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@ Supporting Information

,’ABSTR.ACT A portable rmcroplasma generatlon dev1ce (MGD) operated
~" ambient air is mtroduced for ‘making a microfluidic’ paper-based analytical device
© (uPAD) that serves'as a primary healthcare platform. By utilizing a printed circ

board fabrication process; a flexible and lightweight MGD can be fabricated withi
+ 30 min with ultra low-cost. This MGD can be driven bya portable power supf;ly
v(less than two pounds), ‘which can' be powered usirig-12 ‘V-batteries or ac-dc-*
*converters. This MGD is .used. to.perform maskless patterning of hydrophilic
i patterns: with sub-millimeter spatial resolution on hydrophobic: paper. substtates
¥ owith's good pattérn. transfer fidelity. Using this MGD. tofabricate ;tPADs is
-demonstrated. With-a proper design”of the MGD el geometry, APADs
i with: SOO—um-wuie flow channels can be fabricated ‘within 1 min'and with'a cost of :
- léss than $USD 0. 05/device. We thien test the' UPADs by performing quantitative
. colorimetric assay tests and-establish a calibration curve fc tection of glucose. - : :
~--and-nitrite. The results show a linear response to a gluco say. for-1—50-mM and. a nitrite assay for:0. 1—5 M. Th low: cost;
. miniaturized, and portable MGD can be used to fabricate WPADs on demand, whichis suifable for in-field diagnostic tests. W

be ieve: thlS concept brmgs unpact to the ﬁeld of bxomedmal nalyms, envnonmental momtormg, and: food safety survey
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Wax paper
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M icrofluidic. paper-based analytical devices (#PADs) have and is operated using portable and battery-powered equipment
recently gained significant attention for potentlal is highly desired.

applications in general healthcare,"™ unmunochemlcal assays,’ Atmospheric-pressure (AP) microplasmas® are plasmas
b1ochermcal analysis,® environmental monitoring,” & and food operated under 1 atm with at least one geometric dimension
safety.” For a yPAD, the paper substrate was patterned into confined to 1 mm or less. According to the “pd scaling” of the

regions of hydrophilic channels demarcated by hydrophobic Paschen curve, a sufficiently small distance gap results in stable
barriers. Compared with conventional glass-based or poly- glow discharges generated by reasonably low applied voltage at

22
dimethylsiloxane-based microfluidics, uPADs are great candi- Ilu alt:ln In addition, the mlnmtli:llz:l:dhdunensxc)ln offersba localll)lr
dates as point-of-care diagnostic tools with advantages of low ghly reactive env1rom~nent with high power density but Sma

total power consumption. These features enable AP micro-

st, fast facile interpretation, simple disposal, and
cost, fast response, tacie Interpretatiory SITp'e CIsposa’, anc 1o plasma to be utlhzed in various apphcatlons, such as maskless
pumps being required to transport the fluidics on a porous

. .10 . patterning,**** biomedical a g_}:hcanons, optical spectroscopy,

paper substrate due to capillary action.” A promising paper- d t ¢ Due to th b-millimet
based microfluidic device was first developed by the Whitesides and mass spectrometry.” ue fo their submHmeter

ase - - p P Y . miniaturized size, microplasma generation devices (MGDs)
group using the photolithography process.” Since that time, are most often fabricated using semiconductor fabrication
there has been a great number of literature reportmg different processes such as lithographic and/or vacuum-based processes,
fabrication techmques, such ag 14p1asrna etchmg, plasma which are expensive and time-consuming. Using a screen prmt-
polymenzatlon, wax printing, ™" inkjet Prlntmg, cgntact based process to fabricate MGDs has recently been reported
printing,'® o flexographic printing,'” plotting,'® cutting," and This process offers advantages of low cost and high
drawing? Jet-type plasma sources” with an ultrathin nozzle accessibility, but it requires several hours to fabricate a MGD.
can potentially be used for PAD fabrication. Although several For the MGD to be utilized as a tool to fabricate yPADs, a low-
of the above processes offer advantages of low cost and cost and rapid process to fabricate MGDs is highly desired.

Among several types of AP microplasma systems reported in

possibility for large scale fabrication, it is required to
the literature,”* dielectric barrier discharge (DBD) is one

manufacture the yPADs in the laboratory and then ship the
devices to a designated location. For applications such as in-
field diagnostics, fabrication of #PADs on site or on-demand - - Received: May 26,2014

= oHeIs great advantages. UIET TS CITCUNIStNCe, & facie aid Accepted: July 23, 201F

low-cost process that possesses good pattern transfer fidelity Published: July 23, 2014
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type that has been widely utilized. A DBD-type system consists
of one or more dielectric layers located between two electrodes.
The existence of the dielectric layer effectively prevents the
formation of arc discharge and enables the formation of
spatially uniform low temperature (near room temperature)
plasmas with low power consumption. Based on these
characteristics, DBDs have been widely employed in ozone
generation, surface treatment, and gas decomposition or
reforming.*** In this work, we report the development of a
low-cost DBD-type MGD that can be fabricated in a simple,
efficient, and cost-effective manner. This MGD can be operated
in ambient air and is battery powered. A facile and low cost
process using this MGD to fabricate #PADs is demonstrated.
Finally we test the gPADs by performing quantitative
colorimetric assays and establish calibration charts for detection
of glucose and nitrite. The impact using this portable MGD-
based ;PAD fabrication process in in-field diagnostic tests will
be discussed.

EXPERIMENTAL SECTION

Fabrication of uPADs. AP MGD. Figure 1A shows a
photograph of the battery-operated, portable MGD. This
system consists of a high-voltage ac power supply (PVMI2,
Information Unlimited, USA) and a MGD. The ac power
source requires 12 V dc input, which can be either batteries
(e.g, A23, Sony, as shown in this figure) or using an ac—dc
converter. We note that the use of a 12 V battery to drive this
ac power source offers great possibilities when the MGD is
used in the field. For example, lead-acid rechargeable batteries
for automobiles are able to deliver dc 12 V. A battery with a
capacity of 45 amp-hour is sufficient to supply the MGD
operation for at least 20 h. In this work, an ac—dc converter is
used to fabricate the yPADs. The power source delivers ac
voltages with a frequency between 20 and 50 kHz and a voltage
up to 15 kV. We note that the amplitudes of the ac voltages
reported in this work are all peak-to-peak voltages. The MGD is
fabricated using a modified printed circuit process based on the
toner transfer method. The fabrication process defines patterns
on a double-sided copper clad laminate (CCL), with the detail
illustrated in Supporting Information Figure S1. With this
process, MGDs can be fabricated within 30 min. Figure 1B
shows the schematic of the experimental setup. A 1.02-kQ
ballast resistor was connected in series with the MGD to limit
the current to elongate the MGD lifetime. A voltage probe
(HVP-18HF, PINTEK) was used to monitor the voltage across
the MGD. Figure 1C shows the visual appearance of the MGD
when the plasma is ignited in the ambient air with a voltage of
2.0 kV and 45 kHz when the ac power source is driven by a 12
V battery. The use of a proper applied voltage is one critical
factor for the MGD operation. A test operating the MGD using
various applied voltages was performed, and the results were
shown in Supporting Information Figure S2. Based on the
results, an applied voltage of 2.0 kV is chosen for the MGD
operation throughout this work, unless otherwise specified.

Hydrophobic Paper Substrate. In this work, three different
types of hydrophobized paper were utilized as the paper
substrate for the fabrication of yPADs to demonstrate the
process viability and flexibility. The first type, fluorocarbon
paper, is the filter paper (ADVANTEC grade 2) coated by

fluorocarbon utilizing plasma polymerization with a low
ma_polymer-

o]
Ji Portable é GD
T Power
Microp lvsma
Device
=

Figure 1. (A) Photograph of the experimental setup. (B) Schematic of
the experimental setup. (C) Visual appearance of the MGD ignited in
the ambient air with a voltage of 2.0 kV and 45 kHz with the power
source driven by a 12 V battery. (D) Photograph of a folded MGD
with plasma ignited with a voltage of 2.2 kV and 45 kHz. The inset
shows the visual appearance of the MGD when plasma is not ignited.

scem), 13.56 MHz RF power 30 W, and 20 s processing time.
The second type of hiydrophobized paper, wax paper, is filter
paper coated with wax. To prepare this type of hydrophobic
paper, filter paper (ADVANTEC grade 2) was dipped in a
heptane solution containing paraffin wax (6 g/L) for 10 s and
removed and placed in a fume hood to allow evaporation of
heptane. The paper samples were then placed on a hot plate at
80 °C for 10 min to cure the wax. The third type of paper,
Double A paper, is commercially available copy paper (Double
A, 80 gsm). Such a type of paper typically contains internal

ization was performed using a parallel-plate capacitively coupled
system under the following conditions: c-C,Fy (1 sccm)/Ar (50

8758

sizing agents and CaCQ;, in addition to cellulose. The addition
of sizing agents makes the paper fiber hydrophobic and

dx.doi.org/10.1021/ac501945q | Anal. Chem. 2014, 86, 8757—8762
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enhances the paper printability. Alkyl ketene dimer (AKD), for
example, is one widely used internal sizing agent in the paper
industry. AKD reacts with the hydroxyl functional groups of
cellulose and forms a f-keto-ester. These hydrocarbon chains
thus impart hydrophobicity to cellulose fiber.****

Microfluidic Channels Formation and Channel Shape
Examination. The hydrophilic channels on the above-
mentioned hydrophobic paper substrates were fabricated by
having the hydrophobized paper face and firmly attach to the
surface of the MGD device. The fluorocarbon paper, wax paper,
and Double A paper were then treated using the plasma
generated on the surface of the MGD with a voltage of 2.0 kV
and 45 kHz for 15, 30, and 3 s, respectively, unless otherwise
specified. The treatment time for three different kinds of paper
is determined experimentally and is the minimal time duration
required to pattern a complete hydrophilic channel for fluid
flow. The significantly different time durations are due to
different hydrophobic material compounds and their amounts
(for example, thickness). For example, wax paper has relatively
thicker paraffin and requires the longest treatment time to
define the hydrophilic channel. Proper selection of the applied
voltage and the process time of this MGD-based process is the
key to obtain yPADs with desired performance, as demon-
strated in Supporting Information Figure S3. For experimental
sets to examine the channel shape and width, orange II dye
solution was introduced to the hydrophilic channels and the
channel shape and width can be clearly visualized. For all tests
unless otherwise specified, wax paper was chosen as the
hydrophobic paper as the substrate to fabricate 4PADs. The
microfluidic channel fabricated on wax paper by MGD with an

applied voltage of 2.0 kV and 45 kHz for 30 s shows a channel °

depth of 56.8 & 6.1 um. Such a channel depth together with a
typical channel width of 351.6 + 28.6 ym yields an aspéct ratio
(height to width) of 0.16. Given the lateral and vertical
diffusion of the reactive species and the limitation of the MGD
fabrication process, the smallest trench width that can be
fabricated in this process is about 350 pm. The total cost to
fabricate #PADs is well below $USD 0.05/device, including the
cost for MGD fabrication, chemicals and materials used, and
MGD operation, as detailed in Supporting Information Table
S1.

Chemicals. The following chemicals were purchased from
commercial suppliers (Sigma-Aldrich, Acros) and used as
received without further purification: acetone, iron(III)
chloride, paraffin wax, n-heptane, orange II, D-(+)-glucose,
potassium iodide (99.5%), trehalose (98.5%), monosodium
phosphate, disodium phosphate, glucose oxidase, horseradish
peroxidase, sodium nitrite (99%), N-(1-naphthyl)-
ethylenediamine (98%), sulfanilamide (99%), and citric acid
(99.5%). All aqueous solutions were prepared using deionized
water.

Colorimetric Assays. In this work, glucose and nitrite
assays were tested to confirm that the fabricated yPAD is
capable to be used in quantitative analyses, The glucose assay
was based on those previously reported.****® The glucose
indicator was prepared by spotting two solutions on top of the
detection region. Solution 1 contains 0.6 M potassium iodide
and 0.3 M trehalose in a 100 mM phosphate buffer at pH 6.4.
Solution 2 contains 5:1 glucose oxidase (120 units/mL) and
horseradish peroxidase (30 units/mL). First, 0.2 uL of solution

1 was applied to the detection region and allowed to dry for 3

min. Then, 0.2 L of solution 2 was spotted on top of the
detection region and allowed to react for another 3 min. Next, 1

8759

UL of p-(+)-glucose solution was added to the sample zone.
The #PAD was then placed in a confined humid chamber for
15 min, allowing the enzymes to metabolize the glucose and to
form yellow or brown chromogen product. According to
Klasner et al,* the humid atmosphere ensures that all channels
are wet and thus have enough time for product generation
(iodine). Finally, the #PAD was removed out of the humid
ambient and allowed to dry at room temperature prior to taking
a photo image and scanning,

The NO,™ stock solution was prepared by dissolving sodium
nitrite in deionized water. The nitrite indicator contains 10 mM
N-(1-naphthyl)ethylenediamine, SO mM sulfanilamide, and 330
mM citric acid®” First, 0.2 gL of the nitrite indicator was
spotted in the detection region and allowed to react for 3 min.
Then, 1 y4L of the nitrite stock solution was spotted on the
sample zone. The devices were placed and allowed to dry at
room temperature for 5 min before taking the photo image as
well as scanning.

Image Processing. To quantify the color response, a
commercially available scanner (HP, Deskjet F4280 Printer)
was used to capture the visual readouts of the colorimetric
assays. The scanned image was then deconvoluted using the
color image obtained from the detection region into red (R),
green (G), and blue (B) components. Two processing schemes
using these RGB components were performed to quantify the
color image. For the glucose assay, we applied the first scheme,
which summarizes the normalized RGB components, as an
indicator of the “brightness” of the image. This scheme weighs
RGB components equally and is somewhat different from the
gray scale, which weighs RGB components differently. As for

- -the nitrite assay, we applied the second scheme, which takes-the

ratio of R/(R+G+B) as the quantification, since the
colorimetric output produced from the nitrite assay is a red-
violet azo compound.®”

RESULTS AND DISCUSSION

Flexibility of the MGD. Figure 1D shows the visual
appearance of the MGD operated in ambient air under a
folding configuration. This demonstrates a key feature of the
MGD: flexibility. Such a feature allows for treating a curved or
nonflat surface; it also extends the nature of this surface
treatment process from 2-dimensional to 3-dimensional and
offers great possibilities in various applications where treating
nonflat surfaces is desired.

Hydrophilic Trenches on Hydrphobized Paper Sub-
strates. Making hydrophilic trenches on three types of
hydrophobized paper substrates, namely fluorocarbon paper,
wax paper, and Double A paper, was demonstrated as the first
test in utilization of the MGD-based process to fabricate
#PADs. Figure 2A shows the visual appearance of the MGD
(upper image) and the plasma generated with this device
(lower image) with a specially designed NTUChE-shaped
geometry on the MGD. Before MGD treatment, the images
with a colored droplet on the surface of three types of
hydrophobized paper are shown in the left panel of Figure 2B.
1t clearly shows the hydrophobic nature with contact angles of
136.9, 124.4, and 108.8° on fluorocarbon paper, wax paper, and
Double A paper, respectively. After the hydrophobized paper
substrates were treated by MGD, all paper substrates form
hydrophilic NTUChE-shaped channels on the surface, as
depicted in the right panel of Figure 2B. We note that utilizing

Double A paper as the paper substrate for #PADs provides
great convenience and opportunities because paper of this type

dx.doi.org/10.1021/ac501945q | Anal. Chem. 2014, 86, 87578762
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Figure 2. (A) Visual appearance of the MGD (upper panel) and the
MGD with plasma ignited (low panel). This MGD is fabricated with a
specially designed NTUChE-shaped geometry. (B) Three types of
hydrophobized paper: fluorocarbon paper, wax paper, and double A
paper before and after treatment with MGD with a voltage of 2.0 kV
and 45 kHz for 15, 30, and 3 s, respectively. All paper substrates
forming hydrophilic NTUChE-shaped channels on the surface are
shown.

is itself hydrophobic and easily accessible and no further
hydrophobized process is required.

The plasma ignited by the MGD operated in air is able to
generate multiple reactive species, which react with paper
substrates, and a substantial increase in surface energy of
surfaces occurs.*? Surfaces with high surface energy are typically
more hydrophilic; therefore, hydrophilic microfluidic channels
on top of the hydrophobic paper substrates are achieved. Such a
plasma treatment process results in surface modification of
paper substrates in a designated area without making a visible
mark on the treated surface, which retained its flexibility as
noted above.

MGD Pattern-Design and Channel Characteristics. For
this present MGD, plasmas are formed at the edge of the

patterns. The area of the paper surface being treated is confined

to the plasma-generated area. To fabricate #PADs with desired
channel geometries, a careful design of the MGD is desired. To
demonstrate how the geometry of the plasma ignited on the
MGD is transferred to the pPADs, MGDs with various
geometries were fabricated and corresponding channel shapes
were examined. Figure 3 shows 3 sets of tests made by three
specially designed patterns. Figure 3A shows the MGD pattern
with two 2.5 mm X 3.0 mm rectangular detection regions
connected with a 200 pm trench. The image of the plasma
ignited on this MGD clearly shows that the plasma “fills” out
the trench area while it is confined in the edge of the pattern in
the detection zones. When a piece of wax paper is treated using
this MGD, the hydrophilic trench can be fabricated as expected.
Only the peripheral region of the detection zone becomes
hydrophilic. MGD with this pattern is therefore not suitable to
make #PADs.

To fabricate a MGD with suitable hydrophilic patterns for
the #PAD, a MGD with a § X § microplasma array with each
spot 0.4 mm X 0.4 mm was designed for the detection region.
This device is then used to treat the wax paper to fabricate a
UPAD. The plasma visual appearance shown in Figure 3B
demonstrates that uniform plasmas are ignited simultaneously
in all SO microcavities. An image with higher magnification is
shown in Supporting Information Figure S4. The hydrophilic
pattern defined using this MGD is favorable for pPAD
detection regions. A further text is performed making channels
200, 400, 600, and 800 ym wide on one MGD and using this
MGD to fabricate a #PAD. Figure 3C illustrates the results. It
clearly shows that, for MGD with trenches 600 ym wide or

_narrower, a well-defined hydrophilic trench can be formed on

A

5mm

5mm

Smm

Figure 3. Effects of pattern-design on #PAD characteristics. For each set of image, the left, center, and right panels are the visual appearance of the
MGD, the MGD with plasma 1gmted and the f'tbncated ,thAD respechvely (A) The MGD pattem with two 2.5 mm X 3.0 mm rectangular
Q o 00 e A o

datackt

800 pm wide.

h.spot 0.4 mm X 0.4
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the wax paper. For MGD with a- channel width of 800
micrometer, the hydrophilic channel splits into two. We note
that channels 800 gm or wider can be fabricated in a rather
straightforward manner by making two or more thinner
channels in parallel.

It is shown in this figure that the plasma is not uniform. This
is a result of the nonuniformity occurring in both the
microscopic and macroscopic scales. In the microscopic scale,
such a discharge is filamentary in nature; that is, the discharge
consists of a great number of filaments several micrometers
wide formed in a time scale of nanoseconds, as reported in the
literature.** For the nonuniformity in the macroscopic scale, it
is caused by the nonuniforin thickness of each layer of the CCL
as well as the nonideal toner-transfer and etching processes,
such as overetch or undercut during the etching step. The
nonuniformity in the microscopic scale can be improved by
properly adjust the operating condition, particularly using
higher frequency or nanosecond pulsed power sources. More
precise control in the MGD fabrication process can improve
the nonuniformity in the macroscopic scale.

Assay Tests. To demonstrate that 4PADs fabricated using
the MGD-based process are suitable for quantitative bio-
chemical analyses, we perform glucose and nitrite assays using
these #PADs. Glucose and nitrite assays are both based on the
colorimetric sensing mechanism. Detection regions are initially
spotted by indicating reagents. After introducing sample
solution onto the detection region, a chemical or an enzymatic
reaction between the previously immobilized reagents and the
sensing target compounds takes place and yields a color change.
The glucose assay is based on the enzymatic oxidation of iodide
to-iodine: It yields a color change from clear to brown. This is
one of the most used colorimetric reactions for uPADs
demonstrated reported in the literature. We conduct this assay
to demonstrate the practicality of our #PADs. In Figure 4,
images of the glucose assay clearly show different color
responses for analytes with different concentrations. The
calibration curve shows a linear correlation for the concen-
tration between 1 and 50 mM with an R* value 0.99705.

Nitrite was also chosen as the test assay, since it is a reliable
biological marker for many human health conditions, such as
periodontal disease.” We first applied 0.2 4L of nitrite indicator
prior to spotting 1 pL of NaNO, solution with various
concentrations onto the sampling zone. The color images of
these tested yPADs are shown in Figure 5. The color responses
in the detection regions are reasonably uniform, proving the
performance in test solution transportation of our #PADs.
Then, we analyzed the color responses of nitrite assays using
image processing scheme II as described in the Experimental
Section. The calibration curve shows a linear correlation with
the analytes of concentrations between 0.1 and 5 mM with an
R? value of 0.99706. The performances of glicose and nitrite
assays clearly demonstrate that the proposed novel yPADs-
fabricating technique via the MGD-based process is an ideal
method to fabricate #PADs for monitoring people’s health
conditions.

B CONCLUSION

‘We report the use of a printed circuit board fabrication-based
process to fabricate MGDs in a rapid and cost-effective manner.
The MGD can be operated under ambient air and is driven
using a_portable power source. The use of this MGD to
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Figure 4. Calibration curve for glucose solution using image
processing scheme I for color quantification. Color response of
glucose assay on the patterned paper for a D-(+)-glucose concentration
of 50, 25, 10, 5, 2.5, and 1 mM.
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Figure 5. Calibration curve for nitrite solution using image processing
scheme II for color quantification. Color response of nitrite assay on
the patterned paper for NaNO, concentrations of §, 2.5, 1, 0.5, 0.2,
and 0.1 mM.

width can be fabricated within 1 min and with a total cost less
than $USD 0.05/device. This MGD possesses great flexibility,

fabricate #PADs is demonstrated. With a proper design of the
MGD electrode geometry, #PADs with sub-millimeter channel
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which could be a benefit for treating curved or nonflat surfaces.
It could also extend the nature of this surface treatment process
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from 2-dimensional to 3-dimensional and offers great
possibilities for surfaces with various orientations. We also
demonstrate that three types of hydrophobized paper,
fluorocarbon paper, wax paper, and Double A paper, can be
treated by MGD and form microfluidic channels in the paper
platforms. We further investigate the relationship between
MGD pattern-design and channel characteristics. The MGD
pattern with two sets of § X 5 microplasma arrays with each
spot 0.4 mm X 0.4 mm connected with a 200-um-wide trench
was designed and was selected to fabricate our #PADs. Finally,
we tested the yPADs by performing quantitative colorimetric
assay tests and. established calibration curves for detecting
glucose and nitrite.

The cost-effective and portable features of the MGD make
this MGD-based process a great candidate to fabricate 4PADs
infield and/or on demand. The demonstration driving the
MGD using a 12 V battery offers great possibilities under
circumstances when pPADs are required to be fabricated in
locations where stable electricity is not available. A great
number of commercially available batteries deliver dc 12 V,
such as lead-acid rechargeable batteries for automobiles. A
typical battery of this type with a capacity of 45 amp-hour is
sufficient to supply the MGD operation for at least 20 h. We
believe this concept brings a leap to the fabrication and use of
the impact of yPADs, which gives great impact in various
applications, such as biomedical analysis, environmental
monitoring, and food safety survey.
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