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Abstract

Microfluidic paper-based analytical devices (LPADs) are a versatile and inexpensive point-of-care
(POC) technology, but their widespread adoption has been limited by slow flow rates and the
inability to carry out complex in field analytical measurements. In the present work, we investigate
multilayer LPADs as a means to generate enhanced flow rates within self-pumping paper devices.
Through optical and electrochemical measurements, the fluid dynamics are investigated and
compared to established flow theories within uPADs. We demonstrate a ~145-fold increase in flow
rate (velocity = 1.56 cm s™1, volumetric flow rate = 1.65 mL min~1, over 5.5 cm) through precise
control of the channel height in a 2 layer paper device, as compared to archetypical 1 layer uPAD
designs. These design considerations are then applied to a self-pumping sequential injection
device format, known as a three-dimensional paper network (3DPN). These 3DPN devices are
characterized through flow injection analysis of a ferrocene complex and anodic stripping
detection of cadmium, exhibiting a 5% enhancement in signal compared to stationary
measurements.

Introduction

The resurgence of point-of-care (POC) devices has transformed analytical science by
enabling /n situ detection of a wide range of analytes across a variety of measurement

TElectronic supplementary information (ESI) available: Fig. S1-S7 investigate the swelling in 2 and 3 layer pPADs, the velocity in
multilayer uPADs with and without double sided sticky tape between the layers, with different orientations, with different paper types
and with different volumes. Channel heights are estimated based on these velocities, and snapshot photographs of a multilayered
3DPN during sequential injection of FCTMA™ are provided. See DOI: 10.1039/c71c01300k
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domains.! POC devices are often characterized by their simple miniaturization and low-cost
compared to traditional measurement technologies. These features have brought
quantification and treatment from centralized laboratories to home and field, resulting in
significant enhancements in patient care.::2 However, high sensitivity, high selectivity and
complex reaction schemes are challenging to implement in a POC format without adding
cumbersome and/or expensive external equipment.1—3

Microfluidic paper-based analytical devices (LPADs) are an attractive POC platform, given
their portability, disposability, simple fabrication with inexpensive materials, ease of use,
ability to store reagents, and compatibility with a wide range of analytes.*~’ Sample
transport is generated through capillary action, circumventing the need for external pumps
and reducing device cost and complexity.8.? Despite these advantages, LPADs face several
significant challenges, including the effect of testing conditions (e.g. humidity),10 reduced
sensitivity? and selectivity, 1 sample loss,12 and additional challenges associated with
adapting POC technologies from the lab to the field.13 In particular, low transport velocities
within uPADs often result in long assay times (40-60 min),8-14-18 which diminishes their
effectiveness as POC assays.

Sample flow in pPADs is frequently described by the Lucas—Washburn equation,

yrtcosd
I(t)= 1
(1) o @

where /is the distance traversed down the channel (m) at time £(s), y is the interfacial
tension (N m™1), ris the mean capillary radius (m), @is the fluid contact angle on the paper,
and s the fluid viscosity (N s m~1). Many experimental factors, such as sample volume,
gravity, fiber swelling, viscous drag and evaporation effects are not treated within eqn (1),
and more comprehensive analyticall0-19-21 or computational®? modeling is challenging,
often requiring ad hoc variables to fit theory to experimental data.10

Control of sample flow rate in UPADs is critical for optimizing most assays. The slow to
moderate flow rates common in PWPADs result in slower data acquisition times compared to
classical microfluidic devices (tens of minutes versus seconds). This limitation can be
attributed to the paper substrates’ ability to transport sample v7a capillary action. In some
applications, lower flow rates may be desired, such as for enzymatic reactions that proceed
slowly,?23 or immunoassays, which require slow antibody—antigen binding steps before
detection.? However, fast flow rates are needed for measurement of quasi-stable species and
for enhancement of electrochemical signals through increased mass transport.%10.25
Recently, uPADs have been developed with increased sample velocities through use of either
hollow channels,18:22 carved channels,® or multiple layers of paper through stacking or
folding.%:10.22.26 Hollow channels, in particular, have been shown to give a ~7x increase in
flow rate compared to single-layered devices.1® Many of these approaches, however, require
the use of syringe pumps or head pressure to increase flow rates. Flow rates in pPADs are
also complicated by evaporation, 1027 changes in substrate properties (e.g., pore size and
fiber width) between different paper types,*28 and swelling of the paper fibers.22 Although
evaporation effects are often managed through sealing of devices with tape or lamination,

Lab Chip. Author manuscript; available in PMC 2020 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Channon et al.

Page 3

59.10 the effect of this sealing on flow rates within uPADs has not been formally
investigated, to the best of our knowledge.

Methods for the sequential injection of multiple reagents are critical for uPAD advancement.
14.29 However, slow flow rates, the need to introduce reagents in a specific order,30 the
requirement for different reaction times for different assay steps,® and manual manipulation
errors3! have made uPADs challenging to design, and difficult to use with rapid assay
protocols. Sequential-injection PPADs have been developed to address this need,17:23:32:33
most notably one- and two-dimensional paper networks (1DPN, 2DPN).19.30.34
Unfortunately, many of the approaches described to date are impractical for POC settings
(i.e., operator instigation32-37 or specific temperature or electrical signals to open or close
valves38) and most designs still suffer from long reaction times and undue sample mixing
between successive injections.19 In summary, whilst several reports have investigated the
introduction of multiple reagents and functionalities within uPADs, the fast and controlled
sequential addition of multiple reagents remains a challenge.14.17:39

In this work, we present the design of multilayered UPADs that exhibit considerably higher
flow rates than previously described.30:33:34 We first characterize fundamental aspects of
sample flow in these devices. We also describe the ability to apply these devices for timed,
sequential injections in a self-pumping format, henceforth referred to as a three-dimensional
paper network (3DPN). Through careful device design, the flow rate and injection sequence
can be tuned for specific applications. Electrochemical detection and optical imaging are
used to characterize the flow phenomena, leading to an improved understanding of flow
within 3DPNs. The device’s analytical potential is demonstrated by comparing square-wave
anodic stripping analysis of cadmium in a paper-based spot test, a yPAD, and a 3DPN.

Experimental

Materials and equipment

Whatman grade 1 chromatography paper, Whatman grade 1 qualitative paper, and Whatman
grade 4 qualitative paper were purchased from GE Healthcare sciences (UK). Scotch Heavy
Duty Shipping packing tape (3 M) and Scotch Permanent double sided tape (3 M) were
purchased from Office Max. Great Value FD&C Red 40 dye was purchased from Wal-Mart
Stores, Inc. (Bentonville, AR). Conductive Ag paint was purchased from SPI supplies (West
Chester, PA, USA). Potassium nitrate (KNO3), ferric chloride (FeCl3-6H,0), sodium
hydroxide (KOH), and 30% hydrogen peroxide (H,O5) were purchased from Fisher
Scientific (Fairlawn, NJ, USA). Cadmium(j)) nitrate, bismuth(;;;) oxide and sodium acetate
trihydrate were purchased from Sigma Aldrich (St. Louis, MO). Glacial acetic acid was
purchased from EMD Millipore (Billerica, MA). Au and Ag microwires (both 25 pm
diameter, 99.99% pure) were purchased from California Fine Wire Company (Grover Beach,
CA, USA) and ferrocenylmethyltrimethylammonium hexafluorophosphate (FCTMA™*) was
synthesized according to a previously described procedure.*? All solutions were prepared in
ultrapure Milli-Q water (18.2 MQ cm, MilliPore, MA, USA). The humidity in the laboratory
varied between 25 and 40% from day to day. Nothing was done to control humidity during
experiments. All devices were printed with a Xerox ColorQube 8870 wax printer (Norwalk,
CT, USA), and lamination was performed with an Apache AL 13P thermal laminator. Paper
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and tape segments were cut with a 30 W Epilog Zing Laser Cutter and Engraver (Golden,
CO, USA) for device fabrication.

Device fabrication

Two multilayer pPAD designs were tested, namely straight channel and 3DPN devices, as
illustrated in Fig. 1 and 7a respectively. All devices were designed in CoreIDRAW X4
(Ottawa, Ontario, CAN), fabricated from Whatman 1 chromatography paper (thickness = 96
pum, mean capillary radius = 0.22 um) and printed with “Sky Blue” (R=0, G=124, B=
195) colored wax (Fig. 1-ii). To confine the fluid flow, hydro-phobic wax barriers were
created by melting wax printed devices on a hot plate (Fisher Scientific IsoTemp) at 150 °C
for 90 s. The PPADs all featured a channel width of 4.52 mm after printing and melting the
wax barriers. Each device was then laser cut using a CO, engraver (Epilog, Golden, CO) to
individually separate them. Multilayer paper devices were held together with double sided
tape (78 um thickness, Fig. 1-iii); the distances between the multiple sheets of paper were
varied by stacking multiple layers of double sided tape between them (78 pm increments).
The double-sided tape was hand cut to fit the outside of the paper channel on the wax region
of the device (Fig. 1-ii). Unless otherwise stated, packing tape was used to seal the outside
of the pPADs and 3DPNs (Fig. 1-i), the uPADs were held vertically (90° relative to the
benchtop), and experiments were started by lowering the device onto microwells containing
the dye or electrochemical mediators.

Electrochemical and image analysis

All electrochemical measurements were carried out with a CH Instruments 1242B model
potentiostat (Bee Cave, TX, USA) with an Au microwire working electrode. For FCTMA*
oxidation, and Ag/AgCI reference/counter electrode was used in a 2 electrode setup.® For
stripping analysis, three Au electrodes were used as working, pseudo-reference and counter
electrodes in a 3 electrode setup. Before use, fresh Au microwires were cut and cleaned by
submerging in a solution containing 25% H,0, and 50 mM KOH for 20 min, followed by
submerging in ultra-pure water for 5 min.4! Ag/AgCl reference electrodes were fabricated
by submerging an Ag microwire in 50 mM FeClj for 50 s then submerging in ultrapure
water for 5 min.#2 All videos and pictures were recorded with an Nikon Coolpix L110
camera and analyzed in MPC-HC (Windows). Conductive Ag paint was used to make an
Ohmic contact between the microwire and the potentiostat’s alligator clips. Square-wave
anodic stripping voltammetry was carried out through deposition at -1.6 V vs. an Au
reference electrode for different times based on the device format. Square wave stripping
voltammetry was carried out after a 10 s equilibration time, scanning from —-1.5 to 0 V, with
a 15 mV a step potential, 75 mV amplitude and 10 Hz frequency.

Results and discussion

Investigation of sealing method

As highlighted by various research groups, the sealing method can have significant effects
on flow in pPADs.10.17:43 Therefore, the flow rate in straight channel uPADs was
investigated using packing tape, lamination and an unsealed control (open) for 1 layer of
paper WPADs. Flow rates were calculated by monitoring the time the fluid front from of a
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150 pL aliquot of diluted food dye traversed a straight channel uPAD. As shown in Fig. 2a,
significantly faster flow rates are observed for taped (0.014 cm s1) over both open (0.0057
cm s71) and laminated devices (0.0033 cm s™1), for distances up to 4.2 cm (statistically
significant based on an unpaired #test p < 0.05). Slower flow rates are expected in the open
device, as evaporation leads to a significant reduction in flow rate over longer distances.10
We attribute the faster flow rates in taped devices over laminated ones to the generation of
micro-pores between the tape and paper, which are not present in lamination due to a tighter
seal.? In fact, flow in the open and laminated devices had completely ceased by ~4.5 cm.
Additionally, it has been reported!? that laminated devices may impose additional
mechanical compression that shrink the pores or otherwise change their supramolecular
structure.

Multilayer paper design

Next, the effect of multiple layers of paper on the flow rate was investigated. Since 1710,
various mathematical fits to model flow between closely positioned substrates (glass
capillaries, paper, etc)) have been reported.*4-51 However, the application of fast flow
between paper layers has received comparatively little attention. Recently, parallel substrates
(hydrophilic and hydrophobic) have been used in tandem for fast and continuous flow for
applications in paper spray ionization.52 Previous reports on fast flow pPADs have employed
2 layers of paper or hollow channels.19:18 |n this study, the flow rate of 150 L of red dye
down the length of the device (6.22 cm) was noticeably faster for 2- (0.010 cm s~1) and 3-
(0.0075 cm s~1) layer devices compared to 1- (0.0047 cm s™1) layer devices as shown in Fig.
2b. This is attributed to the generation of ~12 um gaps or channels between the paper layers
upon wetting, as has been previously observed.?10 Interestingly, uPADs with 3 layers of
paper reproducibly exhibited slower flow rates than those with 2 layers. To the best of our
knowledge, UPADs featuring 3 or more layers have not been previously investigated
quantitatively. We hypothesize the slower flow rate in the 3-layer device is due to swelling of
the paper fibers between the tape, compressing the paper layers together and thereby
reducing the effective channel heights between the layers (/.e. the distance between the 2
paper layers).? Whereas in the 2-layer device, the paper swells against the tape leaving the
channel the same height or greater as previously observed.® This effect is illustrated in Fig.
S1 (ESIT).

To probe this non-uniform swelling hypothesis, 2-layer pPADs were fabricated with and
without a 1 layer of 78 um thick double-sided tape between the paper layers (ESIt Fig. S2,
Fig. 1a-iii). Devices without tape exhibited faster flow rates (0.035 vs. 0.023 cm s™1) but
showed larger variability (39% vs. 15% relative standard deviation) in the flow rate (ESIt
Fig. S2, flow rate calculated as time required to trans-verse 5.55 cm). As hypothesized, the
faster yet more variable flow is likely due to variations in the layer separation and manual
device fabrication of each device.? Therefore, the use of double sided tape was investigated
as a means to tune the flow rates in multilayer pPADs through control of the channel height.

TElectronic supplementary information (ESI) available: Fig. S1-S7 investigate the swelling in 2 and 3 layer pPADs, the velocity in
multilayer pPADs with and without double sided sticky tape between the layers, with different orientations, with different paper types
and with different volumes. Channel heights are estimated based on these velocities, and snapshot photographs of a multilayered
3DPN during sequential injection of FCTMAT are provided. See DOI: 10.1039/c71c01300k

Lab Chip. Author manuscript; available in PMC 2020 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Channon et al. Page 6

Effect of channel height and device orientation on flow rates in multilayer pPADs

Straight channel uPADs with 2 layers of paper were designed featuring different numbers of
double sided tape layers (each layer added 78 um) between the paper layers to investigate
the effect of channel height on flow rate. Theoretical flow rates for multilayer uPADs have
previously been treated through egn (1), using a modified term for the effective pore radius
developed by Martinez et al. 10

2r'(hw) + R(gw)
r =
2hw + gw

@

where 7 is mean capillary radius of the paper, #is the paper thickness, wis the channel
width, g is the channel height (distance between the paper layers) and R = g/2 is the half
channel height, with all measurements in meters. Eqn (2) treats the distance between the
layers as a row of large circular pores of radius ~.

Upon increasing the channel height, the flow rate increases as expected from egn (1) and (2)
(Fig. 3a). However, we observe a maximum in the flow rate with a 234 pm channel height (3
layers of tape), after which the flow rate decreases for increasing channel heights. This
phenomenon is contrary to predictions that anticipate increased flow rates with increased
pore radii (egn (2)). However, these devices were initially investigated by holding the pPADs
vertically (with the channel perpendicular to the workbench), and lowering them into sample
wells. Therefore, we attribute this result to the opposing forces of gravity acting on the
sample mass and capillary action driven by the hydrophilic paper walls; for large channel
heights, the benefit of increased pore radii is offset by the body force. To test this hypothesis,
the experiment was repeated with the pPADs positioned horizontally (/.e. parallel the
workbench, orthogonal to gravity). As shown in Fig. 3b, the horizontal orientation leads to a
dramatic increase in flow rate, particularly for large channel height devices. A video
showing device operation is provided as ESI t In fact, the velocity in horizontal devices with
a 390 um channel height (5 layers of tape) represents a 58x increase (1.56 + 0.30 cm s71)
over vertical multilayer devices with the same channel height (0.027 + 0.002 cm s71), and a
remarkable 145x increase over 1-layer uPADs (0.011 + 0.001 cm s~1) for flow over 5.55 cm.

Analytical treatments of multilayer flow pPADs

Prediction of the observed flow rates using egn (1) and (2) proved unreliable, with a large
discrepancy between the predicted and experimental flow rates. The theoretical velocity and
volumetric flow rate for the fastest device (5 layers of tape, 390 um channel height,
horizontally orientated, velocity and volumetric flow rates are averaged over 6.55 cm device
length) are 8.57 cm st and 9.06 mL min~1 respectively based on eqn (1) and (2). These are
significantly faster than our experimental values (1.85 cm s™1 or 1.95 mL min~1) over the
same distance and faster than any flow rates previously reported in pyPADs. In fact, based on
the observed flow rates, these equations predict significantly smaller channel heights than
are present in the devices (ESI,T Fig. S3, e.g., 234 um fabricated height versus39.7 um
calculated). However, eqgn (2) was developed for multilayer uPADs with small channel
heights (~12 um).219 This suggests the source of the rapid flow is more complicated than
the presence of large pores between the layers as predicted by Lucas—Washburn flow.
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Aside from capillary action, the main factors that could influence the fluid flow in UPADs
are gravity, evaporation, pressure-driven flow, and head pressure from the inlet solution. The
devices tested within this study are sealed in tape and previous investigations have shown
evaporation to be minimal in sealed devices at typical laboratory humidity ranges (25 to
40%).° Pressure-driven flow could be caused by head pressure as a result of differences in
liquid levels at the device inlet and is characterized by a convex (parabolic) fluid front.
Conversely, flow driven by capillary action exhibits a concave fluid front. Therefore, a
multilayered uPAD (390 um channel height), was imaged normal to the direction of fluid
flow, during flow of a red colored dye (Fig. 4). For both vertical and horizontal devices (Fig.
4), a concave fluid front is observed, suggesting head pressure is not the dominant driving
force for either orientation. Interestingly, the flow profile is concave across the channel
height but convex across the channel width (parallel to the paper). To confirm that gravity is
the main cause of the disparity between flow in different device orientations, the change in
flow velocity was measured for WPADs held horizontally (red squares), vertically (blue
circles) and at a 45° angle (green triangles), (Fig. 5). Interestingly, the velocities are similar
over short distances (within one standard deviation for <2 cm traversed), but diverge
dramatically over longer distances. A similar trend is observed for orientation experiments in
WUPADs using 1 layer of paper, although the divergence between the orientations is
significantly smaller (ESIt Fig. S4). These data are in accordance with the hypothesis that
gravity retards flow in vertically orientated uPADs, and that this effect is pronounced in
multilayer devices.

There are a few literature examples of fast flow UPADs employing different channel
formation concepts using either microchannels (150 pm by 50 um) mechanically cut into the
paper,1518 multilayers with unfixed height (12 um by 5 mm),® hollow channels between wax
and paper (180 pum by 2.5 mm),1822 or hollow channels between PDMS and paper (160 pm
by 1 mm).53 Unfortunately, the exact mechanism of fast flow in these examples are rarely
discussed, though the addition of external forces such as head pressure or syringe pumps are
likely a major driving force. To set our fast flow rates in context, Table 1 provides velocities
and volumetric flow rates for literature examples of fast flow PPADs. These values illustrate
the different approaches but do not reflect optimal speeds due to different priorities and
levels of optimization in the different studies, as well as different device channel lengths and
widths. For example, the velocity for the 5 layers of tape device (horizontal) is 15.5 and 5.09
cm s~1 over 1.55 and 3.55 cm respectively. Note, these alternate methods do not achieve the
same velocities and/or volumetric flow rates as the multilayer uPADs, even with the use of
more expensive or complex approaches such as using syringe pumps or inlet wells to create
pressure-driven flow.

Effect of paper type and sample volume on flow rates

Different paper types were also tested with 3DPNs (3 layers of tape, 234 um channel height,
held horizontally), as the paper thickness and porosity are known to affect the flow rate.>®
However, as shown in Table 2 (and ESIT Fig. S5), after taking account of pore sizes and
paper thicknesses, no significant change was seen in the flow rate based on an unpaired #test
at 95% confidence interval (n7= 5 for each paper type). This further supports the hypothesis
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that the flow between the paper layers is the dominant driving force for the rapid flow rates
in these UPADs, rather than flow in the paper alone.

Aside from selecting the best substrate, the optimal sample volume for a device is not often
discussed. Eqn (1) and (2) assume an infinite sample volume,® which is rarely applicable to
real systems. Practically, sample volume is either finite and controlled (e.g., optimized
analytical assays)34 or an uncontrolled amount exceeding the device capacity (e.g., the
pregnancy test). Therefore, the effect of sample volume on the flow rate for vertically
orientated 1- and 2-layer pPADs was investigated. As shown in Fig. 6, two velocity regimes
are evident; while there is liquid within the sample inlet, a Lucas—Washburn type
exponential decay in the velocity is observed (black dashed curved line). After the inlet
sample is drained, the flow rate abruptly switches to a second slower re gime (red, blue and
grey dashed lines) likely the result of slow wetting of the paper fibers above the bulk liquid,
coupled with surface tension. A picture of the device showing the final positions of the fluid
fronts for the different volumes is provided in the ESIt (Fig. S6).

The effect of the sample volume in a 1 layer of paper device was also investigated using 10,
20, 40, 60, and 80 pL of blue food dye (ESIT Fig. S6). As expected, devices with larger
volumes exhibited faster flow and longer distances traveled. However, over several
experiments the 60 pL test consistently showed faster flow than 80 pL and 200 pL tests. We
attribute this phenomenon to greater intermolecular forces such as hydrogen bonding in
larger sample volumes. As shown in ESIt Fig. S6, with an excess of sample in the reservoir,
the cohesive properties of water (solvent) act in opposition to the capillary forces of the
paper. This is not observed in the 2-layer devices, likely the result of larger capillary forces
able to overcome these intermolecular forces. Further studies are underway to investigate if
this phenomenon is observed in 2-r devices at larger sample volumes. Based on these results,
we envision sample volume is another factor that can be manipulated for controlling the flow
rate in 3DPNs. For example, fast staged flow with a slow intermediate step could be carried
out through addition of multiple aliquots, for assay steps that require slow reactions.1424

Development of a sequential-injection 3DPN device

As previously discussed, the controlled addition of reagents in an assay is an important
challenge to the UPAD field. Here, we applied the concepts from the multilayer paper device
to design a 3DNP device (Fig. 7a). The device design is similar to that developed by Fu/
Lutz/Yager and coworkers.30:33.34.56 \When aliquots are added to the sample inlet legs (Fig.
7a-ii circles), the liquids reach the main channel, then deplete sequentially.1® A 270° fan
geometry is placed at the end of the uPAD channel to ensure generation of a constant flow
rate and complete depletion of sample in the inlet wells.8:° Microwire electrodes (Fig. 7a-iv)
are placed across the channel, normal to the direction of flow, positioned in between the
bottom layer of wax modified paper (Fig. 7a-ii) and the double sided tape (Fig. 7a-iii). To
characterize these devices, a flow injection analysis (FIA) experiment was performed using
FCTMA® in 1-layer uPAD and 3DPN devices. To initiate flow, 80 L aliquots of a) KNOg3, b)
1 mM FcTMA* with 0.1 M KNOj5 spiked with a yellow dye, and finally c) 0.1 M KNO3
spiked with a green dye were added to the sample wells (right to left, /.. KNOjs first). Dyes
were used to visually confirm solution mixing but did not contribute to Faradaic signals.
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As shown in Fig. 7b, there is a dramatic reduction in the residence time (time between
injection and maximum signal) from 1025 s to 363 s on switching from a 3DPN device with
1 layer of paper (blue line) to two. A further reduction to 17 s is observed on increasing the
channel height from 1 layer thickness of tape (black line, channel height = 78 um) to 3
layers of tape (orange line, channel height = 234 pm). The chronoamperometric profile in
the 1-layer and smaller channel height devices (blue and black) are typical of classical FIA
experiments, featuring an asymmetrical peak with a long tailed current decay back to
baseline. Larger peak currents are observed in the multilayer devices due to the greater flow
rate, which, in turn increases mass transport to the electrode surface. The FIA profiles
feature some dispersion indicators, such as the slow initial increase in current for the 1 layer
of tape 3DPN (black line). This dispersion can be observed visually from images of this
device during flow, which are provided in the supporting information (ESIt Fig. S7). The
smaller currents observed in the multilayer 3DPN with 3 layers of tape (orange line) over the
1 layer of tape device (black line) indicate that dispersion is more prevalent in larger-channel
devices, however further device optimization and design should allow a reduction in this
effect and is the subject of ongoing work.

The estimated velocities during the FCTMA® injections were 0.98, 0.030 and 0.010 cm s72,
respectively, for the 3 and 1 layers of tape 3DPN and 1 layer of paper devices. These values
coupled with the peak currents suggest that the smaller channel height device gives higher
collection efficiency as predicted from previously published models of microwire
electrochemistry in classical flow cells.>” Conversely, a significant proportion of the analyte
likely flows past the electrode without being oxidized with larger channel heights. The peak
currents in both cases are reasonable based on the estimated flow rates, however the
experimental currents could not be fit to this model.>” We hypothesize this is due to the
significantly different flow profiles in these multilayer utPADs compared to classical
Poiseuille flow in syringe pump driven flow devices. This problem should be treatable
through computational modeling of the fluid dynamics, and would allow further
optimization of these 3DPN devices. This subject is under currently under investigation.
Importantly, the total time for sequential injection in the 3 layers of tape 3DPN UPAD is ~1
min, which compares favorably with previous sequential injection uPAD designs based
around 1 layer of paper (~3,22 6,33 8,17 9,56 15 34 and 60 min (ref. 30)).

Application of the 3DPN for the stripping analysis of cadmium

Sequential injection WPADs have been applied previously for colorimetric reactions with
dyes, 1956 involving pH changes,3* immunoassays of malaria antigens,3° or pesticide
sensors.1” However, they are yet to be demonstrated for electrochemical reactions. Here we
demonstrate the 3DPN device scope for the square-wave anodic stripping analysis of
cadmium. Cadmium exposure is linked to kidney failure, skeletal damage and cancer.>8
Therefore, POC detection methods, especially for particulate matter and waste water
matrices are of significant importance.5%:89 Our approach is adapted from a previously
reported method where bismuth is used to facilitate adsorption of the cadmium onto a silver
electrode.59 Sequential injections of 640 ug L=1 bismuth in acetate buffer (40 pL), 400 ug L
~1 cadmium in acetate buffer (80 uL), and acetate buffer only (pH 5, 80 uL) were applied to
different uPADs as shown in Fig. 8. A deposition potential of 1.6 V is applied during the
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bismuth and cadmium injection, and square-wave stripping is carried out during the final
injection (visualized through addition of non-electroactive dyes to the injections).

For pulsed voltammetry techniques, the peak area is known to be a better indicator of
concentration than peak current due to the commonly observed shifting potential of peaks
and variability of the background currents.61 There is a clear increase in the peak area (3.5x)
and thus sensitivity when moving from spot test (green) to the flowing uPADs. Additionally,
moving from a 1-layer pPAD (blue) to a 3DPN (2 layers of paper, black) with 1 layer of tape
and a 3DPN with 3 layers of tape (orange) evoke 1.37x and 1.43x increases in the peak area.
We attribute this greater signal in the microfluidic devices compared to the spot test to the
increased convective pre-concentration of the bismuth and cadmium onto the microwire
electrode. The signal increases from spot test to UPAD, and tailing off of signal enhancement
for faster flow (larger channel height) 3DPN can be rationalized as follows: In the spot test,
a deposition time of 360 s used, whereas in the UPADs the deposition time is based upon the
time taken for the first two injections to traverse the electrodes. Therefore, deposition times
of for the 1 layer of paper, 3DPN (1 layer of tape) and 3DPN (3 layers of tape) devices
respectively. During injection, some material is left in the inlet legs, therefore not all 80 pL
will be transported to the electrodes (ESIt Fig. s7-€). This effect is likely exacerbated for
multilayer devices with large channel heights and, thus, more material trapped in the inlet
legs between the layers. Depending on the mass transport and fluid mixing between
injections, some of the material likely passes the electrodes without being oxidized for the
fastest flow rate 3DPN. Ongoing work seeks to optimize these devices through additional
modeling and characterization of the flow in these multilayer devices.

Conclusions

Herein, 2-layer uPADs with controlled channel heights have been demonstrated featuring
substantially faster flow rates than previously described uPAD designs without flow-rate
enhancement methods (such as syringe pumps or head pressure to drive flow). Through our
investigations we have ob served that rapid flow rates are possible with multi-layered
devices using large channel heights (100-400 pm), where the height is simply controlled
through addition of double sided tape along the channel edge. Velocities and volumetric flow
rates of 3.71 cm s71 (3.92 mL min~1) and 1.34 cm s71 (1.41 mL min~1), were observed for
flow over the first 1.55 and 6.55 cm respectively in a horizontally oriented WPAD (390 um
channel height).

Interestingly, the flow rates do not fit established models of flow within uPADs and
analytical and computational treatment of flow within these devices is the subject of ongoing
work. The effect of orientation (gravity), channel height, sample volume and paper type are
investigated, and compared to classical UPAD designs. These multilayer uPADs have
increased the flow rate over two orders of magnitude compared to 1-layer uPADs over long
channel lengths (6.55 cm), without the need for external pumps, mechanical intervention, or
external signals (e.g., dielectric switches) with good control.14 These insights are also
applied to a sequential injection 3DPN device, for the flow injection analysis of FCTMA*
and the stripping voltammetry of cadmium. From the rapid injection time, short residence

Lab Chip. Author manuscript; available in PMC 2020 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Channon et al.

Page 11

time, and enhanced sensitivity (5%) compared to stationary PADs, 3DPN should be
applicable for a wide range of analytes and point-of-care applications.

We envision the flow rates in uPADs could be further enhanced through addition of inlet
sample volume (pressure-driven flow),1822 optimization of the slip angle,1” or control of the
channel width or length.23:62 Full characterization of the flow profile within these multilayer
UPADs would allow for placement of microwires in regions of highest velocity within the
cross section. This should enhance the mass transport and increase the device sensitivity
compared to classical microfluidic devices with electrodes carefully entrenched into the
channel walls.%:22:63.64 Fyrthermore, this 2-layer format should allow for the optimized
transport and detection of larger species such as micron-sized particles,% and blood cells in
UPADs,28 through the increased channel height.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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U TR

Fig. 1.
Ilustration of straight channel multilayer uPADs, fabricated from i) packing tape, ii) wax-

modified Whatman 1 qualitative paper and iii) double sided tape.
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a) Open, laminated and taped sealing for straight channel uPADs, average velocity over 4.2
cm, b) taped pPADs with different numbers of paper layers, average velocity over 6.2 cm,
with 150 pL aliquot of red dye, error bars represent the standard deviation (7= 5), these
devices were oriented vertically.
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Fig. 3.

Ef%ect of channel height on flow rate for a) vertical (blue circles) and b) horizontal (red
squares) 2-layer UPADs, error bars represent the standard deviation (7= 15). Note, these flow
rates are calculated based on the time taken for colored dye to flow 6.55 cm down a straight
channel pPAD.
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Direction of flow

Fig. 4.
Photograph of flow for a red dye within a multilayered uPAD (390 um channel height 7.e. 5

layers of tape) orientated vertically. Devices viewed normal to the direction of flow, as
shown in the inset.
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Fig. 5.
Length traversed down straight channel 2-layer yPADs with 234 pm channel height, for

horizontal (0°), 45° and vertical (90°) placement above the workbench, error bars represent
the standard deviation (1= 5).
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Effect of sample volume on flow rate for straight channel 2-layer uPADs with 234 um
channel height (vertical, 7=5). Dashed lines represent best-fit approximations to illustrate
the primary flow regime (black dashed curve) and the secondary flow regime upon depletion
of the inlet wells (red, blue and grey dashed lines).
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qualitative paper, iii) double sided tape, and iv) microwire electrodes. b) Flow injection
analysis with 80 UL of 1 mM FcTMA®* in 0.1 M KNOj3 using 3DPN devices with 1 layer of
paper (blue), 2 layers of paper with 1 layer of tape (black), and 2 layers of paper with 3
layers of tape between the layers (orange, on main plot and inset), potential = 0.5 V vs. Ag/

AgCI.

Lab Chip. Author manuscript; available in PMC 2020 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Channon et al.

Current / pA

Page 21
1.00 0.2
| ey
o }
0.75 } 98 I
< }
o.og 2%
0.50 } RN
0.25 }
h\
0.00 b > —

4 0.8 -0.6 -0.4 -0.2
Potential vs Au / V

Fig. 8.

nguare wave anodic stripping voltammetry of 400 ppm cadmium in a spot test (green,
‘spot’), a 1 layer of paper 3DPN (blue, “1L’), a 2 layers of paper 3DPN with 1 layer of tape
(black, ‘2L-1T"), and a 2 layers of paper 3DPN with 3 layers of tape (orange, ‘2L-3T")
devices. All electrodes were Au microwires in a 3-electrode format spaced 1 mm apart in the
channel between the paper layers or on top of the stationary spot test. Inset, corresponding
peak areas from the stripping square wave voltammograms.
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Table 2

Effect of paper type on flow rate for vertical straight channel UPADs, where 3 layers of tape between the two
paper layers (7= 5), v, is the mean velocity, SD is the standard deviation, / is the paper thickness and ris the

pore size>®
Paper type v/ems?  SD r/um  h/um
Whatman 1 chromatography ~ 0.071 0.012 11 180
Whatman 1 quantitative 0.053 0.004 11 180
Whatman 4 qualitative 0.058 0.009 225 205
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