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HIGHLIGHTS

e Sample retention modes in pPPADs
were determined and minimized.

e Analysis shows <50% of Ni(Il)
deposited reaches the detection zone.

e Simple design considerations can
improve sensitivity and colorimetric
signal by 28% and 78%, respectively.

e The developed approach can be uti-
lized with other analytes and detec-
tion motifs.
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ABSTRACT

The field of microfluidic paper-based analytical devices (WPADs) is most notably characterized by portable
and low-cost analysis; however, struggles to achieve the high sensitivity and low detection limits needs
required for many environmental applications hinder widespread adoption of this technology. Loss of
analyte to the device material represents an important problem impacting sensitivity. Critically, we
found that at least 50% of a Ni(Il) sample is lost when being transported down a 30 mm paper channel
that is representative of structures commonly found in uPADs. In this work, we report simple strategies
such as adding a waste zone, enlarging the detection zone, and using an elution step to increase device
performance. A nPAD combining the best performing functionalities led to a 78% increase in maximum
signal and a 28% increase in sensitivity when transporting Ni(Il) samples. Using the optimized pPAD also
led to a 94% increase in maximum signal for Mn(II) samples showing these modifications can be applied
more generally.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

selective methods are needed that can both identify and quantify
chemical exposures from a variety of sources. Microfluidic paper-

Endeavors, such as the Human Exposome Project, demonstrate
the growing interest in understanding the relationship between
chronic exposure to environmental pollutants and changes in hu-
man health [1]. To understand complex exposures, efficient and
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based analytical devices (WPADs) provide a tool that brings this
level of analysis from the laboratory to the point-of-need due to
their ease of use, portability, and low cost. Interest in uPADs has
grown rapidly, and a number of applications have been developed
in areas of both biological and environmental interest [2—9]. uPADs
have used electrochemical and colorimetric detection motifs to
measure concentration, with electrochemical detection frequently
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providing improved detection limits relative to colorimetric
methods [10]. While the number and variety of applications
continue to increase, an understanding of the paper properties that
affect sensitivity has been lacking. Exploring the properties of pa-
per as well as the interactions of samples and reagents with the
cellulose substrate will enable further optimization of pPADs and
related sensors.

Flow in uPADS is due to capillary action (imbibition) within the
hydrophilic porous network; this flow may be modelled by Darcy's
law and the Lucas-Washburn equation as described in multiple
articles and reviews [11—13]. However, Li et al. identified a major
limitation of current uPAD research as inefficient sample delivery to
the detection zone through a combination of sample retention by
the cellulose network and sample evaporation [14]. Due to sample
losses during transport, limits of detection (LODs) on pPADs are
frequently higher than traditional techniques or larger sample
volumes are required to achieve comparable LODs. Recent work has
focused on modifying flow rates and enhancing sample delivery by
modifying the paper substrate using dissolvable bridges, creating
flow channels with polymer films by applying coverings with
varying contact angles, varying the channel geometries, or selecting
substrates with different pore sizes [15—20]. While these studies
have shown improvement, they have neither evaluated the
fundamental impacts of the unmodified cellulose on sensitivity and
detection limit nor provided simple solutions to aid in addressing
this problem.

The work reported here expands on previous studies focusing
on reducing sample retention within the cellulose network. To test
strategies for reducing sample loss, colorimetric detection was
chosen for its simple quantification. Using Ni(dmg), as a model
colorimetric system, sample retention in a lateral flow uPAD was
indirectly determined by comparing the intensity of the detection
zone against a spot test [21]. The spot test acts as a “zero-loss” test
for which the sampling zone and detection zone are the same and
there is no channel for sample loss. Sample loss to the cellulose was
also determined by extracting the retained fraction into solution
and quantifying with electronic absorption (UV-Vis) spectroscopy.
The results suggested 50% or more of the initial sample never
reached the detection zone. The extent of sample retention was
investigated as a function of distance of travel, detection zone ge-
ometry, the inclusion of a flow-through waste region beyond the
detection zone, fiber compression, and addition of a subsequent
elution step. These investigations led to an optimized device, which
resulted in a maximum signal increase of 78% and sensitivity in-
crease of 28%.

2. Materials and methods
2.1. Materials

All of the following commercially available reagents were
analytical grade and used as received without further purification:
NiSO4-6H0, dimethylglyoxime (dmg), MnCl,-H,0, isopropanol,
sodium tetraborate, and 4-(2-pyridylazo)resorcinol (PAR). The
0.1 M dmg solution was made using isopropanol. The NiSO4-6H,0,
MnCl,-H;0 and 0.1 M PAR solutions were made with Ultrapure
water (18.2 MQ cm) from a Mill-Q system (Merck Millipore Darm-
stadt, Germany) and used throughout. Whatman Grade 4 Qualita-
tive (W4Qual) filter paper was purchased from GE Healthcare Life
Sciences. Scotch™ heavy duty packing tape and 3 mil Scotch™
thermal lamination pouches sealed devices. The 0.1 M borate buffer
was made using sodium tetraborate (pH 9.35).

2.2. Equipment

CorelDraw X4 was used for device design and the devices were
printed on a Xerox ColorQube 8870 wax printer. A Xerox DocuMate
3220 was used to scan the devices prior to image analysis. Image]
1.49 was used to analyze the red colored Ni(dmg), complex. An
Agilent 8453 UV-visible spectrophotometer was used for electronic
absorption measurements of Ni(PAR); and Mn(PAR),. A Sartorius
PR-50 pH meter with a PY-P28-2S electrode was used for all pH
measurements and calibrated daily prior to use. A 30W CO, Epilog
Laser Engraver was used to fabricate the wax-free devices. An
Apache AL 13P thermal laminator was used to seal devices in
lamination pouches.

2.3. Device designs

Devices were constructed by first cutting the Whatman paper
into 8.5” x 11” sheets to fit them into the printer. A “Sky Blue”
(R=0, G=124, B=195) colored wax was used for the barriers to
provide good contrast to the red-pink colored Ni(dmg), complex.
The diameter of the sample and detection zones for the standard
device were 5 mm and the channel was 2.5 mm wide. From one end
to another, the device was 30 mm long. These printed rings helped
align the image analysis tool with a regular size and position. After
devices were wax printed, the wax was melted (150 °C, 90s) into
the fibers to create a hydrophobic barrier. An aluminum plate was
placed over the device during heating to uniformly distribute
pressure and heat. After melting, the bottom layer of the devices
was sealed with Scotch™ Heavy Duty packing tape to prevent
leaking. A 0.5 pL portion of borate buffer was first pipetted to the
detection region and allowed to dry prior to adding 1 pL of the dmg
ligand dissolved in isopropanol. Once the reagents were completely
dry (~15min), devices were ready for sample addition (Fig. S1).
Laser cut, wax-free devices were also made for comparison. The
dimensions of laser cut devices were the same as the melted wax
devices. For laser cut devices, a filter paper sheet with packing tape
on the back was used to create an array of devices that used only
the edge of the device as a barrier. This method provided a leak-free
barrier for the volumes used. All reagent depositions were identical
to those for the wax devices. Laminated devices followed the same
procedure as the other devices, but after the buffer and ligand
deposition, the device was placed in a 3 mil thermal lamination
sheet and melted with two passes into a laminator at 350 °F. Then
the sampling zone was punched out with a hole-punch and re-
sealed on the back with packing tape. To carry-out the extraction
in Section 3.3, the detection zone was cut off a used device and the
remainder of the device (sampling zone and channel) was placed in
4mL of deionized water for 24 h to extract residual Ni(ll). The
resulting Ni(Il) sample was analyzed by using PAR as the colori-
metric indicator.

2.4. Image analysis

Image analysis was done using Image] following the procedure
of Mentele et al. [22]. Instead of using the 8-bit grey scale, the green
color space was used. This was achieved by splitting the color
channels (“Image” — “Color” — “Split Channels”) and using the
“green” channel data. After the image was processed, the “oval” tool
was used to select the image data for the detection zone area. In
some devices, a circular black ring was added to the device to aid
the oval placement and improve the consistency of the image
analysis. The “Raw Integrated Density” values were divided by
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1 x 10° and used for the intensities in this work.
2.5. Data analysis procedure

To best quantify sample loss, units of moles were monitored
versus signal intensity. When comparing the effectiveness of the
various device designs, a comparison of the percent differences in
maximum signal between 0 and 1.5 umol Ni(Il) were made. All
reported values of maximum signal were statistically significant
compared to the standard channel test as determined using a two-
tailed sample T-test. The changes in sensitivity of each device were
monitored by comparing the percent differences in the slopes of
the intensities between 0 and 0.12 umol Ni(II) (for 0, 0.05, 0.06, 0.07,
0.12 pmol). The percent differences in the slope were found to be
statistically significant as determined from the error in the slope
unless otherwise stated.

3. Results & discussion
3.1. “Zero-loss” and standard test

Most pPADs use channels to transport sample; however, the
extent of sample loss due to transport is poorly understood. Sample
loss to paper substrates is potentially complex; thus, the first test
focused on understanding the amount of sample retention in the
transport channel. A comparison of intensities for a zero-loss (spot
test) and a standard (channel) device was evaluated for a 12.5 uL
aliquot of nine Ni(Il) concentrations (0—0.12 M). Images of the spot
test and standard channel devices are shown in Fig. 1a. For con-
sistency, the standard device had the same diameter detection zone
as the spot test but incorporated a 30 mm long channel. The
Ni(dmg), intensity in the detection zones was analyzed 1h after
the Ni(Il) sample was added. The spot test data (n =6) showed a
steep increase in signal with increasing Ni(ll) concentration,
reaching saturation near 1.3 times excess Ni(ll) to dmg (the stoi-
chiometric equivalence of Ni(dmg), on Fig. 1a is located between
values 0.078 & 0.125 umol). The channel device data (n=5) does
not show saturation until 15 times excess of Ni(Il) (Fig. 1a). The data
suggests the channel is responsible for retaining >50% of the Ni(II)
below 0.15 pmol. Next, we explored potential modes of sample
retention (wax barrier, inlet, channel length, etc.) to understand
and minimize sample loss.

3.2. Wax barrier
To direct flow, wax printed barriers are commonly used to create

channel barriers [23]. Despite being hydrophobic, wax barriers are
still porous and provide potential modes for sample retention. The

wax barrier was investigated as a mechanism for retaining sample.
When removing the wax barrier (laser cut devices, n = 4), there was
a20% decrease in maximum signal and a 15% decrease in sensitivity
(Fig. 1a). The wax barrier thus improved sample delivery to the
detection zone compared to laser cut devices. By contrast, the
sample speed through the laser cut devices was noticeably faster
when compared to their wax counterparts. Flow rate has previously
been shown to decrease with the addition of wax barriers but also
results in an increased signal intensity for colorimetric detection
schemes [24]. With the differences in flow rate between wax
printed and laser cut devices, the speed rather than the porous wax
barriers appears to more significantly affect the device
performance.

3.3. Channel retention

As observed in the spot test versus standard device, much of the
sample is retained by the standard device. Having examined the
effect of the paper channel on the intensity of the deposited sample,
a test of how cellulose retained metals was of great interest. Cel-
lulose has been reported to have a weak affinity for metals [25]. To
test the strength of these Ni—cellulose interactions in a uPAD
format, the detection zone of a used device was placed in 4 mL of
deionized water to extract residual Ni(Il). The resulting Ni(Il)
sample was analyzed using PAR as the colorimetric indicator. A plot
of the theoretical amount of sample detected versus the actual
amount of sample detected is shown in Fig. 1b. The values obtained
from the UV-vis measurements reflect how much Ni(Il) is lost to the
device. Between 0 and 0.6 pumol, up to 50% of the sample does not
reach the detection zone. Despite cellulose's B-p-glucose repeating
units having low affinity (0—0.955 mmol metal-g~! cellulose) for
metals, this study confirmed there is enough affinity between the
cellulose network and the Ni(Il) that sample is retained in the
channel even after soaking in water overnight [25,26].

3.4. Water elution

When most analytes are added to puPADs for colorimetric
detection, there is no ancillary treatment to increase the analyte
transport, leaving significant analyte in the transport channel un-
detected, as shown in our previous tests. It has previously been
reported that a washing step can help eliminate unbound antigen
and antibody from uPADs [27]. Our next experiment evaluated the
effectiveness of a similar elution step aimed to transport retained
sample to the detection zone. To do this, a second elution of water
was added to the sample inlet of the device after the original Ni(II)
reached the detection zone and dried (~15 min). The Ni(dmg); in-
tensities were compared before and after washing (Fig. 1c). The
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Fig. 1. a. Plot showing intensity of the spot test and the standard channel device versus the laser cut device. Images of these devices are placed in the plot for visualization (inset:
devices are shown to right of the legend, respectively). b. The open circle data set shows the number of moles of Ni(Il) detected through UV-vis. The closed diamond data set shows
the actual amount of moles of Ni(Il) deposited on the device. c. Comparison of the elution steps after a standard sampling.
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washing method was effective at moving more sample to the
detection zone, leading to an increase in sensitivity of 8% despite a
decrease of 7% in the maximum signal (n = 5). Here the sensitivity
difference with the washing step is not statistically significant;
however, the step is efficient at increasing the sensitivity when
combined with other modifications as seen in Section 3.10. A
possible rationale for this increase in performance is that once the
front of the solution front reaches the detection zone, there is no
longer a driving force (or capillary action) to keep sample traveling
toward the detection zone. There may be a slight increase of sample
transport by diffusion when the whole channel is wet, however,
due to evaporation, this effect is minimal at best.

3.5. Distance

Distance is believed to be an important consideration when
designing devices due to issues of evaporation hindering sample
transport and the ability of the cellulose network to retain the
analyte. The distance between the detection and sampling zones
was thusly studied. A device was fabricated where the distance
between the detection and sampling zones was varied from 11 to
44 mm (Fig. 2a). The further the detection zone is from the sam-
pling zone, the lower the Ni(II) intensity (n = 3) as shown in Fig. 2b,
which is not surprising given prior results in Section 3.1.

3.6. Sampling zone

Based on initial results indicating retention of metals by the
paper substrate, the impact of inlet geometry on signal was tested.
The shape of the sampling zone was varied from the traditional
circular zone to a simple rounded tip (small inlet) the width of the
microfluidic channel (Fig. S3). When the circular inlet was replaced
with the small inlet, the speed at which the sample flowed greatly
increased, reducing overall assay time. The faster assay resulted in a
decrease of maximum signal by 4% with no statistically significant
change in sensitivity (n = 5). Despite the small decrease in signal as
a result of the geometry change in the sample inlet, increasing the
speed of the sample delivery successfully decreased total analysis
time.

3.7. Detection zone

While it is likely much of the unmeasured Ni(II) remains in the
channel, it is also possible that sample complexed by dmg under
the paper surface is not detected. If true, then increasing the surface
area of the detection zone would increase the measured intensity
per umol of Ni(Il). To test this hypothesis, the detection zone area
was increased two-fold, while the same volume and concentration
of buffer and ligand added to the device. To fully cover the detection
zone, dmg was deposited onto the device so that the edge of the
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Fig. 2. a. Devices showing distance dependence of Ni(dmg), signals. b. Plot showing
the effect of distance on the sample intensity of Ni(dmg), at 3.25 mM Ni(lI).

reagent dried at the interface between the channel and the detec-
tion zone. By doubling the size of the detection zone, the maximum
signal was increased by 63% and the sensitivity increased by 21%
(Fig. 3a, n = 5). By far, this manipulation had the highest increase in
both performance metrics. Some bleeding of the red colored
complex outside of the distinct red circle was observed with the
larger zone. Future experiments using thinner paper could address
this problem. We suspect that with thinner paper, there would be
more exposed surface area relative to the total volume, resulting a
higher signal.

3.8. Waste zone

In the distance dependence study, it was observed that some
Ni(dmg), complex passed out of the detection zone as there was no
barrier stopping sample flow. This raised the question whether
adding a “waste zone” at the end of the device would help increase
sample wicking to the detection zone. It has been previously shown
by Mendez et al. that incorporating a 270° hemisphere fan to the
end of a microfluidic channel can be used to generate a constant
flow rate once the sample reaches the fan [28,29]. Adding the fan
increased the maximum signal by 15% and the sensitivity by 10%
(Fig. 3b). There was a small amount of bleeding of the Ni(dmg);
complex in the channel past the detection zone; however, the
complex is insoluble in water so this bleeding was not extensive.

3.9. Mechanical compression

Lastly, pre-swelling and lamination of the devices were
explored. The pre-swelled devices were soaked in water and
allowed to dry before use. The purpose for swelling the fibers was
to create smaller channels and mimic conditions where devices are
pre-wetted during fabrication or use. It is believed that lamination
mechanically compresses the pores in addition to reducing evap-
oration. Through the pre-wetting step, the maximum signal is
increased by 7% but the sensitivity difference was not statistically
significant (n = 5). Lamination of the device increased signal by 29%
but the sensitivity decreased by 7% (Fig. 3¢, n=>5). Generally, the
manipulations that exhibited higher maximum signals exhibited
higher sensitivity values as well. However, for the pre-swelled and
laminated devices, lower sensitivities and higher maximum signals
were observed. Surface area measurements (BET analysis) of cel-
lulose show that water can swell fibers by 61%, creating pores with
smaller diameters [30]. This compression of the pores may also
provide unique pathways for the fluid to travel as the swelling
process irreversibly eliminates the cellulose supramolecular
structure [31]. Mechanical energy associated with lamination can
degrade the cellulose supramolecular structure by disrupting its
fibrillar architecture [32]. This collapsing of the supramolecular
structure in both manipulations ultimately leads us to conclude
that a collapse the of the cellulose supramolecular structure causes
the unique behavior. Fidale et al. has studied the effects of swelling
of fibers in various aprotic and protic solvents to tune the substrate
to exploit this phenomenon [33]. Further studies are underway to
understand the specific factors associated with pre-wetting and
laminating that impact sample delivery.

3.10. Additive device

Based on prior results, a device was fabricated combining the
manipulations (small inlet, larger detection zone, waste zone and
an elution step) that increased the sensitivity and maximum signal.
This additive device resulted in an increase in signal and sensitivity
of 73% and 23%, respectively for the resulting device. After the
elution of water in this device, the maximum signal and sensitivity
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increased to 78% and 28%, respectively (Fig. 4, n = 4). As opposed to
what was observed in Section 3.4, the elution step increases both
the maximum signal and sensitivity to statistically significant
values. (see Table 1)

3.11. Mn(PAR),

To show these concepts were not unique to the Ni(Il)-dmg
chemistry, Mn(Il) was measured with PAR as the colorimetric
ligand. Unlike Ni(dmg),, the Mn(PAR), complex does not precipi-
tate under aqueous conditions, which provides for variation in the
nature of the colorimetric reaction. A comparison of the results for
the standard device and the additive device are shown in Fig. S4.
The combination device increased the maximum signal by 94%. The
sensitivity was not calculated due to the very high increase in signal
at the amounts of Mn(II) used. This test provides more evidence
that the additive device is potentially applicable to a variety of
different systems.
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Fig. 4. The comparison of the standard test versus the additive test along with its
washing (inset: device is shown below legend).

Table 1
Tabulated comparison of maximum signal and sensitivity between devices.
Device Maximum Signal Sensitivity
(Intensity x 10°) (Intensity x 10° umol ')
Spot Test 22.0+03 —
Standard 22.8+0.6 115
Laser Cut 18.5+0.2 60.8
Elution Step 21.2+0.5 164
Small Inlet 21.8+03 117
Larger Detection 43.9+1.5 285
Zone
Waste Zone 26.4+04 176
Pre-wetted 246+13 105
Laminated 30.6+24 88
Additive 49.0+0.2 320
Additive + Wash 51.7+0.6 407

4. Conclusion

As the field of fast and cost-effective sensors grows, it is
important to consider simple concepts to lower detection limits
and increase dynamic range. The intricate cellulose network
commonly used in pPADs provides many torturous avenues for
sample retention resulting in poor detection limits and low sensi-
tivity. This study investigated travel distances, wax barriers, shape
of both detection and sampling zones, pre-swelling fibers, lami-
nation, waste zones, and washing steps to compare with the
standard and spot test devices. By selecting and combining the
manipulations that increased performance of the device, we
increased both the maximum signal and sensitivity by 78% and 28%,
respectively. Significant performance enhancement was also
observed when moving to the detection of Mn(II) with PAR sug-
gesting that these improvements may be applied more generally.
While this study was aimed at reducing metal sample loss to the
WPAD, the retention of various sample types, such as biological
analytes, on the device can potentially be reduced by employing
these modifications and principles. The significance of this work
may also translate to ePAD technology by increasing the concen-
tration of analytes on the surface of the electrodes. For example, in a
stripping voltammetry detection scheme, where the detection
method relies on efficient sample delivery to the surface of the
electrode, these principles may also apply.
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