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A B S T R A C T

A variety of routine methods are available for the detection of silver (I) (Ag+) ions, but most of them rely on
expensive, sophisticated and desktop instruments. Herein, a low-cost, instrument-free and portable Ag+ bio-
sensor was described by initially designing a new class of 3D origami microfluidic paper-based analytical devices
(μPADs) into each of which one piece of reagent-loaded nanoporous membrane was integrated. It combines
analyte-triggered self-growing of silver nanoparticles to block the membrane's pores in situ for rapid yet efficient
signal amplification with a handheld personal glucose meter for a portable and sensitive quantitative readout
based on the biocatalytic reactions between the glucose oxidase and glucose. Its utility is well demonstrated with
the specific detection of the analyte with a limit of detection as low as ∼58.1 pM (3σ), which makes this new
biosensing method one of the most sensitive Ag+ assays in comparison with many other typical methods recently
reported. Moreover, the satisfactory recovery of analyzing several types of real water examples, i.e., tap water,
drinking water, pond water and soil water, additionally validates its feasibility for practical applications.

1. Introduction

Heavy metals are generally defined as metals with atomic weights in
the range of 63.5–200.6 gM−1 and a specific gravity higher than
5 g cm−3 (Gumpu et al., 2015). These substances are among the most
harmful environmental pollutants as they are non-biodegradable and
can accumulate in ecological systems (Lin et al., 2016). In case of food
chain systems, they will lead to food contamination which can even-
tually do irreversible damage to the human body and cause various
diseases (Dai et al., 2012; Lin et al., 2016; Yang and Wang, 2011). For
instance, silver (I) (Ag+) ion is part of the largest toxicity class of heavy
metal pollutants (Ratte, 1999). According to the US Environmental
Protection Agency, the Ag+ will show toxicity to fishes and micro-
organisms if its concentrations are above 1.6 nM, and its maximum
allowable level in drinking water is strictly limited to 900 nM (Alizadeh
et al., 2014). The Ag+ can not only inactivate enzymes by binding to
thiol, amino, and carboxyl groups (Drake and Hazelwood, 2005; Gao
et al., 2017; Hadrup and Lam, 2014), but also damage DNAs via for-
mation of Ag+-polynucleotide complexes (Choi et al., 2016; Hossain
and Huq, 2002). In fact, excessive intake of Ag+ could result in argyria
and severe symptoms including a headache, stomach distress, organ
oedema, or even death (Kumar et al., 2011; Miao et al., 2013). Thus,
highly sensitive and specific methods to detect Ag+ are of great

importance for environmental protection and water safety.
Traditional routine techniques for this goal include atomic absorp-

tion and emission spectrometry (Trindade et al., 2015), inductively
coupled plasma mass spectrometry (Wang et al., 2015), and ion-selec-
tive electrodes (Mensah et al., 2014). A series of new Ag+ assay ap-
proaches have also been developed in recent years, such as fluorescence
spectrometry (with Al2O3 nanoparticles@Au nanodot (Chen et al.,
2013), trinuclear gold(I) pyrazolate (Upadhyay et al., 2018) or fluor-
escent protein (Chen et al., 2018) probes), surface plasmon resonance
(Chang et al., 2012), absorption spectrometry (using poly-
vinylpyrrolidone-capped Pt cubes as colorimetric probes (Gao et al.,
2017)), and electrochemical sensors based on enzyme cleavage (Miao
et al., 2013). These analytical methods have their own unique ad-
vantages and can offer satisfactory sensitivity and specificity. However,
most of them are not suited for point-of-care testing (POCT) uses in
resource-limited settings (e.g., the field-based analysis in remote re-
gions and home healthcare), as they are tedious (typically 0.5–1 h) and
generally require expensive, bulky instruments and well-trained op-
erators.

Microfluidic paper-based analytical devices (μPADs), first described
by Whitesides and co-workers in 2007 (Martinez et al., 2007; Yamada
et al., 2015), possess many attractive features (Lin et al., 2016; Morbioli
et al., 2017; Nie et al., 2012; Xia et al., 2016; Yang et al., 2016; Zhang
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et al., 2016) and may provide promising alternative platforms for de-
signing POCT Ag+ assays. The μPAD's primary features include the
extremely low cost of materials, ease of device fabrication and use,
portability, and disposability. Moreover, it consumes quite small vo-
lumes of reagent and sample (typically several microliters in an assay),
and has the ability to function via capillary action (without using an
external mechanical or electrical fluid-driving pump). As a result, the
last decade has witnessed fast progress in the fabrications of various 2D
and 3D μPADs for inexpensive, portable detection of a wide range of
analytes (e.g., ions, small molecules, proteins, DNAs, and even cancer
cells) (Lin et al., 2016; Morbioli et al., 2017; Xia et al., 2016; Yang et al.,
2016). There are only a few of paper-based Ag+ assay methods pre-
viously proposed. For example, in the study by Yang and Wang (2011),
naked-eye detection of Ag+ was conducted in test paper under UV light
through the reduction of o-phenylenediamine by the analyte producing
a fluorescent derivative. Lin's group (Liu and Lin, 2014) and Hossain's
group (Hossain and Brennan, 2011) prepared two types of target-spe-
cific-indicator-loaded test paper strips for colourimetric Ag+ sensing.
Nevertheless, these paper-based systems disclosed to date either needed
precise yet tedious control of temperatures to realize a qualitative
analysis of nanomolar Ag+ or had to use a scanner or camera to
quantitatively get micromolar detection limits. Currently, it still re-
mains a significant challenge to develop equipment-free quantitative
paper-based assays that enable the detection of Ag+ at nanomolar or
lower levels and could meet an increasing demand for POCT water
monitoring by limitedly-trained personnel or even unskilled home-
users.

In this work, we respond to this challenge by describing the proof-
of-concept of a complementary paper-based Ag+ assay, using analyte-
triggered self-growing reactions in 3D origami nanoporous-membrane-
integrated μPADs (NM-μPADs) for rapid signal amplification and a
ubiquitous personal glucose meter (PGM) as a quantitative signal
reader. Battery-powered handheld PGMs are one family of portable
biosensors during the most successful POCT sensors worldwide. Their
wide success is largely due to low price, ‘pocket’ size, simple operation,
and highly sensitive signal measurement via the biocatalytic reactions
between glucose oxidase and glucose (Xiang and Lu, 2011). Inspired by
these noticeable analytical advantages, although the current state-of-art
PGMs can only detect a single target, glucose (Xiang and Lu, 2012),
some efforts have been devoted in recent years to realize PGM-based
POCT detection of various non-glucose targets ranging from toxic metal
ions such as Pb2+ (Qiu et al., 2016; Su et al., 2013; Xiang and Lu,
2011), harmful food additives (Gu et al., 2015; Li et al., 2017) to disease
markers (Su et al., 2012; Tang et al., 2016; Zhu et al., 2014). However,
to the best of our knowledge, there is no report of PGM-based assays for
the Ag+ detection by far.

Herein, the PGM is used for the first time for portable quantitative
readout of Ag+ ions with the aid of a new type of μPADs, namely the 3D
origami NM-μPADs. The μPAD construction is illustrated in Fig. 1. Each
device is composed of a paper strip with hollow microstructures that
are patterned by laser cutting (Nie et al., 2013) and a piece of circular
polycarbonate NM loaded with 3,3′,5,5′-tetramethylbenzidine (TMB)
(5mm in diameter; as indicated by a yellow arrow in Fig. 1A). The
patterned paper strip is designed with five folding layers (numbered
from 1 to 5). Each layer contains a patterned function zone except the
last layer. The layer 5 and the non-functional zones in the layers 1 to 4
are further hydrophobilized with wax (Zhang et al., 2014, Fig. 1C) for
liquid-flow control. The function zone a (a 3.5 mm-diameter circular
hole) in layer 1and the 5mm-diameter circular function zone b in layer
2 are used for the sample addition and homogenization, respectively.
The 5mm-diameter circular zones c and d (located in the layers 3 and
4, respectively) are utilized for the immobilization and collection of
glucose, respectively. After the TMB-loaded NM is sandwiched by the
function zone b and the glucose-loaded zone c, the paper strip is folded
into a 3D origami device that is further fixed firmly with two clamps
(Fig. 1B).

The detection principle of this instrument-free biosensing method is
illustrated in Fig. 1C. After the sample solution is added onto the zone b,
the Ag+ analytes flow to the zone c, where the ions are reduced by the
TMB loaded in the NM to form silver nanoparticle nuclei or seeds which
in turn grow via more Ag+-TMB redox reactions. The as-generated
metal particles can block partial pores of the NM. As a result, a limited
volume of solution flows through the NM to re-dissolve the glucose
immobilized in the zone c, some of which in turn flows to the zone d to
be further collected for PGM measurement. The amount of the glucose
recorded negatively relies on the Ag+ level in the sample. The results
demonstrate that the developed 3D NM-μPAD-based Ag+ biosensors
with PGM readout allow for simple, low-cost, and specific detection of
analyte at picomolar levels within several minutes in artificial water
samples as well as real water samples of pond water, tap water,
drinking water and soil water.

2. Materials and methods

2.1. Materials and apparatus

3,3′,5,5′-tetramethylbenzidine (TMB) and phosphate-buffered saline
(PBS, 10mM, pH 5.6) solution were products of Sangon Biotechnology
Co., Ltd. (Shanghai, China). Glucose, absolute ethyl alcohol, di-
methylsulfoxide, silver nitrate (AgNO3) and other metal salts were
obtained from Xilong Chemical Co., Ltd. (Guangzhou, China). All other
chemicals were also of analytical grade and used as received without
further purification. The stock TMB solution (50mM) was prepared in
dimethylsulfoxide and diluted with absolute ethyl alcohol to specific
levels before use. Unless otherwise specified, all stock and working
solutions were prepared with deionized water with a specific resistivity
of 18.2MΩ cm that was produced from an ultrapure water system (UPS-
II-20L) of Chengdu Yuechun Technology Co., Ltd. (Chengdu, China).
The real water samples include commercially-available drinking water
(a product of Hangzhou Wahaha Co., Ltd., Hangzhou, China), tap water
obtained from our lab, pond water collected from a pond on our
campus, and soil water that was collected from farmland around our
campus.

Quantitative filter paper (∼195 μm in thickness, ash≤ 0.009%,
∼1–3 μM in pore size and ∼100 g cm−2 in average basis weight) was
purchased from Hangzhou Xinhua Paper Industry Co., Ltd. (Hangzhou,
China). Hydrophilic polycarbonate nanoporous membranes (NMs)
(Whatman, ∼50 nm in average pore size and ∼3×108 pore cm−2 in
average pore density; negligible absorption and adsorption of filtrate;
autoclavable for 30min at 121 °C) were the products of GE Healthcare
Life Sciences. The personal glucose meter (PGM) was bought from
Sannuo Biosensing Co., Ltd. (Changsha, China). Mini-type CO2 laser
cutting machine (XB-3020) was provided by Shangdong Xinbang Laser
Equipment Co., Ltd. (Jinan, China). Reaction solutions were optically
characterized by using an ultraviolet–visible spectrometer (Cary 50,
Varian, USA). Meanwhile, morphology and element composition of the
particles generated in these solutions were further characterized with a
transmission electron microscope (TEM) that is equipped with energy-
dispersive spectroscopy (EDS) (JEM-2100F, JEOL, Japan). Morphology
characterization of the NMs used for analyzing a blank sample and an
Ag+ sample were carried out on an EDS-equipped scanning electron
microscope (SEM, SU 5000, Hitachi, Japan).

2.2. Fabrication of reagent-loaded paper strips and NMs

The hollow microstructure-patterned paper strips were fabricated
by a laser cutting method (Nie et al., 2013). As depicted in Fig. 1A, each
paper strip consists of five continuous parts that serve as folding (in-
dependent) layers (numbered from 1 to 5). Except for layer 5, the four
layers 1–4 contain patterned, specified circular function zones a – d,
respectively. The detailed sizes of its patterns (as illustrated in Fig. S1 in
Supplementary Data) were designed as black lines on a white
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background using CorelDraw X6. For the fabrication, the laser with a
beam size of ∼0.3mm cut (pattern) a piece of filter paper laid flat on
the working platform in the laser cutting machine. Its operation para-
meters include a laser wavelength of 10.64 μm, an applied current of
8.5 mA, a cutting rate of 20mm s−1 and a laser power of 40W. After
laser patterning, the supporting (non-functional) zones in layers 1–4
and the whole layer 5 in the patterned strip were further hydro-
phobized by wax (Zhang et al., 2014). Moreover, 5 μL of a 600mM
glucose solution in 10mM PBS (pH 5.6) was spotted on the circular
function zone c in its layer 3, followed by air dry at room temperature.
Then, the glucose-immobilized paper strip was folded into its 3D or-
igami state (Fig. 1A). On the other hand, ∼1.5 μL of a 10mM TMB
solution was deposited on a piece of 6mm-diameter circular NM and
allowed to air dry. Each freshly prepared 3D glucose-immobilized paper
strip or TMB-loaded NM was stored in a sealed bag and kept away from
light at room temperature. There is no significant loss of analytical
sensitivity experimentally found during their storage period of one
month. Packaging every reagent-immobilized 3D paper strip or NM
individually via vacuum packaging technique could lead to the better
storage stability.

2.3. Fabrication of 3D origami NM-μPADs for biosensing of Ag+

In a typical Ag+ assay, a 3D origami NM-μPAD was fabricated by
sandwiching one piece of TMB-immobilized NM by the zones b and c in
a folded glucose-loaded paper strip and further fixed firmly by two
clamps (Fig. 1B). Then, a portion (10 μL) of Ag+ sample solution (ar-
tificial sample in deionized water or real water sample) was added onto
the zone b in the device's layer 2. Several minutes later, the two clamps
were loosened, and a drop (10 μL) of PBS buffer (10mM, pH 5.6) was
introduced in the zone d of the layer 4 to suspend possible glucose
products that flew from the zone c in the layer 3 for PGM measurement.
Response signal of glucose concentration change (ΔCglucose) was defined
as ΔCglucose= Cb− Cs, where Cb and Cs represent the glucose levels
obtained from analysis of a blank sample (i.e., deionized water without
analyte) and the Ag+ sample, respectively. The ΔCglucose value was used
to estimate the Ag+ level in the sample. Moreover, for a specificity

study, a set of 3D NM-μPADs were adopted to detect other fifteen kinds
of potential interfering metal ions (i.e., Fe3+, Al3+, Cr3+, Zn2+, Pb2+,
Ni2+, Ca2+, Fe2+, Cd2+, Co2+, Cu2+, Mg2+, Hg2+, Na+, and K+) in
the same way.

3. Results and discussion

Herein, we propose a new paper-based method for the instrument-
free quantitative detection of Ag+. This method initially integrates
analyte-triggered self-growing of Ag nanoparticles to block the NM's
nanopores in 3D origami μPADs for rapid yet efficient signal amplifi-
cation with a PGM as the portable quantitative reader (Fig. 1). It re-
quires no experience and large desktop equipment. Moreover, its truly
facile assay procedures could be completed by any nontechnical per-
sonnel within several minutes. These advantages would thus make this
new method suitable for uses especially in resource-limited environ-
ments such as field-based water monitoring.

The core concept of our method focuses on the conversion of Ag+

detection into glucose detection with the PGM, which relies on the
analyte-triggered formation of metal nanoparticles that in turn adjust
the glucose levels by blocking (closing) the nanopores in the NM-
μPADs. Thus, the Ag+-triggered the Ag+-TMB redox reactions produ-
cing Ag nanoparticles in liquid-phase was first demonstrated. One can
find from Fig. 2A that a freshly prepared TMB solution (2.5 mM) is clear
and transparent (image a). Its ultraviolet–visible spectrum does not
show any meaningful absorbance during a tested wavelength range
from 330 to 800 nm (curve a in Fig. 2B). On the other hand, mixing the
TMB solution with a 0.1 mM Ag+ sample led to the formation of a blue
mixture (image b in Fig. 2A). This should be attributed to the oxidation
of TMB (TMBox) by Ag+ (Gao et al., 2017; Lin et al., 2011; Song et al.,
2010), which was further confirmed by three characteristic absorbance
peaks recorded at 370, 458 and 659 nm (curve b in Fig. 2B). Actually,
such a colour change from colourless to blue in the mixture as a result
of the Ag+-TMB redox reactions was very fast. It took place only within
a few seconds (Fig. S2 in Supplementary Data).

The blue mixture solution was then characterized by TEM.
Interestingly, as shown in its resulting microcosmic image (Fig. 2C), a

Fig. 1. (A) Construction of a 3D origami NM-μPAD. (B)
Image of a 3D NM-μPAD that is fixed with two clamps and
ready for use. (C) Schematical detection principle of the
proposed instrument-free Ag+ biosensor that combines ana-
lyte-triggered self-growing of silver nanoparticles to block
the NM's pores for signal amplification with a portable per-
sonal glucose meter for quantitative readout.
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great number of spherical nanoparticles with a diameter range of
∼10–100 nm had been formed in the redox reactions between the TMB
molecules and Ag+ ions. The main elemental composition of these
particles was subsequently proved to be silver by their EDS results
(Fig. 2D). The two pieces of direct experimental evidence may be
adopted to uncover a possible hypothesis or mechanism for the Ag+-
TMB redox reactions producing silver particles in situ. That is, Ag+ ions
would be reduced to zerovalent silvers assembling into small Ag na-
noparticles as soon as the Ag+ sample was mixed with the TMB solution
(Yang et al., 2008). These small Ag particles further acted as nuclei (Wu
et al., 2018) that allow more TMB molecules to reduce more Ag+ ions
to zerovalent Ag species. As a result, these small Ag seeds would grow
up into bigger particles.

Next, the feasibility of generating Ag particles in situ blocking NM's
pores to adjust Ag+-dependent glucose levels in the NM-μPADs for PGM
readout was studied. The first thing to consider is the glucose im-
mobilization/collection efficiency in the paper body. In general, neither
not all of the glucose molecules loaded on the zone c of a paper device
could be carried to the zone d by a reaction solution that flows through
the NM, or the glucose molecules adsorbed in the zone d could be to-
tally collected from the paper body for a sequent PGM measurement.
For this reason, one can find from Fig. 3A that a PGM value of
∼33.1 mM glucose was obtained from a blank sample (i.e., water
without Ag+) while using a glucose concentration up to 600mM for its
immobilization in zone c. Higher glucose levels would lead to no signal
output as the measurable glucose levels of the PGM used herein range
from 1.1 to 33.3mM (Fig. S3 in Supplementary Data). In contrast, for
64 nM Ag+, a glucose concentration as low as ∼1.1 mM was recorded
on the PGM.

In order to understand such a dramatic difference in PGM signals,
the surface morphologies of a piece of NM unused and those utilized in
the two cases were contrastively characterized with SEM and EDS
techniques. It was obviously shown in Fig. 3B that there are a large

number of circular pores with an average diameter of ∼50 nm dis-
tributed in the unused NM. Moreover, almost no changes were observed
in the microscopic morphology of the NM used for the assay of a blank
sample (Fig. 3C). In other words, in comparison with that of the unused
one (Fig. 3B), almost all of its nanopores kept their original “open”
states, which surely facilitated the reaction solution flowing to redis-
solve and carry a substantial level of glucose loaded in zone c to zone d
for PGM detection (Fig. 3A). On the other hand, as expected, a more
smooth NM was obtained in the case of assaying a 0.1 mM Ag+ sample,
as most of its pores had been filled (“closed”) with lots of Ag particles
created via more Ag+-TMB redox reactions (Fig. 3D). Thus, only a small
volume of reaction solution could flow through the NM to zone c for
redissolving the glucose immobilized. As a result, a quite low level of
glucose was collected from zone d, leading to a very small PGM signal.

After demonstrating the feasibility of in-situ formation of Ag parti-
cles in liquid phase or on the NM surface and the PGM readout of Ag+-
dependent glucose level on 3D NM-μPADs, the specificity of the pro-
posed method was then evaluated. More specifically, a set of paper
devices were utilized to assay fifteen kinds of potential interfering metal
ions in water (i.e., Fe3+, Al3+, Cr3+, Zn2+, Pb2+, Ni2+, Ca2+, Fe2+,
Cd2+, Co2+, Cu2+, Mg2+, Hg2+, Na+, and K+; 2.4 μM each), com-
paring with the results of analyzing a blank sample without the analyte
and a 64 nM Ag+ sample. The Cglucose results measured by the same
PGM are shown in Fig. 4A. It clearly shows that similar Cglucose values as
large as ∼32.3 mM were obtained for these non-specific ions. And no
significant differences were observed between their PGM responses and
that recorded from the blank sample (∼32.9mM). In contrast, a small
Cglucose value as low as ∼1.1mM was measured for the Ag+ assay, al-
though its level is far lower than that of the chosen non-specific ions.
The data indicates that this new Ag+ assay possesses good detection
specificity. This is presumably due to that only the Ag+ ions could
trigger the nucleating and growing of Ag particles on the solid NM
integrated into the used device to efficiently block (close) its nanopores

Fig. 2. (A) Image of two mixture solutions formed by mixing
a 2.5mM TMB solution separately with a blank sample (i.e.,
deionized water with analyte) and a 0.1 mM Ag+ sample. (B)
Ultraviolet–visible spectra of the two solutions shown in (A).
(C) The TEM image and (D) corresponding EDS result ob-
tained from the blue mixture shown in (A). (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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(Anderson et al., 2017).
The main experimental factors for Ag+ detection were studied in

detail, including the concentration of glucose deposited on zone c, the
concentration and volume of TMB spotted on each piece of NM, the
volume of sample consumed in one assay run, and the time required for
the reactions took place in every 3D NM-μPAD (Figs. S4–S7 in Sup-
plementary Data). Then, in order to evaluate the sensitivity and ro-
bustness of this new method, a series of artificial water samples with
varying Ag+ concentrations ranging from 0 to 64 nM were analyzed
under the resulting optimized factors. The relationship between the
Cglucose values recorded by the same PGM and the Ag+ concentrations
(CAg+) tested is displayed in Fig. 4B. It is clearly observed from Fig. 4B
that as the Ag+ concentration increases, the Cglucose values decreases,
presenting negative analyte level-dependent Cglucose responses.

Interestingly, as further shown in the inset of Fig. 4B, the calibration
curve that describes the relationship between the ΔCglucose values and
the logarithm values of Ag+ concentrations (LogCAg+) has two linear
sections. It can be described by the regression equation ΔCglucose

(mM)= 5.7343 LogCAg+ + 7.3881 (R=0.9933) for the 62.5 pM to
8 nM Ag+ concentration range and the equation ΔCglucose

(mM)= 23.0633 LogCAg+ - 9.3817 (R=0.9561) for the 8–50 nM
range. The limit of detection (LOD) for Ag+ was estimated to be ∼58.1
pM using the first equation according to the 3σ rule. The occurrence of
two linear concentration ranges (LCR) might be attributed to the dif-
ferent growing rates of Ag+ nanoparticles at low and high Ag+ levels in
the NM's nanopores. However, the exact mechanism still needs more
investigation to achieve a definite conclusion. In comparison with some
recent fluorescence, absorbance, or electrochemistry methods for Ag+

Fig. 3. (A) Glucose concentrations (Cglucose) recorded by PGM
for assays of the blank sample (deionized water with Ag+)
and a 64 nM Ag+ sample using μPADs loaded with different
Cglucose. Each data point is an average of three replicates and
error bars indicate standard deviations. SEM images of ori-
ginal NMs (B) and these used for a blank sample (C) and a
0.1 mM Ag+ sample (D), respectively. The right part of (D)
shows the corresponding EDS result (image) obtained from
the Ag+ assay.

Fig. 4. (A) Results of glucose concentrations (Cglucose) recorded from the blank sample and different metal ions: Ag+, 64 nM; other ions, 2.4 μM. (B) Cglucose values
recorded for detection of various concentrations of Ag+ samples. An inset shows the calibration curve that describes the relationship between the Cglucose value
changes (ΔCglucose) and the logarithm values of Ag+ concentrations (LogCAg+). Each data point is an average of three replicates and error bars indicate standard
deviations.
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detection (Table 1), this 3D NM-μPAD-based strategy needs just a ubi-
quitous PGM (rather than any bulky equipment) for a portable quan-
titative readout. In particular, it can not only be operated by unskilled
personnel to rapidly achieve comparable or even better sensitivity but
also offers a useful potential capability for POCT applications (Table 1).
Moreover, the average relative standard deviation (RSD) in three re-
petitive assays of the tested Ag+ samples was ∼6.41%, suggesting an
acceptable reproducibility of the new approach. The major source of
detection variations might be the manual operations for the im-
mobilization of TMB (in the NM) and glucose (in the device's zone c)
under the open ambient conditions including temperature and hu-
midity. Better detection reproducibility could be expected if more
precise reagent immobilization would be performed in constant ex-
perimental conditions.

With these good results above in hand, the accuracy and practic-
ability of this new assay method were additionally assessed by carrying
out recovery tests of several real water samples according to the same
procedures. The real water samples include the commercially available
drinking water, tap water obtained from our lab, pond water collected
from a pond on our campus, and soil water that was collected from
farmland around our campus. It should be pointed out that all of these
water samples should be filtrated with NMs to remove potential inter-
ferences before their analysis. Then, six parallel experiments for each
sample were performed. As shown in Table 2, the recovery results ob-
tained from these tests range from 93.02 to 107.0% and the RSDs are
between 4.65 and 10.0% (n=6). The acceptable recovery percentages
and small standard deviations thus validate relatively high accuracy
and practicability of the new method for specifically identifying and
quantifying Ag+ ions in real complex matrices including environmental
water.

4. Conclusion

We have successfully developed a new type of 3D origami μPADs
that integrate NMs with PGMs for specific biosensing detection of pi-
comolar Ag+ ions. The analyte-triggered self-growing of Ag particles in
the NMs of μPADs could allow for rapid yet efficient signal amplifica-
tion. The battery-powered and handheld PGM is cheap and widely ac-
cessible and proves easy-to-use for sensitive and portable quantitative
measurement. Such a 3D NM-μPAD-based biosensor with PGM readout
has been well demonstrated to achieve a comparable or even better
performance in comparison with most of existing Ag+ assays, in terms
of portability, sensitivity, technical requirements and assay time. This
universal instrument-free biosensing platform could offer new oppor-
tunities for constructing various POCT systems for uses particularly in
resource-poor settings, such as field-based and household analysis.

Future work would focus on: (1) improvement of the overall design

of the 3D origami NM-μPADs proposed for realizing practical POCT
applications for Ag+; (2) enhancement of their detection limits and
linear ranges by seeking another type of NMs and/or additional co-
reaction reagents that are more sensitive to the amount of nanoparticles
formed per nanopore; and (3) development of equipment-free biosen-
sing methods with the 3D NM-μPADs and PGMs for other targets that
make the use of new reaction chemistries for adjusting the liquid
flowing in NM's pores.
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Table 1
Performance comparison of this new method with some other quantitative Ag+ assays.

Quantitative method LCRa LODb Portable Cost Assay time (min) References

Surface plasmon resonance 0.05–2 μM 10 nM No Very high 45 Chang et al. (2012)
Fluorescence 3–300 nM 1.5 nM No High 30 Chen et al. (2013)
Fluorescence 0.02–1.5 μM 14 nM No High 10 Xie et al. (2012)
Absorbance 0.1 nM–10 μM 80 pM No High 6 Gao et al. (2017)
Absorbance 5–40 μM 1 μM No High 90 He et al. (2016)
Absorbance 1–170 μM 1 μM No High 10 Liu et al. (2013)
Absorbance 0.1–1 μM 48.6 nM No High 120 Wang et al. (2013)
Absorbance 0.4–1 μM 100 nM No High 5 Lin et al. (2010)
Absorbance 0.05₋3 μM 64 nM No High 110 Zhou et al. (2010)
Electrochemistry 1 pM–100 nM 0.47 pM No High 120 Miao et al. (2013)
Electrochemistry 0.1–0.8 μM 10 nM No High 120 Lin et al. (2011)
μPAD with PGM 0.0625–8 nM; 8–50 nM 58.1 pMc Yes Very low 7 This work

a LCR, linear concentration range.
b LOD, limit of detection.
c The LOD of 58.1 pM of this work was estimated using the regression equation obtained from the LCR of 0.0625₋8 nM according to the 3σ rule.

Table 2
Recovery of Ag+ in several real water samples.

Real sample Founda

(nM)
Added
(nM)

Calculatedb

(nM)
Recovery (%) RSDc (%,

n=6)

Drinking
water

0.00 8.00 7.53 106.2 8.99
0.00 16.0 16.2 98.77 9.80
0.00 32.0 33.4 95.81 9.13

Tap water 0.00 8.00 7.92 101.0 5.82
0.00 16.0 16.1 99.38 10.0
0.00 32.0 29.9 107.0 9.23

Pond water 0.00 8.00 8.51 94.01 7.77
0.00 16.0 17.2 93.02 7.99
0.00 32.0 33.9 94.40 9.22

Soil water 0.00 8.00 8.59 93.13 10.0
0.00 16.0 14.9 107.3 4.65
0.00 32.0 32.1 99.69 9.35

a The original Ag+ concentrations in the samples detected using atomic
absorption spectroscopy.

b The total Ag+ concentrations in the samples determined using the pro-
posed method.

c RSD, relative standard deviations.
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