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r screen-printing for microfluidic
paper-based analytical device (mPAD) fabrication†

Yupaporn Sameenoi,*a Piyaporn Na Nongkai,a Souksanh Nouanthavong,a

Charles S. Henryb and Duangjai Nacaprichac

We report a simple, low-cost, one-step fabrication method for microfluidic paper-based analytical devices

(mPAD) using only polystyrene and a patterned screen. The polystyrene solution applied through the screen

penetrates through the paper, forming a three-dimensional hydrophobic barrier, defining a hydrophilic

analysis zone. The optimal polystyrene concentration and paper types were first investigated. Adjusting

polystyrene concentration allows for various types of paper to be used for successful device fabrication.

Using an optimized polystyrene concentration with Whatman#4 filter paper, a linear relationship was

found to exist between the design width and the printed width. The smallest hydrophilic channel and

hydrophobic barrier that can be obtained are 670 � 50 mm and 380 � 40 mm, respectively. High device-

to-device fabrication reproducibility was achieved yielding a relative standard deviation (%RSD) in the

range of 1.12–2.54% (n ¼ 64) of the measured diameter of the well-shaped fabricated test zones with a

designed diameter of 5 and 7 mm. To demonstrate the significance of the fabricated mPAD, distance-

based and well-based paper devices were constructed for the analysis of H2O2 and antioxidant activity,

respectively. The analysis of H2O2 in real samples using distance-based measurement with CeO2

nanoparticles as the colorimetric agent produced the same results at 95% confidence level, as those

obtained using KMnO4 titration. A proof-of-concept antioxidant activity determination based on the 2,2-

diphenyl-1-picrylhydrazyl (DPPH) assay was also demonstrated. The results verify that the polymer

screen-printing method can be used as an alternative method for mPAD fabrication.
Introduction

Microuidic paper-based analytical devices (mPADs) are an
attractive alternative for chemical analysis in several areas,
includingmedical diagnostics,1 clinical analysis,2–4 food testing5

and environmental monitoring,6–8 because they are inexpensive,
portable, easy to use, biocompatible and can be easily disposed.
mPADs are obtained by patterning hydrophilic paper with
impermeable barriers that dene ow channels and test
zones.9–11 The hydrophilic cellulose ber network in the ow
channel serves to be a self-priming capillary pump, allowing the
wicking of solution without the need of external pumps. Unlike
traditional analytical methods using cellulosic substrates, such
as litmus paper, mPADs are more efficient for complex chemical
analysis, as well as more advanced sample pretreatment
methods because of the ability to store reagents on the device.
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tion (ESI) available. See DOI:
Several methods have been demonstrated for mPAD fabrica-
tion, including photolithography,12 wax printing, screen
printing and dipping,13–15 cutting,16 and inkjet etching.17

Photolithography was rst reported for mPAD fabrication using
SU-8 photoresist and UV light for creating a hydrophobic
barrier.18 This method is able to produce small channels (with a
size as small as 750 mm), in which the channel dimension can
be controlled by the pattern of the UV mask.12,19 Photolithog-
raphy, however, has some drawbacks, including expensive
fabrication instrumentation (e.g., spin coating and UV exposure
system), complicated fabrication processes and solvent expo-
sure to the hydrophilic region results in reduced paper exi-
bility and increased backgrounds for certain reactions.14 Wax
printing has been the most widely used fabrication method
because it is simple, rapid and uses common office equip-
ment.13,20 Unfortunately, the method requires a relatively
expensive printer and a heating step that causes wax spreading
and decreases the feature resolution. Wax screen-printing is
cheaper than wax printing because it requires only an inex-
pensive screen and a hotplate but also suffers from the loss of
feature resolution as a result of wax spreading.14 Cutting by the
use of an automated cra cutting machine provides a rapid and
simple production of mPADs without the need of organic
solvents and/or heating.21 The major disadvantages of this
This journal is © The Royal Society of Chemistry 2014
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method include cost of the cutting machine and the inability to
create small mechanically stable structures. Inkjet etching was
performed by rst dipping the paper into a polystyrene solution
and then printing toluene multiple times using an inkjet
printer.17 The toluene removed the polystyrene to create chan-
nels. Unfortunately, the printing step reduces channel repro-
ducibility because it is difficult to align the paper ten
consecutive times.

An ideal fabrication method for mPADs would use inexpen-
sive instrumentation and materials, allow a rapid fabrication
for mass production, would be simple, and would not require
the hydrophilic region to be exposed to solvent during fabrica-
tion. The technique should also provide high resolution and
repeatability. Here, a polymer screen-printing method for mPAD
fabrication is reported that matches these requirements. The
method uses a patterned screen and polystyrene dissolved in
toluene for printing. The fabrication can be carried out in one
step, where polystyrene solution is deposited onto the patterned
screen placed over the paper. The polystyrene solution passes
through the screen and paper in a single step. Aer the evapo-
ration of solvent, a hydrophobic barrier remains, which
provides high channel delity. The fabrication process is shown
in Fig. 1. Polystyrene, a hydrophobic polymer, is inexpensive
and easy to obtain. Similarly, screen-printing is a well-known
and inexpensive method used worldwide for many printing
processes. The new polymer screen-printing is performed in a
single step without the requirement of external heat, UV light,
clean room, printers, or complex instrumentation, making it
ideal for inexpensive mPAD fabrication in developing countries.
The device is also exible aer fabrication, thus it can be used
for complicated analysis that require bending and/or folding of
the device. The mass production of mPAD can be achieved using
screening printing in a roll-to-roll format.

Here, the optimization of polystyrene concentration and
paper types were rst studied with the goal of providing well-
dened hydrophobic barriers on the paper. Various types of
paper can be fabricated using optimized polystyrene concen-
tration. The resolution of the proposed fabrication method was
evaluated and the smallest hydrophilic area and hydrophobic
barrier that could be created were 670 � 50 mm and 380 � 40
mm, respectively. We next studied the fabrication performance
by comparing the screen pattern width with the width obtained
on the paper; a linear relationship between the designed width
Fig. 1 Schematic of the one-step polymer screen-printing method for p
and a patterned screen.

This journal is © The Royal Society of Chemistry 2014
and the obtained width was found. The reproducibility of
device-to-device fabrication was established in the range of
1.12–2.54% (relative standard deviation) for circular wells of 5
or 7 mm (n ¼ 64). Finally, to demonstrate the analytical capa-
bility, we applied the fabrication method with CeO2 nano-
particles as colorimetric probes to analyze H2O2 using an
instrument-free distance-based detection method. The results
showed no signicant difference at 95% condence level for the
H2O2 analysis versus KMnO4 titration. The fabrication mPAD was
also applied for the proof-of-concept analysis of antioxidant
activity with the DPPH assay using gallic acid as a model
antioxidant.
Experimental section
Reagents and materials

Whatman no. 1 and no. 4 lter papers were purchased from
Whatman International Ltd (Maidstone, England). Kleenex®
facial tissue was obtained from Kimberly Clark, Taiwan. Office
paper was purchased from Kirin®, Thailand. Polystyrene was
obtained from a stationery store in Chon Buri, Thailand. The
patterned screen was obtained from local screen-printing shop
(Chon Buri, Thailand). Toluene, H2SO4, and methanol were all
of analytical reagent grade and purchased from RCI Labscan
Ltd (Bangkok, Thailand). Polyethylene glycol (PEG, MW 6000 g
mol�1), cerium(IV) oxide (CeO2) nanoparticle (24.4% w/v)
colloidal dispersion in 2.5% acetic acid with 10–20 nm particle
sizes, DPPH and gallic acid were obtained from Sigma Aldrich
(Saint Louis, Missouri, USA).
Fabrication of paper-based microuidic devices

The device fabrication process is shown in Fig. 1. Screen
patterns were generated using Adobe Illustrator. The screens
were made from an 800 mesh polyester fabric on a wooden
frame. To create a hydrophobic barrier, the patterned screen
was placed onto a paper. The polystyrene solution, prepared by
dissolving polystyrene in toluene, was applied over the screen.
The polymer solution was squeezed to pass through the screen
and penetrate to the bottom of the paper, creating a 3D
patterned hydrophobic barrier. The patterned paper was ready
to use aer drying (<3 min by leaving in the hood and <1 min by
fast drying by air-dryer). The screen was cleaned with toluene-
atterning hydrophobic barrier on the paper using polystyrene solution

Analyst, 2014, 139, 6580–6588 | 6581
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soaked paper towel between subsequent device fabrications. All
the steps were performed in a fume hood. Prior to running any
assay, clear packing tape was added to the backside of the
patterned paper to prevent leaking through the paper.
Distance-based detection of H2O2 using CeO2 nanoparticles

The analysis of H2O2 was performed using the distance-based
detection format. A thermometer-like patterned paper was
fabricated using polymer screen-printing method.22 A circular
shape of 6 mm diameter was created as a sample reservoir
connected to a straight channel with a geometry of 3 mm wide
and 8 cm long, which contained the reagents and served as the
detection zone. CeO2 nanoparticles were uniformly coated on
the channel part of the patterned paper (detection zone,
Fig. 6A) by dipping the paper in CeO2 nanoparticle solution
(3% w/v) and then allowing the paper to dry. The CeO2 nano-
particles were hydrophobic, preventing wetting along the
detection channel. To permit ow, the CeO2 coated paper was
dipped in polyethylene glycol solution (10 mg mL�1 in
deionized water), making the detection zone hydrophilic. 10
mL of H2O2 sample was pipetted onto the sample reservoir and
allowed to ow along the detection channel. A rapid change
from colorless to yellowish-orange of CeO2 nanoparticles was
observed on reaction with H2O2 because of the changes in
their surface properties and chemical composition.23,24

Another 10 mL of deionized water was added to the sample
reservoir to elute residual H2O2, which might remain in the
sample zone (schematic diagram for the analytical procedure
is shown in Fig. S-1a, ESI†). The distance developed by the
color on the detection channel was directly proportional to the
amount of H2O2 in the sample and was measured using a
common ruler.

For method validation, a conventional KMnO4 titration was
used for H2O2 analysis.25 Briey, KMnO4 used as a titrant was
rst standardized with acidied sodium oxalate solution. An
aliquot of H2O2 samples was acidied with H2SO4 and titrated
with KMnO4 until the end-point was reached, where the color of
KMnO4 appeared.
Antioxidant activity analysis

To further evaluate the applicability of the fabricated mPAD, the
paper was designed in a well-shaped format with a circular
diameter of 5 mm. Antioxidant analysis was based on the DPPH
assay using gallic acid as a model standard antioxidant.26,27

First, 1 mL of 1.5 mM DPPH in methanol was dropped onto the
mPAD. Then, 1 mL gallic acid aqueous solutions at different
concentrations were pipetted onto the well. The reaction pro-
ceeded for 15 min in the dark at room temperature (�27 �C) and
the dried mPAD was obtained (schematic diagram for the
analytical procedure is shown in Fig. S-1b, ESI†). The image of
mPAD was obtained using a scanner and analyzed for violet color
intensity using ImageJ (National Institute of Health, USA). The
intensity measurement procedure is demonstrated in Fig. S-2
(ESI†).
6582 | Analyst, 2014, 139, 6580–6588
Results and discussion
One-step fabrication of mPAD using polymer screen-printing

We present the use of inexpensive polystyrene as a printing
material for the screen-printing of hydrophobic barriers onto
lter paper for the fabrication of mPADs. The fabrication
method involves one step (Fig. 1), in which the polymer solution
passes through the patterned screen into the paper to form
hydrophobic barriers. During the printing process, the toluene
used as a solvent to dissolve polystyrene does not penetrate into
the unpatterned areas because of the viscosity of the solution
(Fig. S-3, ESI†). Polystyrene is widely available and very inex-
pensive. Furthermore, screen-printing is used for many appli-
cations ranging from clothing to electronics. Screens can be
made from a variety of materials and can be produced in any
country. Screen-printing has been used for the fabrication of
biosensors and chemical sensors because it offers the advan-
tages of low cost, mass production capabilities, and
miniaturization.28–30

We rst evaluated the polystyrene concentration and paper
types to determine the effect on spreading and penetration of
the polystyrene into the paper. As shown in Fig. 2, both poly-
styrene concentration and paper type (Whatman #1, Whatman
#4, facial tissue and office paper) impacted the structures of the
nal device. Higher polystyrene concentration results in a
higher viscosity and reduction in the penetration of polystyrene
into paper. Paper type also had a signicant impact. For
example, Whatman lter paper #4 (�20–25 mm) has larger pores
than Whatman lter paper #1 (�11 mm) allowing the better
penetration of the polystyrene solution. For Whatman lter
paper #4 (Fig. 2, row 1), the lowest polystyrene concentration
(20% w/v) provided the best penetration, but polystyrene spread
into the paper was difficult to control, and it gave irreproducible
dimensions. At the polystyrene concentrations of 30% (w/v),
poor polystyrene penetration resulted in an incomplete three-
dimensional hydrophobic barrier formation, as indicated by red
ink spreading through the barriers. Using 25% w/v polystyrene
with Whatman #4 well-dened patterns were obtained at the
front and back of the paper. For Whatman #1, an incomplete
hydrophobic barrier was observed on the paper at high poly-
styrene concentrations (15–20% w/v). At this viscosity with the
small pore size of Whatman #1 (�11 mm), polystyrene could not
penetrate through the paper. However, well-dened hydro-
phobic barrier on Whatman #1 paper could be formed using
lower viscosity polystyrene solutions (10% w/v) because of the
better penetration through the paper (Fig. 2, row 2). Previous
studies have shown that polystyrene concentrations down to 5%
have sufficient polystyrene to form a complete three-dimen-
sional hydrophobic pattern on Whatman #1 paper.31 However,
our results showed that a polystyrene concentration of less than
10% causes spreading of the polystyrene, with subsequent
reduction in the reproducibility of the hydrophobic barrier
dimensions (Fig. S-4, ESI†). We subsequently used facial and
office paper as substrates (Fig. 2, row 3 and 4). Well-dened
hydrophobic barriers were observed on these materials using
the polystyrene concentrations of 10% and 20% (w/v). This
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Final patterned paper fabricated using polymer screen-printing method with the different concentrations of polystyrene in toluene (% w/
v) and different types of paper. Red food dye was added to the polymer unfilled paper to indicate the hydrophilic region.

Fig. 3 Patterned paper fabricated using polymer screen-printing
method: (a) representative patterns on the mPADs with color in the
hydrophilic zone and clear hydrophobic region, (b) hydrophobic–
hydrophilic boundary imaged with a microscope (Olympus, 20�
magnification), (c) a drop of dye solution (10 mL) applied on the intact
filter paper (well zones) and polymer coated region (the remaining
part).
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result demonstrates that the method is not limited to lter
paper as a substrate. By adjusting the polymer concentration,
complete hydrophobic barrier was obtained using the various
types of paper. In comparison, the invented method offers a
wider compatibility with several paper substrates than the
instrument-dependent methods, such as exographic
printing,31 photolithography,12 ink-jet printing,17 and wax-
printing,13 where paper with low stiffness (i.e., facial tissue)
cannot be used due to the difficulty of feeding or aligning to the
instrument during the fabrication process. In the subsequent
studies, a polystyrene concentration of 25% w/v with Whatman
#4 was used for mPAD fabrication.

Various mPAD patterns were constructed with well-dened
hydrophobic barriers (Fig. 3). Pattern variations were made by
adjusting the screen design, making the mPAD suitable for both
single-analyte (well format) and multi-analyte analysis (star-
shaped format). In these images, clear borders were observed
between the polymer lled and unlled regions (Fig. 3a). The
fabricated paper was further investigated using a microscope
(Olympus, 20� magnication) (Fig. 3b); the investigation
showed that the dye could not penetrate into the hydrophobic
regions because of the polystyrene. Hydrophobicity of the paper
was further conrmed by dropping the dye solution onto the
polymer lled region and the intact paper. Dye rapidly wetted
the hydrophilic paper region, but it was maintained as a drop
on the hydrophobic region (Fig. 3c).

Resolution, reproducibility and stability

Pattern resolution was studied using the previously described
methods.19 using the optimized fabrication parameters, the
narrowest hydrophilic channel that the fabrication method
could produce had a design width of 1000 mm on the screen and
a measured width of 671 � 50 mm (n ¼ 10) on the fabricated
This journal is © The Royal Society of Chemistry 2014
paper (Fig. 4a). The reduction in size relative to the screen size
can be attributed to the spreading of the polystyrene into the
paper. Higher concentrations, and therefore the higher viscos-
ities of the polystyrene solution provide better resolution and a
more accurate reproduction of the screen design. The resolu-
tion of hydrophobic barrier was also studied, where the nar-
rowest designed barrier that could prevent the ow was 400 mm,
Analyst, 2014, 139, 6580–6588 | 6583
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which produced a measured width of 380 � 40 mm (n ¼ 10)
(Fig. 4b). Although ner details can be generated using photo-
lithography,19,32 the dimensions obtained using the polymer
screen-printing method are satisfactory for most of the mPAD
applications.5–9,33 Fabrication performance was further evalu-
ated by comparing the designed screen width and measured
width. The results shown in Fig. 4c indicate that the resulting
hydrophilic region corresponding to the designed width can be
calculated using a linear equation, as follows: Wa ¼ 0.993Wd �
Fig. 4 Resolution study for the polymer screen-printing method. (a)
The resolution of hydrophilic channel, where the smallest channel was
671 � 50 mm in size (1000 mm designed width). (b) The resolution of
hydrophobic barrier, where the narrowest hydrophobic barrier that
could prevent the flow of dye solution was 380 � 40 mm in size (400
mm designed width). (c) The quantitative comparison of the actual
width of hydrophilic channels on the fabricated paper with the
designed width on the patterned screen with the linear equation,Wa ¼
0.993Wd – 420.7 (r2 ¼ 0.992).

6584 | Analyst, 2014, 139, 6580–6588
420.7 (R2 ¼ 0.992), where Wa and Wd are actual width on the
paper and the designed width on the screen, respectively.

The reproducibility of device-to-device fabrication was eval-
uated. Hydrophilic regions for 64 zones with a circular diameter
of 5 and 7 mm were obtained (Fig. 5). The average diameter of
the 64 microzones were 4.85 mm and 6.93 mm, which were in
good agreement with the extrapolated values of �4.54 mm and
�6.53 mm, calculated using the regression equation in Fig. 4c
for designed widths of 5 mm and 7 mm, respectively. Relative
standard deviations were 2.54% and 1.12%, respectively (n ¼
64), indicating the good fabrication reproducibility of the
screen-printing method. Compared to other mPAD fabrication
methods using polystyrene, our one-step printing method
creates more reproducible mPAD structures than the inkjet
etching and exographic printing method (RSD of 3.8–
11.7%).17,31,34 Our proposed method is also similar to or more
reproducible than fabrication methods that use wax screen-
printing and wax-dipping methods (RSD of 1.5–11.0%).14,15

Although, the reproducibility is similar, the polymer spreading
is easier to control because it takes only one step for fabrication
and no heating is required.

The fabricated mPAD was found to be very stable aer more
than 6 months storage because the hydrophobic barrier could
prevent the leaking of the test solution similar to its initial
ability. The patterned paper could be bent and folded without
damaging the hydrophobic barrier, which makes it better than
the mPADs fabricated using photolithography because they are
rigid due to the SU-8 properties and could not be bent and
folded.12 The mPAD could also be immersed in some organic
solvent several times without damaging the patterns because of
the insolubility of the polystyrene in several solvents, such as
methanol, ethanol, n-hexane and acetonitrile (Fig. S-5, ESI†).
Therefore, the fabricated mPAD can be used for both complex
chemical analysis, as well as cell-based assays that require
multiple adding and rinsing steps in various solvents. This
property makes the mPADs fabricated using polymer screen-
printing superior to those obtained from a widely used wax
printingmethod because waxmaterials cannot be used with any
organic solvents because it is soluble in every organic solvent.9
H2O2 analysis

The quantitative analysis of H2O2 is of signicance because it is
the product of many highly selective oxidase enzymes. H2O2 is
also an important element in food, pharmaceutical, clinical and
industrial products.35–37 Using the new fabrication method, a
simple paper-based sensor combining distance-based detection
with CeO2 nanoparticles as colorimetric probes was constructed
for H2O2 analysis. Henry's group recently introduced a distance-
based measurement paper device, where quantication was
achieved by measuring the length of a colored zone generated
by the reaction of the analyte with an indicator along the
hydrophilic channel.14 Here, CeO2 nanoparticles were deposited
along the channel labeled as detection zone (Fig. 6A). It was
observed that CeO2 nanoparticles endow certain hydrophobicity
to the paper because of their hydrophobic properties at the
surface.38 When the solution was dropped on to CeO2-coated
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) Arrays of paper-basedmicrofluidic devices in well-shaped format with different circular diameters with blue and red ink on some hydrophilic
regions. (b) The measured diameters of the 64 circular hydrophilic regions shown in part A, where the designed widths are 5 and 7 mm in diameters.

Fig. 6 Distance-based measurement mPAD for H2O2 analysis using
CeO2 nanoparticles as a colorimetric reagent. (a) mPAD image after the
analysis of different H2O2 concentrations. (b) Linear calibration curve
plottedmeasuring distance of the apparent color as a function of H2O2

concentrations.
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paper, only certain part of the solution could wick into the
paper, and another portion appeared as a drop (Fig. S-6, ESI†).
To enhance the hydrophobicity of the coated paper, a hydro-
philic polymer, PEG, was added to increase the wicking of the
analyte along the detection channel. H2O2 was then added to
the sample zone and allowed to move through the channel,
which reacted with CeO2 nanoparticles to generate a yellowish-
orange product. The studies have reported that CeO2 nano-
particles consists of a mixture Ce3+ and Ce4+ oxidation states.23

The addition of H2O2 induced the oxidation of Ce3+ to Ce4+,
resulting in changes to Ce3+/Ce4+ ratio causing the resulting
color (list of the chemical equations is shown in ESI†).24 The
results of H2O2 analysis are shown in Fig. 6. A longer yellowish-
orange distance was observed with higher H2O2 concentration.
A linear calibration curve was constructed by plotting the
resulting distances as a function of H2O2 concentration for
quantitative analysis (Y¼ 0.0698X + 13.928, R2¼ 0.990, %RSD of
three different H2O2 concentration in the linear range <15.3% (n
¼ 5). Use of the mPADs was demonstrated using three
commercially available samples, including one hair bleaching
agent (6% H2O2) and two topical anti-infective solutions (3%
H2O2). For mPAD analysis, all the samples were diluted to
approximate concentrations that fall in the linear range of
assay. Table 1 compares H2O2 measured using the mPAD anal-
ysis to the concentrations measured using KMnO4 titration.25

Using the paired t-test, no statistical differences were observed
at 95% condence level between the mPAD method and KMnO4

titration (two-tailed P¼ 0.6257). Moreover, comparison between
the mPAD method and label values showed that there is no
signicant difference at 95% condence level (two-tailed P ¼
This journal is © The Royal Society of Chemistry 2014 Analyst, 2014, 139, 6580–6588 | 6585
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Table 1 Determination of H2O2 in real samples

Samples

H2O2 (% w/w) (n ¼ 3)

Labeled value KMnO4 titration Distance-based mPAD

Hair bleach 6 6.53 � 0.02 6.68 � 0.22
Anti-infective 1 3 3.40 � 0.06 3.37 � 0.06
Anti-infective 2 3 3.03 � 0.10 3.08 � 0.16

Fig. 7 Analysis of antioxidant activity based on DPPH assay using the fabricated mPADs in a well-shaped format. (a) Image of paper devices
consisting of multiple 5 mm wells for the analysis of gallic acid with standard antioxidant at 0–450 mM. (b) Dose–response curve plotting gray
scale intensity converted from violet color versus the concentrations of gallic acid (n ¼ 3) and inset is the linear portion of the curve.
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0.1617). Both the results demonstrate the viability of the
method for H2O2 analysis in real samples.

Antioxidant activity

To further evaluate the applicability of the fabrication method,
the analysis of antioxidant activity using DPPH assay was
studied. Attention on antioxidants has been growing because of
their suggested ability to inhibit cancer, support health and
prevent several diseases, including heart disease, aging, and
neurodegenerative diseases, such as Parkinson's and Alz-
heimer's disease.39,40 The epidemiological studies have shown a
link between the decrease of aforementioned diseases and the
consumption of food that are rich in antioxidants, including
fruits, wines, herbs and vegetables.40,41 Because of this encour-
agement, there has been a growing interest in the development
of analytical methods to assess the antioxidant activity of foods.
In this work, as a proof-of-concept for antioxidant activity
analysis, well-shaped detection zones of 5 mm diameter were
fabricated for the analysis of gallic acid, as a model antioxidant
using the DPPH assay. The design facilitated the quantitative
analysis of antioxidant by determining the changes in DPPH
color intensity upon the addition of antioxidant using imaging
soware. When reacted with antioxidants, violet coloured free-
radical DPPH is reduced, producing yellow stable DPPH
6586 | Analyst, 2014, 139, 6580–6588
compounds. The chemical reaction of DPPH and antioxidant is
shown in Fig. S-7 (ESI†). The decrease in the intensity of violet
color is directly proportional to the antioxidant activity. The
results of a proof-of-concept determination of antioxidant
activity using gallic acid as a model standard antioxidant are
shown in Fig. 7. The intensity of violet colour of free-radical
DPPH decreased as gallic acid concentrations increased from
0 to 450 mM (Fig. 7a). A dose–response curve was constructed by
plotting gray scale intensity as a function of gallic acid
concentration. The dynamic linear range was in the range of 0–
350 mM gallic acid; the relative standard deviation was in the
range of 4.66–9.61% (n ¼ 5). The detection limit for gallic acid
was 33.3 mM. These analytical features were similar to those
obtained from the traditional DPPH assay, indicating that the
DPPH-mPAD assay is promising for antioxidant analysis.42,43 The
mPAD assay can be performed in high throughput mode, where
more than 20 samples can be quantied in 15 min. The assay
also works with samples in the range of microliters, which is
thousand fold less than the traditional DPPH assay.44,45
Conclusion

We have demonstrated the use of one-step polymer screen-
printing to be a simple, low-cost and rapid method for the
This journal is © The Royal Society of Chemistry 2014
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fabrication of mPAD. Under the optimal condition, the method
provides well-dened hydrophobic barrier with an efficient
resolution and high reproducibility without the need of
complicated and expensive instruments. Various mPAD formats
can be created by adjusting the screen pattern. An efficient
resolution was achieved, where the smallest hydrophilic
channel and hydrophobic barrier are 671� 50 mm and 380� 40
mm, respectively. Highly reproducible fabrication was obtained
from 64 devices with %RSD in the range of 1.12–2.54%. The
application of the fabricated mPAD for the chemical analysis of
real world samples was successfully demonstrated. The mPAD
with distance-based detection was used to determine H2O2

amount in real samples using CeO2 nanoparticles as colori-
metric probes. No signicant difference was found at 95%
condence level between the H2O2 amount obtained from the
mPAD and those from the conventional method. The mPAD was
further demonstrated for its ability to measure antioxidant
activity analysis based on DPPH assay. These demonstrations
indicated that the polymer screen-printing method is an alter-
native method for mPAD fabrication, which is suitable for
developing countries, and amenable to further modication for
complex chemical analysis, bio-analysis and cell-based study.
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