H1 contains the sequences of
5′-GATC-3′ in dsDNA recognized by Dam MTase; P1
contains three domains (a, b, and c) divided by two Nb.BbvCl
recognition sites, of which a and b domains possess the same
sequences complementary to the chartreuse fragment
embedded in H1, and c domain comprises the sequences
hybridizing with G-quadruplex DNA. In the absence of target
Dam MTase, H1 and P1 maintained their configurations
unchanged, which can be verified by the gel electrophoresis
characterization (Figure 3A lane a, b, and c). Because no G-

quadruplex DNA was produced, the color of the DPAD did
not change. However, upon the addition of target Dam MTase
into the system, H1 was efficiently cleaved into both red and
chartreuse fragments, confirmed by the newly appearing bands
in the front of H1 (lane d). The chartreuse fragment in turn
hybridized with the a or b region in P1 to generate the
complex, thus contributing to the appearance of the band
behind that of P1 (lane e). Under such circumstances, the
target-initiated cleavage product, the chartreuse fragment,
served as the primer to initiate the EXPAR reactions,
generating abundant DNA triggers. Because of the exquisite
plan, s1 hybridized with unused P1 to trigger more EXPAR to
produce more s2. It stands to reason that many new bands
appeared at different locations (lane f), and among them, the
foremost band was deemed as the G-quadruplex DNAs s2. As a
consequence, large numbers of hemin/G-quadruplexes gen-
erated via the K+-guided conformation change and hemin’s
excellent intercalation ability in G-quadruplex, and subse-
quently catalyzed oxidation of dopamine into dopachrome,
contributing to the increased deep pink signal. From this
context, by determining the color change, we could achieve the
truly equipment-free and naked-eye detection of Dam MTase
with high sensitivity by combining the fabricated DPAD with
EXPAR.
To confirm the feasibility of the fabricated DPAD for Dam

MTase biosensing, different experiments were carried out in
the absence/presence of target Dam MTase with the
concentration of 120 U/mL (Figure 3B). After reaction with
mixed solution containing H1, P1, H2O2, hemin, KF

polymerase, Nb.BbvCl, and dNTPs, the DPAD showed a
slight color change compared with the DPAD alone.
Nevertheless, when Dam MTase was added into the mixed
solution, a significant deep pink signal was observed, strongly
justifying the feasibility for naked-eye detection of Dam MTase
using the DPAD. The proposed strategy can be also verified by
UV−vis spectra in solution (Figure S4). Furthermore, when
A1 or B1 or C1 replaced H1 to detect Dam MTase, the DPAD
displayed a white signal and the sensing system showed low
absorbance in solution (Figure S5), confirming the importance
of the H1 structure for Dam assay development. Subsequently,
a series of solutions containing different Dam MTase
concentrations were added into the reaction system to evaluate
the DPAD’s sensing performance, and the experimental results
are shown in Figure 4. Evidently, the deep pink level enhanced

with the increase of Dam MTase concentration, corresponding
well to the working mechanism that more Dam MTase guided
more HRP-mimicking DNAzymes’ generation and subse-
quently consumed more dopamine into dopachrome, thus
strengthening the deep pink signal. In addition, it is worth
noting that 20 s is sufficient for completing the color reaction
on the DPAD surface, benefiting the rapid/on-site detection.
From the minimum deep pink signal read directly by the naked
eye, Dam MTase concentration was 4.0 U/mL. To realize
quantitative analysis, RGB values of the DPAD corresponding
to different Dam MTase amounts were obtained from the
Color Picker APP. Figure 4B displayed the values of blue “B”
and green “G” decreased with Dam MTase concentration
increasing, accompanied with that the intensity of red “R” keep
practically unchanged. By using the R/G ratio as the vertical
coordinate and the Dam MTase amount (CDam) as the
horizontal coordinate (Figure 4C), the working curve was
drafted in the range of 4−120 U/mL with equation of R/G =
0.003CDam + 1.032 and the coefficient of 0.9872. Also, the
detection limit (LOD) was calculated to be 1.46 U/mL based
on the signal to noise of three. Although the LOD was higher
than that of the corresponding UV−vis method (0.023 U/mL,
Figure S6) and other techniques reported previously (Table
S2), the fabricated DPAD enjoyed inexpensive, equipment-

Figure 3. (A) Nondenaturing polyacrylamide gel electrophoresis
images of (a) H1, (b) P1, (c) H1 + P1, (d) H1 + SAM + Dam MTase
+ Dpn I, (e) H1 + SAM + Dam MTase + Dpn I + P1, and (f) H1 +
SAM + Dam MTase + Dpn I + P1 + KF polymerase + dNTPs +
Nt.BbvCl. (B) Images of the DPAD under different conditions: (a) in
the absence of Dam MTase and (b) in the presence of Dam MTase.

Figure 4. (A) Images of the DPAD corresponding to different
amounts of Dam MTase under different reaction time points. (B)
RGB values of DPAD corresponding to different amounts of Dam
MTase. (C) Working curve of the R/G ratio and Dam MTase
concentrations.
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free, and visualized characteristics, and moreover, met the
demand for Dam MTase assaying in biological liquids.38

Further, M.Sss I, M. CviP I, and MsP I MTases were chosen
as interfering substances to evaluate the selectivity of the
DPAD for Dam MTase (Figure 5A). These proteins belong to

the MTase family and possess excellent methylation ability on
specific DNA sequences. For the elaborate design of the H1
sequence, color signals for M.Sss I, M. CviP I, and MsP I were
the same with that of the blank sample, suggesting that the
three interferences could not recognize the sequence of 5′-
GATC-3′ in H1. However, upon the addition of Dam MTase,
an obvious deep pink signal was detected because of the high
specificity of methylation sequences. More importantly, when
interfering proteins were mixed with Dam MTase, they had
negligible influence on the sensing performance of the DPAD
toward Dam MTase. Further, similar phenomena can be also
observed from UV−vis information in the solution state
(Figure S7). These results firmly suggested that the fabricated
DPAD enjoys good specificity toward Dam MTase and can
differentiate Dam MTase against other MTases through the
ingenious design of DNA sequences. Stability is another
indispensable assessment criterion for developed biosensors.
Thus, we test the stability of the DPAD by storing it at 4 °C for
7.0 and 14.0 days (Figures 5B and S8). It was found that there
was no color change on the DPAD surface in the absence of
Dam, implying no reaction occurrence and good stability. The
stability can be also verified by FT-IR curves, in which no new
peaks corresponding to carbonyl appeared (Figure 5C). To
gain more insights into the stability of the DPAD, we
challenged the stored DPAD via detecting Dam MTase with
different amounts. The deep pink signal was similar to that
obtained from the ready-to-use DPAD under the same
conditions.
In view of the fascinating properties, the DPAD was applied

in analysis of Dam MTase in biological fluid through the
spiking method, and the biological sample was prepared
through the equal volume mixing of human serum and Tris-
HCl. As depicted in Figure S9A, weak or no deep pink signal
appeared in the absence of target Dam MTase, implying the

good anti-interference ability of the DPAD toward serum.
Further, when Dam MTase with the amount of 40 and 120 U/
mL was added into the reaction solution, the deep pink signal
appeared and heightened with the increased Dam MTase
activity. This information verified the fabricated DPAD as an
ideal candidate for Dam MTase biosensing in biological fluid.
The fabricated DPAD could be also applied for MTase
inhibitor screening, using 5-fluorouracil, benzylpenicillin, and
gentamycin as the model inhibitors. After pre-incubation with
Dam MTase, significantly decreased deep pink signals were
observed for 5-fluorouracil, benzylpenicillin, and gentamycin,
justifying the effective inhibition on Dam MTase activity
(Figure S9B). Meanwhile, in Figure S9C, it can be seen that
the deep pink signal of the DPAD reduced with the increase of
5-fluorouracil concentration, corresponding well to the fact
that more 5-fluorouracil would prohibit more Dam MTase,
thus hampering dopachrome’s generation. Thus, using the
fabricated DPAD, equipment-free and naked-eye screening of
MTase inhibitors can be readily achieved.

■ CONCLUSIONS
In summary, a novel solid biosensor has been designed and
fabricated for truly equipment-free and naked-eye biosensing
based on target-initiated catalyzing oxidation reaction and in
situ-generated product-mediated signal readout/enhancement
strategy. With cellulose paper and dopamine taken as the
reaction matrix and chromogenic agent, respectively, the
DPAD was successfully fabricated through the drop-coating
method with the features such as low cost, disposability,
equipment-free, and visual inspection by the naked eye, and
presented unique responsive ability toward G-quadruplex
DNAs against other DNAs. Because of the excellent properties
of the DPAD, we demonstrated its application in the naked-eye
analysis of Dam MTase, used as the model target analyte,
based on the target-initiated EXPAR. The experimental results
implied that the deep pink signal was positively proportional to
Dam MTase concentrations, and the LOD was calculated to be
1.46 U/mL, meeting the demand for Dam MTase assaying in
biological fluid. Moreover, the fabricated DPAD possessed
good stability and exceptional specificity on Dam MTase
against other MTases and was successfully applied in screening
MTase inhibitors and analysis of Dam MTase in human serum.
Therefore, the fabricated DPAD enjoys significant potential for
large-scale and universal applications in the field of biomedical
engineering.
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Figure 5. (A) Selectivity experiment of the established DPAD subject
to different MTases. The concentrations of all MTases were 120 U/
mL. (a) Blank sample, (b) Dam, (c) M.Sss I, (d) M. CviP I, (e) MsP
I, (f) Dam + M.Sss I, (g) Dam + M. CviP I, and (h) Dam + MsP I.
(B) Stability experiment of the DPAD after the storage at 4 °C for 7.0
days subject to different concentrations of Dam MTase. (C) FT-IR
curves of (a) dopamine and (b) DPAD after the storage at 4 °C for
7.0 days.
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