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This article reports the first fluorescent distance-based paper device coupled with an evaporating
preconcentration system for determining trace mercury ions (Hg?*) in water. The fluorescent nitrogen-
doped carbon dots (NCDs) were synthesized by a one-step microwave method using citric acid and
ethylenediamine. The fluorescence turn-off of the NCDs in the presence of Hg?* was visualized with
a common black light, and the distance of the quenched fluorescence correlated to Hg?* concentration.
The optimal conditions for pH, NCD concentration, sample volume, and reaction time were investigated.
Heating preconcentration was used to improve the detection limits of the fluorescent distance-based
paper device by a factor of 100. Under the optimal conditions, the naked eye limit of detection (LOD)
was 5 ug Lt ng+. This LOD is sufficient for monitoring drinking water where the maximum allowable

mercury level is 6 pg L' as established by the World Health Organization (WHO). The fluorescent
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Accepted 26th February 2020 distance-based paper device was successfully applied for Hg“" quantification in water samples without

interference from other cations. The proposed method provides several advantages over atomic

DOI: 10.1039/d0ra00791a absorption spectroscopy including ease of use, inexpensive material and fabrication, and portability. In
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1. Introduction

Heavy metals are important components of many
manufacturing processes. In industrial manufacturing, heavy
metals are used as raw materials for the conductive parts of
batteries and for catalysts during plastic production. In the
agricultural sector, heavy metals are used in the manufacture of
insecticides.” Heavy metals can leach into surface water and
groundwater during manufacturing and product use. The
contamination of heavy metals in the environment is a serious
problem as they are harmful to humans and the environment.**
Mercury is one of the toxic metals which can exist in elemental,
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addition, the devices are simple to fabricate and have a long shelf-life (>5 months).

organic, and inorganic forms. The inorganic form of Hg”" is the
most common form found in drinking water and environ-
mental waters.>® Mercury has harmful effects on the nervous,
digestive and immune systems, as well as the lungs, kidneys,
skin, and eyes. The maximum allowable Hg”* level in drinking
water is 6 pg L' as established by the World Health Organi-
zation (WHO). Therefore, a highly sensitive method for mercury
detection is necessary to protect and control the distribution of
mercury in food and the environment.”®

Standard methods for Hg”>" detection include atomic
absorption spectroscopy (AAS), inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), inductively
coupled plasma-mass spectrometry (ICP-MS), and fluores-
cence spectroscopy.”™ AAS, ICP-AES, and ICP-MS are
commonly used because of their high sensitivity but are
large, extremely costly, and laboratory-based instruments.
Fluorescence-based sensing has received much attention due
to its high selectivity, high sensitivity, speed, and cost-
effectiveness. Several fluorescent materials have been devel-
oped using organic dyes, quantum dots, metal-organic
frameworks, and fluorescent proteins.’*'* Zhang et al'®
developed a simple, low-cost, one-pot hydrothermal method
to synthesize nitrogen-doped carbon nanodots (NCDs) for
turn on-off fluorescence sensing of Hg*" and L-cysteine. Hg>"
can completely quench the fluorescence of NCDs by the
formation of a stable, non-fluorescent NCD-Hg>" complex.

This journal is © The Royal Society of Chemistry 2020
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He et al.*® also developed a fluorescent probe using NCDs for
determination of Hg”" and I~ in real lake water and urine
samples demonstrating a simple, sensitive, and robust
method. NCDs are an interesting material for fluorescent
sensing due to advantages such as water solubility, chemical
inertness, low toxicity, ease of functionalization, and resis-
tance to photobleaching.”** However, the detection with
NCDs still requires a fluorimeter and a highly skilled
scientist.

Recently, paper-based analytical devices (PADs) or micro-
fluidic paper-based analytical devices (uPADs) have been
developed as an instrument-free analysis technique.?*** uPADs
are an alternative to traditional laboratory instrumentation for
point-of-care monitoring due to minimal sample requirements,
environmental friendliness, and rapid analysis. Moreover, the
techniques used to fabricate pPADs are inexpensive. Although
many UPAD applications have emerged over the last decade in
fields such as diagnostics, biological samples, food safety, and
environmental analysis,***° pPADs continue to be developed for
various aspects of metal detection. Kim et al.*" reported a new
fluorescent method for AI** and Hg?" detection using a paper-
based sensor strip containing tethered rhodamine carbon
nanodots. The sensor could efficiently detect AI*" over other
metal ions via forester resonance energy transfer (FRET).
Sensing based on FRET of NCDs is color-tunable and can be
identified with the naked eye, providing a new platform for
specific metal-ion sensing. Unfortunately, the method still
suffers from low sensitivity with limits of detection for AI** *
and Hg”" *2 at around 1 mg L. These levels are insufficient for
monitoring aluminum and mercury in drinking water where the
maximum allowable aluminum and mercury levels established
by the WHO are at 0.1 and 6 pg L™, respectively.®

To obtain a lower limit of detection, preconcentration steps
can be applied to nPADs. Several methods have been reported
for preconcentration and monitoring of trace heavy metals by
solid-phase extraction®** and of biological molecules by
evaparation.®® Wong et al. used the evaporation process to
concentrate a tuberculosis biomarker on a paper-based
device.*® This method used the application of localized heat
to a paper strip causing evaporation of a large sample volume
to concentrate the analyte. A paper strip was hung and sand-
wiched between two aluminum plates which were heated and
the bottom of the paper strip was dipped in the sample
reservoir. The evaporation process could be suitable for pre-
concentration of heavy metals but flow through the paper will
be slow due to gravity.

Here, we report the first fluorescent distance-based paper
device coupled with an evaporation system for determining
trace mercury (Hg>") in water. We developed an evaporation
system that retains paper shape during preconcentration and
avoids reduction in flow rate caused by gravity. The new method
improves on previous pPADs**** by allowing for instrument-free
signal quantitation and lowering the detection limit of Hg>".
Moreover, the proposed method is highly selective, portable,
and was successfully applied for mercury detection in drinking,
pond, and tap water samples.

This journal is © The Royal Society of Chemistry 2020
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2. Experimental

2.1. Reagents and materials

All chemicals and reagents were obtained from Thermo Scien-
tific, were of analytical grade, and were dissolved in ultrapure
water (resistivity = 18.2 MQ cm™ ). Citric acid and ethylenedi-
amine were used for NCD synthesis. Four different types of
Whatman filter paper were investigated: filter paper no. 1 (cat no.
1001-917), anion exchange filter paper (cat no. 3658-915), cation
exchange filter paper (cat no. 3698-915) and silica gel filter paper
(cat no. 3668-915). Mercury nitrate (Hg(NO3),-H,0) was used as
a standard solution. Buffer solutions were used to study the pH
effect including sodium citrate buffer (pH 3-pH 5), phosphate
buffer (pH 6-pH 9), tris-hydrochloric buffer (pH 9) and Na,HPO,-
NaOH buffer (pH 10-pH 12). FeCl;-6H,0, FeSO,-7H,0,
CoCl,-6H,0,  NiSO,-H,0, MnSO,-H,0, Zn(NO;),-6H,0,
CrCl;-6H,0 Pb(NO;),-6H,0, Cd(NO;),3H,0, Al(NOs);-9H,O0,
Cu(NO3),-3H,0, AsCls, BaCl,, CaCl,, NaCl and KCl, were used for
interference studies. To prevent metal contamination, laboratory
glassware was kept overnight in a 10% (v/v) nitric acid solution
and rinsed with DI water before use.

2.2. Instrumentation

X-ray diffraction (XRD, btx II Olympus), UV-vis spectrophotom-
etry (UV-vis, Lambda 35/FIAS300 PerkinElmer), fluorescence
spectroscopy (F-2500 Hitachi), transmission electron microscopy
(TEM, Tecni 20 Philip), nanoparticle analyzer (HORIBA Scientific,
SZ-100) and Fourier transform infrared spectroscopy (FTIR,
NICOLET 6700 Thermo scientific) were used for characterization
of the NCDs. A household microwave oven (ME711K, Samsung)
was used for NCD synthesis. For the detection of Hg>", a black
light from a local market was used in a black acrylic box for
illumination (20 cm x 20 cm x 20 cm, Fig. S17). The results were
analyzed by both naked eye and an image collected with a digital
camera or smartphone. Method validation was performed by
hydride generation atomic absorption spectroscopy (HG-AAS,
Analytic Jena). The heater for preconcentration was fabricated
in house (Fig. S91) and consisted of a heating zone (diameter 2.0
cm) and an insulator zone.

2.3. Synthesis of NCDs

The NCDs were synthesized according to a simple one-step
microwave method.*® In brief, 2.0 g of citric acid was added to
5 mL ultrapure water followed by 390 pL ethylenediamine to
dope nitrogen on the NCD's surface. The mixture solution was
then put in the microwave at 680 W for 5 min. After 5 min, a red-
brown foamy solid appeared and was purified using a centrif-
ugal filter unit (Nanosep with 3 kDa.). XRD, UV-vis spectroscopy,
fluorescence spectroscopy, TEM (Phillip, Tecni20) and FTIR
were used to characterize the NCD solution. The NCD solutions
were kept at 4 °C prior to use.

2.4. Preparation of distance-based paper device

Paper-based devices were made from several types of filter
paper: normal Whatman filter paper no. 1, anion exchange filter
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paper, cation exchange filter paper, and silica gel filter paper
(Whatman). The pattern was designed with CorelDraw X7 and
printed onto the paper using a wax printer (Xerox ColorQube
8870, Japan).*” The printed wax was melted in a convection oven
at 115 °C for 5 min. When cooled to room temperature, the
absorbed wax formed a hydrophobic barrier defining a channel
in the paper. The device has two zones, the (i) sample zone
(diameter 5.0 mm) and (ii) detection zone (width 3.5 mm,
channel length of 70 mm).

2.5. Hg>" detection

Fluorescent distance-based paper devices were prepared for
Hg>" detection. The NCDs (10 pL) were dropped onto the
detection zone using a pipette and allowed to dry. The Bi**
solution was added to the standard or sample solution to
increase the sensitivity of the detection method. For analysis, 75
uL of a standard or sample containing with Bi*" (1 to 20 mg L™%)
was added to the sample zone. Upon addition of the sample, the
fluorescence of the NCDs is turned off due to the formation of
a Hg>*-NCD complex. The distance of turned off fluorescence
positively correlates to the Hg>* concentration. The distance
was measured by a luminous ruler (Fig. S1t) under a black light
in a black box as shown in Scheme 1. The optimum conditions
for paper type, pH solution, NCD concentration, sample
volume, and analysis time were studied. Interference from other
cations was investigated by comparing the distance signal ob-
tained from just Hg®" to Hg”" mixed with sixteen cation ions:
cd?, cr*, As®", cu®', Pb>*, Mn*', AI*', Fe**, Fe**, Co?*, Ni*",
Zn**, Ba**, K*, Ca*" and Na".

2.6. Determination of Hg”" in water samples

To evaluate the utility of the fluorescent distance-based paper
device for Hg>" determination with real samples, the amount of
Hg>" was quantified in drinking, pond, and tap water. Drinking

View Article Online
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and tap water were analyzed without pretreatment while pond
water was filtered to remove large particles prior to analysis. The
accuracy of the method was determined by spiking samples
with a standard solution of Hg*" at 2, 12, and 22 mg L™ " with
additional validation by HG-AAS. The standard preparation
method for mercury detection (APHA Method 9221: standard
methods for the examination of water and wastewater) was used
for HG-AAS.*® Mercury was reduced to elemental mercury vapor
using NaBH, and HCI as the reducing agents for hydride
formation. In order to improve the application of on-site envi-
ronmental detection, the stability of NCDs was studied. NCDs
were added to the device stored at 4 °C in a dark and were used
to detect Hg>" after 5 months to evaluate NCD stability.

2.7 Heating preconcentration on paper-based microfluidics

The heater for preconcentration was designed in house
(Fig. S91) and consists of a heating zone (diameter 2.0 cm) and
an insulating zone. The heater is made of low voltage cartridge
heaters (12 volt batteries, 40 watts). The temperature for pre-
concentration was studied in the range of 50-250 °C. The
optimal temperature was 100 £+ 1 °C, which resulted in the
highest turned-off fluorescence distance.

3. Results and discussion

3.1. Characterization of NCDs

The optical properties of NCDs were characterized by UV-vis and
fluorescence spectroscopy in solution.*® The UV-vis absorption
spectra of NCDs with and without Hg”" at 5 and 10 ppm are
shown in Fig. 1a. The spectra indicate the presence of C=0/C-
OH or C=N functional groups and n-m* transitions. NCDs
dispersed in water appear yellow under ambient light and emit
blue fluorescence under a UV lamp (inset of Fig. 1b). Strong
fluorescence emission was observed at 450 nm with excitation
at 350 nm (Fig. 1b and c). The XRD pattern (Fig. S2t) shows the
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Scheme 1 Determination of Hg?* by fluorescent distance-based paper device.
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Fig. 1 Characterization of NCDs using UV-visible spectroscopy (a) and fluorescence spectroscopy at 350 nm excitation wavelength (b). Inset:
photo of NCDs dispersed in water under ambient light (left) and under a UV lamp (right). Fluorescence emission spectroscopy of NCDs with and

without Hg?* at 350 nm excitation wavelength (c).

(002) reflection plane that exhibits a broad diffraction peak at 26
= 20°.*° A study of the functional groups on NCDs was done by
FTIR, and the spectra are shown in Fig. S3.f OH-bond stretching
at 3490 cm ™' and asymmetric stretching of C=0 at 1720 cm ™"
were observed. A peak was also found at 1600 cm ™' corre-
sponding to C=0 bending and C-C stretching, respectively.
Peaks appearing at the 1400 and 1320-1100 cm ™' wavenumbers
indicated the bending vibration of C-N and C=N from
NCDs which were different from the citric acid spectra
(Fig. S31).***> The negative zeta potential of —5.6 mV is also
found for the NCDs. TEM images show the good dispersion of
NCDs with a narrow size distribution in the range of 2 to 5 nm
(Fig. S4at). The average diameter of the NCDs is 3 nm
(Fig. S4bf) whereas the Hg>*-NCD complex is about 70 nm
(Fig. S4c and df).**

3.2. Hg>" detection using fluorescent distance-based paper
device

The fluorescence turn-off mechanism of NCDs with Hg** was
studied next. The fluorescence on the distance-based paper
device is similar to the behavior of NCDs and Hg>" in

This journal is © The Royal Society of Chemistry 2020

solution.''****4¢ In the UV-vis absorption spectra in Fig. 1a,
a new absorption peak appears at 300 nm in the presence of Hg>"
and higher absorbance intensity was found with increasing Hg>*
concentration. This suggests that Hg>" can bind with the C=0/
C-OH or C=N of the NCDs via covalent bonding between an
empty orbital of Hg>" and electrons of NCDs, leading to the
formation of a non-fluorescent metal adduct. TEM results
confirmed that the particle size of the Hg>*-NCD complex was
larger than NCDs (Fig. S4c and dt). Ethylenediamine was applied
for the modification of CDs in this work because Hg>* has
a stronger affinity toward nitrogen on NCDs than other ions.*”
Based on their stronger affinity towards complexation with
nitrogen and their large radius, Hg** ions can affect the fluo-
rescence quenching of NCDs.*” Different functional groups affect
the energy levels of the NCDs, which alter and enhance the light
absorption and emissive spectrum of the sensors. For example,
Patir et al modified NCDs with ethylenediaminetetraacetic
(EDTA) acid which has a carboxylic acid group so the fluores-
cence of the EDTA-NCDs was quenched by both Hg>" and Cu®*.*®
Unfortunately, the detection limit of the EDTA-NCDs on a paper-
based device (20 ug L") is insufficient for monitoring Hg?* in
drinking water, where 6 pg L™" is recommended by the WHO.

RSC Adv, 2020, 10, 9884-9893 | 9887
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Fig. 2 pH effect on fluorescent distance-based paper device with blank (a) and in the presence of 10 mg L™* Hg?* (b and ).

Thus, the fluorescence quenching caused by the interaction
between Hg>" and our NCDs was applied to the distance-based
paper device for simpler and easier detection.

3.3. Optimized conditions

3.3.1 Paper types. The effect of paper type on the fluores-
cent signal was studied next. Whatman no. 1 filter paper, anion
exchange filter paper, cation exchange filter paper and silica gel
filter paper were all tested to determine the optimal paper
surface. The results indicate that only anion exchange filter
paper can be used for the fluorescent distance-based detection.
With other paper types, the fluorescence signal was not
different between the blank and Hg”'. The NCDs could be
immobilized on the anion exchange paper because the positive
charges of diethylaminoethyl cellulose on the paper surface
interact with the negative charge of the functional groups on the
NCDs. NCDs on other paper types were not immobilized after
addition of the blank and 10 mg L' Hg>" solution, instead
flowing through the channel so the length of fluorescence
quenching between the presence and absence of Hg** could not
be distinguished by naked eye. Based on these results (Fig. S57),
anion exchange filter paper was selected for the determination
of Hg”" in the remaining experiments.

3.3.2 Effect of pH. The influence of pH was evaluated from
pH 3 to 12 standard buffer solutions (Fig. 2). The length of
quenched fluorescence on the paper device in the presence of
10 mg L~ Hg”>* was not significantly different from pH 3 to pH
11 (Fig. 2b, ANOVA, p > 0.05). At pH 12, the distance signal

9888 | RSC Adv, 2020, 10, 9884-9893

significantly decreased because Hg>* could form a hydroxide
complex with the OH™ in basic solution. Moreover, the pK, of
diethylaminoethyl on paper is 11.50 so anion exchange filter
paper should be used at a pH below the pK, of the amine group
to maintain a positive charge on the paper. We also found that
the fluorescence of NCDs in solution is highly sensitive towards
pH due to the formation of aggregates at low pH. After NCDs
were immobilized on the anion exchange filter paper however,
the aggregation of NCDs did not occur as we did not find
a decrease in fluorescence at low pH. From this result, one
advantage of our proposed technique is the robustness of Hg”"
detection to various pH conditions compared to previous
works."* In this work, DI water was used for sample prepara-
tion to maintain a suitable pH that would match the real
samples.”

3.3.3 Influence of NCD concentration. The concentration
of NCDs was investigated in the range of 3-11 g L™ " (Fig. S67).
An NCD concentration of 5 g L™' was chosen because it
provided the most significant difference between fluorescence
and turn-off fluorescence signal by naked-eye detection.
Although 9 ¢ L™" had the highest turn-off length, the contrast
between the regular and quenched zones was not as great as in
the 5 ¢ L™" devices, likely due to quenching of NCDs at these
higher levels. At lower concentrations of NCDs, the observation
between fluorescence signal of blank and turned off signal from
analyte was difficult to distinguish by naked eye. Therefore, an
NCD concentration of 5 g ™" was used for this device.

This journal is © The Royal Society of Chemistry 2020
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3.3.4 Sample volume and analysis time. The effect of
sample volume was investigated in the range of 20 to 100 uL
using 10 mg L™ of Hg”". A sample volume at 75 uL was found to
give the highest distance signal (Fig. 3). For the lower volumes,
the sample did not fully wet the device. At 100 pL, the signal
decreased because the sample solution leaked out of the sample
zone and didn't flow through the channel. Therefore, the
maximum sample volume is 75 pL. The suitable time for
mercury detection at this maximum volume was 40 min (Fig. 4).
The fluorescent signal on the distance-based device did not
change significantly after 40 min (ANOVA, p > 0.05).

3.3.5 Effect of Bi’* concentration. NCDs are negatively
charged due to the abundant C=0/C-OH or C=N functional
groups on their surface so the electrostatic interactions between
the functional groups on the NCD surface and Bi*" could offer
a driving force for the assembly of a bimetallic Hg”" and Bi**
complex with the NCDs.*>* We found that Bi*" by itself did not
turn off the fluorescence signal (I,/I = 1, I, and I are the NCDs
before and after adding the metal solution) whereas the bime-
tallic Hg** and Bi®" can enhance the ratio of I,/I compared to
only Hg”* from 11.7 (only Hg>") to 12.6 (Hg*" and Bi*")
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Fig.4 Effect of time in the range of 5-70 min with 10 mg L~* of Hg®*
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(Fig. S7at). To increase the sensitivity of the detection method,
Bi*" was added to the standard or sample solution. Thus, the
effect of Bi** concentration was studied in the range of 1 to
20 mg L' with 10 mg L™" of Hg>". As the Bi*" concentration
increased up to 10 mg L™ ", the quenched fluorescence distance
signal increased, and after 10 mg L™ the distance signal pla-
teaued (Fig. S7(b)f). Therefore, the suitable Bi** concentration
was chosen at 10 mg L™*

3.4. Interference study

The effect of interfering ions on the fluorescent distance-based
paper device was investigated in ratiosof 1:1,1: 5 and 1: 100
analyte to interference with the concentration of Hg>*
10 mg L~'. The analytical response recovery of the solution
containing only Hg”* was compared with the addition of the
cation interferences. It was found that none of the cations
including cd**, cr’’, As®*, cu®', Pb>", Mn**, AI**, Fe*", Fe*",
Co**, Ni**, Zn”', Ba®", K*, Ca®", and Na" affected the perfor-
mance of the fluorescent distance-based paper device at ratios
of 1:1 and 1:5 as defined by a change of <10% (Fig. 5). At
a ratio of 1 : 100 of Cu®*, Pb**, AI**, Fe*', and Fe** did influence
the off-fluorescence signal (Fig. S87). The result showed that our
proposed device has high selectivity for Hg”" except for with
*, Pb>*, AI>*, Fe’" and Fe®" at the 1 : 100 ratio because Hg”"
has a larger ionic radius and polarization when compared to
other metal ions as well as a greater ability to form complexes
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Fig. 5 Interferences effect with 1 : 1 ratio of analyte to interference in
10 mg L~ at difference metals ion under black light image (a) and the
analytical response recovery graph (b).
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Fig. 6 Heating preconcentration for determination of Hg2+ using
fluorescent distance-based paper device with the image under black
light (a) and calibration curve in the range 0.005-1 mg L™ (b).

with nitrogen.”” Therefore, the deformation of Hg** happens
more easily when it interacts with the negative functional group

of NCDs.?**”

Table 1 Determination of ng" in water samples (n = 3)*
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3.5. Analytical performance

Under the optimum conditions without heating preconcentra-
tion, the linear range was 0.5 to 25 mg L™" (R* = 0.9952,
Fig. S107). The relative standard deviations (%RSD) at 5 and
25 mg L™ were 8.5% and 6.7%, respectively (n = 10), which is
acceptable for paper-based devices. The naked eye detection
limit (LOD) was found to be 0.5 mg L™'. The LOD of this
developed method is comparable to the paper-based colori-
metric quantification developed by Cai et al** which was
0.93 mg L * for Hg*" detection. In the method developed by Cai
et al., a complexation reaction between Hg”" and dithizone was
measured on a distance-based paper device. However, dithizone
could react with other heavy metals (Zn, Pb, Ni, Co) to form an
insoluble colored product. Therefore, pH needed to be
controlled in the method developed by Cai et al.

To increase the sensitivity of the fluorescent distance-based
paper device, heating preconcentration was used (Fig. S9t).*
The sample solution (2.0 mL) was loaded on the sample zone
and heated to 100 °C for 1 hour. Then the concentrated analytes
were injected into the fluorescent distance-based paper device
using 75 uL of DI water as the elution solvent. After the heating
preconcentration step, the naked eye detection limit (LOD) was
found to be 5 ug L™ " under UV lamp (Fig. 6), giving an enrich-
ment factor of 100. Under the optimum conditions with heating
preconcentration, the linear range of Hg”>* concentration was in
the range of 5 to 1000 ug L™ * (R* = 0.9951, Fig. 6) compared to
0.5 to 25 mg L' (500-25 000 pg L") without preconcentration.
The relative standard deviations (%RSD) at 50 and 500 pug L™*
were 15.2% and 8.8%, respectively (n = 7), which is acceptable
for paper-based devices.

A comparison between the analytical performance of this
method and some previous paper-based sensors for the deter-
mination of Hg** is shown in Table 2. Our proposed method
gave a lower detection limit compared to other read-by-eye
quantification methods. Furthermore, the signal obtained by
our method is pH-independent so we can apply this method to

Proposed method HG-AAS
Hg(n)
Samples Spiked level (mg L) Hg(u) found (mg L") Recovery (%) found (mg L) Recovery (%)
Drinking water 0.00 ND ND
2.00 1.74 £ 0.50 87 1.74 + 0.28 87
12.00 11.67 + 1.15 97
22.00 20.26 £ 0.50 92
Pond water 0.00 ND ND
2.00 1.61 £ 0.76 80 1.86 + 0.05 93
12.00 13.29 + 0.58 111
22.00 19.99 + 0.58 91
Tap water 0.00 ND ND
2.00 1.88 £ 0.29 94 1.82 + 0.07 91
12.00 12.35 + 0.29 103
22.00 20.13 £ 1.04 92

“ ND = not detected.
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Table 2 Summary of Hg®* detection on paper-based analytical devices
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Linearity
Method Measurement (ng mL™h) LOD (ug mL™')  Conditions Lifetime Sample Ref.
AgNPIs Colorimetric, 5-75 0.12 Added CuSO,, — Drinking and tap 52
Photoshop boiling water
Pyridylazo Colorimetric, — 10 pH 6.5 Over 2 months Sewage water 53
indicators Photoshop
SPR of ssDNA Colorimetric, 0-0.02 0.01 pH 9 Added NaCl Pond and river 54
modified AuNPs Image] (protected water
aggregation)
Curcumin Colorimetric, 0.01-0.4 0.003 (addition  pH 7, phosphate Over 6 monthsin Tap and waste 55
nanoparticles Photoshop 50 times) buffer solution water
AgNPs, double Colorimetric, 0.05-7 1 — — Drinking and tap 56
layer Image] water
PtNPs and TMB  Colorimetric, 0.005-0.1 0.002 — Over 6 monthsin Pond and tap 57
electrical solution water
readout system
Dithizone in Distance-based  1-30 0.93 pH 9, added Over 7 days Whitening, 32
NaOH masking agent cream
Silicon Ratiometric 0-0.02 (repeated  0.002 — — Tap and lake 58
nanocrystals and fluorescent 20 times reagent) water
carbon dots (semi-
quantitative)
AgNPs Colorimetric, 0-0.004 0.002 — — River water 59
smartphone
application
Nitrogen doped  Fluorescence 0.02-10 0.02 pH 4-9 Added NaCl for ~ Tap water in 48
carbon dots quenching, stability solution (not
(EDTA) Image] apply in paper
device)
Nitrogen-doped  Fluorescence 0.005-1 0.005 No effect (pH 3- Over 5 months Drinking, pond  Our work
carbon dots quenching, 11) on paper and tap water
(ethyle- distance-based
nediamine)

samples in various pHs as an alternative for on-site quantifi-
cation of trace Hg>" levels.

3.6. Application in water samples

The proposed method was successfully applied for the detection
of Hg*" in drinking, pond, and tap water samples (Table 1). The
recoveries of the spiked samples were in the range of 80-111%
which is consistent with recommendations of the Association of
Official Analytical Chemists (AOAC).”* The method was also
validated by HG-AAS. There was no significant difference
between the two methods at 95% confidence interval which
shows that the fluorescent distance-based paper device method
is reliable and robust (Table S17).

3.7. Stability of NCDs on distance-based device

For on-site monitoring, it is necessary for devices to remain
stable over time. Hence, we studied the stability of devices
after storing the prepared paper devices with NCDs for 5
months. The reagent solutions were coated on paper devices
and allowed dry before storage at 4 °C in a Ziplock bag. After
sample addition, the results were measured by naked eye
under black light illumination. There was no significant
difference between freshly prepared paper devices and stored

This journal is © The Royal Society of Chemistry 2020

devices (ANOVA, p > 0.05 in Table S2t). As shown in Fig. S11b, T
the distance signal decreased by 9%. Thus, the devices can be
kept over 5 months (150 days). Moreover, the lifetime of NCDs
on fluorescence distance-based devices is longer than in
solution. The results of NCDs in solution showed that the
distance signal was reduced by 20% of the original signal after
one month which was caused by agglomeration of the NCD
particles (Fig. S11aft).

4. Conclusion

A distance-based Hg>" quantification method using carbon
nanodots and heating preconcentration on a paper-based
device was developed for the first time. A Bi*" solution was
used to improve the limit of detection. Under the optimum
conditions with heating preconcentration, the naked eye
detection limit (LOD) was 5 pg L™". Our device is the first strip
test with naked-eye detection of trace levels of Hg*". The method
has benefits of simplicity, inexpensive material and device
fabrication, portability, robustness, high sensitivity and selec-
tivity, and good performance in real water samples. This tech-
nology is a first step toward the detection of other trace heavy
metals in food and the environment.

RSC Adv, 2020, 10, 9884-9893 | 9891
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