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“Dip-and-read” paper-based analytical devices
using distance-based detection with color
screening†

Kentaro Yamada,ab Daniel Citterio b and Charles S. Henry *a

An improved paper-based analytical device (PAD) using color screening to enhance device performance is

described. Current detection methods for PADs relying on the distance-based signalling motif can be slow

due to the assay time being limited by capillary flow rates that wick fluid through the detection zone. For

traditional distance-based detection motifs, analysis can take up to 45 min for a channel length of 5 cm. By

using a color screening method, quantification with a distance-based PAD can be achieved in minutes

through a “dip-and-read” approach. A colorimetric indicator line deposited onto a paper substrate using

inkjet-printing undergoes a concentration-dependent colorimetric response for a given analyte. This color

intensity-based response has been converted to a distance-based signal by overlaying a color filter with a

continuous color intensity gradient matching the color of the developed indicator line. As a proof-of-

concept, Ni quantification in welding fume was performed as a model assay. The results of multiple inde-

pendent user testing gave mean absolute percentage error and average relative standard deviations of

10.5% and 11.2% respectively, which were an improvement over analysis based on simple visual color com-

parison with a read guide (12.2%, 14.9%). In addition to the analytical performance comparison, an interfer-

ence study and a shelf life investigation were performed to further demonstrate practical utility. The devel-

oped system demonstrates an alternative detection approach for distance-based PADs enabling fast (∼10

min), quantitative, and straightforward assays.

Introduction

Research and development of analytical devices fabricated
with paper has grown rapidly in recent years. Following the
rediscovery of patterned paper as a useful analytical platform
by the Whitesides group in 2007,1 a myriad of detection ap-
proaches (e.g. colorimetry,2 electrochemistry,3 fluorescence,4

chemiluminescence,5 electro-chemiluminescence,6 surface en-
hanced Raman spectroscopy7) have been introduced. Because
of the abundance of signal detection motifs and attractive fea-
tures of patterned paper substrates (low-cost, disposability,

power-free sample transportation and white background,
among others), paper-based analytical devices (PADs) are cur-
rently used in a wide range of applications such as medical
diagnosis,8–13 environmental assessment,8–10,13–15 and food
safety monitoring.8–10,16,17

Patterning paper substrates allows direction-controlled
(and branched, as needed) transport of a fluid sample, differ-
entiating PADs from classical test strips such as litmus paper
and lateral flow assays. This advantage of PADs provides func-
tionalities, including the ability to perform multiplexed assays
and automation of multi-step assay procedures from a single
sample application. It also gave rise to a new class of optical
signal detection motifs which do not rely on color intensities
as is typical for many PADs and commercial paper-based tests
(e.g. pH test strip, urine dipstick). These unique signaling
methods include “counting” the number of colored paper re-
gions on a PAD,18–22 “timing” an event (e.g. coloring of a paper
spot) on a PAD,18,23–25 and “reading” text directly reporting the
assay result from the paper substrate.26–30

Another promising detection strategy for paper-based de-
vices is the visual inspection of “distance” that a colored sub-
strate has travelled in a microfluidic paper channel.31,32

Without the need for any signal readout instruments, quanti-
tative analysis is achievable in a straightforward method
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similar to reading analog thermometers. This method has
been demonstrated in a broad range of applications includ-
ing the detection of metals,33–39 biological proteins,40,41 nucle-
osides,34,42,43 nucleic acids,44,45 haematocrit,46 drug34,42,43 and
tumor markers.47 Analyte concentration-dependent length of a
colored band on paper has been conventionally achieved either
by analyte depletion during capillary-based sample liquid
transport within a paper microchannel,31,33,35–40,44,45,47 or by
changing the capillary flow speed influenced by the concentra-
tion of analyte in the sample.34,41–43,46 However, despite the
simplified and quantitative nature of distance-based detection,
the mechanism relies on capillary action within a microfluidic
channel in heterogeneous filter paper substrates which leads
to low precision of the assays, as indicated by mean relative
standard deviations as high as 20%.33,37,40 In addition, the slow
process of capillary force-based sample transport necessitates
extended analysis time for assay completion (45 min (ref. 33)
or hours (ref. 37) for several centimeters of channel length).

This work describes a new “dip-and-read” detection motif
to achieve quantitative and instrument-free chemical analysis
on a paper-based device that addresses the drawbacks of con-
ventional distance-based detection. To achieve a “dip-and-
read” paper-based device that has distance-based quantifica-
tion, a classical colorimetric indicator is deposited onto a fil-
ter paper substrate as a line by means of inkjet-printing.10,48,49

An analyte concentration-dependent “color intensity” change
of the line-shaped colorimetric indicator can be converted to
“length” by isolating the “visible” section of the indicator line.
For the conversion from color intensity to length, a color filter
was made using a laser-printed transparent sheet. This color
filter is overlaid as a “mask” to screen a part of the line-shaped
colorimetric indicator. In the previous literature, color screen-
ing of an indicator by a colored film has been applied to the
semi-quantitative detection of urinary protein using text-based
signalling.30 In this work, quantitative distance-based detec-
tion has been enabled by using a color filter with a printed
continuous color gradient. By using a “dip-and-read” ap-
proach, the proposed method significantly reduces the impact
of capillary flow within a microfluidic paper channel, resulting
in reduced chance of errors and assay time.

Herein, a new type of distance-based paper device has
been developed for the quantification of nickel (Ni) to dem-
onstrate the analytical performance of the proposed method.
Occupational exposure to air polluted with harmful metals
increases the risk of cardiopulmonary and respiratory dis-
eases and even early mortality.50 Additionally, inhalation of
fumes containing Ni is regarded as a factor causing lung and
nasal cancers and provoking asthma.51,52 Conventional ana-
lytical methods such as inductively coupled plasma-mass
spectrometry53 and atomic absorption spectrometry54 have
good selectivity and detection sensitivity. However, these
methods have expensive running costs (typically >$100 per
sample), require a trained operator, and necessitate sophisti-
cated and bulky instruments, limiting their use in routine en-
vironmental monitoring. In this work, the proposed paper-
based device has been applied to Ni quantification in a

welding fume sample as a low-cost and user-friendly alterna-
tive to traditional techniques. In addition to completing an
interference study and evaluating storage stability, a result
comparison between readout tests using the proposed ap-
proach and conventional visual color intensity comparison
has been performed for analytical performance assessment.
Readout results by multiple independent users showed im-
proved analytical performance of the current approach over
the color intensity comparison method and previously
reported distance-based PADs.

Experimental section
Materials and instruments

IronĲII) sulfate heptahydrate, zincĲII) nitrate hexahydrate,
aluminumĲIII) sulfate hydrate, vanadiumĲIII) chloride,
chromiumĲIII) chloride hexahydrate, cobaltĲII) chloride hexahy-
drate, copperĲII) sulfate pentahydrate, sodium fluoride,
trisĲhydroxymethyl)aminomethane and ammonium acetate
were purchased from Sigma-Aldrich (St. Louis, MO). LeadĲII)
nitrate, magnesiumĲII) chloride hexahydrate, cadmiumĲII) ni-
trate tetrahydrate, calciumĲII) chloride dihydrate, ironĲIII) ni-
trate nonahydrate, manganeseĲII) chloride tetrahydrate, potas-
sium dichromateĲVI), sodium carbonate, hydrochloric acid
and isopropyl alcohol were purchased from Fisher Scientific
(Pittsburgh, PA). NickelĲII) sulfate hexahydrate was purchased
from Acros Organics (Morris Plains, NJ). MercuryĲII) chloride
was purchased from Alfa Aesar (Ward Hill, MA). Dimethyl-
glyoxime was purchased from Fluka (St. Louis, MO). Nitric
acid was purchased from EMD Millipore (Billerica, MA).
Ultrapure water (>18 MΩ cm) was obtained from a Milli-Q
water purification system (EMD Millipore) and used for the
preparation of all solutions. Whatman grade 3MM Chroma-
tography filter paper sheet (46 × 57 cm2) was purchased from
GE Healthcare (Buckinghamshire, UK) and cut into letter size
before use.

Patterning of hydrophobic wax onto filter paper was
performed by a ColorQube 8870 printer (Xerox, Norwalk, CT).
A thermally actuated Canon PIXMA MG2525 inkjet printer
(Canon, Tokyo, Japan) was used for the deposition of the
nickel colorimetric assay reagents. For this purpose, the stan-
dard Canon black ink cartridge (Canon PG-245 FINE Car-
tridge) was cut open and the sponge inside was removed,
followed by thorough washing with copious amounts of
ultrapure water.

Fabrication of paper-based analytical device

The outline and photograph of a single paper-based analyti-
cal device (PAD) for Ni detection are shown in Fig. 1a and b,
respectively. A letter-sized filter paper sheet was first fed into
the wax printer to pattern the hydrophobic barrier defining
the hydrophilic sensing paper region designed with
PowerPoint (Microsoft), followed by heating at 150 °C on an
Isotemp hotplate (Fisher Scientific). To diffuse the molten
wax throughout the paper thickness, each side of the filter
paper was heated for 4 min. Next, 70 μL of an aqueous
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solution containing 0.3 M sodium fluoride and 1.2 M ammo-
nium acetate was pipetted onto the entire sensing region as
masking agents, followed by complete drying at room tem-
perature. A solution of 20 mM dimethylglyoxime (DMG) and
10 mM tris base prepared in H2O/isopropyl alcohol (60/40
vol%) was inkjet-printed as a 0.4 mm-wide line by the Canon
printer in 5 print cycles. After sandwiching the as-processed
filter paper with deposited reagents by lamination films
(Scotch thermal laminating pouches, 3 M, St. Paul, MN), hot
lamination was performed on a TruLam TL-320B laminator
at 120 °C. During the lamination step, a sheet of copy paper
was inserted between the lamination film and the reagent-
unprinted paper side to avoid their attachment, resulting in
lamination of the paper side with the inkjet-printed colori-
metric assay reagents. Finally, the letter size sheet was cut
into 48 individual PADs.

Fabrication of 3D-printed device

A 3D-printed device for the distance-based detection was
designed with Tinkercad software (Autodesk, San Rafael, CA)
and fabricated with an Objet30 Prime 3D-printer (Stratasys,
Eden Prairie, MN). A photograph after assembly and the de-
tailed design and assembly process of the 3D-printed device
are shown in Fig. 1c and Fig. S1 and S2 of the ESI,† respec-
tively. A color-printed transparency film for screening the
color of the NiĲDMG)2 complex on the PAD was fabricated by
printing toner on an overhead projector transparency film
(Apollo, Lincolnshire, IL) with a LaserJet Pro 400 Color
M451dn laser printer (HP, Palo Alto, CA).

Window-sliding Ni assay

The operational procedure of the window-sliding detection
approach is shown in Fig. S3.† Briefly, the PAD was first
dipped in 10 mL of sample solution in a cylindrical plastic
tube and removed quickly. After blotting the excess sample
liquid with a Kimwipe tissue paper and drying at room tem-
perature for approximately 10 min, the PAD was inserted into
the 3D-printed device. For the quantification of the sample
Ni concentration, the handle was moved upward from the
lowest position of the 3D-printed device (refer to “Sliding
direction” in Fig. 1c) until a vertical line derived from the
colored NiĲDMG)2 complex becomes visible in the rectangular

window (“Inspection window” in Fig. 1c), with a sheet of copy
paper placed under the 3D-printed device as a background.

Interference study

Interference from foreign metals including MgĲII), AlĲIII),
CaĲII), VĲIII), CrĲIII), CrĲVI), MnĲII), FeĲII), FeĲIII), CoĲII), CuĲII),
ZnĲII), CdĲII), HgĲII) and PbĲII) was studied. For this purpose,
aqueous samples with various mass ratios between Ni and a
single foreign metal were prepared to identify the maximum
ratio giving no significant interference as compared to a con-
trol (interfering metal-free aqueous solution containing iden-
tical mass of Ni).

Preparation of welding fume sample

A stainless steel welding fume sample certified for Cr, Fe, Mn
and Ni (SSWF-1) was obtained from the Health & Safety Labo-
ratory (Harpur Hill, Buxton, UK). Aqua regia digestion of the
SSWF-1 material was performed by the method previously
reported by our group55 with a slight modification. Briefly,
4.9 mg of the SSWF-1 material was digested into 1 mL of
aqua regia heated at 70 °C for 15 min. After cooling to room
temperature, 1.5 mL of an aqueous sodium carbonate solu-
tion (2 M) for neutralization and 7.5 mL of water were added.

Shelf life evaluation

To evaluate the shelf life of the developed PAD, the DMG/tris
ink was printed onto the entire area of the hydrophilic paper
region. Except for the inkjet-printing dimension of the DMG/
tris area, the PAD was prepared in an identical manner to the
case of the window-sliding detection. The PADs were wrapped
in aluminum foil and stored at room temperature (25 °C) or
4 °C. After storage for various time spans (1, 2, 4, 6, 8 weeks),
the PADs were exposed to aqueous Ni sample solutions (0,
0.1, 0.2, 0.4, 0.6, 0.8, 1, 2 mM). An image of the dried PAD
was acquired with a Xerox DocuMate 3220 scanner (color
scanning mode, 600 dpi resolution). Finally, numerical color
intensity values of the hydrophilic sensing region were
extracted from the scanned images by using the ImageJ soft-
ware (NIH, Bethesda, MD).

Results and discussion
Principle of distance-based detection by color screening

A schematic illustration of the distance-based quantification
method proposed in this work is shown in Fig. 2. The PAD
with inkjet-printed colorimetric indicator (dimethylglyoxime:
DMG) undergoes a colorimetric response upon contact with a
sample solution. In this process, the inkjet-printed DMG in-
dicator line shows a uniform magenta color development, of
which the intensity is dependent on the concentration of
nickel in the sample (Fig. 2a). After the color development, a
transparency film with a magenta color gradient of increasing
intensity is overlaid as a “mask” (Fig. 2b). The color film
screens those parts of the magenta-colored line derived from
the NiĲDMG)2 complex with weaker color intensity than that

Fig. 1 a) Schematic outline and dimension of a single paper-based
analytical device (PAD) for Ni detection; b) photograph of the PAD;
c) photograph of the assembled 3D-printed device.
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of the printed magenta toner on the overlaid transparency
film (Fig. 2c). This mechanism allows quantification of sam-
ple Ni concentration from the visible length of the NiĲDMG)2
line. The distance-based signal is acquired by observing the
color intensity of the NiĲDMG)2 line through a movable “in-
spection window” (Fig. 2d). For this purpose, a 3D-printed
device (Fig. 1c and S2†) has been designed to integrate the
PAD, the color filter, and the handle for sliding the inspec-
tion window. The Ni concentration is determined by sliding
the handle until a vertical line becomes recognizable in the
inspection window and by simply reading the “concentration
scale marks” printed next to the color filter. A preliminary
study showed that the visible length of the colored line is
more clearly judged by observing a vertical line becoming vis-
ible in the confined inspection window, rather than by di-
rectly measuring the entire length of the visible part of the
colored line. This reason is attributed to the fact that the
presence of the colored NiĲDMG)2 line under the color filter
is “biased” in the absence of the inspection window, making
accurate measurement of the visible length difficult.

Optimization of color filter

Determination of the color gradient to be printed on a trans-
parency sheet was done as follows: 1) obtain colorimetric re-
sponse of the PADs using Ni standard samples with known
concentrations; 2) print toner onto a transparency film with
various intensities of color of which the hue matches that of
the indicator after the colorimetric reaction (magenta in this
case); 3) identify the weakest filtering color intensity for each

Ni concentration by the naked eye; 4) print color gradient
and concentration scale marks onto a transparency film. The
image in Fig. 3a shows the colorimetric response of the PAD
between 0–1 mM Ni. With increasing magenta color of the
developed line at higher sample Ni concentration, more
intense filtering magenta color on the transparency film was
required. Fig. 3b summarizes the identified weakest print
color value settings and the resulting print color to hide
(“screen”) the developed NiĲDMG)2 line at each Ni concentra-
tion. A photograph of filtering magenta color printed onto
the transparency film with various intensities is shown in
Fig. S4 of the ESI.† It should be noted that the optimal print
color values in Fig. 3b are specific for the laser printer used
in this work and dependent on the printer model to be
employed for creating the color filter. Based on the relation-
ship between the Ni concentration and the minimum inten-
sity of the overlaid filtering color, magenta-colored toner with
an intensity gradient was printed onto the transparency sheet
(Fig. 3c). It should be noted that the concentration scale
marks start from 0.2 mM, since the developed NiĲDMG)2 line
is visible only at 0.2 mM or higher concentration of Ni in the
sample solution. The detailed profile of the printed gradient
and its agreement with the optimal color identified in step 3)
are described in the ESI† and Fig. S5.

Aqueous standard sample analysis

After color filter optimization, distance-based Ni quantifica-
tion by the window sliding method was performed on sam-
ples with various Ni concentrations. The images in Fig. 4a
show the case of a 0.5 mM Ni sample analysis as an example
(see Fig. S6† for other Ni concentrations). The resulting ma-
genta line becomes visible as the color intensity of the

Fig. 2 A schematic illustration describing the working principle of the
distance-based quantification method by color screening: a) colori-
metric indicator inkjet-deposited onto the PAD in the shape of a line
shows sample analyte (Ni) concentration-dependent color intensity in-
crease; b) an overlaid transparent color filter with an intensity gradient
of laser-printed toner; c) screening of a part of the developed line on
the PAD by the overlaid transparent color filter to display sample ana-
lyte concentration-dependent length of the visible band; d) sample
analyte concentration is quantified by comparing the lowest position
of the inspection window allowing visual recognition of a band and the
adjacent scale marks.

Fig. 3 a) Ni concentration-dependent color change of the PAD; b)
pre-set colors on a computer and print color value settings of the
filtering color for each Ni concentration; c) pre-set color gradient
and actual photograph of the color filter.
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overlaid screening film was reduced by sliding the inspection
window. Quantitative Ni detection was enabled by identifying
the position of the sliding handle where the NiĲDMG)2 line
was first recognized in the inspection window. Fig. 4b shows
the correlation between the Ni concentration (horizontal axis)
and the results from the scale marks on the 3D printed sam-
ple holder (vertical axis). Accurate quantitative analysis was
achieved as demonstrated by a slope close to unity (1.004)
and good linearity (R2 value of 0.995). In addition, the rela-
tive standard deviations ranged from 2.1–13% with 8.0% av-
erage. However, considering the current detection approach
is based on visual observation of a colored line in an inspec-
tion window, the assay result might inherently be biased. In
this context, the proposed quantification approach was vali-
dated by having multiple independent users quantify Ni con-
centration using the proposed method.

Ni quantification in welding fume sample by multiple users

To further investigate the analytical performance of the devel-
oped PAD, the Ni content in a welding fume sample was in-
dependently quantified by multiple users. The certified metal
content for the SSWF-1 reference material is shown in Table
S1.† The resulting digested solution (0.31 mM of Ni) as well
as three additional samples spiked with Ni to 0.61, 0.81 and
0.91 mM were subject to Ni determination by 8 volunteer

users. Before testing, the users were instructed on the read-
out method using the line visibility based on the case of a 0.6
mM standard sample as a reference. For analytical perfor-
mance comparison, Ni concentrations were measured by vi-
sual comparison of the sample color intensity with that of a
read guide prepared by PADs exposed to aqueous Ni stan-
dards of known concentration (devices identical to those in
Fig. 3a). Fig. 5a and b show the readout results of Ni concen-
trations by 8 independent users obtained from the developed
distance-based approach and visual color intensity compari-
son, respectively. For easier result interpretation, the recovery
rate calculated from the data in Fig. 5 is summarized in
Table 1 and Fig. S7† (bar graph format). A notable difference
between the proposed method and the colorimetric approach
was observed in the accuracy of the unspiked sample, where
the readout value based on the visual color intensity compari-
son was generally lower than the true value (0.31 mM of Ni).
This reason might be attributed to minor color blurring that
was observed in the developed NiĲDMG)2 line, making the
overall color intensity weaker than that of the color read
guide with the closest concentration (i.e. 0.3 mM). On the
other hand, we postulate that the distance-based detection
approach was less influenced by this phenomenon because
the highest color intensity of the NiĲDMG)2 line was

Fig. 4 Demonstration of distance-based Ni sensing by the window
sliding method: a) actual photographs of the inspection window at
various scale mark positions. The result shows the case of a 0.5 mM Ni
sample concentration as an example (results of other Ni concentra-
tions are shown in Fig. S5 of the ESI†). The image boxes highlighted by
the green outline show the visible state of the vertical line inside the
inspection window. Note that the light blue lines seen to the left of the
windows are shadows of a part of the 3D-printed device; b) correlation
between the sample Ni concentration and the readout values from the
scale marks of the device.

Fig. 5 Readout results of Ni concentration digested from welding
fume by using a) the distance-based method and b) the color intensity
comparison method. The data represent the average and standard
deviations of 5 independent measurements by 8 volunteer users. The
“Unspiked”, “Spiked #1”, “Spiked #2” and “Spiked #3” samples contain
0.31, 0.61, 0.81 and 0.91 mM of Ni, as indicated by the dotted horizon-
tal lines with a color corresponding to the legend.
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maintained at its center and was not impacted by color
blurring.

Table 2 summarizes the analytical performance compari-
son between the distance-based detection motif by color
screening and the naked eye-based color intensity compari-
son method. It should be noted that accuracy and precision
are defined as the means of absolute percentage error of Ni
quantification and relative standard deviations, and thus,
smaller percentage values represent better performance.
Table 2 shows that the proposed distance-based detection
method improves the overall readout accuracy and precision
as compared to the color intensity comparison-based ap-
proach. In addition, a significant improvement of precision
has been achieved from a distance-based PAD for Ni quantifi-
cation relying on capillary action-based analyte depletion
within a paper microchannel (23.5% precision).33 One possi-
ble explanation for this improvement is that the developed
distance-based detection motif does not involve capillary
force-driven sample wicking. “Conventional” distance-based
detection not using color screening relies on capillary flow, of
which the reproducibility is susceptible to the heterogeneous
nature of filter paper, such as the orientation direction of cel-
lulosic fibres.56,57 Because the new method does not rely on
capillary forces, a shortened assay time (∼10 min) is achieved
when compared to the “conventional” distance-based detec-
tion (45 min) having the same length of a detection channel
(5 cm).33 Finally, the cost of the developed PADs was calcu-
lated to be $0.011 per device (detailed calculation is shown in

Table S2†), which is significantly lower than the conventional
analytical techniques (>$100 per sample).

Interference study

MnĲII), FeĲIII), CoĲII) and CuĲII) are metals known to interfere
with the DMG-based Ni assay.58 Sodium fluoride and ammo-
nium acetate were pre-deposited onto the entire hydrophilic
area of the PAD to mask these interferences. The effect of the
deposited masking reagents was evaluated with a tolerance
study. The tolerance ratio identifies the maximum mass ratio
between Ni and an interfering metal giving rise to change in
signal of less than 10%. For these studies the Ni mass was
fixed at 294 μg (0.5 mM in 10 mL sample solution). Fig. 6
shows the readout of Ni concentration under various interfer-
ing conditions, and Table 3 summarizes the tolerance mass
ratio of each interfering metal, respectively. The presence of
MgĲII), AlĲIII), CaĲII), VĲIII), CrĲIII), CrĲVI), MnĲII), FeĲII), FeĲIII),
ZnĲII), CdĲII), HgĲII) and PbĲII) at a mass ratio of >10 : 1 did not
affect the assay results. Thus, these metal ions do not inter-
fere with the Ni assay at the concentrations normally found
in stainless steel welding fumes. The potential interference

Table 1 Results of recovery rate (%) of the user test-based quantification of Ni digested from a welding fume. The data reflect mean ± standard devia-
tion obtained from 5 independent measurements by a) the proposed distance-based method and b) naked eye-based color intensity comparison

a)

Sample User #1 User #2 User #3 User #4 User #5 User #6 User #7 User #8

Unspiked 120 ± 23 97 ± 0 141 ± 35 125 ± 34 95 ± 11 111 ± 17 119 ± 31 107 ± 22
Spiked #1 113 ± 7.3 75 ± 9.0 102 ± 15 104 ± 21 104 ± 0.9 87 ± 10 98 ± 21 77 ± 10
Spiked #2 98 ± 2.7 81 ± 14 98 ± 6.4 102 ± 6.6 96 ± 16 85 ± 4.8 110 ± 8.3 76 ± 5.7
Spiked #3 95 ± 4.8 103 ± 6.0 102 ± 4.8 99 ± 3.2 105 ± 6.6 93 ± 8.1 110 ± 0 91 ± 10

b)

Sample User #1 User #2 User #3 User #4 User #5 User #6 User #7 User #8

Unspiked 77 ± 18 65 ± 0 65 ± 0 65 ± 0 71 ± 14 71 ± 14 71 ± 14 71 ± 14
Spiked #1 95 ± 18 102 ± 37 95 ± 29 108 ± 19 102 ± 14 92 ± 25 95 ± 7.3 98 ± 26
Spiked #2 106 ± 17 91 ± 11 91 ± 14 89 ± 18 94 ± 19 91 ± 6.8 79 ± 14 104 ± 6.8
Spiked #3 95 ± 13 105 ± 6.0 101 ± 4.9 95 ± 17 105 ± 6.0 92 ± 9.8 103 ± 9.8 99 ± 11

Table 2 Analytical performance comparison between the proposed
distance-based detection and the visual color intensity comparison
method

Parameter Distance Visual color intensity

Mean recoverya 101% 90%
Accuracyb 10.5% 12.2%
Precisionc 11.2% 14.9%

a Expressed as the average value of the recovery rates shown in
Table 1. b Expressed as the mean absolute percentage error of the
recovery rates shown in Table 1. c Expressed as the mean of the
relative standard deviations of measured Ni concentration values.

Fig. 6 Result of Ni concentration readout in the presence of Ni and
interfering metals. The amount of Ni was fixed at 0.5 mM (294 μg in
10 mL of sample), whereas the amount of the interfering metals was
varied as indicated at the bottom of the graph. The dotted red line
highlights the true readout value (0.5 mM).
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from MnĲII) and FeĲIII) has been eliminated thanks to the
presence of the masking reagents pre-deposited onto the

PAD. On the other hand, even with the use of the masking
agents, interference from CoĲII) and CuĲII) was observed at a
mass ratio of 0.5. The presence of these metals at a mass ra-
tio higher than 1 to Ni resulted in weaker color development,
contradicting the fact that DMG forms a colored complex
with CoĲII) and CuĲII).59 This discrepancy is explained by the
fact that CoĲDMG)2 and CuĲDMG)2, formed in competition
with the complexation of DMG with NiĲII), are water-solu-
ble60,61 and thus, spread within the hydrophilic paper area,
resulting in weak color development of NiĲDMG)2. However,
the percent composition of Co and Cu rarely reaches equiva-
lent levels to that of Ni in stainless steels,33 and should not
be an issue in the context of the application presented.

Shelf life evaluation of PAD

The long-term stability of the developed PAD was evaluated
by monitoring the colorimetric response of the inkjet-printed
DMG reagent to Ni concentrations after storage up to 8 weeks
in the dark. Fig. 7a and b represents the time course of the
color intensity values in the RGB (red, green, blue) color coor-
dinates after storage at room temperature (25 °C) and 4 °C,
respectively. Over the tested storage period up to 8 weeks, the
PAD showed no statistically significant variation in the de-
veloped red, green and blue color intensities regardless of
the storage temperature. With the stable colorimetric re-
sponse, the analytical performance of the elaborated
distance-based detection method is expected to be fully
maintained at least for 8 weeks by simple light-shielded stor-
age condition.

Conclusions

This work demonstrates the first reported distance-based
quantification mode on PADs by using the indicator color
screening strategy. The “dip-and-read” assay format elimi-
nates the capillary flow-based analyte depletion step in a
microfluidic paper channel utilized in the conventional
distance-based detection motif. The results of multiple user
tests of Ni quantification demonstrated improved analytical
precision and shortened assay time as compared to the previ-
ously reported distance-based PAD for Ni detection. It was
also experimentally confirmed that the proposed detection
approach exhibits better analytical accuracy and precision
than a visual color intensity comparison method. Although
the readout result of the “dip-and-read” assay is still depen-
dent on an individual's color recognition capacity and may
be inherently biased by different users, the improved analyti-
cal accuracy and precision over the traditional visual color
intensity comparison approach suggest that user-dependent
variation of instrument-free colorimetric assay results has
been mitigated by the proposed method. Therefore, this new
distance-based quantification approach is a promising alter-
native signaling motif on paper-based analytical devices
allowing low-cost and simple, yet quantitative precise assays.
Although the current work demonstrates Ni detection by the
dimethylglyoxime colorimetric indicator for proof-of-concept,

Table 3 Interferences from foreign metals

Interfering ion Tolerance mass ratioa

MgĲII) ≥10
AlĲIII) ≥10
CaĲII) ≥10
VĲIII) ≥10
CrĲIII) ≥10
CrĲVI) ≥10
MnĲII) ≥10
FeĲII) ≥10
FeĲIII) ≥10
CoĲII) 0.5
CuĲII) 0.5
ZnĲII) ≥10
CdĲII) ≥10
HgĲII) ≥10
PbĲII) ≥10

a Tolerance mass ratio was defined as the maximum mass ratio
between Ni and an interfering metal giving rise to change in signal
of less than 10% based on the result in Fig. 6.

Fig. 7 Shelf life evaluation of the DMG-based colorimetric detection
system for Ni. After storage for various time periods, the PADs with
inkjet-printed DMG were exposed to Ni solution of various concen-
trations and digital color analysis was performed. The PAD was stored
at a) room temperature (25 °C) and b) 4 °C. The graphs represent
analyzed color intensity values of red (top row), green (middle row)
and blue (bottom row), respectively.
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the elaborated detection system is expected to be expandable
to other analytical targets by changing the colorimetric indi-
cator and the color filter.
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