Published on 01 July 2016. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 21/09/2016 10:21:25.

Lab on a Chip
View Article Online

PAPER

Cite this: Lab Chip, 2016, 16, 3268

View Journal | View Issue

Lab-on-a-disc for simultaneous determination of
total phenolic content and antioxidant activity of
beverage samples†
Apichai Phonchai,‡a Yubin Kim,‡b Rattikan Chantiwas*a and Yoon-Kyoung Cho*bc
In this paper, we present a fully integrated and automated lab-on-a-disc for the rapid determination of the
total phenolic content (TPC) and antioxidant activity (AA) of beverage samples. The simultaneous determinations of TPC and AA on a spinning disc were achieved by integrating three independent analytical tech-
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niques: the Folin–Ciocalteu method that is used to measure TPC, the 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH) method and the ferric reducing antioxidant power method that are used to measure AA. The TPC
and AA of 8 different beverage samples, including various fruit juices, tea, wine and beer, were analyzed.
Unlike conventional labor-intensive processes for measuring TPC and AA, our fully automated platform of-
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fers one-step operation and rapid analysis.

Introduction
Food analysis is an emerging area of study in which advanced
science and technology are utilized to satisfy the increasing
demand for food safety and health. With increasing attention
paid to quality-of-life and health issues, there has been a recent tendency to relate health issues to food consumption.
Therefore, food and beverage companies have started to use
ingredients known to improve human health, such as phenolic compounds. The amount of these healthy additives has become a decisive factor in food and beverage consumption.1
The presence of natural antioxidants in food and beverages, as reflected in their total phenolic content (TPC) and
antioxidant activity (AA) values, has attracted considerable
interest because of their potential therapeutic effects. These
compounds are known to provide protection against harmful
oxygen radicals or highly reactive oxygen species (ROS) by
scavenging or neutralizing free radicals.2 In particular, ROS
are known to be closely associated with accelerated aging
and the occurrence of diseases such as arteriosclerosis and
cancer.3 Therefore, the quantification of TPC and AA in food
and beverages is important to monitor the product quality.
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TPC and AA detection has traditionally been conducted
using instrumental techniques of analysis, such as gas chromatography (GC), high-performance liquid chromatography
(HPLC), and colorimetric methods. However, all of these
methods have drawbacks for the routine analysis of TPC and
AA in food and beverage samples. For example, although GC
and HPLC are well suited for separating and identifying TPC
components in complex samples, they require complicated
sample preparation, long time analysis, and expensive instruments. Therefore, neither GC nor HPLC is practical for routine analysis in point-of-care test settings.4
Unlike GC and HPLC, colorimetric methods are frequently
used for the determination of TPC and AA because of their
simple sample preparation procedures. Among these
methods, the Folin–Ciocalteu (FC) method is commonly used
for the determination of the TPC in plant extracts and beverages.5 The most common methods used for the evaluation of
AA in food products and dietary supplements are colorimetric
methods based on radical scavenging, such as the 2,2diphenyl-1-picrylhydrazyl radical (DPPH) assay,2 Trolox equivalent antioxidant capacity (TEAC) assay,6 and ferric reducing
antioxidant power (FRAP) assay.7 These methods are simpler
than the GC or HPLC method, but they still require timeconsuming and labor-intensive manual processes.
Furthermore, recent studies have suggested that it is necessary to combine multiple methods to measure AA in beverage samples because the AA values of food and beverage samples are determined by a combination of various antioxidants
with different reaction mechanisms.8 Therefore, the automation and integration of more than one detection method is
required to avoid labor-intensive manual processes and timeconsuming analysis. In addition, the above-mentioned

This journal is © The Royal Society of Chemistry 2016

View Article Online

Published on 01 July 2016. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 21/09/2016 10:21:25.

Lab on a Chip

Paper

Fig. 1 Chemical reactions for the determination of TPC and AA and the disc design. (A) Colorimetric reactions for the FC, DPPH, and FRAP
methods. (B) Depiction of the disc device (top) and the unit of microfluidic layout (bottom).

Table 1 Spin program of the lab-on-a-disc used for TPC and AA detection

Spin speed
Step (rpm)
Durationa Operation
1
2
3
4
5

3000
3000
±3000b
3000
3000

1 min
5s
20 s
5s
5s

6
7

3000
3000

5s
20 s

8
±3000b
Total duration

5 min
7 min

The beverage sample is metered, and the particles and debris are precipitated
Valve 1 is opened to transfer the metered sample to the dilution chamber
The sample is diluted with DI water
Valve 2 is opened to transfer the diluted sample to the metering chambers for FC, DPPH, and FRAP reactions
Valve 3 is opened to transfer the metered sample to the H2O2-containing chamber to eliminate interference from
ascorbic acid
Valve 4 is opened to transfer the H2O2-treated sample to the chamber with the pre-stored FC reagent
Valves 5, 6, and 7 are opened to transfer the pretreated samples to the Na2CO3, DPPH, and FRAP reaction
chambers, respectively
The disc is rotated for mixing

a

Duration includes the acceleration time to reach the target speed (0.2 s), the deceleration time to stop the rotation (0.2 s), and the time for
laser actuation to open the carbon dot valve (1 s). b ±3000 rpm: rotation at 3000 rpm clockwise and counterclockwise.

methods provide no such integration. To address this problem, in previous works, flow injection analysis (FIA) and sequential injection analysis (SIA) have been developed to automate a method for TPC determination in wine and beer
samples based on colorimetric reaction.4,9 These methods
have successfully reduced the time and labor requirements
and handling errors of manual procedures. However, they require complicated pumping or tubing and large volumes of
the sample or reagents.
Microfluidic technology can overcome these limitations,
requiring relatively simple apparatus and small sample and

This journal is © The Royal Society of Chemistry 2016

reagent volumes. For example, it has been employed for the
simple one-step detection of TPC in honey,10 and a DPPH
method for AA detection was demonstrated in a lab-on-achip.11 Although these techniques automated the complicated manual procedure and reduced the sample volume required, they required external pumps and interconnection for
fluidic control and could not determine TPC and AA
simultaneously.
In a centrifugal microfluidic system, a simple motor is
used to rotate the disc, and the centrifugal force is the
driving force for the fluidic transport of multiple
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Fig. 2 Reduction of (A) reagent volume and (B) mixing time. (A) Correlation curves for comparing the results obtained using the reduced reagent
volumes (Y-axis) and the original ones (X-axis) for the (a) FC, (b) DPPH, and (c) FRAP reactions. (B) Reduction of reaction time for (a) FC, (b) DPPH,
and (c) FRAP methods on a disc. Mixing was carried out at ±3000 rpm with 0.2 s to reach the target speed and 0.2 s to stop the rotation. The
mixing time of the 1st FC method was fixed at 40 s. The reagent volume was reduced to achieve 400 μL of final detection volume for FC and 200
μL for DPPH and FRAP methods.

reagents.12 By integrating various types of valves, complicated bioanalysis protocols could be conveniently automated on a disc.13–15 The practical utility of these systems
as point-of-care testing devices was demonstrated in a
broad range of applications, such as in medical diagnostics,16 environmental monitoring,17 bioenergy,18 and food
safety.19
In this paper, we present a fully integrated lab-on-a-disc
for the simultaneous determination of TPC and AA from real
beverage samples. The complete process, consisting of sample filtering, metering, dilution, three independent reactions,
and colorimetric detection, is fully integrated on a disc. We
were able to detect TPC and AA from real beverage samples
using a greatly reduced reagent volume (700 μL) and analysis
time (7 min) compared to conventional methods (6.2 mL and
up to 90 min, respectively).

ACS reagent, crystallized, 98.0–102% (RT)), and hydrogen
peroxide (H2O2) were purchased from Sigma-Aldrich. Methanol and ethanol were gradient grade and obtained from
Mallinckrodt.
Sample preparation
Beverage samples (green tea, black tea, red wine, white
wine, beer, orange juice, grape juice, and apple juice) were
purchased from a local market in Ulsan city. The alcoholic
samples were accurately weighed into 30 g portions and
degassed for 10 min. For green tea and black tea, the samples were prepared by pouring 200.0 mL of boiled deionized water (100 °C) into a beaker containing a tea bag (approximately 1.5 g of leaves) and brewing for 5 min. Finally,
the fruit juice samples were centrifuged at 3000 rpm for 10
min in order to remove the pulp for the manual
experiment.

Experimental
Chemicals

Determination of total phenolic content in beverage samples

Gallic acid monohydrate (purity ≥98.0%), Trolox (6-hydroxy2,5,7,8-tetramethylchromane-2-carboxylic acid), ironĲII) sulfate
heptahydrate (Green Alternative ACS reagent; ≥99.0%), 2 N
Folin–Ciocalteu reagent (FC reagent), 2,2-diphenyl-1picrylhydrazyl radical (DPPH˙, ≈90.0%), 2,2′-azinobisĲ3ethylbenzothiazolin-6-sulfonate) diammonium salts (ABTS,
≈98.0%),
2,4,6-trisĲ2-pyridyl)-s-triazine
(TPTZ,
puriss.,
≥99.0%), potassium persulfate (≥99.0%), sodium acetate (anhydrous) (≥99.0%), ironĲIII) chloride hexahydrate (puriss. p.a.,

A schematic diagram of the colorimetric reactions of the
FC, DPPH and FRAP methods is shown in Fig. 1A. The determination of TPC was based on the FC colorimetric
method described by Tawaha et al.6 with a modified condition, i.e. 1.7 M H2O2 was added to eliminate interference
from ascorbic acid in the beverage sample.5,20 In the manual experiments, 333 μL of the diluted sample or gallic
acid standard solution was mixed with 167 μL of 1.7 M
H2O2. Next, 500 μL of the H2O2-treated sample was mixed
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Fig. 3 Illustration of the processes used for TPC and AA detection on a disc. (A) The beverage sample was loaded onto the disc, the excess
amount of the sample was transferred to the waste chamber, and 20 μL of the beverage sample was metered. (B) After spinning at 3000 rpm to
sediment the particles, (C) valve 1 was opened to transfer the supernatant into the dilution chamber and the disc was rotated for mixing. Then, (D)
valve 2 was opened to transfer the diluted beverage sample to three metering chambers for each reaction. Subsequently, (E) valve 3 was opened
to transfer the diluted beverage sample to the H2O2 containing chamber to remove the interference effect in the FC method. (F) Valve 4 was
opened to transfer the H2O2 treated sample to the first FC reaction chamber. Then, (G) valve 5 was opened to transfer the FC reacted solution to
the second FC reaction chamber. Simultaneously, valves 6 and 7 were opened to transfer the metered beverage sample to the DPPH and FRAP
reaction chambers, respectively. Then, (H) the disc was rotated for mixing and white particles are precipitated in the second FC reaction chamber.
Finally, the absorbance was measured using an optical fiber-coupled spectrometer (QE65000, Ocean Optics, FL, USA) to detect the TPC and AA
(750 nm for the FC method, 490 nm for the DPPH method and 593 nm for the FRAP method).

with 2.5 mL of 0.2 N FC reagent and 2 mL of 20% (w/v)
sodium carbonate. After 90 min, the absorbance was then
measured at 750 nm using a microplate reader (Infinite
M200, TECAN). The results were expressed as gallic acid
equivalents using a gallic acid standard curve (20–500 mg
L−1).
The chemical procedures for the determination of TPC
are as follows. Polyphenol in the beverage samples reacted
with the FC reagent under basic conditions (20% (w/v) sodium carbonate). The dissociation of a phenolic proton
produces a phenolate anion, which is capable of reducing

This journal is © The Royal Society of Chemistry 2016

the FC reagent. Reduction of the FC reagent by phenolate
changes the color of the solution from yellow to blue.5

Determination of antioxidant activity in beverage samples
using the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) assay
The DPPH radical scavenging activity was determined by
using the method given by Kim et al.21 In manual experiments, 200 μL of the diluted sample or standard solution
(Trolox) was mixed with 800 μL of 0.6 mM DPPH solution
which was freshly prepared to yield an absorbance ranging
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Fig. 4 Standard calibration curves of our lab-on-a-disc for the (A) FC, (B) DPPH, and (C) FRAP methods.

between 0.8 and 1.2 at 490 nm. The mixture was allowed to
react for 10 min at room temperature under dark conditions.
The absorbance was measured at 490 nm using a microplate

reader. The antioxidant activity was then calculated using the
following formula:
DPPH˙ scavenging activity (%) = (Acontrol − Asample)/Acontrol × 100.
The chemical procedures for the determination of AA are
as follows. DPPH˙ free radicals reacted with the antioxidant
of the standard solution or samples. The antioxidant can donate a hydrogen atom to DPPH˙ and thus decrease the concentration of the stable free radical (DPPH˙), causing a color
change from violet to pale yellow.22
Determination of antioxidant activity in beverage samples
using the ferric reducing antioxidant power assay
The FRAP assay for measuring AA was described by Stratil
et al.3 Briefly, the FRAP reagent containing 2.5 mL of 10 mM
TPTZ solution in 40 mM HCl plus 2.5 mL of 20 mM FeCl3
and 25 mL of 300 mM acetate buffer (pH 3.6) was freshly prepared. A 100 μL aliquot of the diluted sample or standard solution (FeSO4) was added to 900 μL of the FRAP reagent and
incubated at 37 °C in a water bath for 30 min. The absorbance was measured at 593 nm using a microplate reader.
The calibration curve was constructed using standard ferrous
sulfate (0.5–7.5 mM), and the reducing power was expressed
as Fe2+ equivalent concentration (mM).
The chemical procedures for the determination of AA are
as follows. The TPTZ complex is reduced into its ferrous
(Fe2+) form in the presence of antioxidants. This reduction is
measured by the increase in the intensity of the blue color,
as contributed by Fe2+.23
Disc design and fabrication

Fig. 5 TPC and AA measurements for 8 beverage samples obtained by
manual (conventional) and on-disc assays. (A) FC, (B) DPPH, and (C)
FRAP methods.

3272 | Lab Chip, 2016, 16, 3268–3275

As shown in Fig. 1B (upper picture), the single disc contains
five identical units which are designed for one test sample,
one negative control, and three positive standard samples of
gallic acid, Trolox, and FeĲII) for the quantification of TPC
and AA using FC, DPPH, and FRAP tests. All three methods
required only 20 μL of either sample or standard solution.
Each unit consists of chambers for sample loading, metering,
waste storage, dilution and interference elimination, reagent
storage, and optical detection for the simultaneous

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Correlations of on-disc real-sample evaluation results between (A) FC and DPPH methods, (B) FC and DPPH methods, and (C) DPPH and
FRAP methods (○: red wine, : white wine, ×: beer, ◇: black tea, □: green tea, △: apple juice, ▽: grape juice, ☆: orange juice).

determination of TPC and AA using FC, DPPH and FRAP
methods. Our disc is constructed by assembling four polycarbonate layers as shown in Fig. S1.† The top layer (1 mm
thick) includes a sample flow channel, inlets, and vent holes.
The middle polycarbonate (PC) film (0.125 mm thick) contains a carbon pattern for valving purposes. The details of
the valving protocol can be found elsewhere.18 Briefly, upon
laser irradiation, the carbon dot areas are burned and punctured, allowing liquid to pass through the channel. The middle layer (5 mm thick) contains chambers for storing the
samples and reagents. All the chambers, inlets, vent holes,
and channels were cut into the PC plate by using a computer
numerical control (CNC) milling machine (3D Modeling Machine; M&I CNC Lab, Korea). Finally, a 1 mm bottom layer
was attached to the middle layer to provide an optically clear
surface for precise colorimetric detection. The optical path
length was 5.125 mm, which is equal to the total thickness of
the middle layer and the PC film. The detailed dimensions of
the metering chambers are given in Fig. S2.†
In our disc fabrication, all layers were assembled using
the thermal fusion assembly technique.18 No leakage was observed, even when the discs were rotated at spin speeds as
high as 6000 rpm. Laser-irradiated carbon dot valves were
adopted because the previously used ferrowax valves24 are
not organic solvent-tolerant. Carbon dots were patterned on
the surface of the 0.125 mm PC film using a laser printer
(DocuCentre-IV C2263, Fuji Xerox Co. Ltd., Japan) and were
irradiated using a laser diode (BS808T2000C-MOUNT BestSources Industry (HK) Co. Ltd., China).

Disc operation procedure
The detailed disc operation procedure is summarized in
Table 1. Before operating the disc, the reagents were
preloaded and the injection holes were sealed with adhesive
PCR tapes. Then, 20 μL of the beverage sample was loaded,
the excess beverage sample was discarded, and the particles
or debris in the beverage samples were separated. The supernatant (15 μL) was then transferred to the dilution chamber
containing 135 μL of DI water. For dilution and mixing, the

This journal is © The Royal Society of Chemistry 2016

disc was rotated at ±3000 rpm for 20 s. The diluted beverage
samples were transferred to individual metering chambers
for FC, DPPH, and FRAP reactions. For the FC reaction, the
metered sample (27 μL) was mixed with 13 μL of H2O2 solution and then 240 μL of 0.2 N FC reagent. The FC-reagenttreated solution was then transferred to the next FC reaction
chamber containing 160 μL of Na2CO3 solution. Simultaneously, metered samples (40 μL and 20 μL for DPPH and
FRAP, respectively) were transferred to the reaction chambers
containing DPPH solution (160 μL) and FRAP solution (180
μL). After transferring, the disc was rotated at ±3000 rpm for
5 min to mix the solution. Finally, the absorbance of each reaction chamber was measured using a portable fiber-coupled
spectrometer.17,18 The detailed experimental set-up is shown
in Fig. S3.†

Results and discussion
The conventional methods for measuring TPC and AA use
large volumes of reagent, i.e. 4500 μL, 800 μL, and 900 μL for
manual experiments using the FC, DPPH, and FRAP
methods, respectively (Table S1†). When preparing the fully
integrated lab-on-a-disc for the simultaneous implementation
of these three methods, the reagent volume was significantly
reduced to 360 μL, 160 μL, and 180 μL for the FC, DPPH, and
FRAP methods, respectively. The volume was reduced such
that the final detection chamber volume was at least 200 μL,
which provided a wide dynamic range as good as that of the
manual methods. As shown in Fig. 2A, the standard curves
obtained using the assay conditions with reduced volume indicated good correlation with the original methods using
larger volume (mL) of reagents.
In addition, the reaction times for FC, DPPH, and FRAP
methods were optimized for rapid and simultaneous testing
using these three independent assays. In conventional manual testing of the FC method, the first reaction, namely, the
mixing of the hydrogen peroxide treated sample with the FC
reagent, is quick, but the second reaction, namely, the
mixing with Na2CO3 solution, requires a long reaction time
of 90 min. In our system, the measured absorbance did not
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change significantly for mixing times above 5 min, as shown
in Fig. 2B. In the DPPH and FRAP methods, the measured absorbance did not change significantly for mixing times above
2.5 min. Because the disc was designed to accomplish the
three independent assays, 5 min was therefore identified as
the minimum reaction time to guarantee that the detection
signal was in good agreement with that obtained under the
original batch conditions. Note that this time does not include sample preparation but does include the mixing time
required in the final mixing stage.
A schematic illustration of the sequential procedure for
the FC, DPPH, and FRAP methods on the disc is shown in
Fig. 3, with corresponding still images from a video recorded
using a charge-coupled device (CCD) camera. First, the beverage sample (red wine was used in Movie S1†) and the required reagents were loaded into the lab-on-a-disc (Fig. 3A),
and 20 μL of the beverage sample was metered upon rotation
(Fig. 3B).
Subsequently, the debris and particles in the beverage
samples were subjected to sedimentation by spinning the
disc at 3000 rpm for 1 min, and the supernatant was transferred to the dilution chamber by opening valve 1 (Fig. 3C).
The diluted sample was transferred to the metering chambers for the FC, DPPH, and FRAP methods by opening valve
2 (Fig. 3D). For the FC method, valve 3 was opened, and the
diluted sample was treated with H2O2 to eliminate interference from ascorbic acid (Fig. 3E). Next, the solution was
transferred to the chamber containing the FC reagent by
opening valve 4, followed by transfer to the chamber with
Na2CO3 solution by opening valve 7 (Fig. 3F). At the same
time, valves 5 and 6 were opened, and the diluted samples
were mixed with the reagents prepared for the DPPH and
FRAP methods (Fig. 3G). The solution became blue, dark violet, and navy blue in the FC, DPPH, and FRAP detection
chambers, respectively (Fig. 3H).
The calibration curves obtained using standard samples
for the measurements of TPC and AA are shown in Fig. 4.
The results obtained using the lab-on-a-disc provide a broad
dynamic range with good correlation of coefficients (r 2 >
0.99) for the TPC measurement; this range is 0–500 μg mL−1
for gallic acid; meanwhile, for the AA measurement, this
range is 0–1.5 mM for Trolox and 0–5 mM for FeĲII) for the
DPPH and FRAP methods, respectively.
Finally, the TPC and AA values of 8 different kinds of real
beverages were evaluated using the lab-on-a-disc, as shown in
Fig. 5. Among fruit juices (orange, grape, and apple juices),
apple juice shows the highest TPC and AA values. Among the
tea samples, black tea has higher TPC and AA values than
green tea. Among the alcoholic beverages, the TPC and AA of
red wine are, respectively, 3–4 times and 3–5 times higher
than those of the beer and white wine samples. The TPC
measured in the red wine, beer, and white wine samples is
similar to previously reported values.25 Red wine is also
expected to have a higher TPC than white wine because most
of the phenolic compounds in grapes reside in the grape
skin, including tannins, quercetin and kaempferol glucosides
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and glucuronides, gallic acid and its glucosides, and caftaric
and coutaric acids.26 Additionally, the TPC and AA of red
wine are much higher than those of beer, which is also
supported by the literature.4,23,25
Dietary polyphenol intake has been reported at a level of 200
mg per day. Based on our results, approximately 89 mL of red
wine, 167 mL of black tea, or 149 mL of apple juice per day is
sufficient to provide the daily dietary intake of polyphenol. The
results obtained from lab-on-a-disc method for TPC and AA determinations in beverage samples are similar to those obtained
from conventional manual methods in terms of both absolute
value and trend based on paired t-test (at 95% confidence level;
P > 0.05). However, the lab-on-a-disc offers significantly reduced sample and reagent consumption and reaction time.
Because the antioxidant activity of food and beverage samples is determined by a mixture of various antioxidants with
different mechanisms of reaction, the use of methods for simultaneous determination of TPC and AA is highly
recommended. In this work, FC, DPPH, and FRAP methods
were implemented simultaneously on 8 different beverage
samples using our lab-on-a-disc platform. As shown in Fig. 6,
the correlations between the TPC and AA values of the real
beverage samples measured by the three different detection
methods were analyzed. The relatively high values of the
Pearson's correlation coefficient (R) (0.92 for FC and DPPH
methods, 0.90 for FC and FRAP methods, and 0.80 for DPPH
and FRAP methods) suggest that these three methods are
highly correlated.

Conclusions
A lab-on-a-disc was developed for the fully integrated and automated analysis of TPC and AA in beverage samples. The
overall analysis time for simultaneous measurements using
the FC method (for TPC) and the DPPH and FRAP methods
(for AA) was 7 min. It was demonstrated that the lab-on-adisc system can be used for the rapid and simple determination of TPC and AA of diverse beverage samples, including
tea, fruit juices, and alcoholic drinks. Apple juice and red
wine showed relatively high TPC and AA values. The three detection methods gave relatively good correlation. We expect
our device to find wide applications due to its ability to provide fast, simple, and cost-effective analyses of TPC and AA of
beverage samples.
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