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Excess exposure to a high environmental level of nickel can cause serious harm to human health. Therefore,
it is particularly necessary to develop a low-cost, fast and sensitive method for nickel assay. In this paper,
novel counting-based microfluidic paper-based devices (uPADs) were prepared by hand drawing and
yellow oily double-sided adhesive tape. The dissolved adhesive tape was used for the first time to make
the hydrophobic “ink”. The marker filled with the "ink” drew the desirable layout on paper followed by
a drying process. The pPADs were constituted of one circular sample introduction zone (diameter 4.5
mm) and four circular detection zones (diameter 3 mm). The adjoining detection zones were connected
by a strip channel (1.2 mm x 2 mm). The fabrication conditions were optimized and the barriers created
with the marker revealed good reproducibility. The analytical performance of the developed devices was
investigated for nickel assay. The Ni** standard was added to the sample introduction zone, and
subsequently moved into the detection zones containing dimethylglyoxime (DMG), where it reacted with
Ni2* and formed a reddish pink Ni-DMG complex. Through counting the number of colored dots, the
developed puPADs realized the semi-quantitative analysis of nickel. More importantly, the fabrication of
the developed counting-based pPADs only used a marker and adhesive tape, possessing the advantages
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Introduction

The concentration levels of heavy metals in water resources
have substantially increased as a result of modern industrial
activities. Heavy metals are difficult to biodegrade when they
bioaccumulate in tissues.* Nickel is a kind of heavy metal that is
widely used in the fields of electroplating and battery
manufacturing. Although nickel ions can promote the metab-
olism of organisms, exposure to a high environmental level of
nickel can cause nausea, vomiting, diarrhea and an increased
risk of cancer in humans.> Current analytical techniques for
nickel analysis include atomic absorption spectroscopy (AAS),
electrochemistry,* inductively coupled plasma atomic emission
spectroscopy’® and flow injection analysis.® These methods
exhibit good selectivity and high sensitivity, but require
sophisticated laboratory environments with trained personnel
and benchtop instruments.” These limitations make the above
methods unsuitable for the in-field detection of nickel. There-
fore, there is an urgent need to develop a low-cost, fast and
sensitive method for nickel assay.

Paper-based microfluidic analytical devices (WPADs) have
attracted a great deal of research interest owing to their simple
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easily implemented in laboratories or research centers with limited resources.

fabrication, fast analysis, high throughput and low cost. pPADs
based on colorimetric readouts have been widely reported for
the determination of Ni(u) and other heavy metal ions.*™°
Although colorimetric readouts can be user-friendly, quantifi-
cation based on the color intensity requires the use of external
devices, such as a camera and image processing software, or
relies on visual detection by the naked eye, which can vary due
to the perception of the user. In order to obtain a simpler
readout, Cate et al. described distance-based pPADs for the
measurements of heavy metals and other analytes."'> The
distance-based readout needs a ruler to measure the length of
the colored band, which correlates with the analyte concentra-
tion. In addition, some pPADs have been combined with fluo-
rescence and electrochemistry methods for the sensitive
detection of heavy metals.”*'* These methods are characterized
by high sensitivity, but they require instruments such as an
electrochemical workstation or a fluorescence spectrophotom-
eter. To avoid using expensive instruments, Lewis et al.
demonstrated a quantitative paper-based assay platform using
measurements of time as the readout.’® Subsequently, to further
simplify the readouts and eliminate the need for a ruler or
timer, counting-based pPADs have been developed to provide
semi-quantitative results by counting the number of colored
segments, zones or bars.'*?° Nevertheless, these works all used
expensive equipment (i.e., laser cutting machine or wax printer),
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limiting the wide application of pPADs in less developed and
remote regions. Therefore, it is challenging to develop a low-
cost and instrument-free strategy for fabricating counting-
based WPADs that are capable of semi-quantitative detection
of nickel.

A fabrication method for pPADs based on pen-on-paper
(PoP) has emerged as a simple, low-cost alternative approach
for manufacturing hydrophobic barriers on paper substrates.
Whitesides et al. used a desktop plotter to pattern filter paper
with a modified pen filled with an “ink” of polydimethylsiloxane
(PDMS) diluted 3:1 (w/w) in hexane.”” Lu et al. presented
a simple and low-cost production method to generate tPADs by
painting with a wax pen. The fabrication process was user-
friendly and could be finished within 5-10 minutes without
the need for a clean room, UV lamp or organic solvent.”” Wang
et al. developed a simple and convenient strategy for pPADs
fabrication by easy patterning of filter paper using a permanent
marker.* Lucas et al., for the first time, used a 3D pen equipped
with an acrylic resin and a UV handheld flashlight for fabri-
cating puPADs.** Although these work have made a huge
contribution to the field of PoP-based pPADs, the hydrophobic
barrier is still constructed with wax in most of the methods,
which cannot support solutions such as surfactants and organic
solvents.”® Therefore, our group have tried to use other
substances to construct the hydrophobic boundaries of
uPADs**° and found that adhesive tape performed very good
hydrophobicity.?® Inspired by this, double-sided adhesive tape
could be used as the main ingredient to manufacture the ink,
paving a new way for the development of the PoP fabrication
strategy.

In this paper, counting-based nPADs were fabricated for the
first time by hand drawing and yellow oily double-sided adhesive
tape, and successfully used for the semi-quantitative analysis of
nickel ions. A marker filled with an “ink” of double-sided adhe-
sive tape dissolved in toluene was used to draw hydrophobic
barriers on filter paper with the help of a patterned polymethyl
methacrylate (PMMA) board. Dimethylglyoxime (DMG) was used
as the assay reagent to react with nickel ions to form the reddish
pink Ni-DMG complex. The fabrication process was simple and
fast, and no expensive instruments, such as a wax printer or an
ink-jet printer, were used. Through counting the number of
colored dots of the pPADs, nickel ions were semi-quantitatively
analyzed without using a camera, smartphone, ruler, timer or
image processing software. Our method has great potential for
enabling WPADs to be easily implemented in laboratories or
research centers with limited resources.

Experimental
Materials and reagents

Whatman filter paper No. 1 was purchased from Whatman
International Ltd. (Maidstone, England) and then used for
uPADs fabrication. Yellow oily double-sided adhesive tape
(brand Youbisheng, width = 40 mm) was purchased from
Shengneng Packaging Co., Ltd. (Hangzhou, China). The tape
was composed of a double-sided adhesive layer and a protective
film. The marker (nib diameter = 0.7 mm), which was used to
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draw the pattern on the filter paper, was purchased from
Shenzhen Shengjie Stationery Wholesale Collection Co., Ltd.
Ni(NO3),,-6H,0, toluene, Cu(NOs),, Co(NOj3),-6H,0, KNO;,
Na,S0,;, Ca(NO;),, Mg(NO;),, Zn(NO,),-6H,0, Pb(NO;),,
Fe(NO3);, CH3COONa, NaF, NaNO, and MgSO, of analytical
grade were bought from Sinopharm Chemical Reagent Co., Ltd.
(China). Mn(NOj3), was bought from Aladdin Reagent Company
(Shanghai, China). Tris(hydroxymethyl)Jaminomethane was
bought from Macklin Biochemical Co., Ltd. (Shanghai, China).
The natural mineral water was purchased from Emeishan
Yuquan Water Industry Co., Ltd.

Fabrication of pPADs

The preparation of the hydrophobic “ink” is depicted in
Fig. 1(a). The protective film of the double-sided tape was peeled
off to obtain the adhesive layer. 10 g of the adhesive was cut into
small pieces and dissolved in 30 mL of toluene. The solution
was stirred with a glass rod for 5 minutes and the color of the
solution became yellow. The insoluble substance was filtered by
filter paper to obtain the hydrophobic ink, which was filled into
a marker. Fig. 1(b) describes the fabrication of pPADs by PoP
strategy. First, the PMMA template with the specific pattern was
fixed on the filter paper. The marker filled with “ink” was used
to draw the hydrophobic barriers on both sides of the filter
paper. After that, the filter paper with the designed pattern was
dried in an oven at 90 °C for 10 minutes to obtain the pPADs.
The developed counting-based pnPADs contained a sample
introduction zone (diameter 4.5 mm) and four circular detec-
tion zones (diameter 3 mm). The size of the connecting channel
was 1.2 x 2 mm. Fig. 1(c) presents the counting-based pPADs
for nickel detection. Chitosan solution and the assay reagent
were added in the four detection zones, sequentially. After
drying, the nickel standard was added in the sample introduc-
tion zone. When the Ni** standard moved from the sample
introduction zone to the detection zones, DMG in each detec-
tion zone reacted with Ni**. Thus, a specific number of Ni** ions
were consumed and the reddish pink Ni-DMG complex was
formed in the detection zone. The color change of the detection
zones did not reveal a precise concentration value, but rather
correlated to a concentration range. After 10 minutes, the nickel
concentration could be semi-quantitatively detected by count-
ing the number of colored dots.

Counting-based method for nickel detection

The nickel detection principle is based on the reaction between
DMG and nickel ions.*? In an alkaline environment, DMG reacts
with Ni** to form the reddish pink Ni-DMG complex. 50 mmol
L' of DMG and 50 mmol L' of tris(hydroxy)aminomethane
were dissolved in ethanol to prepare the assay reagent.”® In this
work, chitosan was used as an immobilization support, which
has been successfully demonstrated by different authors in
sensing studies on a microfluidic scale.***** 0.5% (m/v) chitosan
was added into 2% (v/v) acetic acid solution and stirred for 30
minutes to prepare a chitosan solution.** Then, 0.3 uL of the
chitosan solution was pipetted into the four detection zones.
After drying at room temperature for 10 minutes, 0.3 uL of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
nPADs for nickel detection.

assay reagent was pipetted into the four detection zones and
allowed to dry for 10 minutes. Finally, 12 uL of Ni** standard
solution was added to the sample introduction zone. After 10
minutes, the detection zones changed from colorless to reddish
pink. The number of colored dots was observed by the naked
eye. For one circular detection zone, the human eye can easily
distinguish if the visualized reddish pink area accounted for
half or the entire area of the detection zone. Therefore, in this
work the readable number of colored dots was an integer
multiple of 0.5 and the semi-quantitative analysis of Ni*" could
be realized by counting the number of colored dots.

Recovery test

To evaluate the reliability and practicability of the developed
UPADs, tap water and mineral water were used as actual samples.
First, 0.3 pL of chitosan solution and 0.3 uL of assay reagent were
added into the four detection zones and allowed to dry at room
temperature for 10 minutes. Next, 12 L of tap water or mineral
water was spiked with a series of concentrations of nickel ions
and then pipetted into the sample introduction zone. The
number of colored dots was counted after 10 minutes of reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) Preparation of the hydrophobic “ink”. (b) Schematic illustration of the PoP-based fabrication process of nPADs. (c) The counting-based

Results and discussion
The pattern design of the pPADs

uPADs with different patterns were constructed by PoP strategy.
As shown in Fig. 2, uPADs with designs of parallelogram, triangle,
circle, long channel and letters were successfully fabricated. After
adding the red food dye solution into the hydrophilic region, no
leakage was observed, indicating that the adhesive “ink” had
good hydrophobic performance and the hydrophobic barrier was
constructed. Therefore, the PoP-based strategy provides a simple
WPADs fabrication technique that enables high-throughput
analysis and is adaptable to different analysis methods.

Optimization of the fabrication process

First, the marker filled with “ink” was used to draw the pattern
on one or two sides of the filter paper to construct the hydro-
phobic barriers. After drawing, the filter paper was placed in an
oven to dry at 90 °C for 10 minutes to obtain the pPADs. The top
and bottom surface of the pPADs constructed by drawing on one
side were photographed as shown in Fig. 3(a) and (b), respec-
tively. The hydrophobic barrier on the bottom surface of the
WPADs prepared by drawing patterns on one side was not

RSC Adv, 2022, 12, 30457-30465 | 30459
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Fig. 2 (a)
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) The developed PoP-based pPADs with different patterns. (b) Images of the pnPADs after adding red food dye.

Fig. 3 The top (a) and bottom surface (b) of the single-sided drawn uPADs. Images of the single-sided drawn pPADs (c) and double-sided drawn

wPADs (d) after adding the red food dye solution.

successfully constructed because the adhesive had not fully
penetrated into the filter paper. Although the “ink” was
prepared in toluene solution, the toluene volatilized quickly and
reduced the fluidity of the “ink”, resulting in the incomplete
penetration of the “ink” to the bottom surface of the filter paper.
12 pL of the red food dye solution was added to the sample
introduction zone of the single-sided and double-sided drawn
WPADs to further investigate the hydrophobic performance.
Images of the pnPADs are shown in Fig. 3(c) and (d). The single-

sided drawn puPADs exhibited serious leakage while the double-
sided drawn pPADs had no leakage, indicating that the “ink”
had completely penetrated into the filter paper for the double-
sided drawn pPADs and the hydrophobic barrier had been
successfully constructed. Therefore, the double-sided drawing
mode was used to fabricate the uPADs.

Then, the number of times to draw patterns on each side was
optimized. The pattern was drawn once or twice on each side of
the filter paper with a marker filled with “ink”. Then, the filter

Fig. 4 A 12 uL sample of red food dye wicks up the system of channels. Images of the nPADs prepared by drawing the pattern once (a) and twice
(b). Images of the uPADs dried at room temperature (c), 60 °C (d) and 90 °C (e).
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Fig. 5
zone and the detection zones (f).

paper with the pattern was dried in an oven at 90 °C for 10
minutes to obtain the pPADs. 12 uL of the red food dye solution
was added into the sample introduction zone of the pPADs to
investigate the hydrophobic performance. As shown in Fig. 4(a),
the red food dye solution leaked from the hydrophobic barrier
in the uPADs with the pattern drawn once, indicating the poor
hydrophobic property. However, the pPADs prepared by
drawing the pattern twice showed no leakage, demonstrating
that the hydrophobic barrier was successfully constructed.
Therefore, drawing the pattern twice on each side was chosen
for the uPADs fabrication process.

Finally, the drying temperature was also optimized. The
developed pPADs were dried under a certain temperature (room
temperature, 60 °C and 90 °C) for 10 minutes. Then, 12 pL of the
red food dye solution was added to the sample introduction
zone, and moved through all the channels and detection zones.
The results are shown in Fig. 4(c)—(e). It was observed that the
WPADs that were dried at room temperature and 60 °C exhibited
solution leakage while the nPADs dried at 90 °C had no leakage.
The reason was that the “ink” was completely dried at 90 °C,
resulting in satisfactory hydrophobic performance. Therefore,
90 °C was selected as the drying temperature.

(a)

diameter/mm 2.4

4.0

Images of the developed pPADs with circular hydrophobic barriers (a) and rectangular hydrophobic barriers (b).

diameter/mm 5.0 6.0

Fig. 6
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0.4 uL

0.3 uL
0.2 uLL

Images of the pPADs after adding 8 L (a), 9 pL (b), 10 pL (c), 12 pL (d) and 14 uL (e) of the red food dye solution to the sample introduction

Optimization of sample volume

Several different sample volumes (8, 9, 10, 12 and 14 pL) of red
food dye solution were added to the sample introduction zone
of the uPADs. After 10 minutes, the results of the fluid flow in
the chip were recorded. As shown in Fig. 5(a)-(e), when 8, 9 and
10 pL of red food dye were added, the fourth detection zone was
not completely filled. After adding 12 puL or 14 pL of the red food
dye solution, the fourth detection zone was almost filled by the
solution. Therefore, the optimal volume for the sample intro-
duction was selected to be 12 pL. Then, the volume of the assay
reagent added to the detection zone was optimized. 0.2, 0.3 and
0.4 pL of the red food dye solution was added to the detection
zones of the uPADs. The results are shown in Fig. 5(f). 0.2 uL of
the solution could not fill a single detection zone while 0.3 pL
could. 0.4 pL filled both the detection zone and part of the
channel, causing waste of the assay reagent. Therefore, the
optimal volume of the assay reagent was selected as 0.3 pL.

Characterization of the pPADs

A series of PMMA boards with the round shape (diameter = 2.4-
6.0 mm) and the channels (width = 1.5-3.5 mm) were fixed on
the paper surface. Hydrophobic barriers with different shapes

(b)

1.5 3.5 width/mm

2.0

25 3.0
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Fig. 7 The linear relationship between nominal and measured dimensions for the circle diameter (a) and the channel width (b).

were constructed with the marker filled with the adhesive “ink”
with the help of the PMMA boards. Then, the red food dye
solution was added to the developed pPADs and the photos of
the uPADs are shown in Fig. 6. In all the uPADs, the hydro-
phobic barriers were clear, indicating that the infiltration
direction of the “ink” was well controlled. The real diameters
and real widths of the hydrophobic barriers were measured and
the results were in good agreement with the nominal dimen-
sions (Fig. 7). For the circles designed with diameters of 2.4, 3.0,
3.6, 4.0, 5.0 and 6.0 mm, the measured values were 1.2, 2.1, 3.2,
3.9, 4.6 and 5.5 mm, respectively. For the channels designed
with widths of 1.5, 2.0, 2.5, 3.0 and 3.5 mm, the measured values
were 1.3, 1.9, 2.4, 2.9 and 3.4 mm, respectively. The relative
standard deviations of the measured sizes calculated for five
circles (3.0, 3.6, 4.0, 5.0 and 6.0 mm) and four channels (2.0, 2.5,
3.0 and 3.5 mm) were lower than 10%. The results demonstrate
that the PoP fabrication strategy based on the adhesive “ink”
exhibits good reproducibility. In addition, the cost of a pPAD
was about $0.02. The PoP fabrication strategy did not require
the use of any expensive instruments, providing an alternative
method for the construction of counting-based pPADs with the
advantages of low cost, high efficiency and simplicity.

Assay performance of the counting-based pPADs for the
detection of nickel

It is noted from Fig. 8 that when the nickel standard solution
was added to the sample introduction zone, the color of the
detection zones changed from colorless to reddish pink. It was
observed that an increase in nickel concentration resulted in an

0 0.5 1

&L &N

increased number of the colored dots. Fig. 9 presents the rela-
tionship between the number of colored dots and the nickel
concentration. The higher the concentration of Ni**, the more
colored dots in the detection zones. It could be observed by the
naked eye that 0.5, 1.0, 4.0 and 8.0 mmol L' Ni*" produced
about 1.5, 2, 3 and 4 colored dots, respectively. The results
demonstrate that the developed nPADs provides a user-friendly
way to semi-quantitatively detect Ni*" based on counting the
colored dots. Although the assay concentration of nickel ions
was at the millimolar per liter concentration level, the assay of
nickel ions within low concentration levels could be possible by
using a pre-concentration step or nanomaterials,***® which we
hope to explore in further work.

Nickel concentration (mmol/L)

Number of colored dots

Fig. 9 The relationship between the number of colored dots and the
concentration of nickel.

,
4 8 Ni?*/mmol/L

Fig. 8 Images of the counting-based pPADs after adding 12 uL of different concentrations of nickel (0, 0.5, 1, 4 and 8 mmol L™ to the sample

introduction zone.
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Fig. 10 Images of the counting-based uPADs after adding 12 plL of the different solutions to the sample introduction zone.

after 7 days

Fig. 11 Images of the counting-based pPADs after adding 12 pL of 4
mmol L™ Ni?* to the sample introduction zone: (a) freshly prepared
wPADs (0 day) and (b) uPADs stored for 7 days.
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:(2)

Mineral water + 0 mmol/L Ni2*:

Mineral water + 1 mmol/L Ni2*

Mineral water + 4 mmol/L Ni2*:

The specificity and stability of the pPADs

The specificity of the uPADs was investigated. Common ions
such as Cu**, Co**, K', Na*, Ca**, Mg*', Zn**, Mn**, Pb*", Fe*',
CH,COO™, F, NO,>~ and SO,>~ were selected as the interfer-
ents.**” A series of mixed solutions containing 40 mmol L™" of
one kind of interfering ion and 4 mmol L™" of nickel standard
were prepared. 12 pL of the mixed solution was added to the
sample introduction zone of the uPADs and the number of
colored dots was observed by the naked eye. The results are
shown in Fig. 10. It is noted that most of the interfering ions
had no influence on the detection of nickel by the counting-
based pPADs. However, in the presence of Co**, Cu®** and

£ (b)

Tap water + 0 mmol/L Niz*

Tap water + Immol/L Niz*

Tap water + 4 mmol/L Ni*

Fig. 12 Images of the counting-based uPADs after adding 12 uL of mineral water (a) and tap water (b) spiked with 0, 1 and 4 mmol L™ Ni®*

standard.
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Fe*", the number of colored dots increased from three to four,
and the detection zones changed to a brown color, indicating
that these metal ions could react with DMG to generate
a complex. In order to avoid the interference of these ions, NaF
could be used to mask CO*' and Fe*", and Na,S,0; could be
used for masking Cu>".*

The stability of the counting-based pPADs was evaluated.
After adding 0.3 pL of 0.5% (m/v) chitosan solution and 0.3 pL
of the assay reagent to the four detection zones of the pPADs,
the pPADs were placed in a refrigerator at 4 °C for 7 days. Then,
12 pL of 4 mmol L™* Ni** standard was added to the sample
introduction zone. After 10 minutes of reaction, the number of
colored dots was observed by the naked eye. As shown in Fig. 11,
there was no significant difference in the number of colored
dots between the freshly prepared pPADs (0 days) and the
uPADs stored for 7 days, indicating that the pnPADs have good
stability.

Recovery test

The practicability and reliability of the fabricated nPADs were
evaluated with tap water and mineral water as real samples. The
results are shown in Fig. 12. The number of colored dots was
basically the same as that for the nickel standard prepared with
the distilled water. In addition, there was no significant differ-
ence in the number of colored dots in the same set of parallel
trials, indicating good reproducibility. Therefore, it can be
concluded that the counting-based method has good reliability
and practicability, and can thus be used for the detection of
nickel in real samples.

Conclusions

In this paper, dot-counting-based pPADs for the semi-
quantitative analysis of nickel have been successfully con-
structed by using yellow oily double-sided adhesive tape. The
adhesive tape was dissolved in toluene to prepare a hydro-
phobic “ink”, which was filled in a marker. With the help of the
PMMA template, the contour of the pattern was drawn on the
filter paper with a marker to construct the hydrophobic barrier.
Thereby the hydrophilic and hydrophobic regions of the uPADs
were defined. The fabrication process was simple and fast, and
no expensive instruments such as a wax printer or an ink-jet
printer were used. Through counting the number of colored
dots of the uPADs, nickel ion was semi-quantitatively analyzed
without the need for a camera, smart phone, ruler, timer or
image processing software. The pPADs exhibited good speci-
ficity and stability. More importantly, by changing the designed
pattern, the adhesive-based PoP fabrication strategy could be
easily extended to construct pPADs that are suitable for
different assay methods and the detection of other analytes.
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