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The deposition of chemical reagent inks on paper is a crucial step in the development and fabrication of
microﬂuidic paper-based analytical devices (mPADs). A pen-plotting approach, delivering chemical ink
deposition using technical pens ﬁlled with reagents and inserted into a desktop electronic plotter, is
shown herein to be a versatile, low-cost, simple, rapid, reproducible, and high-throughput solution. The
volume of the deposited ink was quantiﬁed gravimetrically, conﬁrming that nanoliter volumes of reagents can be deposited reproducibly (e.g. 7.55 ± 0.37 nL/mm for a plotting speed of 10 cm/s) in detection
zones of mPADs, typically spatially deﬁned using wax printing. This approach was further investigated
with regard to deposition of reagents in different geometrical forms (circular and linear), so demonstrating its applicability for preparation of mPADs with ﬂexible design and application. By adjusting the
plotting speed for linear deposition, lines with a relatively large range of widths (z628e1192 mm) were
created. Circular deposition was also demonstrated via delivery of reagents within wax printed circular
ﬂuidic barriers of a range of diameters (inner diameter ¼ 1.5e7 mm). These capabilities were practically
demonstrated via the fabrication of mPADs, based upon differing detection principles for determination of
aluminum in natural waters using Morin as the ﬂuorescent reagent. Traditional mPADs based on digital
image colorimetry (DIC) were produced using circular deposition, whilst distance-based mPADs exploited
linear deposition. Both types of mPADs developed using this method showed excellent precision for
determination of trace concentrations of aluminium (average RSDs ¼ 3.38% and 6.45%, and LODs ¼ 0.5 ng
(0.25 ppm) and 2 ng (0.5 ppm), for traditional and distance-based detection, respectively).
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:
Microﬂuidic paper-based analytical device
Reagent deposition
Technical pen
Plotter
Distance-based detection
Aluminium determination

* Corresponding author. Australian Centre for Research on Separation Science (ACROSS), School of Natural Sciences, University of Tasmania, Hobart, 7001, Australia.
E-mail addresses: Mirek.macka@utas.edu.au, miroslav.macka@ceitec.vutbr.cz (M. Macka).
https://doi.org/10.1016/j.aca.2018.09.006
0003-2670/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

116

M. Rahbar et al. / Analytica Chimica Acta 1047 (2019) 115e123

1. Introduction
In the last decade, there has been signiﬁcant interest in the
development of microﬂuidic paper-based analytical devices
(mPADs) in order to meet the increasing demands of low-cost, rapid,
portable, and disposable technologies, in the ﬁelds of environmental, biomedical and industrial analysis [1e3]. mPADs are easyto-use miniaturized analytical devices, which are fabricated by
creating ﬂuidic barriers deﬁning conﬁned hydrophilic areas on a
paper substrate, using wax printing or another related technique
[4,5]. The fabrication process then involves the deposition of
chemical reagents (e.g. colorimetric reagents, buffers, conductive
inks, etc. depending on the detection principles and applications)
upon the paper [6e8].
Obviously homogeneous and reproducible deposition of the
reagents is a crucial element in mPAD preparation, especially in the
case of distance-based mPADs, where the sample should have a
uniform, reproducible and unrestricted ﬂow through the microﬂuidic channels to react with the colorimetric reagents. Distancebased mPADs rely on measurement of the length of a color band
formed on a straight microﬂuidic channel resulting from colorimetric reactions taking place between the analyte (present in the
sample) and pre-deposited chemical reagents [9e14]. Even in
traditional mPADs, which are based on color intensity measurements, having a homogenously deposited reagent leads to
improved quantitative performance [15].
To-date this deposition step has been carried out using various
methods, including manual pipetting, dipping, spraying, brushing,
pneumatic dispensing, screen printing, photolithography, and inkjet printing. Each of these techniques has their inherent advantages
and disadvantages, however some of them are more reliable and
efﬁcient than others. Inkjet printing has been shown to be one of
the most successful approaches, providing deposition of reagents
with high resolution and accuracy, and precise control over volumes of deposited material (picoliter-sized droplets) [16e22].
Inkjet printing does however suffer from tedious modiﬁcation
steps, and time-consuming print head and cartridge washing steps
for different reagents. Additionally, inkjet printers can also be
incompatible with certain biological reagents (e.g. inks containing
proteins), as they either apply a heat pulse (thermal printers) or
shear force (piezoelectric printers) to the corresponding inks [17].
Recently we reported upon the deposition of reagents using
technical pens inserted into a low-cost electronic desktop plotter,
as a simpler, quicker, more ﬂexible, and also more convenient
approach to mPAD formation [23]. The alignment of the plotting
step with the wax printed microﬂuidic features, which was the
main concern associated with the pen-plotting technique, was also
addressed in a follow-up study [24]. The chemical reagents were
deposited exactly in user-selected spots (detection zones deﬁned
via wax printing) on the paper by activating the optical scanner of
the Cameo plotter/cutter, along with some other required
commands.
Pen-plotting offers many advantages over the above techniques,
including inkjet printing. With pen-plotting there is no need for
modiﬁcation and the pen cartridge can be easily and quickly
(3 min) opened, washed, dried and reﬁlled with new reagents. It
is also ﬂexible in terms of substrate material, as plotting can be
carried out with numerous substrates such as ﬁlter paper, nitrocellulose membranes, etc., and contrary to inkjet printers, penplotting is non-destructive, as no kind of pulse or force is applied
to the reagents. The technical pens are also compatible with most
organic solvents, which may be used in the formulation of the
chemical reagent inks. Finally, they are also more ﬂexible in terms
of the viscosity of the reagent inks used, as a variety of inks can be
plotted on paper without the need for viscosity modiﬁers,

surfactants, etc.
However, in spite of all these advantages, currently there is still a
high degree of uncertainty in terms of the ink deposition volume on
the substrate using the pen-plotting technique. Also, apart from the
very basic and simple linear deposition mode, the applicability of
the pen-plotting approach for more complex designs and geometries has not yet been demonstrated. Therefore, in this work, we
used an accurate gravimetric method to quantify the amount of
deposited ink on paper as volume per length (nl/mm, for linear
deposition) or per area (nl/mm2, for circular deposition). The performance of the pen-plotting approach was also further characterized by investigating its coverage capability for ink deposition on
mPADs with various shapes and designs (e.g. straight lines or circles). Further, the effect of plotting speed on the width of the
plotted lines and the diameter of plotted circles was investigated.
The versatility of the pen-plotting deposition approach was
demonstrated via the determination of aluminum in natural water
samples using mPADs based upon two different detection principles, speciﬁcally a traditional color intensity based analysis, and
also a distance-based detection method. In this regard, a
ﬂuorescence-based determination of aluminum using a Morin
complexing agent was performed on the surface of paper.
2. Experimental section
2.1. Chemicals and materials
All chemicals were of analytical reagent grade. Morin, acetic
acid, sodium acetate, 1,10-phenanthroline, hydroxylamine hydrochloride, and rhodamine 6G, were purchased from Sigma-Aldrich.
Standard solutions of Na(I), K(I), Pb(II), Ni(II), Zn(II), Mg(II),
Mn(II), Ca(II), Co(II), Cd(II), Cr(II), Fe(II), Hg(II), Fe(III), and Al(III)
metal ions were prepared in deionised water by diluting a stock
solution of 1000 mg/L (in 5% nitric acid) of the nitrate salt of each
element supplied by BDH Chemicals (Queensland, Australia). All
the solutions were used immediately after preparation. Deionised
water was obtained with a Millipore (Bedford, MA, USA) Milli-Q
water puriﬁcation system. Whatman grade 1 qualitative ﬁlter paper with a pore size of 11 mm and thickness of 180 mm (GE Healthcare Australia Pty. Ltd, NSW, Australia) was used to fabricate the
mPADs. Transparent ﬁlm (125 mm thickness, GBC®, NSW, Australia)
was used to laminate the mPADs.
2.2. Instrumentation
A wax printer (Colorqube 8870, Xerox, Norwalk, CT, USA) was
used to print the microﬂuidic designs on the ﬁlter paper. A desktop
electronic craft plotter/cutter (Silhouette CAMEO®, Kuluin, QLD,
Australia) was used to deposit chemical inks on the detection zones
of the mPADs. The deposition was performed using Mars®matic 700
technical pens (STAEDTLER Mars GmbH & Co. KG, Nuernberg,
Germany, line width ¼ 0.5 mm) ﬁlled with the desired reagents and
inserted into the pen holder of the Cameo plotter. We have previously reported that these pens are compatible with most organic
solvents [23]. Silhouette Studio® (V4.1.156) free software was used
to design the desired patterns for both characterization experiments and also fabrication of mPADs. A Silhouette Cameo reusable
cutting mat (1200  1200 Cut12) was used for the precise loading of
the paper media into the plotter. An A3 laminator (LM330, Laminating Wholesalers, VIC, Australia) with adjustable lamination
temperature was used to laminate the devices from the bottom side
to prevent any possible leakage of solutions. A Dino-Lite EDGE
digital ﬂuorescence microscope (AM4115T-GFBW, SCINET, WA,
Australia) with a magniﬁcation range of 20x-220x, controlled by
DinoCapture 2.0 free software, was used for all required optical
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measurements. The digital image colorimetry (DIC) experiments
were also accomplished by the same microscope and corresponding software. A UV viewing cabinet (Spectroline®, CM-10, NY, USA,
UV light source ¼ 254 nm) was used for observation of the ﬂuorescence emission from the Al-Morin complex developed over the
straight microﬂuidic channels of the distance-based mPADs. A
Nikon digital DSLR camera (D90 with AF-S DX NIKKOR lens, Nikon
Australia Pty Ltd) was used to capture the photographs of the
distance-based mPADs after ﬂuorescence emission under UV illumination. A Sartorius analytical balance (MC 210 S, readability:
0.01 mg) was used for all gravimetric measurements.
2.3. Design and fabrication of mPADs
The overall fabrication process of mPADs is depicted in Fig. S1.
The required microﬂuidic designs (Fig. S2) for both traditional and
distance-based mPADs were produced using the free Silhouette
Studio® software and printed on both sides of the paper using the
wax printer. The “Registration Marks” option in the software was
also selected prior to printing to ensure alignment of the printed
feature with the following deposition step [24]. As depicted in
Fig. S2, the distance-based pattern (designed line width ¼ 0.4 mm
before wax melting) was composed of a circular sample zone
(3.5 mm diameter) and a straight channel (1.2  25 mm) along with
some scale bars, which were drawn at 1 mm intervals next to the
channel for direct measurement of the colored band length. The
scale bars were intentionally chosen to be red in color for clear
identiﬁcation of the band length when the mPADs were placed in
the dark UV viewing cabinet required for the determination of
aluminum (the red gave the highest contrast of the ten available
colors). The sizes of both the sample zone and the channels were
optimized for storage of the lowest possible volume of sample
(4 mL), while at the same time having a stable ﬂuid ﬂow and obvious
color change. The traditional mPADs were comprised of simple circles with diameter of 3.4 mm and designed line width of 0.5 mm
(before wax melting). In the next step, the technical pens were
ﬁlled with the corresponding chemical reagents and then inserted
into the plotter to deposit the reagents on the detection zones.
Afterward, the sheet was laminated (165  C) from the bottom side
in order to melt the wax through the thickness of the paper and also
to give a higher mechanical stability to the fabricated mPADs and
preventing any ﬂuid leakage during analysis. While laminating, the
top side of the device was covered with a piece of copy paper to
avoid contamination of the laminator rollers with the melted wax
and also to limit overexposure of the printed features to heat.
2.4. Gravimetric analysis
Fig. 1A shows a ﬂow chart depicting the gravimetric approach
proposed in this work to measure deposition volumes. First, a
certain volume (1 mL taken by a micropipette) of the model
chemical ink (rhodamine 6G, 0.1% w/v in water-ethanol mixture
50% v/v) was weighed (n ¼ 10) using the analytical balance, to
obtain the density of the ink. Then, the pen cartridge was ﬁlled with
the ink, attached to the nib body, and shaken a few times to help the
ink to reach the tip. Considering the working principles of technical
pens (described in Supporting Information), the tip was drawn
along the paper to trigger the ink ﬂow. After that, the ﬁlled pen
(excluding the pen holder) was weighed and the initial mass was
recorded. To keep potential weighing errors to a minimum, the pen
holder was not included in the gravimetric measurements since it is
not engaged in the ink delivery process so does not need to be
weighed, whilst all the other components of the pen (Fig. S3) were
in contact with the ink so required weighing. After obtaining the
initial mass, the pen was inserted into the plotter and a large
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number (N ¼ 400) of straight lines (30 mm length) were plotted on
a sheet of ﬁlter paper (A4 size) to simulate a number of individual
linear depositions. Next, the pen holder was detached and the
remainder reweighed to determine the ﬁnal mass. The difference
between the two measurements was equal to the consumed mass
of ink (e.g. 0.14281 ± 0.00213 g for plotting speed ¼ 5) under the
given conditions. Subsequently the mass of consumed ink for each
individual plotted line and every millimetre (mm) of each line was
obtained through dividing the obtained total mass by the number
of plotted lines (N ¼ 400) and the length of each line (30 mm),
respectively. This mass could then be converted to a volume (nL) by
considering the measured density (0.88764 ± 0.00167 g) of the
corresponding ink. Both the initial (e.g 5.84801 g) and ﬁnal (e.g
5.70681 g) measured masses of the pen used for the gravimetric
calculations, are very large numbers relative to the inherent error of
the balance (0.01 mg). Therefore, the ﬁnal calculated volume (nL) is
reliable in terms of possible deviations resulting from weighing
errors. The same procedure can be applied for circular deposition
by plotting circles instead of lines and the deposition volume can be
measured per unit of square millimetre (mm2) of the paper. In this
work, this was only performed with Morin solution as the chemical
ink in order to quantify the deposition volume for color intensity
based mPADs in the determination of Al(III).
2.5. Aluminum detection
The determination of Al(III) was based on the formation of a
ﬂuorescent coordination complex of this metal with Morin in a
slightly acidic medium, resulting in an instantaneous color change
[25e28]. Under UV radiation, Al gives an intense green ﬂuorescence
in reaction with Morin. The ﬂuorescence-based reagent was prepared by mixing equal parts (%v/v) of acetate buffer solution
(pH ¼ 4, 0.2 M) with Morin solution (0.1% w/v in ethanol 50%). Then
the reagent was deposited over the detection zones of the mPADs
using the pen-plotting approach (constant plotting speed ¼ 4 cm/s)
and allowed to dry (5 min) for further analysis.
3. Results and discussion
We have previously shown how the pen-plotting approach can
be a viable method for deposition of chemical reagent inks on paper
for development of mPADs. However, there were some additional
challenges with this technique, such as the precise positioning of
deposition on desired user selected spots. This issue was resolved
using the optical scanning function of the plotter [24]. An existing
challenge with the pen-plotting approach is the uncertainty associated with the volume of the deposited ink on the substrate and
the inability to predict the deposited volume. In the present work,
we resolved this issue by implementing an elegant gravimetric
approach to measure the volume of deposited ink on the paper. This
is very signiﬁcant as it provides practical quantitative information
about the volume of deposited reagents which can be then used
when developing and optimizing new assays on paper or other
media.
3.1. Gravimetric quantiﬁcation of deposition volume
It is worthwhile mentioning that among all conventional automatic deposition techniques, only automatic dispensers (usually
used for development of lateral ﬂow immunoassays) can deposit a
known volume of ink (mL/cm) upon a substrate [29]. However, these
come at a considerable expense, require regular maintenance (e.g.
unclogging and cleaning steps), and can deliver misalignment of
ink deposition with wax printed features, etc. With inkjet printing,
as the most reliable deposition technique for mPADs, the maximum
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Fig. 1. (A) Flow chart of the gravimetric approach used for the determination of deposition volume. N is the number of corresponding plotted patterns (lines or circles). (B) Graph
obtained from performing the gravimetric approach in the linear manner (n ¼ 10) with varying plotting speeds (cm/s). The higher the speed, the lower the deposition volume (nL/
mm). Inset: photograph of the plotted straight lines.

ejected volume can only be estimated from the printer features via
mathematical calculations [30].
The gravimetric approach taken here is based on measuring the
amount (mg) of ink consumed whilst plotting a large number of
patterns (lines or circles) on the paper and then dividing the mass
by that number to obtain the volume consumed for each individual
pattern. The effect of plotting speed on the deposited volume was
also investigated and the results were compiled as a graph (volume
versus plotting speed) depicted in Fig. 1B. As anticipated, the higher
the speed, the less the deposition volume per unit of length. The
error bars indicate the standard deviations, which are higher for
lower speeds (e.g. ±3.01 and ± 1.20 nL/mm for the speed of 1 and
3 cm/s, respectively); however, for medium and high speeds (e.g.
5 cm/s and higher) the errors are lower and almost the same
(z±0.41 nL/mm) showing the high reproducibility of the penplotting approach for reagent deposition. These small errors also
conﬁrm that the proposed gravimetric approach is a reliable
method to determine the deposition volume. In addition, these
results demonstrate how small volumes of reagent, as low as
7.55 ± 0.37 nL/mm (with plotting speed of 10 cm/s), can be precisely deposited on paper, which is sufﬁcient to perform an assay

without any need for multi-pass printing (as is usually required in
inkjet printing to deposit sufﬁcient reagents to produce strong
signals [30]). However, it should also be noted that the numerical
results presented here are for deposition of this particular model
ink (rhodamine 6G, 0.1% w/v in ethanol 50% v/v), and will of course
vary slightly for other inks of different viscosity and surface tension.
3.2. Full coverage of the detection zones
3.2.1. Linear deposition
We have already demonstrated linear deposition of colorimetric
reagents inside wax printed microﬂuidic channels in the form of
very simple straight lines, which were then used within mPADs with
distance-based detection [24]. Here the linear deposition is further
characterized and the effect of plotting speed on the width of
plotted lines is investigated. This allows optimization of the plotting parameter settings for any particular application with speciﬁc
device geometries. Technical pens were ﬁlled with the model ink
(rhodamine 6G, 0.1% w/v in ethanol 50% v/v) and then straight lines
(25 mm length) were plotted on the paper with different plotting
speeds. Line width was measured by the ﬂuorescence microscope
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at ﬁve points along the lines (at increments of 4 mm) and the results are shown in the graph in Fig. 2. As expected, the higher the
speed, the narrower the plotted lines, which signiﬁes lower deposition volumes. This is also in agreement with the gravimetric
measurements. These results indicate that by adjusting the plotting
speed we can govern the width of the plotted lines across a relatively wide range of widths (z628e1192 mm), which can be utilized later in the development of optimized mPADs designs. For
instance, with this available line range, one single pass is enough to
provide full coverage of a narrow detection zone, even for the
narrowest reported wax printed channel used for distance-based
measurements of ca. 900 mm [31]. For wider channels, the use of
either lower plotting speeds or multiple linear deposition lines
would be sufﬁcient to cover the detection areas. The effect of reagent concentration on the width of plotted lines was also investigated; however, it was observed that the concentration had no
signiﬁcant effect on line width and only increased the color intensity of the plotted lines (Fig. S5). Detailed information about the
microscopic measurements with a digital microscope used in this
work is provided in the Supporting Information (Fig. S6).
3.2.2. Circular deposition
To further illustrate the applicability of the pen-plotting
approach for deposition of reagents, we demonstrated a circular
deposition of the model ink. This shows the suitability of this
approach not only for distance-based mPADs, but also for traditional
mPADs which are based on measurement of the color intensity in
detection zones that typically have a circular shape. Circles with
various diameters (0.25e4 mm) were designed by the Silhouette
Studio® software and then plotted to emulate reagent deposition in
circular detection zones within mPADs. The outer diameter of the
plotted circles was measured by a ﬂuorescence microscope and
results are presented as a graph charting the measured diameter
(M.D.) versus designed diameter (Fig. 3A). Circle designs with
diameter in the range of 0.25e2 mm resulted in fully ﬁlled plotted
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circles with diameters in the range of 2.44 ± 0.06 to 3.26 ± 0.09 mm,
which is in the typical size range of detection zones used in traditional mPADs. Diameters larger than 2 mm produced circles with
empty centers since the amount of deposited ink was not enough to
fully cover that area via ink wicking with the aid of the capillary
effect. Thus, in order to fully cover detection zones larger than
3.26 mm, multiple circular deposition lines (Fig. 3B,b) could be
implemented. To further demonstrate the circular deposition, circles with different sizes (inner diameter, 1.5e7 mm) were wax
printed on the paper simulating traditional mPADs and then the
pen-plotting approach was successfully applied to ﬁll the circles
with the model ink (Fig. 3B). Based on the obtained graph and also
considering the constant line width of the plotted circles (z1 mm),
the required number of multiple deposition lines with given diameters could be designed to fully cover the corresponding regions
(Fig. 3B). In the case of the smallest wax printed circle (1.5 mm), a
single deposition line (0.25 mm length) instead of a circle was used
to ensure the deposition would take place inside the desired area.
In this case, the pen tip makes a small semicircular trace (diameter z 1 mm) which was the smallest possible trace created by this
approach with this particular ink. These experiments are an illustration of the suitability of the pen-plotting approach for a wide
variety of applications.
3.3. Determination of aluminum in natural waters
The association between aluminum toxicity and some neurotic
diseases such as Alzheimers, Parkinsons and dialysis encephalopathy in humans has been well documented. Therefore, determination of low concentrations of aluminum in natural waters and
other environmental samples is vitally important [32,33].
Currently, several conventional analytical techniques such as
atomic absorption or emission, mass spectroscopic techniques, and
electrochemical methods are used for determination of Al(III) in
water samples. Despite their high sensitivity and precision, these

Fig. 2. Linear deposition and the effect of plotting speed (cm/s) on the width of plotted lines. The higher the speed, the narrower the plotted lines. Inset: photograph of the plotted
lines. The error bars represent standard deviations from average values.
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Fig. 3. Circular deposition. (A) Graph showing the relationship between diameters of designed circles (theoretical) vs. plotted circles (experimental, n ¼ 100). Markers indicate fully
ﬁlled ( ) and unﬁlled ( ) circles. Inset: (a) computer designed circles with various sizes. (b) photograph of the plotted circles. The unﬁlled circles had almost identical line widths
(z1 mm). (B) Demonstration of circular deposition to ﬁll up wax printed circles with different sizes. (a) computer designed circular deposition lines (red circles) with their corresponding diameters. In order to ﬁll up wax printed circles larger than 4 mm, multiple deposition lines (more than one deposition line) were used. (b) Photograph of wax printed
circles with their corresponding diameters. (c) Photograph of wax printed circles after being ﬁlled up by performing the circular deposition. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)

methods are costly and time-consuming, and they need complex
equipment and trained operators, which are all properties unsuitable for on-site analysis. Alternatively, mPADs can be utilized for
rapid, low-cost, instrument-free, and portable analysis of the water
samples.
To demonstrate the analytical potential of the technical concepts presented here, the ﬂuorescence-based determination of
aluminum was investigated using both distance-based and traditional mPADs. The gravimetrical approach was used (n ¼ 4) to
measure the deposition volume of the ﬂuorescent reagent (Morin,
0.1% w/v in ethanol 50%) in various detection zones. Deposition
volumes were 16.62 ± 0.38 nL/mm and 42.88 ± 2.15 nL/mm2 for
distance-based and traditional mPADs, respectively. Straight lines
(line width ¼ 748 ± 0.02 mm) and fully ﬁlled circles (outer

diameter ¼ 2.82 ± 0.07 mm) were used to cover the straight channel and circular shaped detection zones of the corresponding
mPADs. The amount of reagent deposited in the detection zone was
optimized (by changing the concentration) to create the best color
contrast, along with the highest sensitivity on the mPADs.
3.3.1. Distance-based measurement
It is obvious that having reproducible linear deposition of the
reagent over the detection channels in individual mPADs is essential
for reproducibility and precision of the analysis. In the present
work, this requirement was met by performing the linear deposition of reagents via the pen-plotting approach. The developed
distance-based mPADs fabricated by linear homogenous deposition
of a Morin solution over the straight channels, were successfully
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Fig. 4. Distance-based determination of aluminium. (A) Photograph of distance-based mPADs at the end of analysis after pipetting 4 mL of Al standard solutions. No color change or
distance signal is observable. (B) Photograph of distance-based mPADs after placing them in the UV viewing cabinet and exposing to 254 nm UV illumination. Contrast and
brightness are modiﬁed for better observation. (C) Response curve of different concentrations of Al (2e30 ng) to the distance-based mPADs. Markers reﬂect the average of 20
repeated measurements. The error bars represent the standard deviations from the average values. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)

applied for instrument-free quantiﬁcation of aluminum in water
samples. According to the Australian and New Zealand guidelines
for fresh and marine water quality, the concentration of Al in irrigation waters should not be more than 5 mg/L (long-term use) or
20 mg/L (short-term use) [34]. In this work, distance-based determination of standard solutions of Al was investigated in the range
of 2e30 ng (0.5e7.5 mg/L) and the calibration curve was obtained
from the measured distance signals. For the detection of Al(III), the

mPADs were exposed to UV light (lmax ¼ 254 nm) for observation of
the ﬂuorescent emission from Morin-Al complex along the channels. The shortest visible length (average ¼ 2.08 ± 0.38 mm) correlated to a sample containing 2 ng of Al, which was then considered
as the detection limit (mass detection limit). The actual photograph
of mPADs after loading 4 mL of standard Al(III) solutions with various
concentrations into the sample inlets are depicted in Fig. 4, along
with the corresponding response curves. The standard deviations
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Fig. 5. Color intensity based determination of aluminium. Graph represents the calibration curve associated with Al analysis (1e7 ng) obtained from recorded green intensities
(using a ﬂuorescence microscope) at the detection zone of the mPADs. The markers and error bars reﬂect the average and standard deviations of 12 measurements. Inset: photographs of detection areas of paper after loading with various concentration of Al. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
Web version of this article.)

and error bars in the corresponding graph, represent excellent
reproducibility (average RSD ¼ 6.45%, n ¼ 20) of analysis, which
indirectly conﬁrms the reliability of the pen-plotting approach for
linear deposition of reagents.
The effect of possible co-existing interfering metal ions on the
determination of Al was investigated by applying water samples
containing Al (2.5 ppm) and different metal ions (Na(I), K(I), Pb(II),
Ni(II), Zn(II), Mg(II), Mn(II), Ca(II), Co(II), Cd(II), Cr(II), Fe(II), and
Hg(II)) with Al:metal ratio of 1:1. The formation of ﬂuorescent
Morin-metal (e.g. Al, Ca, Mg, Be, etc.) complexes is pH dependent
and in the speciﬁed pH here (pH ¼ 4) is highly selective for Al. In
addition, the acetate used in the buffer composition can also
function as a masking agent preventing many metal interferences.
However, the major interference concern is Fe (III), which would
interfere by quenching the ﬂuorescent signal to some extent. The
presence of the metal ions did not have a signiﬁcant impact on the
distance signal; however, Fe(III) in Al:metal ratio of more than 1:0.5
caused some interference in the form of ﬂuorescence quenching,
which mostly affected the intensity of the formed color band rather
than the distance signal. By depositing a mixture of hydroxylamine
hydrochloride to reduce Fe(III) to Fe(II), and 1,10-phenanthroline as
a masking agent for Fe(II) in the sample zone prior to analysis, an
Al:Fe(III) ratio of more than 1:1 could be tolerated.
Real water samples were collected (Ringarooma, Tasmania,
Australia), ﬁltered, and spiked with a known concentration
(2.5 ppm) of standard Al solution and then analyzed both with the
distance-based mPADs and atomic absorption spectroscopy (AAS).
Results indicated a good agreement (within 10% error) between
these two techniques (Table S-1). The non-spiked water samples
did not generate any distance signal on the mPADs indicating
normal levels of the target metal in the water sample. This was
further conﬁrmed by AAS analysis which showed Al at trace levels
and below the detection limit of the distance-based mPADs.

3.3.2. Color intensity based measurement
Circular deposition was also utilized for the determination of Al
based on traditional color intensity measurements by deposition of
the ﬂuorescent reagent in the well-shaped (circular) mPADs (Movie
S-1). The mPADs were loaded with 2 mL of standard solutions of Al
with various concentrations and then were allowed to dry (10 min)
under ambient conditions. The color intensity based determination
was investigated in the range of 0.5e7 ng (0.25e3.5 mg/L) of Al and
the calibration curve was obtained for different intensities of green
ﬂuorescence emission (G) recorded by ﬂuorescence microscope
(Supporting Information). The signals were plotted as DG (GSample GBlank) versus Al concentrations (Fig. 5). The mass limit of detection
(LOD) was calculated to be 0.83 ng of Al, based on three times the
standard deviation (3SD) of the signal (green intensity) of the
blank. Above 7 ng of Al, the paper surface was saturated with
ﬂuorescence emission and no additional increase in green intensity
could be measured.
Similar to the distance-based measurements, here the average
RSD representing the reproducibility of all tests was 3.38% (n ¼ 12)
which indicates the reliability of the pen-plotting approach for
circular deposition of reagents as well as for linear deposition. The
traditional mPADs present a slightly lower detection limit of Al;
however, the distance-based mPADs eliminate the need for external
detectors and also enable a much wider dynamic range since
detection in traditional mPADs faces color saturation at much lower
concentrations compared to distance-based mPADs. A detailed
comparison between traditional and distance-based mPADs for
determination of Al is shown in Table S2 in the Supporting
Information.
4. Conclusions
This study characterizes in detail the pen-plotting approach and
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documents it as a versatile, rapid, reproducible, and highthroughput method for deposition of chemical reagents on paper
substrates for the development of mPADs. An accurate gravimetric
method is introduced which can be readily used in order to
determine the volume of deposited reagents and overcome the
existing uncertainty in this regard. The versatility of this approach
is further illustrated by demonstrating the reagent deposition in
both linear and circular forms which can be later implemented in
the fabrication of mPADs with a variety of designs and applications.
Traditional color intensity based mPADs utilized circular deposition, and distance-based mPADs utilized linear deposition of
ﬂuorescent reagent by pen-plotting for the determination of Al(III)
in natural waters. The distance-based mPADs exhibited a much
wider dynamic range since detection in traditional mPADs faces
color saturation at much lower concentrations. The low RSD values
for all the measured parameters obtained from these mPADs indicate the reliability of this approach for reproducible deposition of
reagents on mPADs of different designs and sizes. The controlled
and reproducible nanolitre scale deposition of chemical inks along
with good control over the size and shape of the plotted features
may stimulate novel applications even in other research areas
demanding localized delivery of chemical reagents.
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