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Paper-based DPPH Assay for Antioxidant Activity Analysis
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We report on a paper-based 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl (DPPH) assay for a simple, inexpensive, low
reagent and sample consumption and high throughput analysis of antioxidant activity. The paper-based device was
fabricated using a lamination method to create a 5-mm in diameter circular test zone that was embedded with a DPPH
reagent. The analysis was carried out in one-step by dropping an antioxidant/sample onto the test zone. After reduction
by the antioxidant, the DPPH radicals become stable DPPH molecules, resulting in a change in color from deep violet to
pale yellow. The violet color intensity of DPPH was inversely proportional to the antioxidant activity of the samples, and
was measured using imaging software. A high precision and a low limit of detection were found in the analysis of six
standard antioxidants including gallic acid, trolox, ascorbic acid, caffeic acid, vanilliic acid and quercetin. The device was
then validated against the traditional spectrophotometric DPPH assay by analyzing the antioxidant activity of 7 tea
samples. The results showed no significant difference for gallic acid equivalent for all 7 samples obtained from the two
methods at the 95% confidence level, indicating that the developed method was reliable for antioxidant activity analysis
of real samples. Finally, the paper-based DPPH device was found to be stable over 10 days when stored in a refrigerator
(2 - 4°C), making it an easy-to-use device for end-users.
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Introduction

Antioxidants are molecules that can interact and inhibit the
initiation or propagation of oxidizing chain reactions generated
by reactive free radicals before vital molecules are damaged.!
They cause many diseases including cancer, Parkinson’s disease,
Alzheimer’s disease,? cardiovascular disorders and neurological
diseases.®*  Antioxidants can inhibit free-radical reactivity
through several mechanisms including the donation of hydrogen,
radical scavenging and singlet oxygen quenching.* Antioxidants
occur naturally and through synthetic chemical processes.
Examples of natural antioxidants are vitamin E, C and
B-carotene® and those of synthetic antioxidants are fert-
butylhydroquinone (E-319), butylated hydroxyl anisole (BHA;
E320) butylated hydroxytoluene (BHT; E321) and propyl gallate
(E-311).6

Current methods for determining antioxidant activity are
based on spectrophotometric determination through hydrogen
atom transfer (HAT) and single electron transfer (SET)
mechanisms.” These assays included 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTYS) assay,?
2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl (DPPH) radical
scavenging activity,” oxygen radical absorbance capacity
(ORAC) assay,'® ferric reducing antioxidant potential (FRAP)
assay'! and cupric reducing antioxidant capacity (CUPRAC)
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assay.'> Among these assays, the DPPH assay is simple and one
of the most widely used methods.!® It is based on reduction of
the violet DPPH radical by the antioxidant via a hydrogen atom
transfer mechanism to cause a change in the color to stable pale-
yellow DPPH molecules. The remaining violet DPPH radical is
measured by a UV-Vis spectrophotometer at approximately
515 - 520 nm to determine the antioxidant activity, as shown in
Fig. 11416 This test provides useful information on the
antioxidant capacity to donate hydrogen atoms, on the reaction’s
reducing capacity, and on mechanism between the free radical
and the antioxidant. The test is also simple, since it is associated
with only the DPPH radical reagent and the antioxidant. The
assay also requires mild experimental conditions over other
traditional antioxidant assays that require additional treatments
of sample and reagents, such as high temperatures and or
oxygen supply.!” The traditional DPPH assay, however, suffers
from a requirement for a large volume of freshly prepared
DPPH solution, normally 2 - 4 ml per sample.'3!® Storage of
the DPPH stock solution at low temperatures was recommended,?
but later found to be unstable.?! To overcome these limitations,
DPPH sensing film was used for rapid and low-cost screening of
antioxidant activity, but was only used for qualitative
measurements.’> More recently, a DPPH dry reagent 96 well
plate array was developed to provide for a quantitative analysis
of antioxidant capacity.!* Although, the assay was fast and
simple, a relatively expensive microplate spectrophotometer was
required for detection.

Microfluidic paper-based analytical devices (UWPADs) have
gained attention and have been successfully used as a detection
platform for several applications, including environmental
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monitoring, health diagnosis and food safety.?>?> The WPADs
can be simply made from inexpensive chromatography or filter
paper. They are fabricated by forming hydrophobic barriers in
hydrophilic paper producing hydrophilic channels for liquid
flow.?° A number of fabrication techniques have been developed
for WPADs including lamination,”” wax printing,”® inkjet
printing,” photolithography3**! and flexographic printing.’?> The
advantages of using WPADs over traditional detection platforms
are that the paper is widely available at a low cost. The device
can be designed to be easy to use so that it can be delivered to
end-users. The analysis requires only microliter volumes of the
sample and reagents. The device is thin, light and small making
it portable for use on-site.?3*

Previously, pHPADs were applied for antioxidant activity
analysis so as to allow for simple, fast and inexpensive tests.
Nanoparticles were employed for antioxidant activity analysis
on the UPAD to determine the reducing power of an antioxidant
toward metal nanoparticles.’3’ The capacity of antioxidant to
reduce Au** to form gold nanoparticles was measured
colorimetrically on paper.’  The reducing power of the
antioxidant was also determined by the nanoceria on the uPAD,
where Ce* on the nanoceria surface was reduced to Ce** by the
antioxidant, leading to a change in color from yellow to
brown.’>% The radical scavenging activity of the antioxidant
has also been measured using the DPPH assay on UWPADs.
However, only two antioxidant standards, including gallic acid®
and butylated hydroxytoluene®* have been investigated. No
further investigation on the optimization of the assay as well as
the stability of the developed devices has been carried out.’$*
Moreover, the calibration curve for DPPH assay was generated
using WPADs that have different features to those used for
sample analysis, which could potentially affect the method
accuracy.®

Here, we present a fully investigated study of a paper-based
DPPH assay for low cost, simple to operate, rapid, low reagent
consumption and high throughput analysis of antioxidant
activity. The pHPAD was fabricated by the lamination method,
and the DPPH reagent was deposited on the detection zone of
the device, and allowed to dry. For antioxidant analysis, the
sample was simply added into the detection zone to react with
the pre-deposited DPPH. The decreasing of the deep violet
DPPH radical color intensity was quantified using imaging
software. Here, we first studied the optimal concentration of
DPPH radicals deposited on the paper and the reaction time to
obtain a sensitive response of the antioxidant analysis. We next
studied the analysis of several standard antioxidants to determine
the performance of the developed paper-based DPPH assay in
its ability to determine various types of antioxidants. The
performance of the paper-based DPPH assay was further
validated against the traditional DPPH assay by analyzing the
antioxidant activity of seven types of tea samples to determine
the accuracy. The results showed no significant difference at the
95% confidence level of the antioxidant activity of all samples
obtained from the two methods. Finally, the paper-based DPPH
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Fig. 2 Paper-based DPPH device fabrication using the lamination
method. Circular holes were cut on the lamination film (top layer).
Whatman filter paper No.4 was cut into small pieces (1 x 1 cm)
(middle layer) and arranged under the hole of the plastic layer. Plain
lamination film was put at the bottom layer. The three layers were
laminated to create the paper-based devices. The DPPH was finally
deposited on the detection zone and allowed to dry.

devices were found to be stable when stored in a refrigerator for
at least 10 days.

Experimental

Reagents and equipment

Whatman No. 4 filter paper was purchased from Whatman
International Ltd, China. Laminate film 100 micron (216 X
303 mm) was purchased from Neocal, Thailand. Laminator
(PapermonsterLA4, 397) was obtained from Matin Yale
International, Germany. The antioxidant standards including
6-hydroxy-2,5,7,8-tetra-methylchroman-2-carboxylic acid
(trolox), 3.4,5-trihydroxylbenzoic acid (gallic acid), 4-hydroxy-
3-methoxybenzoic acid (vanillic acid), 2-oxo-L-threo-hexono
(L-ascorbic acid), 3-(3,4-dihydroxyphenyl)-2-propenoic acid
(caffeic acid) and 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4-
H-chromen-4-one (Quercetin) as well as the reagents including
2,2-diphenyl-1-picrylhydrazyl (DPPH) and methanol were from
Sigma-Aldrich. Tea samples were obtained from a local
supermarket in Chon Buri province, Thailand. Deionized water
(DI) was prepared using a BarnsteadTM e-pureTM ultrapure
water purification system and was used throughout the
experiments.

All stock solutions of antioxidant standards were prepared in
methanol and working solutions were prepared daily by dilution
of the stock solution using deionized water. Tea samples were
prepared by heating 2 g tea in 200 mL of DI water at 80°C for
5 min. After cooling to room temperature, the tea solution was



ANALYTICAL SCIENCES JULY 2018, VOL. 34

797

A) O (B)
0.2 1 2 3 4 5mM
55
70 R A0uMGA
L 50 uM G
g | . ot £ ]
g ¢ e
£l i ¢ gw,£§§¥¥¥iiiiiiiii
Ch| 9. EE R AR IR T T T I T T B AR
FO [ 4 Eso
= O
Ulo ... 25
0 20 : . : * - :
0 1 2 3 4 5 0 s 10 15 20 25 30 35 40 45 50
[DPPH]/ mM Time/ min

Fig. 3 Optimization of paper-based DPPH assay (A) color response as a function of the DPPH
concentration (n =3), (B) color response of the paper-based DPPH assay with gallic acid as an

antioxidant standard to the reaction time (n = 3).

filtered through Whatman number 1 filter paper and the sample
was analyzed concerning its antioxidant activity.

Paper-based DPPH device fabrication

The paper-based device was fabricated using a lamination
method (Fig. 2).** The device consisted of three layers. The top
layer was a plastic lamination film that was punched to have
circular holes of 0.5 cm in diameter. The middle layer consisted
of a Whatman No. 4 filter paper with a size of 1 X 1 cm. The
bottom layer consisted of plain plastic lamination film. The
three layers were laminated to produce a portable paper-based
device with a 0.5-cm in diameter circular detection zones. To
create a paper-based DPPH device, 1.0 uL of 2 mM DPPH
solution was added to the detection zone. After drying, the
device was ready to use for the antioxidant activity analysis, and
was stable for at least one month when stored at 2 - 4°C.

Analysis of antioxidants activity using a paper-based DPPH
assay

The analysis of antioxidant activity using the device described
above can be performed in only one step by simply adding
1.0 uL of the standard antioxidant solution or sample to the
detection zone. The reaction was allowed to proceed for 30 min
in the dark, which was sufficient time for the detection zone to
dry. The picture of the devices was captured using a scanner
(CanoScanLiDE 110, Cannon, Vietnam) and the intensity of
DPPH that was inversely proportional to the antioxidant activity
was measured using imageJ software (NIH, USA). In this work,
various antioxidant standards were measured using the
developed paper-based DPPH assay including gallic acid, trolox,
ascorbic acid, caffeic acid, vanilliic acid and quercetin. The
analytical features including linear range, reproducibility and
limit of detection were investigated from the analysis of these
standards. Gallic acid was used as a standard antioxidant in
measurements of the sample antioxidant activity that were
reported as gallic acid equivalent (GAE) in units of umolGA/g
sample. The antioxidant activity of the samples obtained from
the developed method was compared to those obtained using the
traditional DPPH method in order to determine the accuracy of
the developed paper-based DPPH assay.

DPPH assay optimization on the paper-based devices

The initial concentration of the DPPH solution as well as the
reaction time were studied in order to optimize the condition
for the paper-based devices. For the initial concentration
optimization, the experiment was performed without the addition

of antioxidants. DPPH solutions in the concentration range
0.1 -5.0 mM were prepared in methanol and 1.0 uL. of each
concentration added to the detection zones (n = 5). The zones
were allowed to dry and the violet color intensity was measured
as described above.

Optimization of the reaction time was carried out by adding
1.0 uL of 2 mM DPPH on the paper-based devices, and allowed
to dry, followed by 1.0 uL gallic acid or caffeic acid solution.
Assay mixtures were allowed to react for 3 to 39 min and
analyzed as described.

Stability study

The stability of the paper-based DPPH devices was determined
by depositing 1.0 uL. of 2 mM DPPH on the detection zones
and then wrapping them in aluminium foil to protect from light.
The devices were stored in a refrigerator (2 - 4°C) and at room
temperature (26 - 31°C) over 30 days. Gallic acid (1.0 uL of
0 and 250 mM) was used for the test. Each experiment was
performed in triplicate.

Results and Discussion

Assay optimization

In the DPPH assay, the antioxidant activity analysis is based
on the inhibition of the DPPH radical by the antioxidants. The
optimal initial concentration of DPPH was evaluated first to
determine the assay sensitivity. The violet color intensity
increased rapidly with the DPPH concentration from 0 - 2 mM
(Fig. 3A). When the DPPH concentration was higher than
2 mM, however, the color intensity only slightly increased, and
had almost become saturated at 4 mM. Therefore, 2 mM DPPH
was considered to be the optimal value to allow for a sensitive-
response analysis of antioxidants. This result also demonstrated
that we could measure antioxidant activity that scavenged DPPH
radicals in a dose-response manner.

The reaction time of DPPH and antioxidant standards on the
analytical paper-based device was also examined over the range
of 3-39min. Both high- and low-antioxidant activity
compounds including gallic acid and caffeic acid, respectively,
were employed for this study. For the gallic acid standard, the
color intensity of DPPH decreased quickly upon the addition of
gallic acid for about 3 min, and then gradually decreased with a
near-zero slope of the reaction time curve (Fig. 3B). For caffeic
acid, on the other hand, the reaction required more than 21 min
to complete, as can be seen in the decreasing of slope, and
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became steady after that (Fig. S1). Therefore, a reaction time of
30 min was selected and used throughout this work to ensure
that the reaction was complete for both high- and low-antioxidant
activity compounds. Although the selected reaction time of the
developed method is similar to that of the traditional method,
multiple samples can be analyzed at the same time, and thus
increasing the throuhput.

Analytical performance

Under the optimal conditions, the paper-based DPPH device
was used to analyze six antioxidant standards including gallic
acid, trolox, ascorbic acid, caffeic acid, vanilliic acid and
quercetin to study the ability of the method to analyze several
types of antioxidants. The analytical features from the analysis
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standards at three different concentrations in the linear range,
and reported as the relative standard deviation (%RSD). A high
reproducibility of the method was obtained with the %RSD
being in the range of 1.5 - 17% for all antioxidant standards
investigated.

The limit of detection (LOD) from each antioxidant analysis,
defined as the antioxidant concentration causing a decrease in
DPPH signal three times the signal-to-noise ratio relative to the

Table 1 Summary of the analytical performance of antioxidant
analysis using a paper-based DPPH assay

.. . . . . i .. . . %RSD
of all antioxidant standards including linearity, reproducibility Antioxidant ~ Sensitivity ~Linearrange LOD  R? (n =10)
and detection limit were demonstrated, and are summarized in
Table 1. The paper-based DPPH assay responded well to all of  Gallic acid -0.072 uM™ 0-500uM  37.9 uM 0.991 6.7 - 16
the antioxidant standard investigated. The color intensity is ~ Trolox — -0.034 uM™" 200 - 1400 uM 295 UM 0.991 2.6 - 12
inversely proportional to antioxidant concentrations (Fig. 4). Ascorbic acid -0.029 HM’l 0-1100uM 300 uM 0.987 2.6-7.3
The linear range from the analysis of each antioxidant standard Caffeic acid  ~0.052 uM™ 300 - 700 pM 300 uM 0.990 4.7 -7.9
is shown in the insets. The reproducibility of the assays was Vanillic acid ~0.534 mM 1 0 - 50 mM 10mM ~0.982 1.5 -17

) " Prof y ays Quercetin ~ —0.061 UM-' 100- 600 uM  97.8 UM 0.996 2.2 - 17
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Fig. 4 Dose-response curves for the detection of antioxidant standards using the paper-based DPPH
assays (A) gallic acid, (B) ascorbic acid, (C) caffeic acid, (D) vanillic acid, (E) trolox, and (F) quercetin.
Photographs of the actual responses are shown across the top of each plot. The inset of each plot is the
linear range of calibration curve (n = 3).
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Fig. 5 Antioxidant activity expressed as GAE in umol gallic acid
equivalent/g tea unit from the analysis of seven tea samples using the
paper-based DPPH assay and the traditional spectrophotometric DPPH
assay (n = 3).

control, was found to depend on the reducing capacity of the
antioxidant.*! The chemical structures and the functional groups
that play key roles in antioxidant activity of evaluated standards
are given in the supporting information (Table S1). The dotted
circle demonstrates the position of the OH group on the phenolic
ring that can be oxidized by the DPPH radicals. These positions
affected the antioxidant activity of the standard antioxidants.
The higher is the number of hydroxyl groups on the phenolic
ring that provides H-donating transfer to the DPPH free radical
to form the o-quinone,'®*? the higher is the reducing capacity
and lower LOD. The overall trend of the LODs from the
standard antioxidant analysis can be arranged in the order gallic
acid > quercetin > trolox > ascorbic acid = caffeic acid > vanillic
acid which was similar to previous reports.**# Gallic acid has
three -OH groups for reducing DPPH" and can form o-quinone
at 3 positions. Quercetin has four -OH groups, but only 2 can
form o-quinone,* resulting in a higher LOD. Both ascorbic
acid and caffeic acid have two -OH groups in the molecules
resulting in higher LOD than gallic acid and quercetin. Ascorbic
acid has an enolic form that is easily oxidized,*® whereas caffeic
acid has two -OH groups which form o-quinone. Trolox and
vanillic acid have one -OH group available on the phenolic ring,
but trolox is a lipophilic antioxidant that can react well with the
DPPH free radical in alcoholic solvents,* resulting in a lower
LOD than that of ascorbic acid, caffeic acid and valinilic acid.
In comparison to the previous work, the device gave a lower
LOD for analysis of caffeic acid.*®

Analysis of antioxidants activity in tea samples

The paper-based DPPH assay developed in this work was
validated against the traditional DPPH assay using seven tea
extracts from different types of tea including Jiaogulan tea,
Jasmine tea, Oolong tea, green tea and black tea. The antioxidant
activity expressed as GAE was measured using both methods
and compared (Fig. 5). There was no significant difference in
GAE between the two methods based on a 95% confidence
interval (two tailed P = 0.8114). The high degree of equivalence
between the two methods indicates that the paper-based DPPH
assay is appropriate to analyze the antioxidant activity in real
samples. More importantly, however, the paper-based DPPH
assay required approximately 50-times less sample mass and
100-times less reagent volume than in traditional DPPH assay.
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Fig. 6 Storage stability of the paper-based DPPH assay in the
refrigerator (2-4°C) and at room temperature (26 -31°C)
demonstrated as %decrease in color with 100% being the response at
day O for the analysis of 0 and 250 uM gallic acid (GA).

These improvements enable further applications to be possible
for the analysis of antioxidant activity in the natural product
extract collection of samples that have low mass in each fraction.
The assay also allowed for high throughput analysis where more
than 20 samples can be analyzed simultaneously by simply
adding a drop of samples onto the developed devices.

Assay stability

The stability of the paper-based DPPH assay was investigated
by storing the devices at two different temperatures for different
times. A plot of the % color intensity, defined as %decrease
with 100% being the response of the freshly prepared devices,
as a function of the storage time for the analysis of 0 and
250 uM gallic acid (GA) is shown in Fig. 6. The devices that
were stored in the dark at room temperature showed a significant
loss of stability after 1 day. The paper-based devices that were
stored in a refrigerator, on the other hand, were found to be
relatively stable for 10 days. The results observed here were
similar to a previous report, which indicated that DPPH was
easily decomposed at room temperature,* but more stable at
low temperature.'> Another important factor that may affect the
stability of our device is humidity in tropical regions such as
Thailand. High humidity can cause a degradation of the reagent
in the test strip, such as glucose.* We anticipated that the
DPPH paper-based devices kept at a lower humidity condition
would be more stable for a longer period of time.

Conclusions

A paper-based DPPH assay has been developed for the analysis
of antioxidant activity by using colorimetric detection with a
desktop scanner and imaging software. The assay provides for
fast, simple, low sample and reagent consumption, low cost and
high-throughput analysis of antioxidant activity. The devices
can effectively analyze different types of antioxidants with high
reproducibility and low limits of detection. The device required
approximately 100-times less sample and reagent volume than
the traditional DPPH assay, and as low as a two-microliter total
volume of the reagent and the sample was required. The
accuracy of the method was comparable to the traditional DPPH
assay at the 95% confidence interval based on the analysis of
seven different types of tea samples. The device was found
to be stable for more than 10 days when stored at 2 - 4°C.
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This result indicated that the paper-based DPPH assay could be
further developed for a commercially ready-to-use platform
where the user needs only adding a single drop of samples to
quantitatively measure antioxidant activity.
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