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Abstract

A systematic investigation was conducted to study the effect of paper type on the analytical
performance of a series of microfluidic paper-based analytical devices (UPADs) fabricated using a
COy, laser engraver. Samples included three different grades of Whatman chromatography paper,
and three grades of Whatman filter paper. According to the data collected and the characterization
performed, different papers offer a wide range of flow rate, thickness, and pore size. After
optimizing the channel widths on the uPAD, the focus of this study was directed towards the color
intensity and color uniformity formed during a colorimetric enzymatic reaction. According to the
results herein described, the type of paper and the volume of reagents dispensed in each detection
zone can determine the color intensity and uniformity. Therefore, the objective of this
communication is to provide rational guidelines for the selection of paper substrates for the
fabrication of pPADs.

1. Introduction

Since the development of the first microfluidic paper-based analytical device (UPAD) by
Whitesides’ group,! great progress has been made to improve the performance and number
of applications of these devices. uPADs offer a low cost, portability, and a simple way to
perform a variety of bioassays with minimal sample and reagent volumes. Recent
publications have described the possibility of adapting this platform in the fabrication of
three-dimensional devices,? bioactive papers,3 built-in time delays,* and biofuel cells.>: 6
Multiple procedures have been reported for making these devices, including
photolithographic printing,” wax printing,8 toner or inkjet printing,? flexographic printing,10
plasma etching,! knife plotting,1213 and laser cutting.14 This versatility has also been
extended to the detection step, where a variety of detection methods (colorimetric,1®
electrochemical, 16 chemiluminescence,1” and fluorescencel8) have been implemented. Since
it provides a low cost and semi-quantitative measurement (visual comparison with a colored
scale), colorimetric detection is one of the most common detection modes used to
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demonstrate the capability of uPADs performing clinical or diagnostic assays. This detection
method can be further improved when a calibration curve (obtained with the aid of a scanner
or a digital camera) is used, therefore minimizing the need of specific instrumentation.19
These advantages have enabled the use of colorimetric JPADs for the analysis of glucose,20
nitrite,15 lactate,?! uric acid,?! proteins,22 and others analytes.23: 24

Considering that the capabilities and applications of uPADs are rapidly expanding, an
adequate selection of the type of paper used seems to be critical. Although most groups state
they selected a particular paper because it allows for the detection color, a literature survey
revealed that additional criteria for specific selection are not always stated. The six papers
selected for the study were Whatman grade 1 filter paper (Grade 1F), Whatman grade 3
filter paper (Grade 3F), Whatman grade 4 filter paper (Grade 4F), Whatman grade 1
chromatography paper (Grade 1 CHR), Whatman grade 3MM chromatography paper (Grade
3MM CHR), and Whatman grade 4 chromatography paper (Grade 4 CHR). The chemical
composition of the six substrates is >98% cellulose (see Supplementary Information). For
example, grade 1 CHR paper has been selected in previous experiments due to its low-cost,
hydrophilic character, availability, biocompatibility, homogeneity and wicking

properties. 89: 2526 |n addition, other paper substrates, including grade 3MM CHR,27 as
well as Whatman quantitative filter paper grade 1,28-30 and grade 4 31 have been used
without specifically addressing additional considerations. Since substrates can display a
range in properties (see nominal specifications in Table 1) these findings suggest that a
rational selection of the paper could significantly improve the performance of these devices
when used for a particular application.

More specifically, the hypothesis of this work is that the differences in properties for each
paper can affect the rate at which the sample moves towards the detection zones through the
fluidic channels, can be optimized to control the reaction time, minimize the displacement of
reagents, and yield a more uniform colorimetric response in the detection zones (5mm
circles at the end of the channels where the enzymatic reaction takes place). Such color
gradient in the detection zone has been identified as one of the major drawbacks affecting
the applicability of uPADs.19 To address this issue, a series of devices were fabricated using
different types of paper and used to evaluate the color intensity and homogeneity. As a
model system that would allow comparing the results of our strategy with previous reports,
glucose was selected as the target analyte. In comparison with pH and total protein assays,
the analysis of glucose often results in large color gradients in the sensing areas, forcing
users to perform signal averaging or to measure the color intensity in a small area of the
detection zone.32

2. Material and Methods

2.1. Reagents

All chemicals used in the experiment were analytical grade and used as received. a-D-
Glucose, A.C.S. reagent grade, glucose oxidase (GOx) from Aspergillus niger and
horseradish peroxidase (HRP) were purchased from Sigma-Aldrich (St. Louis, MO).
Potassium iodide was obtained from EM Science (Gibbstown, NJ). D-(+)-trehalose
anhydrous was obtained from Tokyo Chemical Industry (Philadelphia, PA). Sodium
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phosphate monobasic anhydrous and sodium phosphate dibasic anhydrous were acquired
from Fisher Scientific (Waltham, MA). All solutions were made in ultrapure water (18 MQ
cm~1, Barnstead Nanopure; Dubuque, 1A). The paper substrates selected for these
experiments (see Table 1) were purchased from Whatman (Maidstone, Kent, UK).

2.2. Instrumentation

A Legend Mini24 CO, Laser System (Epilog Laser Systems; Golden, CO, USA) was
utilized to cut the paper-based analytical devices. This technique is an attractive alternative
because it is a fast and reproducible, one-step procedure to make UPADs from a design
produced in commercially available software. Moreover, since the machine uses a CO5 laser
(wavelength of 10.6 um) to cut the paper, the edge of the paper is ablated creating a
hydrophobic boundary.1# Although a detailed description of the capabilities of the
instrument can be found elsewhere,33 all uPADs used in the experiments herein described
were cut using the vector mode, at 30% speed (of a maximum linear speed of 1.65 cm-s™1)
and 30% power (of a maximum intensity of 30 W). In order to minimize the possibility of
ignition? of the paper inside the engraver, the engraving head was constantly used to
impinge a stream of N5 (house line) on the engraving spot. In order to avoid release of
smoke (produced during the engraving process) into the working environment, the vent of
the engraver was connected to an air filter (model AD350, BOFA; Staunton, IL), equipped
with a HEPA/activated aluminum/potassium permanganate and an activated carbon panel.

A JEOL JSM-6150LV Scanning Electron Microscope (SEM, Peabody, MA) was used to
take images of each of the selected substrates at 150x, 300x, 600x, and 1200x. In these
cases, a Cressington sputter coater 108auto (Watford, Hertfordshire WD19 4BX, United
Kingdom) was used to deposit a 15nm layer of gold on the substrate. Complementary 3D
images were obtained using an opto-digital microscope (Olympus DSX-500, Center Valley,
PA) and analyzed using the manufacturer’s software package.

CorelDraw X6, by Corel Corp. (Ottawa, Canada), was used to design the uPADs as well as
straight channels to measure the wicking linear velocity. The latter was investigated as a
function of the channel width (in the 0.5 mm to 2.0 mm range) by analyzing the video data
taken on 30 mm-long strips of paper and using a 1L0MP digital camera (at 30 frames per
second, Canon PowerShot SX10 IS; Melville, NY).

2.5. Colorimetric Reaction and Analysis

In the presence of oxygen and water, glucose reacts with GOX in the detection zone to yield
hydrogen peroxide. The H,0, is then reduced to H,O by horseradish peroxidase while
iodide is oxidized to iodine concurrently producing the characteristic brown color.32 For the
experiments herein described, a 5:1 (v/v) solution of 645 units mL~* GOx and 339 units
mL~1 HRP was prepared in 100 mM phosphate buffer at pH 6.21 A mixture of 0.6 M Kl and
0.3 M trehalose was also prepared in 0.1M phosphate buffer at pH 6, to serve as colorimetric
probe and enzyme stabilizer,2! respectively. A 100 mM stock solution of glucose was
prepared in buffer and used to prepare standard solutions by dilution in buffer. Different

2Due to the potential risk of fire, laser engravers should not be operated unattended.
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volumes of reagents were tested on the paper chips. In all cases, the detection zone of the
paper was spotted with a selected volume of the solution containing the GOx/HRP mixture
and allowed to settle for 15 minutes in a humid environment at room temperature (petri dish
contained 100% relative humidity). Next, the detection zone was spotted with the same
volume of Kl/trehalose and preserved in a humid environment for an additional 15 minutes
at room temperature. Then, 7 UL of a solution containing 20 mM glucose was pipetted at the
base of the UPAD and allowed to travel through the paper (via the hydrophilic channels) to
the detection zones. This concentration of glucose was selected because it is within the
clinically relevant range for the analysis of glucose in plasma (2.5-50 mM 1). The chip was
finally set at room temperature for additional 30 min to allow the color development in the
detection spot. Lastly, a color image was taken on a Canon CanoScan LiDE 700F scanner
(Melville, NY) and analyzed using Adobe Photoshop CS6 (San Jose, CA). In all cases, a 5
mm-diameter detection zone was used to measure the mean color intensity (arbitrary units,
AU) and standard deviation (used to quantify the color gradient). It is important to note that
the uPADs were very sensitive to both temperature and humidity. Therefore, the use of
ovens (that could dry the reagents and sample quicker but denature the enzyme) was
avoided. Instead, the chips were maintained inside a petri dish (room temperature) during
the duration of the experiments.

3. Results and Discussion

Characterization of the selected substrates

One critical parameter in the experimental design selected for these experiments is the
topography of the substrates. In order to complement the data provided in Table 1, the
topography of the six substrates was investigated using optical microscopy and SEM. Rather
than tuning the fluid distribution rates to implement multiple assays in a single device,34 the
goal of these experiments was to gain insight about the size and distribution of the fibers in
the surface of the paper. As it can be observed in Figure 1, significant differences were
observed between filter and chromatography papers. While grade 1F is composed of fibers
with an average dimension of 19 + 1 um, the average thickness of the fibers on grade 1 CHR
chromatography paper is 15 £ 1 ym. Grade 3F has an average fiber size of 15+ 1 pm, and
grade 3MM CHR has fibers averaging 10 + 3 um in width. Whatman grade 4F consists of
fibers 20 + 4 um wide, and grade 4 CHR has fibers measuring 12 + 2 ym. These values were
obtained by measuring the thickness of at least 20 fibers in the SEM image(see
Supplementary Information). In general, each Whatman filter paper has thicker fibers than
the parallel grade of chromatography paper. The thick fibers in the filter paper are used to
form pores to trap solids. The percent difference between the thickest fibers on grade 4F (20
+ 4 um) and thinnest on grade 3MM CHR (10 £ 3 pm) is 67.5%. Although these results are
in agreement with the nominal data provided by the manufacturer, it is important to note that
neither substrate displayed a pore size capable of trapping the reagents. Moreover, the
hydrophilic nature of cellulose in its native form significantly impairs the possibility of
using adsorption as a potential route of immobilization for the enzymes.

Effect of channel dimensions on wicking velocity—As previously mentioned,
UPADs offer great freedom in terms of design, allowing the integration of elements with
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different shapes,3® patterns,14 and sizes.! However, the characteristics of each paper (see
Table 1) determine the wicking speed and could affect not only the contact time between the
sample and the reagents but also the distribution of the reagents in the detection spot. Both
of these issues can have an effect on the magnitude and homogeneity of the color. Therefore,
the influence of the width of the channels on wicking velocity was first investigated. Figure
2 shows representative examples of the distance wicked by a blue dye aqueous solution
when traveling in channels with different widths fabricated on grade 1 CHR paper.

As it can be observed, significant decreases in wicking speed were observed when using
smaller channel widths as the solution moved through all the channels. This trend was
attributed to an increase in resistance as the solution moves through the paper. In general,
wider channels can provide lower resistance3® and transfer the solution at a faster rate.
Results collected with other substrates (see Supplementary Information) also showed similar
trends (decreases in flow rate as the flow profile advanced through the device). Different
grades of filter and chromatography paper provided both fast and slow flow rates when
compared with each other (further details are shown in Sl). In order to facilitate a rational
selection of the substrate by other researchers, the wicking speed (mm/s) as a function of the
channel width was calculated for the six selected paper substrates and fitted with a simple
exponential decay function (see Figure 2A-D, Supplementary Information and SI Equation
1). Therefore, and although only slight differences were obtained, the decay constant
obtained (for wicking speed as a function of distance) allows ranking the filter papers in
decreasing order of wicking speed as grade 4F > grade 1F > grade 3F and the
chromatography as grade 4 CHR > grade 1 CHR > grade 3MM CHR. These results are
important for the rational selection of the substrate, the channel length, and to optimize
conditions for applications where a timer or adequate control of the reaction time is
required.*

Color Intensity and gradient—Using a calibration curve, the intensity of the color
developed in the detection spot can be used to calculate the concentration of a given analyte
in the unknown sample.8: 20 25-27.35, 37 |n most cases, the detection is based on reflectance
(amount of light reflected off the testing zone) and is performed with a camera 2° or
scanner.3° For the experiments herein reported, the uPADs were scanned 30 min after
adding the sample, when the color was fully developed. In all cases, 5.0 mm circular
detection zones were used. This size was selected because it is the smallest detection zone in
which a standard 0.5 pL micropipette can accurately dispense a volume of reagent that is
fully contained in the testing zone and does not flow into the channels.

Therefore, and according to the hypothesis, the effect of solution volume (spotted on the
detection zone) on the signal magnitude and homogeneity was investigated for all selected
papers. The results are summarized in Figure 3. In general, it can be observed that same
grades of filter and chromatography paper rendered similar results in terms of signal
intensity and uniformity. It was also observed, however, that these parameters were highly
dependent on the volume of solution spotted in the detection zones. As it can be observed in
Figure 3A, increasing the volume of reagents spotted in the detection zone can produce
significant improvements (up to 143% using grade 1 CHR) in the signal magnitude (color
intensity). This finding was attributed to the improved production of H,O5, due to the
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increased amount of enzyme available.3® In this regard, it is important to note that grade 1
(either filter or chromatography) paper produced the highest color intensity in the studied
range of volumes selected for these experiments.

It is also important to note that the increases in intensity produced by larger volumes of
reagents were accompanied with systematic decreases in the color gradient observed across
the detection spot (Figure 3B). While all substrates followed this trend, grade 1 CHR, the
thinnest paper, yielded the highest gradient (40 £ 10 AU) when spotted with 0.5 puL and
showed the lowest gradient (7 £ 1 AU) when spotted with 1.0 uL. The importance of these
results is that the criteria to select the “best” paper for a particular application should be
clearly stated. Furthermore, the results show evidence that such analysis can be heavily
influenced by the experimental conditions selected. In all cases, and based on the results
shown in Figure 3, it is clear that a compromise between signal intensity and color
uniformity exists and that this relationship is influenced by the properties of each type of
paper selected.

We believe these results are the consequence of several factors affecting the distribution of
enzymes on the UPADs. First off, it is clear that thicker substrates (grade 3F and grade 3
MM CHR) always yield poor signal intensity. A reason for this is that the detection method
is mainly sensitive to the compounds present on the surface of the device, which is opaque.
Also, the small color gradient observed for these substrates could be attributed to a poor
signal/noise rather than a true uniform distribution of the signal. The main advantage of
these materials would be their high wicking speeds. Based on this (and assuming that
wicking speed is controlled), it is reasonable to assume that either grade 1F or grade 1 CHR
papers can be generally considered ideal substrates to fabricate yPADs. However, the large
color gradient observed in these cases can be attributed to the poor affinity of proteins (GOx
in this case) for the cellulose fibers, which leaves them loosely bound to the surface of the
WUPADs. Therefore, unless the substrate is saturated, the enzyme can be displaced when the
sample wicks through the paper causing an uneven distribution of the reagents, and therefore
a color gradient. A simple solution to this problem is to find a balance between the
dimensions of the pPAD, the type of paper selected, and the volume of reagents spotted.

Analysis of Glucose

In order to demonstrate that an adequate selection of the type of paper as well as the
experimental conditions can affect both color intensity and uniformity, the detection of
glucose (7 pL sample containing 20 mM glucose) was performed using uPADs prepared
under different conditions. As it can be observed in Figure 4A, grade 3F paper (spotted with
0.5 uL of reagents) yielded the lowest mean color intensity (25 + 4 AU) and a fair gradient
(14 £ 1 AU). These results, which are in agreement with those previously discussed, show
that the thickness and retention ability of the substrate combined with an insufficient amount
of reagents could have devastating analytical consequences. On the other extreme, Figure
4B shows that when the same volume of reagents (0.5 pL) is spotted on grade 1 CHR paper,
a much improved mean color intensity (123 + 7 AU) and a significant gradient (40 + 3 AU)
are obtained. Finally, Figure 4C shows that when the adequate volume of reagents (1 pL) is
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spotted on grade 1 CHR paper, the mean signal intensity can be maximized (177 £ 3 AU)
and the gradient minimized (7 £ 1 AU).

4. Conclusions

The experiments described in this communication aimed at evaluating the suitability of six
grades of Whatman paper for the fabrication of pPADs. The results presented complement
nominal data for the selected papers (provided by the manufacturer). According to the
presented results, thicker substrates (grade 3 filter or chromatography papers) display a
higher resistance to the flow, transfer solutions at much lower rates, and yield poor color
development/reading. On the other hand, faster transfers and better analytical performance
can be obtained with thinner substrates (grade 1 filter or chromatography papers). In this
case, the fabrication conditions (amount of enzyme) can be optimized to saturate the surface
of the cellulose fibers in the detection spots, maximizing color intensity and uniformity.
According to the presented results, this simple (yet effective) approach can be used to
overcome one of the most significant limitations of pPADs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Surface topography of (A) grade 1 filtration and (B) grade 1 chromatography papers.
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The mean color intensity (A) and color gradient (B) as a function of different volumes of
reagent (GOx/HRP and Kl/Trehalose) — 0.5 L, 0.7 uL, and 1.0 uL. Data points and error
bars correspond to the average and standard deviation obtained with at least three images.
The color gradient was measured using the image’s color standard deviation.
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Figure4.
Images displaying (A) the lowest color intensity (grade 3F), (B) the largest color gradient

(grade 1 CHR), and (C) the best color intensity with the most uniformity (grade 1 CHR).
The color generated inside the channels (C) is attributed to excess color reagent spotted on
detection zone.
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