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Abstract: In this work, we report a one-step approach for fabricating screened-printed microfluidic
paper-based analytical devices (uWPADs) using polylactic acid as a new hydrophobic material.
A polylactic acid solution was screen printed onto chromatography papers to create hydrophobic
patterns for fluidic channels. The optimal polylactic acid concentration for successful device fabrication
is 9% w/v. The uPADs were fabricated within 2 min and provided high reproducibility and stability.
The utility of polylactic acid screen-printing was demonstrated for the simultaneous detection of nitrite
and nitrate using colorimetric detection. Under optimized experimental conditions, the detection
limits and the linear ranges, respectively, were 1.2 mg L~ ! and 2-10 mg L~! for nitrite and 3.6 mg Lt
and 10-50 mg L~ for nitrate. The detection times for both ions were found to be within 12 min.
The developed uPAD was applied for the simultaneous determination of these ions in food samples,
and no significant differences in the analytical results were observed compared to those of the
reference method. The polylactic acid screen-printing approach presented here provides a simple,
rapid, and cost-effective alternative fabrication method for fabricating uPADs.

Keywords: microfluidic paper-based analytical devices; polylactic acid; screen-printing method;
nitrite; nitrate; colorimetric detection

1. Introduction

Paper-based analytical devices are a new technology [1-3]. They have many practical applications
due to their simplicity and portability, low cost and reduced sample/reagent consumption [4,5]. Thus,
microfluidic paper-based analytical devices (uWPADs) have been widely applied in such fields as
medicine [6-8], the food industry [9-11], and environmental fields [12-14]. Multiple processes
can be applied to create a hydrophobic barrier on paper, including photolithography [15,16],
light irradiation [17], plasma treatment [18], laser cutting [19], stamping [20], inkjet printing [21,22],
wax printing [23,24], and screen printing [25,26]. However, photolithography, plasma-treatment,
laser-cutting, and inkjet-printing techniques have some limitations, such as expensive fabrication
instrumentation, multi-step fabrication processes, and long fabrication times [27]. Wax printing enables
easy fabrication and low cost but requires a heating step that causes the wax to spread, decreasing
the feature resolution [27,28]. Alternative materials such as polymer solutions, polystyrene [28],
polydimethylsiloxane [29], and polycaprolactone [30] have been used to create hydrophobic regions
on pPADs to overcome wax material’s drawbacks. This technique provides high resolution
and repeatability.

Chemosensors 2019, 7, 44; d0i:10.3390/chemosensors7030044 www.mdpi.com/journal/chemosensors


http://www.mdpi.com/journal/chemosensors
http://www.mdpi.com
http://www.mdpi.com/2227-9040/7/3/44?type=check_update&version=1
http://dx.doi.org/10.3390/chemosensors7030044
http://www.mdpi.com/journal/chemosensors

Chemosensors 2019, 7, 44 20of 11

In this work, we demonstrate an alternative material approach for fabricating pPADs using
polylactic acid (Figure 1). Polylactic acid is an aliphatic polyester that is strongly hydrophobic,
making it suitable for creating hydrophobic areas [31]. Another advantage of polylactic acid is
that it is a biomaterial polymer, so the final product of uPADs can be degraded and reabsorbed
into the environment [32]. The new biopolymer screen-printing method is performed in one step,
without requiring complex instrumentations and using only a patterned screen. Hydrophobic patterns
are created on paper, and polylactic acid solution passes through the patterned screen and is deposited
on the paper’s surface.

To demonstrate its analytical capabilities, the proposed nPAD was applied to detect nitrite and
nitrate contamination in food samples. Nitrite and nitrate salts are traditionally used as food additives
in food processes and as preservatives, antioxidants, and antimicrobial agents [33,34]. These salts have
been used as additives in the food industry for a long time, such as in sausages, bacon, and jerky [35,36].
However, excess nitrite and nitrate in food products is harmful [37]. The Joint Expert Committee of the
Food and Agriculture Organization of the United Nations/World Health Organization (WHO) [JECFA]
and the European Commission’s (EC) Scientific Committee on Food 2002 have set an acceptable daily
intake (ADI) for nitrate from 0.0 to 3.7 mg nitrate ions per kg of body weight and from 0.00 to 0.07 mg
nitrite ions per kg of body weight. The maximum permitted levels of nitrate and nitrite based on Thai
regulations are 500 and 125 mg kg~!, respectively, for the industrial preparation of food from vegetables,
meat, and fruits. Because of the harmful effects of nitrite and nitrate, developing reliable techniques for
detecting nitrite and nitrate contamination in foods has attracted significant interest to prevent toxicity.
Therefore, in this work, a uPAD was evaluated for nitrite and nitrate detection, based on the Griess
method [38,39]. Nitrate-to-nitrite reduction was attained with zinc followed by derivatization with
sulfanilamide and N-(1-naphthyl)-ethylenediamine, which resulted in a red-pink azo dye being formed.
The nitrite and nitrate concentrations were then inversely derived from the measured color intensity
using the Image J program (Figure 2). The fabricating strategy with polylactic acid in this study provides
a high-resolution platform, repeatability, and a fast procedure without using expensive instruments.
Based on this fabrication method, nitrite and nitrate were successfully detected in food samples.

2. Materials and Methods

Polylactic acid was purchased from Nature Work LLC (Minnetonka, MN, USA). Sodium nitrite,
sodium nitrate, N-(1-naphthyl)-ethylenediamine, sulfanilamide, and dichloromethane were obtained
from Sigma-Aldrich (Castle Hill, NSW, Australia). The zinc suspension was prepared by mixing
500 mg of zinc dust (<10 pm, >98%, Sigma-Aldrich) in 10.0 mL of deionized water. All of the reagents
were of analytical purity grade. Deionized water was used for solution preparation. Chromatography
paper No. 4 was obtained from Whatman International, Ltd. (Buckinghamshire, UK). The screen was
made from a 100-mesh polyester fabric with a thickness of 295 + 5 um on a wooden frame (purchased
from a local screen-printing printing shop in Bangkok, Thailand). The size of the screen is 30 cm width
and 35 cm length.

A CanoScan LiDE 120 Color Image Scanner was used for colorimetric detection. A contact angle
meter (DM-CE2) was purchased from Kyowa Interface Science Co., Ltd., Japan. As a reference method,
absorbance measurements were carried out using a UV-1601 UV-visible spectrophotometer (Shimadzu,
Japan) with a 10 mm path length quartz cuvette sub-micro (16.40/Q/10 Starna, Atascadero, CA, USA).

2.1. Paper-Based Design and Fabrication

The pPAD was designed with a pattern consisting of two main detection zones for nitrite and
nitrate (Figure 1a). The three test zones on the right-hand area were designed to detect nitrite
(diameter = 8 mm), while the three test zones and reducing zone in the left-hand area were designed
for nitrate detection (diameter = 8 mm) and the central area was designed to be the sample zone
(diameter = 8 mm). The width and length of the microfluidic channels were 3 mm and 5 mm,
respectively. The screen pattern was drawn in the Adobe Illustrator software and was used to create
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a patterned screen. Figure 1b presents a schematic illustration of the uPAD fabrication process.
The patterned screen was placed onto chromatography paper. The 5 uL of 9% w/v polylactic acid
solution dissolved in dichloromethane was applied over the screen. The polylactic acid solution was
squeezed by wood screen printing squeegee, which then penetrated the chromatography paper to
form hydrophobic area. After drying (1 min), the pPAD was cut into 57 mm X 63 mm pieces.
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Figure 1. pPAD design for simultaneous detection of nitrite and nitrate (a) and a schematic diagram of
the screen-printing process for uPAD fabrication using polylactic acid (b).
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2.2. Detection of Nitrite and Nitrate with the pPAD

The assay for simultaneous detection of nitrite and nitrate is shown in Figure 2. First, 1.5 puL
of 10 mM N-(1-naphthyl)-ethylenediamine and 22 mM sulfanilamide was dropped onto the pPAD
detection zone. For nitrate analysis, the zinc suspension was deposited onto the reducing zone. Next,
80 puL of either extracted sample or nitrate/nitrite standard solution was added to the sample zone.
The paper was air-dried and then digitized by scanner. The mean intensity of the color in the detection
zones was measured for quantitative analysis with the Image]J software using the red channel, which
gave the best sensitivity from among the RGB color space.
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Figure 2. Schematic diagram of the detection assay for nitrite and nitrate in food samples based on
colorimetric uPAD.
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2.3. Samples Preparation

To test the developed uPAD, five food samples—smoked sausage, chicken sausage, fish balls,
meatballs, and sour pork—were acquired at a local supermarket (Thanyaburi, Pathum Thani). All of
the samples were first cut into small pieces; 3.0 g of each sample was homogenized with 10 mL distilled
water using homogenizer for 5 min and then centrifuged at 5000 rpm for 20 min. The precipitate was
extracted again. The supernatant was separated, and the nitrite and nitrate concentration was then
analyzed with uPAD and spectrophotometric method.

2.4. The Detection of Nitrite and Nitrate Using Spectrophotometric as a Reference Method

The assay was performed according to the procedure described in the literature with a few
modification [40,41]. For analysis of nitrite, 5 mL of extracted sample was mixed with 2.5 mL of 22 mM
sulfanilamide and 2.5 mL 10 mM of N-(1-naphthyl)-ethylenediamine. For nitrate analysis, 5 mL of
extracted sample was treated with 0.12 g of zinc before analysis. After 12 min, the mixture solution
was then transferred into optical glass cuvettes, and the 540 nm spectrum was recorded.

3. Results and Discussion

3.1. Fabrication of the uPAD Using the Single-Step Polylactic Acid Screen-Printing Method

Because of its hydrophobic property, polylactic acid was applied in our work as the hydrophobic
material to fabricate a uPAD based on screen-printing method for the first time. The screens were
made from 100-mesh polyester fabric on a wooden frame. The polylactic acid solution was poured
over the screen to create a hydrophobic region. This solution was passed through the screen and paper.
After the paper was taken out from the screen and dried at room temperature, the hydrophobic parts
and hydrophilic channels were formed on the paper. Figure 3a shows a real photograph of a pPAD
using the polylactic acid screen-printing method.

(a) (b)

Figure 3. (a) The fabricated uPAD, (b) the SEM images of the uPAD at the hydrophobic and hydrophilic
areas, (c) the blue dye solution wicking through the hydrophilic region of the uPAD, and (d) the pPAD
after reaction with nitrite and nitrate.

The surface topography of the uPAD was observed using scanning electron microscope, as shown
in Figure 3b. It can been seen that hydrophobic zone, the surface topography was covered with
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polylactic acid network while hydrophilic channel was retained only cellulose fibers. Thus, hydrophobic
and hydrophilic areas were obtained on chromatography paper. Figure 3c shows images of the blue dye
solution (methylene blue) wicking through the hydrophilic region, and no outside spread was observed.
We calculated the fabrication cost, including of the chromatography paper and polylactic acid, and the
total cost is estimated to be around $0.03/device. In one production cycle, 15 devices were obtained
(shown in Figure 1), with a fabrication time of 2 min.

3.2. Reproducibility and Stability of the Fabricated uPADs

The reproducibility of the uPADs’ fabrication was also evaluated by mearing the diameter of
the circular reservoirs and the widths and lengths of the microchannels using the Image J software
(50 devices). The results showed an average diameter of the circular reservoirs of 7.92 + 0.02 mm
with relative standard deviation (RSD) of 2.34, and the mean widths and lengths were 2.91 + 0.01 mm
(% RSD = 3.19) and 4.95 + 0.03 mm (% RSD = 4.02), respectively. The hydrophilic channel and the
hydrophobic barrier remained stable for at least 10 months when the device was stored in a plastic bag
at room temperature. These results indicated the polylactic acid screen-printing method is good for
reproducible production and device stability.

3.3. Optimization of the Polylactic Acid Concentration

The polylactic acid concentration influenced the resolution between the hydrophobic and
hydrophilic areas of the uPADs. Thus, the concentrations of polylactic acid were optimized at
1 to 10% w/v on the front and back of the paper. The contact angles of water on the paper were
measured to examine the hydrophilicity and hydrophobicity of the paper. As the results show in
Figure 4a, all concentrations of polylactic acid provided a contact angle higher than 90°, meaning that
hydrophobic surfaces were formed on the paper [42]. At concentrations less than 9%, low contract
angles were obtained, resulting in incomplete hydrophobic barriers (Figure 4b). On the other hand,
at concentrations exceeding 10%, the contact angle decreased because a high-viscosity polylactic acid
solution makes it difficult to penetrate through the paper, leading to reduced reproducibility of the
hydrophobic barrier’s dimensions. Thus, 9% was selected as the optimum polylactic acid solution
concentration because it provides the best hydrophobic pattern.

3.4. Application for Nitrite and Nitrate Detection

After standard solutions of nitrite/nitrate were introduced into the sample zone, the fluid began
to flow along the channels toward the detection zone. Nitrate solution was reduced to nitrite with
zinc onto the reducing zone before reaction in the detection zone to form a red-pink azo dye by a
diazonium coupling reaction with sulfanilamide and N-(1-Naphthyl)ethylenediamine (Figure 3d).
The concentration of nitrite (or nitrate) was proportional to the color intensity of the resulting pink color.

3.5. Optimization of the Nitrite and Nitrate Assays

The effects of reagent volume on the detection zone were studied in the range from 1 to 6 uL using
blue dye solution dropped on the detection zones (Figure 5a). Low reagent volume was insufficient for
the color to cover the detection zone, whereas higher volumes allowed the reagent to spread outside
the detection zone. The results showed that the optimal volume of reagent on the detection zone
was 3 pL. The sample volumes studied on the sample zone included 10, 20, 30, 40, 50, 60, 70, 80,
90 and 100 pL, as shown in Figure 5b. Adding nitrite to the sample zone at lower volumes did not
cause the color to move to the reaction zones, but higher volumes caused color products to move
over the detection zone. The results showed that the 80 uL sample volume showed reaction product
completely on the detection zone; thus, this sample volume was selected as the sample volume for the
paper-based device.
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Figure 4. (a) Contact-angle images and (b) photographs of the blue dye solution in the hydrophilic
microchannels to indicate the hydrophilic regions.

The N-(1-naphthyl)-ethylenediamine concentration influences the color intensity. The effects of
N-(1-naphthyl)-ethylenediamine concentration were examined at 4, 6, 8, 10, and 12 mM. As the results
show in Figure 6a, the intensity value increased with increasing N-(1-naphthyl)-ethylenediamine and
then remained constant above 10 mM. Therefore, 10 mM of N-(1-naphthyl)-ethylenediamine was
applied to the detection area on the paper-based device in future experiments.

The effect of sulfanilamide concentration on the color intensity was studied in the range of
16 to 24 mM. According to the results presented in Figure 6b, the color intensity increased with
increasing concentrations of sulfanilamide. Therefore, 22 mM solution of sulfanilamide was selected
for subsequent experiments.

Zinc as the reducing agent converts nitrate to nitrite. To study the effect of the amount of zinc
on color intensity, the mass of zinc in the range of 1-20 mg was investigated on the reducing zone.
As shown in Figure 6¢, the color intensity enhanced with increasing mass of zinc up to 15 mg and
remained constant at higher amounts. Therefore, 15 mg of zinc was selected as the optimum amount
of reducing agent.

In order to determine the appropriate reaction time when the images should be captured, a study
of reaction time was carried out. The results of reaction time are shown in Figure 6d. A longer reaction
time allows the substrate to react more completely with nitrite or nitrate. After 12 min, the absorbance
decreased with time due to a decomposition of the azo dye [38]. An optimal reaction time of 12 min
was selected for nitrite and nitrate detection.
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3.6. Method Validation

The precision of the pPADs was evaluated by seven consecutive detections of standard solutions
at 10 mg L' of nitrite and 50 mg L~! of nitrate. The intra-day precision of the assay was estimated by
calculating the RSD for the analysis of nitrite and nitrate in seven replicates and inter-day precision was
determined by the analysis of nitrite and nitrate on seven consecutive days. The RSD values were 0.3
and 0.6% (intra-day precision) and 0.7 and 0.9% (inter-day precision) for nitrite and nitrate, respectively.

Under the optimized parameters, the tPADs showed good linearity (r = 0.9995) over the
concentration range of 2 to 10 mg L! for nitrite measurement as shown in Figure S1. The nitrate
concentration was linear in range of 10 to 50 mg L™}, with a correlation coefficient of 0.9993 (Figure S2).
The limit of detection (LOD) and limit of quantification (LOQ) were calculated based on the ratio
of 3 and 10 times the noise to the slope of the calibration curve, respectively. The LOD values were
1.2mg L~! for nitrite and 3.6 mg L~! for nitrate which were lower than previous work [43] The LOQs
for nitrite and nitrate detection were 4 and 12 mg L~!, respectively. The LOD values were was
significantly lower than the maximum allowable levels of nitrite (125 mg L~!) and nitrate (500 mg L)
in food allowed by Thai regulations. The analytical performance of a proposed pPAD for simultaneous
detection of nitrite and nitrate is summarized in Table 1.

Table 1. The performance of uPADs for simultaneous detection of nitrite and nitrate.

Parameter Nitrite Detection  Nitrate Detection
Intra-day precision (% RSD) 0.3 0.6
Inter-day precision (% RSD) 0.7 0.9

Linear range 2-10mg L7} 10-50 mg L~!
LOD 1.2mg L™ 3.6mgL~!
LOQ 4mgL! 12mgL~!

Analysis time 12 min 12 min

3.7. Selectivity of the uPADs

In order to demonstrate the selectivity of the developed uPAD assay, we investigated the effects
of the most common ions that may interfere with the nitrite and nitrate detection, including Na®,
Ca®*,S0,2", and Fe?*, which were found in food samples investigated at a concentration of 10 mg L'
As shown in Figure 7, the results show that none of the ions had an interfering effect on nitrite or
nitrate detection.

Figure 7. Selectivity of the uPADs to the addition of (a) Na*, (b) Ca®*, (c) SO42~, (d) Fe?*, and (e) nitrite
and nitrate.

3.8. Analysis of Nitrite and Nitrate in Food Samples

Food samples of smoked sausage, chicken sausage, fish balls, meatballs, and sour pork were
analyzed to validate the applicability of the uPADs for determining nitrite and nitrate in real samples,
and the results were compared with those of a spectrophotometric method. The analysis results are
shown in Table 2. There were no statistically significant differences between the results obtained using
the pPAD and using a spectrophotometric comparative method (Student’s t-test at 95% confidence level).
In the real samples, nitrite concentrations in the range 11 to 26 mg kg~! were detected, whereas for
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nitrate detection, concentrations ranging from 63 to 91 mg kg~! were obtained. Both were lower than
the maximum levels of nitrite and nitrate in food allowed by Thai regulations. In case of high nitrite
and nitrate concentrations contained in samples, dilution must be performed with distilled water to
match the linear range of the calibration curve before the analysis. The nitrite and nitrate concentrations
were then calculated from the calibration curve by applying an appropriate dilution factor.

Table 2. Detection results of nitrite and nitrate in food samples using the uPAD and spectrophotometric

methods.
Food Samples Nitrite Concentration (mg kg~1) Nitrate Concentration (mg kg=1)
uPAD Spectrophotometric Method uPAD Spectrophotometric Method
Smoked sausage 13+0.1 13+ 0.6 63+0.1 63+0.5
Chicken sausage 12+0.2 11+0.4 91+0.1 92+ 0.6
Fish ball 23+0.2 22 +£0.7 76 £ 0.6 75+ 0.8
Meatballs 26+0.3 27 £0.2 78 £0.1 76 +0.4
Sour pork 11+0.5 11+£0.8 83+0.8 83 +0.2

The method’s accuracy was further evaluated by measuring the recovery of nitrite and nitrate in
the spiked smoked sausage at 3 levels of concentrations. Good recovery was obtained in the range of
89-118%, with RSDs all below 3.2%, suggesting that the developed pPAD method possess high accuracy.
Therefore, these results confirm that the proposed uPADs achieve the detection of nitrite and nitrate in
food samples. The proposed device consisted of only chromatography paper, a scanner, and the Image
] software and has the advantages of being instrument-free, simplicity, cost-effectiveness, requiring less
chemical reagent, and being a rapid analysis method.

As it can be seen in Table S1, it is important to highlight the fabrication of uPAD for the
simultaneous nitrite and nitrate detections in food samples. The proposed device consisted of only
chromatography paper, scanner and Image ] software with following advantages: instrument-free,
simplicity, cost effectiveness, less chemical reagent and rapid analysis method.

4. Conclusions

We have developed a uPAD fabrication method using polylactic acid as a new hydrophobic
material with which to create a hydrophilic channel and a hydrophobic barrier on paper with a
screen-printing method performed in a single fabrication step without requiring external heat, UV light,
expensive printers, or complex instrumentation. To demonstrate the feasibility of the proposed uPAD
as an analytical device, it was applied to detect nitrite and nitrate in food samples. Consequently,
the analytical results obtained by the pPAD were in good agreement with those obtained by the
spectrophotometric method. The developed uPAD exhibited low-cost, rapid results, low consumption
of reagents, and simplicity, in that it does not require instrumentation for the read-out. Therefore,
this polylactic acid screen-printing method provides an alternative and inexpensive fabrication method
for uPADs. This fabrication technique has potential applications for chemical sensor and biosensors
devices in developing countries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/7/3/44/s1,
Figure S1: Calibration curves for nitrite, Figure S2: Calibration curves for nitrate Table S1: The comparison
between different methods used for detection of nitrite and nitrate in food samples.
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