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ABSTRACT: Distance-based detection methods, as used in
development of microfluidic paper analytical devices (μPADs),
rely on the dynamic formation of a colored band along the
length of the paper microfluidic channels. The color change is
driven by the reaction of chromogenic reagents (typically
water-insoluble) that are bound to the paper, thus not subject
to being washed away by the sample flow along the detection
channel. Here, we introduce the use of an anion-exchange filter
paper (as a replacement for standard, unmodified filter paper)
for distance-based detection in μPADs, in order to immobilize
the water-soluble anionic reagents upon the paper detection
channels based on ion-exchange interactions of the oppositely
charged paper (protonated tertiary amine groups) and the
anionic groups of the reagents. The ion-exchange (IE) paper was initially characterized and its properties were compared with
standard cellulose paper. The IE paper was shown to be capable of strong retention of anionic reagents exhibiting acidic
functional groups (carboxylic, sulfonic), which become deprotonated and negatively charged when in contact with the IE paper.
The effect of the ionic strength (10−250 mM Cl−) and pH (1−13) on the immobilization of the investigated reagents were also
determined. The IE-μPADs were then modified with anionic chromogenic reagents and applied to distance-based
determination of total calcium (LOD = 0.03 mM) and total acidity (LOD = 2.5 mM) content in serum and wine samples,
respectively. The detailed mechanisms of the developed assays on the IE paper are also discussed. We propose that IE-μPADs
represent a useful new addition to the distance-based detection toolbox and considerably enhance the applicability of such a
detection method.

Microfluidic paper-based analytical devices (μPADs) have
evolved in the past decade to respond to the growing

need for low-cost, rapid, portable, and accessible point-of-care
diagnostics. The detection step in such devices is typically
based on a colorimetric reaction in which a reagent bound to
the paper produces a colored product after reacting with target
analyte present in the sample. In traditional μPADs,
quantitative analysis requires digital image colorimetry
(DIC), in which color and intensity are related to analyte
concentration via a camera and image-processing software.1,2

Unfortunately, there are some issues and concerns associated
with color development in μPAD analysis, including the
“coffee-ring effect”3 which compromises the homogeneity and
intensity of the color pattern, consequently affecting the
analytical parameters obtained from DIC. The coffee-ring

effect is caused by the fact that there are typically weak
attractive forces between the chromogenic reagents (or the
colored products of the reaction) and the paper fibers, such
that the developed color pattern becomes washed away and/or
shifts toward the edges of the detection zone as sample flows
through the device.3−5 There is great interest in solving this
problem by modification of the paper surface by functionalized
nanomaterials or oxidizing agents to create attractive forces
(e.g., electrostatic interactions) between the reagents (or
colored products) and the paper fibers. These efforts have been
relatively satisfactory, resulting in more uniform color patterns
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and consequently better analytical performance.5−12 However,
these approaches are not universal and often require relatively
tedious preparation steps for each particular assay. Moreover,
multiple exposures to different solutions throughout the
modification process can deteriorate the mechanical stability
and wicking properties of the filter paper (because of the
limited wet strength of paper).
A promising alternative to quantitation on μPADs is the use

of “distance-based” detection, in which the amount of analyte
is converted into a distance signal on a channel, allowing for
analysis by eye (with no external instrumentation).13−17

However, these methods typically require continuous flow of
sample or other solvent through the channel, which
exacerbates the challenge of weak interactions between the
reagents (or the colored products) and the paper fibers. This
challenge is especially problematic at the beginning of the
detection channel because of the higher flow rates in this
region.18 This limits the applicability of the distance-based
detection to a limited number of colorimetric reactions,
specifically those that rely on water-insoluble chromogenic
reagents or colored products that form precipitates or large
crystals that can become trapped within the 3D structure of the
cellulose.19−26 It has been shown that in order to develop
distance-based assays which do not necessarily rely on
precipitation reactions but rather involve water-soluble
chromogenic reagents, the paper must be extensively modified
to retain the reagents and thus to allow formation of a stable
distance signal.14

In response to the challenges described above, we introduce
a new suite of methods for immobilizing chromogenic reagents
on distance-based μPADs. The new methods rely on anion
exchange filter paper (instead of conventional, unmodified
filter paper) to allow for convenient electrostatic immobiliza-
tion of anionic chromogenic reagents (as the most widely used
in (bio)chemical assays), such that they will not be washed
away by the sample fluid flow. The IE paper used here is
modified to present pH-buffered weakly basic constituents,
which can cause deprotonation and thus immobilization of
acidic reagents such that they become affixed within the paper
in the detection channels. This represents a simple,
straightforward, and comprehensive approach to immobiliza-
tion which can be applied to a wide variety of reagents without
a specific modification, functionalization, or preparation
process for different assays. Herein we describe experiments
evaluating the fluidic properties of the IE paper as well as the
effect of pH and ionic strength on displacement of deposited
reagents. Most importantly, we evaluate the applicability of the
new technique for distance-based μPAD measurements applied
to quantifying Ca2+ in serum and total acidity in wine.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Unless otherwise specified,

reagents were purchased from Sigma-Aldrich (Oakville, ON,
Canada), and all aqueous solutions were prepared in deionized
water (DI water) with a resistivity >18 MΩ cm obtained from
a Millipore (Bedford, MA) Milli-Q water purification system.
All chromogenic reagents were in their acid form except 2,6-
dichlorophenolindophenol (DCPIP) which was in its sodium
salt form. Whatman grade 1 and DE81 ion-exchange filter
papers (GE Healthcare Australia Pty. Ltd., NSW, Australia)
were used for fabrication of the μPADs. Transparent
laminating film (thickness of 125 μm, GBC, ON, Canada)
was used to laminate the μPADs.

Measurement of Total Calcium and Acidity. The
chromogenic detection reagent solution for the determination
of Ca2+ is comprised of arsenazo III (1 mM), TBE (5×) buffer,
and isopropanol (10% v/v). For the determination of total
acidity, bromothymol blue (1 mM in 20% v/v ethanol) was
used as the colorimetric reagent. In both cases, reagents were
deposited upon the detection channels using the pen-plotting
approach17,27 (plotting speed = 1 cm/s) and were allowed to
dry (2 min) before the final lamination step. Further details
regarding instrumentation and fabrication of μPADs can be
found in the Supporting Information.

■ RESULTS AND DISCUSSION
Characterization of the IE Paper. The DE81 anion

exchange filter paper used here comprises a cellulose substrate
that is modified with diethylaminoethyl (DEAE) functional
groups (pKa = 9.5)28 which are protonated and therefore
positively charged at neutral pH. This type of IE paper has
been traditionally used in enzyme assays, DNA polymerase
tests, and for separation of anions, nucleotides, and amino
acids. Here we introduce the use of DEAE paper as a substrate
for fabrication of μPADs to immobilize the anionic
colorimetric reagents.
The DEAE paper used here was initially characterized and

compared with conventional filter paper for use as a substrate
for μPADs. First, SEM images revealed no obvious differences
between the morphology of the IE paper relative to
conventional paper (Figure S1). Then, the new substrates
were evaluated for printability, an important property for paper
substrates used in the fabrication of μPADs. As shown in
Figure S2, the IE paper was found to be print compatible and
(most importantly) was capable of supporting printed-wax
structures that could confine aqueous solutions within them.
Finally, flow rate in μPADs formed from both types of paper
was measured. It was found that the IE paper presented a
slightly lower flow rate than conventional filter paper (Figure
S3) but one that is well within the range of utility for distance-
based detection. This also indicates that the IE paper has
similar pore size in relation to the pore size of the standard
paper (11 μm).
After demonstrating utility for μPAD functionality, attention

was turned to evaluating the anion exchange properties of the
IE paper. Being aware that the IE paper used in the present
work was a weakly basic anion exchanger, an experiment was
designed to measure the effective basicity (pKa) of the paper. A
series of pH indicators (pKa ranging 7.1−11.2) were selected
and their dilute solutions (0.1% w/v in 20% v/v ethanol) were
pipetted onto the paper (Figure S4). Starting from low pH and
moving to high pH, the pKa of the first indicator for which the
IE paper was not able to convert to its basic form (as realized
via a lack of color change) was considered as the effective pKa
of the paper. As reported by the manufacturer, this value was
found to be approximately 9.4. This is important to know, as
the pKas of the paper, the chromogenic reagents, and the
analytes must be considered when designing distance-based
assays. Further details regarding characterization of the IE
paper can be found in the Supporting Information.

Immobilization Tests. Fluorescein was selected as a
model anionic analyte to evaluate the capability of the IE paper
for electrostatic immobilization. Two spots of fluorescein (0.1
μL, 0.1 mM in water) were pipetted on the paper channels in
IE-μPADs, and after drying, water was introduced (10 μL, 3×)
into the inlets. Importantly, the spots remained intact and no
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elution was observed, indicating a strong interaction between
fluorescein and the IE paper surface (Figure 1A). This was

further confirmed by keeping a paper strip impregnated with a
spot of fluorescein in water for 2 h (Figure S5), followed by
continuously flushing it with water, where no visible change
was observed (Movie S1). However, when chloride (200 mM
NaCl) was applied as an eluent to the μPADs, the spots were
eluted, which confirms the immobilization is based on a simple
and reversible ion-exchange mechanism. As a comparison, the
same experiment was performed on devices formed from
standard filter paper, and the analyte was observed to elute in
water even after a single wash (Figure 1B).
The same tests were then applied to another common

anionic dye, bromothymol blue (Figure S6 and Movie S2),
which showed the same behavior as fluorescein. Identical tests
were applied to other reagents (including arsensazo III, calcein,
2,6-dichlorophenolindophenol (DCPIP), and thymol blue)
with a range of different functional groups (Figure S7),
demonstrating the suitability of the IE paper for immobiliza-
tion of a wide variety of anionic (acidic) reagents. Note that
the amount of deposited reagents per unit area (mol/mm2) in
these tests was always negligible compared to the nominal IE
capacity reported by the manufacturer (0.017 μmol/mm2),
which consequently provides complete immobilization of the
dye molecules [e.g., ∼5 pmol/mm2 for the fluorescein spots in
Figure 1 (∼2 mm2)]. The immobilization tests were also
carried out with some cationic dyes (results not shown), such
as methylene blue, rhodamine 6G, toluidine blue, neutral red,
and nile red, where all were retained on both the standard (as
expected) and IE papers. It is worth noting that cellulose
naturally presents a strong affinity to cationic dyes due to
various interactions, including electrostatic (via the anionic
carboxyl and hydroxyl groups of cellulose fibers), hydrogen
bonding (through the amino, azo, and amide groups of the
typical cationic dyes), van der Waals, and hydrophobic.29

Effect of Ionic-Strength and pH on Immobilization. IE
effects can be changed by sample properties such as ionic-
strength and pH; thus, we studied the effects of these variables
on the immobilization of indicator dyes. The effect of ionic
strength on immobilization was studied by spotting fluorescein
(0.1 μL) at the beginning of paper channels in IE-μPADs and
then applying aliquots (10 μL) of different concentrations

(10−250 mM) of aqueous chloride ion solution. Chloride was
chosen for this demonstration, as it is the primary anion
present in many biological samples (e.g., ∼100 mM in serum).
In these experiments, the distance the dye traveled along the
channels was considered as the displacement distance [i.e., dye
front −1.5 mm (the initial length of the spot)], which was
plotted against the concentration of chloride. As is shown in
Figure 2A, there is a strong correlation between chloride

concentration and the displacement distance. As shown in the
inset-images, despite the observed elution, the dye is not
completely displaced from its origin, and there is a gradient
formed along the channel. This result is useful, as if the reagent
is not entirely washed away (with some remaining in the
channel), and even a gradient of immobilized reagent might be
used (upon some tuning) for development of a distance-based
assay.
The effect of pH on immobilization was investigated for

sample pH-effects using methods similar to those described
above, i.e., depositing and drying a spot of fluorescein on an
IE-μPADs, followed by delivery of aliquots (10 μL) of different
concentrations of HCl or NaOH at a range of different pH
values (1−13). The displacement distances for each condition
were measured and plotted against the pH (Figure 2B). As
expected, at high pH (i.e., over 11), the dye was displaced,
caused by the titration and deprotonation of the ion-exchange
sites (tertiary amine groups) by the sample. For acidic
conditions, only pH 1 resulted in displacement, which is likely
associated with both the high level of chloride ion (100 mM)
present in this (HCl) sample and also the protonation of the
carboxyl group of fluorescein that is involved in the ion-

Figure 1. Immobilization test using fluorescein as a model anionic
reagent on IE μPAD devices. (A) Representative photographs of
fluorescein spots (under UV illumination) on an IE-μPAD device
after spotting and drying (left), after rinsing in water (3× 10 μL)
(middle), and after rinsing in aqueous NaCl (200 mM, 1×, 10 μL)
(right). (B) Representative photographs of fluorescein spots (under
UV illumination) on a conventional μPAD device after spotting and
drying (left) and after rinsing with water (1×, 10 μL) (right). (C)
Ionized structure of fluorescein comprised of two anionic functional
groups anchoring the dye on the positively charged IE paper.

Figure 2. Effect of (A) ionic-strength (chloride ion concentration)
and (B) pH (1−13) on the immobilization of fluorescein on IE paper.
The error bars represent the standard deviations from the average
values. Insets are representative photographs (under UV illumination)
of μPADs used in these experiments (each image corresponds to a
data point on the relevant graph).
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exchange interaction. Note that the lower intensity of the
eluted fluorescein band formed along the channel in this
experiment is caused by the diminished fluorescence quantum
yield (Φ) at low pH.30 These observations provide a general
framework for predicting how the immobilized reagents might
be affected in extreme conditions. In addition to the
investigated parameters, there might be some other factors
playing a role in this context, such as the number, pKa, and
type of anionic functional groups anchoring the dye molecule
on the surface of the IE paper. For instance, as shown in the
following section, arsenazo III, which contains six anionic
functional groups, is retained upon the paper so securely that
even samples containing high levels of competing anions do
not cause elution.
Distance-Based μPAD Assays. As proof of concept, two

distance-based assays were developed for implementation on
IE-μPADs for determination of calcium and total acidity. The
former (Ca2+) was selected as one of the most prevalent
cations in mammals, for example, human serum contains an
average [Ca2+] = 2.4 mM. The determination of the Ca2+ level
in serum is important because the deficiency and excessive
concentrations are associated with the medical disorders
hypocalcemia and hypercalcemia, respectively.31 Conventional
methods for serum Ca2+ measurement (e.g., photometric
methods, atomic absorbance spectroscopy, precipitation
techniques, etc.) require multiple preparation steps, large
volumes of sample and reagent, and/or bulky instrumentation,
which limits their suitability for point-of-care analysis. We
propose that IE-μPADs with distance detection of Ca2+ offers
an instrument-free, low-cost, rapid, and simple alternative that
may be appropriate for application at the point-of-care. For
distance-based determination of Ca2+, arsensazo III was
immobilized upon the IE paper channels. The immobilized
dye is purple when not bound to calcium but becomes blue
upon exposure to Ca2+-containing sample in the μPADs, as
depicted in Scheme 1. After introduction of Ca2+ ions, the
arsenous and phenolic groups in the dye can complex with
Ca2+, while the sulfonate groups (which are not involved in the
complex formation), remain free to keep the dye immobilized.
As shown in Figure 3A, this system was useful for distance-
based determination of Ca2+ in standard solutions of Ca2+

(0.03−2.5 mM). The shortest discernible visible colored band
formed at the beginning of the detection channel corresponds
to 0.03 mM, which is comparable to or better than the limits of
detection reported previously for Ca2+ in other types of
μPADs.32,33

The second application explored here was motivated by the
need for measurements of total or titratable acidity (TA) in the
quality assurance of drinks and beverages. TA is the measure of
all the various acids present in the sample; however, tartaric
acid is the primary acid in grape juices and wines and is often
measured as a marker to represent all of the acids that are
present. In particular, winemakers strive to maintain a balance
between the concentration of acid (normally ∼4−10 g/L or
∼27−67 mM) and those of other components to reach the
desired quality and taste.34 TA is typically measured by
traditional acid−base titrations relying on pH indicators or via
digital autotitrators with potentiometric detection. Here, we
introduce distance-based μPADs as an alternative for rapid,
simple, and instrument-free at-site measurement of total
acidity. This assay relies on immobilized bromothymol blue
(BTB) in IE-μPADs. In this case, the IE paper functions not
only as an immobilizer but also as a titrant for the distance-
based acid−base titration within the paper microfluidic
channels. Specifically, as illustrated in Figure S8, BTB is
initially anchored on the IE paper via sulfonate and phenolic
groups. In this state it is colored blue. After introduction of the
acid sample, the phenolic group becomes protonated and is
released from the paper; however, the sulfonate group is still
bonded to paper allowing formation of a stable yellow-colored
band on the paper. In tartaric acid experiments, it was found to
be beneficial to cut out the IE-paper in the sample inlets in the
μPADs. This has the effect of removing the extra IE groups
that react with (titrate) the target acids (anions) present in the
sample; this results in higher sensitivities (Figure S9). As
shown in Figure 3B, upon optimization, standard solutions
(2.5−150 mM) of tartaric acid were loaded (10 μL) into the
sample zone of the μPADs for distance-based signals. The
shortest discernible visible colored band formed at the
beginning of the detection channel corresponds to 2.5 mM,
which is considerably better than the previous report on acid

Scheme 1. Mechanism (Top) and Representative
Photographs (Bottom) of Ca2+ Assay Performed on IE
Papera

a(A) Wax printed IE-μPADs. (B) Noncomplexed arsenazo III (pink)
is immobilized in the detection channel via its sulfonate groups (pKa =
−2.5 and 0).35 (Note that the arsenous and phenolic groups might
also be involved in the immobilization (due to the low pKa values

36),
but they are not shown in this manner for simplicity.). (C) Ca2+-
containing sample is loaded and wicked from left to right; upon
complexation with arsenazo, the dye appears blue.

Figure 3. Distance-based measurements on IE-μPADs: (left)
representative photographs of devices after exposure to standard
solutions with increasing concentration of analyte (left-to-right);
(right) plots of measured distance as a function of concentration. (A)
Aqueous solutions of calcium (0.03−2.5 mM) and (B) aqueous
solutions of tartaric acid (2.5−150 mM). The error bars represent the
standard deviations from the average values.
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content measurement via μPADs.35 Note that improved
sensitivity for the IE-μPAD should be achievable by
preacidifying the immobilized BTB reagent, which would
result in lowering the basicity of the IE paper, resulting in
longer distances.
After developing IE-μPAD assays for calcium and acid, the

tests were applied to determine the total calcium and acid in
serum and wine samples, respectively. Specifically, calcium was
measured in sheep serum (Quad Five, Ryegate, Mont.) known
to contain 2.5 mM Ca2+ (according to the vendor, Figure S10).
The serum sample (diluted by water, 10×) was applied (10
μL) on the distance-based μPADs, and the concentration of
Ca2+ was found to be 0.31 ± 0.08 mM (n = 4). The total acid
assay was tested with white wine samples (Silver Fox
Vineyards, Mariposa County, California), in which 10 μL of
the neat sample was loaded into the inlet of μPADs, and the
total acid was determined to be 52.3 ± 1.36 mM (n = 4).
These measurements were consistent (within 10% error) with
orthogonal measurements of the same samples using a
potentiometric autotitrator (Metrohm, Titrando 905), with
the total acid determined to be 57.6 mM (n = 4).

■ CONCLUSIONS

Herein we report the suitability of using ion-exchange filter
paper for immobilizing anionic chromogenic reagents through
ion-exchange interactions. The immobilization was demon-
strated with various reagents comprising different ionizable
(acidic) functional groups. The IE paper shows a similar
morphology to standard cellulose paper and is printable using
standard techniques used to fabricate μPADs. The effect of pH
and ionic strength on the displacement of the immobilized
reagents were investigated, providing an understanding of the
nature of the IE paper used for distance-based assays based on
IE immobilization of chromogenic reagents. The immobiliza-
tion concept was demonstrated by development of distance-
based IE-μPADs for instrument-free determination of total
calcium (cation) and acid (anion) with reasonable analytical
performance. This new immobilization concept extends the
applicability of distance-based detection to a wider range of
chemistries and assays by eliminating the necessity for water-
insoluble chromogenic reagents or precipitated products. In
addition, distance-based IE-μPADs have the potential to be
useful for more complex assays. For instance, in future assays,
the sample zone might also function as a sample prep zone,
separating (filtering out) anionic interferences, resulting in
higher sensitivities.
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