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Inspired by the pop-up greeting cards, a 3D collapsible auto-cleaning paper-based electrochemiluminescence
(ECL) biosensor (CAPEB) with different functions of signal collection and residual multiple cleaning, is devel-
oped for sensitive detection of Ni>* and Hg?* by simply regulating its 3D configurations. The multiple fluidic
paths and the hollow-channel structure were firstly integrated into the paper substrate, realizing simultaneously
repetitive auto-cleaning of the two working electrodes. For achieving ultrasensitive Ni>* and Hg®* monitoring,
binary catalysis consisting of the intermolecular co-reaction (H,O, and N-(4-Aminobutyl)-N-ethylisoluminol
(ABEI)) and intramolecular catalysis (polyethyleneimine (PEI)-ABEI) was introduced. Specifically, silver nano-
spheres with a large specific surface area and excellent conductivity were grown on the paper working electrode
and served as the sensor substrate for fixing PEI-ABEI and Ni2"-specific DNAzyme. With the assistance of
DNAzyme, Cu,0O-Au and ferrocene (Fc) labeled strand S2 were immobilized on electrode surface through the
hybridization reaction, and catalyzed H,O, to generate reactive oxygen species, promoting the luminescence of
ABEL In the existence of Ni>*, DNAzyme was activated followed by cleavage of strand S2 to induce the release of
Fc, which quenched the ECL signal of ABEI, eventually realizing the detection of Ni**. Similarly, for sensitive
quantification of Hg>*, full thymine (T) bases strand S3 was modified on surface of Cu,0-Au and anchored Hg**
by T-Hg?*-T pairing interaction. The ECL intensity was decreased along with increasing of Hg>* due to the
quenching effect of Hg?* on ECL emission of ABEL Based on this ingenious system, the detection of Ni>* and
Hg?* had high sensitivity, wide linear ranges, and low detection limits. The results indicated that the integration
of a multi-channel structure into a paper device chips opened new opportunities for designing promising paper-
based devices for metal ions diagnosis.

1. Introduction

Heavy metal ions (HMI) (Ge and Li, 2018) are considered as the
highly toxic micropollutants and represent a growing environmental
problem. HMI, especially mercury ion (Hg?*) or nickel ion (Ni?*), with
excessive levels in aquatic ecosystems have a tendency to accumulate
over time in living organisms through the food chain, which can cause
various disease including cancers of the respiratory, hepatic, digestive
systems, and even death (Koley et al., 2016). Therefore, the ultra-
sensitive quantification of HMI both in vitro and in vivo is imperative to
meet the needs of environmental monitoring and clinical detection
(Huang et al., 2014). Over the past years, many efforts have been
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devoted to develop ultrasensitive HMI detection strategies like fluor-
escence (Ajayaghosh et al., 2005; Guo et al., 2004; Xie et al., 2010),
colorimetric detection (Hai et al., 2018; Li et al., 2016; Zhang et al.,
2017a), atomic absorption spectroscopy (Liu et al., 2013), electro-
chemical (Cui et al., 2015; Miao et al., 2017; Zhang et al., 2015), and
electrochemiluminescence (ECL) methods (Zhang et al., 2013). Among
these technologies, ECL possessing the advantages of high reproduci-
bility, controllability, and sensitivity (Dong et al., 2017; Ke et al., 2018;
Yan et al., 2018) is known as a promising analytical method for micro-
sample analysis. Yet, certain technological challenges still remain in
ECL methodologies such as requirement of large-scale instruments and
multiple manual operations. Therefore, there is a strong need to
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Scheme 1. Patterns for (A) wax-printing and (B) folding of the 3D CAPEB. (C) Illustration of the fabrication procedures and detection process for CAPEB.

develop a simple, cheap, high-efficiency, and multifunctional in-
tegrated device for ultra-sensitive detection of HMI.

Paper (Martinez et al., 2010; Zhang et al., 2017b) as one of the truly
ubiquitous manmade materials in modern society has attracted con-
siderable attention and is regarded as a significant eco-friendly sub-
strate exploiting for various analysis fields including environmental
monitoring, chemical detection, and clinical testing (Channon et al.,
2018; Li et al., 2017; Weng and Neethirajan, 2018; Yang et al., 2018a)
because of their low-cost, portability, retrievability, designability,
foldability, and hydrophilicity (Cai et al., 2018; Huang et al., 2016;
Kong et al., 2018). However, further development of the paper-based
analytical device has so far been constrained by tedious manual
washing steps and limited detection sensitivity. To address these chal-
lenges, a novel paper chip with multiple auto-cleaning properties was
developed, in which a “crown” shape fluidic channel was ingenious
designed. Under the help of the capillary action of the paper cellulosic
fibers, the added buffer solution was diverted into different channels
with various lengths, enabling the repetitive washing of the paper
working zones at different times. To obtain an enhanced sensitivity,
binary catalysis consisting of the intermolecular co-reaction between N-
(4-Aminobutyl)-N-ethylisoluminol (ABEI) and H,0, and intramolecular
catalysis of self-catalyzed ABEI-based molecule was introduced into this
paper device. Polyethyleneimine (PEI), as a high-molecular polymer
with abundant amine co-reactive groups, has more outstanding cata-
lytic effect for the ECL of ABEI than some co-reactive small molecules
(Wang et al., 2018). Based on the consideration, PEI connected with
ABEI was employed as the self-catalyzed molecule for the ECL in-
tramolecular reaction. As for the ABEI-H,0, system (Li et al., 2018; Liu
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et al., 2014), nanomaterial with features of high catalytic activity, easy
storage, and low cost, was reported as catalysts for ECL amplification
frequently (Bao et al., 2018; Fang et al., 2017; Yang et al., 2018b).
Especially for CuyO-Au nanomaterial (Hua et al.,, 2011; Liu, 2011;
Susman et al., 2014; Xu et al., 2009), as a kind of composite materials, it
presents superior peroxidase-like activity that catalyzes H>O, decom-
position to generate abundant reactive oxygen species (ROSs) for en-
hancing the ECL emission of ABEIL Besides, Cu,O-Au can also achieve
high DNA loading density on account of its large surface area (Chen
et al., 2018). Therefore, Cu>O-Au was introduced into the system to
promote the ECL intermolecular co-reaction.

Herein, we constructed a collapsible auto-cleaning paper-based ECL
biosensor (CAPEB). Profiting from the multiple fluidic paths, CAPEB,
with two different 3D configurations, had the functions of auto-cleaning
and signal collection. To show its practical applicability, CAPEB was
designed for the detection of Ni** and Hg®* by serving ABEI as lu-
minous agent. Silver nanoparticles grown on the surface of paper
working electrode (Ag-PWE) were fabricated for covalently anchoring
functional materials. In the absence of target, a strong initial ECL signal
was achieved by the binary catalysis strategies including (i) in-
tramolecular catalysis of PEI-ABEI and (ii) intermolecular co-reaction
between H,0, and ABEI in the same ECL process. Duo to their excellent
catalytic performance for H,O,, cubic Cu,0-Au and Fc were employed
as the enhancer of intermolecular co-reaction. The analysis of Ni2* was
achieved via induced activation of DNAzyme. The complementary
chain was broken by activated Ni*>*-specific DNAzyme, and Fc was
dropped from the surface of the electrode, resulting in a relatively weak
signal. Besides, the detection of Hg?" was realized by T-Hg**-T pairing
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Fig. 1. SEM images of (A) bare paper, (B) Ag-PWE, (C) Cu,0, (D) CuyO-Au, and (E) enlarged Ag-PWE. (F) The element mapping of the Ag-PWE. TEM images of (G)

Cu,0 and (H) Cu,0-Au.

interaction. With the assistance of full thymine bases DNA strand, Hg?*
was fixed on the surface of electrode. A weak ECL signal was obtained
because Hg?* had an efficient quenching effect on the ECL of ABEL
Under the optimal conditions, CAPEB exhibited excellent analytical
performance for the detection of Ni** and Hg?* with detection limits
of 3.1nM and 3.8 pM. Meanwhile, this work opens a different per-
spective for design of paper-based device and provides a novel format
for the analysis of HMI.

2. Experimental section
2.1. Design of the CAPEB

CAPEB was elaborately designed referring to our previous work
with slight modification (Ge et al., 2018; Yang et al., 2017; Zheng et al.,
2018). The fabrication procedure was represented in the Supporting
information. Photographs of real product were added in the Fig. S1B.
The entire CAPEB consisted of one working tab, one counter tab, one
multipass tab, two assistant tabs, and one adsorptive tab (Fig. S1B, part
a). And the detailed sizes of CAPEB were shown in Scheme 1A. Two
semicircular hydrophilic zones for analysis of Ni** and Hg>* were
designed on the working tab, which offered zones for layer-by-layer
modification. Carbon working electrodes were coated on another side
of semicircular hydrophilic zones to get paper working electrode
(PWE). The carbon counter electrodes as well as Ag/AgCl reference
electrodes were screen-printed on two hydrophilic zones of the counter
tab, respectively. After folding the counter tab along the black line
(between the counter tab and the working tab), the electrochemical cell
was formed when CAPEB was filled with the buffer solution, and the
detailed 3D configuration was shown in the Scheme 1B, part b. Ad-
ditionally, in order to achieve simultaneous auto-cleaning of the two
working electrodes, a multi-channel structure with “crown” shape
(Scheme 1A) was tactfully designed. The added buffer solution would
flow from the zone III to the zone IV through six channels with different
lengths (Scheme 1B, part a, 1-6). Prior to the washing steps, the
working tab should be folded and placed in the next layer of two as-
sistant tabs as the Scheme 1B, part a. Two semicircular zones exactly
aligned with circular hollow channel on two assistant tabs, and the zone
IV on the multipass tab. Therefore, the washing buffer reaching the
zone IV would flow to the two semicircular PWEs along the circular
hollow channel due to gravitational effects. The buffer spread over the
whole PWEs on account of capillary action. Meanwhile, with the help of
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attraction of the bottom hydrophilic paper fiber, the buffer was as-
similated and removed in the adsorptive tab. Besides, it was worth
mentioning that two assistant tabs were designed to improve the in-
terval between the multipass tab and the working tab, which effectively
prevented reflux of buffer.

2.2. Preparation of Ag-PWE, PEI-ABEI@Ag-PWE, cubic Cu,0-Au, Fc-S2-
Cu,0-Au, and Fc-S4-Cu,0-Au-S5

The detailed preparation procedures of Ag-PWE, PEI-ABEI@Ag-
PWE, cubic Cu,0-Au, Fc-S2-Cu,0-Au, and Fc-S4-Cu,0-Au-S5 were de-
scribed in the Supplementary information. The corresponding sche-
matic diagrams of fabrication process of Fc-S2-Cu,O-Au and Fc-S4-
Cu,,0-Au-S5 were shown in Scheme S1.

2.3. Fabrication process of CAPEB

The detailed procedure was described in the Supplementary in-
formation, and the corresponding schematic diagram was shown in
Scheme 1C.

2.4. Analysis of CAPEB

First, the device was folded as shown in Scheme 1B, part b. The
CAPEB was placed in an ECL detector cell after dropping 30 uL of
10 mM Tris-HCI buffer (pH 7.4, 1 mM H,0,). The potential scanning
range was from 0.2 to 0.8 V with a scanning rate of 200 mVs~'. The
initial ECL signal of the zone I was measured and denoted as Ip. Simi-
larly, the signal intensity obtained from the zone II was denoted as Iy .
Then, Ni®* and Hg®>* solution with different concentrations were
prepared in the Tris-HCl buffer by serial dilution. 20 uL of Hg** solu-
tion was dropped on the zone I and incubated on the surface of elec-
trode for 90 min at room temperature. And on the surface of the zone II,
20 uL of Ni**solution was incubated for 60 min. After that, the device
was folded into the configuration as the Scheme 1B, part a. Tris-HCl
buffer was dropped on the zone III to finish the washing step and dried
at room temperature. Finally, the PWEs were connected into the circuit
to collect the corresponding ECL signals. The measured signals were
denoted as Ijyg+ and Iyjz+.
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Fig. 2. EDS images of (A) Ag-PWE and (C) Cu,0O-Au. (B) XRD images of Ag-PWE and bare-PWE. (D) XRD images of Cu,O and Cu,O-Au. XPS spectra of Cu,O-Au
nanocomposites: (E) overview XPS spectrum of the products; (F) Au 4f spectrum; (G) Cu 2p spectrum and (H) O 1s spectrum.

3. Results and discussion
3.1. Morphology and structure studies

Fig. 1A and Fig. 1B showed scanning electron microscopy (SEM)
images of the bare-PWE and as-prepared Ag-PWE, respectively. As il-
lustrated in Fig. 1A, the bare-PWE with rough and porous cellulose fiber
was observed clearly creating a unique microenvironment for the
growth of the Ag NPs. Fig. 1B showed that a pyknotic and continuous
layer of Ag NPs was uniformly distributed on the cellulose fiber surfaces
(Fig. 1B). The morphological features of Ag NPs were directly depicted
by enlarged SEM image in Fig. 1E. The Ag NPs had spherical structures
with a smooth surface and large contact area. The corresponding energy
dispersive spectrometer (EDS) spectrum of the Ag-PWE (Fig. 2A) gave
the signals of C, O and Ag, which proved the successful synthesis of Ag-
PWE. In Fig. 1F, the element mappings of C, O and Ag confirmed the
elemental distribution of the Ag NPs on the surface of PWE. In order to
examine the phase and structure of Ag NPs, bare-PWE and Ag-PWE
were determined by X-ray diffraction (XRD) analysis. The diffraction
peaks of Ag NPs were inferred by comparing the XRD patterns of bare-
PWE and Ag-PWE (Fig. 2B). All the diffraction peaks around 38.23,
44.46, 64.63, and 77.63 indexed to (111), (200), (220), and (311)
planes, respectively, were observed, which verified the structure of Ag
NPs.

The morphological features of Cu,O nanomaterial were directly
depicted by SEM image in Fig. 1C. It was clearly found that the Cu,0
nanomaterial presented a cubic structure with a smooth surface and a
diameter of about 110 nm. Compared with the pure Cu,O, Cu,O de-
corated by Au (Fig. 1D) presented a rough surface with many granules.
As shown in Figs. 1G and 1H, Cu,0 and Cu,0-Au were further char-
acterized by transmission electron microscope (TEM). Fig. 2C showed
the corresponding EDS images, which consisted of the characteristic
peaks of C, O, Cu and Au, testifying that Cu,O-Au was successfully
synthesized. Further evidence was provided by the XRD analysis
(Fig. 2D). The XRD pattern of Cu,O-Au showed the diffraction peaks of
Au in contrast to that of pure Cu,0, proving the successful embellish-
ment of Au nanoparticles. X-ray photoelectron spectroscopy (XPS)
characterization was performed to investigate the chemical composi-
tion of CuyO-Au. As indicated in Fig. 2E, all characteristic peaks in-
cluding Au 4f, Cu 2p, C 1s and O 1s were detected in the overview XPS
spectrum. And the peaks located at 83.9 and 87.6 eV matched well with
the values of the zero oxidation state of metallic Au, representing the
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existence of Au nanoparticles (Fig. 2F). Besides, the Cu 2p3,» and Cu
2p1 /o were located at 932.48 and 952.37 eV (Fig. 2G), and the O 1s was
resolved into two peaks including 530.1 eV and 531.1 eV, which con-
firmed the presence of CuyO (Fig. 2H). The C 1s peak located at
284.7 eV was ascribed to adventitious carbon presenting in the ex-
periment. These survey results indicated that the Au NPs were suc-
cessful dispersed in the surface of Cu,O nanocube.

3.2. Mechanism analysis

In this work, PEI-ABEI, as a self-enhanced molecule of ECL in-
tramolecular reaction, was fixed on the surface of Ag-PWE. To check on
the intramolecular catalysis of PEI-ABEI, ECL responses of ABEI and
PEI-ABEI were determined without H,O,, and corresponding experi-
mental results were shown in Fig. 3A. It was clearly that the ECL signal
of the PEI-ABEI had clearly enhanced by contrast with that of ABEI
alone. Therefore, the feasibility of the intramolecular catalysis was
confirmed. According to the previous report (Wang et al., 2018), the
possible principle of the intramolecular catalysis of PEI-ABEI was in-
vestigated as follows: PEI and ABEI were electro-oxidized into PEI'*
and ABEI'". The obtained products continued interacting with each
other to form the excited state. When it decayed from excited state to
ground state, the light was emitted, resulting in enhancement of signal.

Besides, intermolecular reaction of ABEI-H,O, was further in-
vestigated. As shown in Fig. 3A, the ECL signal of ABEI-H,0O, system
had clearly increased after the addition of Cu,0, Cu,0-Au, and Ag NPs.
However, the ECL signal of the mixture containing ABEI, Ag NPs, and
Cuy0-Au had no obvious change compared with that of ABEI this
phenomenon indicated that Cu,O (Xu et al., 2013), Cup,0-Au, and Ag
NPs with superior peroxidase-like activity promoted the decomposition
of H,0, to produce abundant reactive oxygen species (ROSs), enhan-
cing the luminescence of ABEI. Additionally, referring to the previous
literature (Wilson and Schiffrin, 1996), Fc also presented the excellent
catalytic performance for H,O,, which further promoted the ECL
emission of ABEIL. And the detailed mechanism of the intermolecular
reaction was shown as follows:

Fc—e~ — Fct 1)

ABEI—e~ — 2H" — ABEI'~ 2
FcfCup0—Au Ag NPs -

H,0, - OH' + 0} 3)
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Fig. 3. (A) ECL-time curves of the working electrodes in Tris-HCI buffer with different components. (B) ECL-potential curves of the ABEI in Tris-HCI buffer (pH 7.4)
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Thus, the ECL signal amplification was achieved through the in-
tegration of the intramolecular catalysis and the intermolecular co-re-
action.

After the incubation of Hg?>*, an extremely low ECL signal was
measured (Fig. S4D). To explore the quenching mechanism, the ECL
intensity of ABEI solution containing Hg?* was measured in the ab-
sence and presence of H,O,. As shown in Fig. 3A, the ECL emission of
ABEI-H,0, system became weak after adding Hg?>*. And the same si-
tuation still happened in the absence of H,0,. It indicated that the in-
hibiting effect of Hg?* was not affected by H,0,. Fig. 3B showed that
the ECL signal of ABEI began to emit at around 0.4V and reached its
maximum ECL intensity at a potential of 0.63 V. However, after the
addition of Hg>*, the ECL emission and the maximum ECL emission
were transferred to around 0.61 V and 0.74V, respectively. Therefore,
the probable quenching reason was inferred that Hg?>* inhibited the
oxidation of ABEI and formation of excited-state ABEI, resulting in an
extremely low ECL signal and eventually achieving the quantitative
analysis of Hg>*.

Under the existence of Ni**, the ECL signal of ABEI had clearly
decreased (Fig. S4C). And the reason of the phenomenon was the se-
quence of Ni?*-specific DNAzyme was specially recognized and acti-
vated by Ni?*. The activated DNAzyme would catalyze the ribonu-
cleotide (rA) site in strand S2 and promote the fracture of the strand S2.
After that, Fc was released from the surface of electrode, which leaded
to the reduction of ECL signal. According to the mechanism of the in-
termolecular reaction, the ECL intensity was decreased along with the
amount of Fc. And the amount of Fc had positive relationship with the
concentration of Ni>*. Thus, there was a negative correlation between
ECL signal and the concentration of Ni®", which realized the sensitive
detection of Ni**. And the corresponding mechanism of CAPEB is il-
lustrated in Scheme S2.

(ABEIox)* — ABEIox + hv

3.3. Analytical performance

Based on the Ni**-specific DNAzyme and quenching effect of Hg?*
on ABEI, CAPEB was fabricated for ultrasensitive determination of
Hg?* and Ni®*, respectively. The performance of CAPEB was mon-
itored under the optimized conditions (detailed procedure was de-
scribed in the Supplementary information). As shown in the inset of
Figs. 4A and 4B, the AECL intensity (Alge+ = Ip - Igg+, Alyp+ = Iy’ -
Iy;i2+) decreased gradually with the increasing of HMI in the clear con-
centration range. In Fig. 4A, the AECL intensity acted as a function of
the logarithm of Ni** concentration. The linear regression equation
was expressed as follows: Alyp+ = 208.7 4+ 921.0lgcy;+ with the
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regression coefficient (R?) of 0.9912. Additionally, Fig. 4B showed that
the peak currents linearly responded to the logarithmic value of Hg>™*
concentration ranging from 10 p.M. to 1 uM. The correlation equation
was Alye. = 3990.7 + 1319.81gcyg- (R? = 0.9920), and the detection
limit was 3. 8 p.M. By contrast with other detection methods in previous
report (Table S2), CAPEB represented wider linear ranges and lower
limits of detection, exhibiting its superior performance in detection.

3.4. Specificity, reproducibility and stability

In this study, to evaluate the specificity of CAPEB for detection of
Ni?* and Hg?", the biosensor was incubated with some potential in-
terferences, e.g., Zn®", AI®*, Cu®*, Fe®*, and Ca®". And the corre-
sponding results are shown in Figs. 4C and 4D. The existence of the
interfering agents with higher concentration (10-fold, 10 uM) than
target Ni2t (1 uM) displayed no obvious effect on the ECL signal
(Fig. 4C). When the CAPEB was incubated with the mixture containing
Zn®* (1ouM), APt @opuM), Cu®t (10uM), Fe** (10uM), Ca?*
(10 uyM), and Ni2t (1 uM), the ECL intensity had no obvious difference
compared with that of the only Ni** (1 uM). Similarly, the specificity
for detection of Hg?" was studied by incubating with Zn?* (10 nM),
AP (10nM), Cu®** (10nM), Fe** (10nM), Ca®* (10nM), Hg>*"
(1 nM) and mixture including target Hg®* and the above interferences.
As shown in Fig. 4D, the ECL signal was not affected by these inter-
ferences. Besides, so as to discuss whether there was the cross-impact,
Ni?* and Hg®* acted as interferences each other for detection. The
result indicated there was no the cross-impact between Ni>* and Hg**.

The reproducibility of CAPEB was investigated through testing the
concentration of target on five different biosensors. Inter-assay and
intra-assay relative standard deviation (RSD) were also measured, re-
spectively. According to the result, RSD values of Ni** detection were
less than 3.4% and 4.5% for the device in same and different batch. And
the RSD values of Hg?>* detection were less than 3.9% and 4.1%. This
result was acceptable for quantitative assays performed in real samples.
Moreover, the stability of the biosensor was another crucial property.
After the device was stored at 4 °C for two weeks before the experiment,
there was no obvious change here in the electrochemical strength, de-
monstrating a storage stability of the electrode.

3.5. Application of the CAPEB

To verify the practical applicability and reliability of the proposed
ECL device, the detection of Hg?>* and Ni*>* were performed by drop-
ping various concentrations of Hg?* or Ni?* into the lake water sam-
ples prepared by simply filtered firstly. After incubating in the lake
water samples diluted with Tris-HCl buffer, the devices were tested
under the optimum experimental conditions. According to the
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Table 1
Determination of heavy metal ion added in lake water samples (n = 3) with

CAPEB.

Metal ion  Concentration/nm  Concentration Found/ Recovery/% RSD/%
nm

Ni%* 10 10.15 101.5 1.1
20 20.32 101.6 0.98

50 48.67 97.3 2.2

100 96.40 96.4 2.0

5000 5015.69 100.3 1.5

Hg** 0.01 0.0096 96.0 1.3
0.1 0.104 104.0 1.9

1 1.02 102.0 2.2

10 10.38 103.8 0.8

100 99.45 99.5 0.5

experimental results (Table 1), the recovery values of the Hg?* or Ni%*
were ranging from 96.0% to 104.0% and from 96.4% to 101.6%, re-
spectively. It proved that the proposed biosensor had good reliability
and accuracy for Hg?* and Ni?* detection in real samples.

4. Conclusion

In this work, we integrated simple origami assembly, the hollow-

channel structure, and the multiple fluidic paths into a paper device
chip, realizing the simultaneous auto-cleaning of the two working
electrodes, which significantly decreased multiple personnel per-
forming procedures and shortened the measurement time. Besides,
binary catalysis strategies consisting of intramolecular self-catalysis of
PEI-ABEI and intermolecular co-reaction between H,O, and ABEI was
firstly introduced into the CAPEB, obtaining greatly enhanced ECL
signal. By taking advantage of Ni*>*-specific DNAzyme and quenching
effect of Hg>" on ABEI, CAPEB realized the supersensitive detection of
Ni?* and Hg®* with a relatively low detection limit of 3.1 nM and
3.8 pM The developed CAPEB presented fascinating analytical perfor-
mance, which may provide a new avenue for designing new-type
multifunctional paper-based diagnostic device.
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