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Abstract

A study of the paper-based microfluidic devices was carried out for melamine detection. Paper-based microfluidic detection was chosen for the experiments, as
itcould be the most cost effective, compared to other detection techniques, which would require expensive instruments. Experimental results revealed a very good
depletion of bovine serum albumin from the target analyte (melamine). UV-vis absorbance value curves of the mixture solution and extraction solution showed
the extraction of the small molecule (melamine) by the developed paper microfluidic device. It is concluded that the H-filter can be used for determination

of adulterated melamine in dairy products.

Introduction

Toxic ingredients might be found in food, together with the
essential elements [1]. High melamine exposure might enhance
the risks of kidney injury and kidney stone formation in infants [2].
Melamine had been added into cattle feed as a non-protein nitrogen
from 1958 to 1978. This was discontinued because the melamine was
found hydrolyzed completely in ruminants and not performing as a
satisfactory nitrogen source [3]. The conventional way to measure the
protein level was to test the content of nitrogen by Kjeldahl and Dumas
testing [4], and the nitrogen content of melamine is about 66% by
mass [5]. That was why some immoral producers added melamine into
dairy products, animal feeds and other foods to improve the content of
protein on the data to meet the national standard and attract customers
to buy their products [6]. The adulteration of protein-based food
products with melamine is now a well- known issue, and in the case
of 2008 milk adulteration scandal, melamine was added to the milk to
give consistent protein readings and increase the profits dishonestly
[7]. Melamine is added to increase the nitrogen content, giving a
false reading on the apparent protein level [8]. In fact, melamine is
a synthetic chemical compound primarily used in the manufacture
of laminates, plastics, coatings, commercial filters, adhesives and
dishware/kitchenware. Miscreants adulterate milk and agricultural
food products with melamine [9,10]. The main concern on melamine,
as a food additive, is the ability of combining with its analogues, such
as cyanuric acid, leading to the formation of insoluble crystals, which
are responsible for kidney failures and even death in infants [11]. WHO
and FDA, US had established the daily intake limits for melamine by
adults and children as 2.5 and 2.0 mg per kg of body weight respectively
[12]. The safety limit for melamine in the United States was around 2.5
ppm and was the same in European Union, and the safety limit was 1
ppm in China for infant formula [13].

The detection of adulteration of milk with melamine is not
possible by conventional methods, because these methods are unable
to differentiate between proteic and non-proteic nitrogens [14]. The
assured determination of melamine in agricultural and food products
demands the combination of a separation technique and a detection
tool [15]. Commonly used approaches involve liquid chromatography,
photodiode array detector or ultraviolet (UV) detection.
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Although these methods can achieve a limit of detection (LOD)
and limit of quantification (LOQ) as low as 0.3 ppb, they often require
labour intensive and time consuming sample pre- treatment, which
interferes with high-throughput detection necessary for use in food
industry [15]. The microfluidic electrophoresis device (MED) is also
one of the tools for analytical detection of melamine in adulterated milk
using the UV detection technique without the need of pre-treatment [16].

After the scandal of melamine tainted infant milk in 2008, simple,
fast and cost-effective techniques to test the protein in milk products
have to be developed [17], to discourage adulteration from bad milk
manufacturers. New test methods include high performance liquid
chromatography [18], gas chromatography/mass spectrometry [17],
Raman spectroscopy [19,20] and enzyme-linked immunosorbent
assay [21]. However, these techniques demand costly instruments
and personnel, and are labor-intensive and time-consuming [22]. The
modern instrument analytical methods to detect melamine include
nuclear magnetic resonance [23], matrix assisted laser desorption/
ionization-mass spectrophotometry [24], capillary electrophoresis
[25], near-infrared spectroscopy [26], Fourier transform infrared
spectra [27- 29], mid-infrared analysis [30], high-field H-1 NMR
spectroscopy [31] etc. Those methods are very sensitive, but expensive
instrumentation and high labor costs may be required.

One simple, fast and cost-effective method for melamine assay
is using paper-based microfluidic devices. The first paper-based
microfluidic technology was proposed to measure glucose in urine
[8]. Since the first introduction of paper-based dipsticks, lateral flow
devices have expanded to clinical tests, food diagnostics, environmental
applications and drug abuse diagnostics [4]. Because of new readout
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approaches, functional coatings and the advances of paper-based
devices, paper-based assays and sensors emerged expeditiously [32].
Paper-based microfluidic devices are easy to fabrication, user-friendly,
etc [33]. Paper-based analytical devices can be disposable for cheap,
in-situ and on-hand detection applications [34,35]. The devices may be
applied not only in the detection of melamine but also in the separation
and extraction of melamine in the protein. They may separate and
extract the relatively small molecular substance from the mixture.

Separation of two different molecules and consequent distillation
of the faster diffusing species can be accomplished by introducing a
mixture solution at one inlet and the buffer solution at the other inlet.
The performance of the distillation process relies upon the diffusion
coefficient of each species, the contact time, and the dimensions of the
common channel. No intervening membrane is needed as long as the
Reynolds number in the device is low, an inherent property of paper
based microfluidic devices. The utility of a conventional microfluidic
device used as an H filter has been limited, because of the requirement
for precise pumps and longtime taken to establish stable fluid flow. The
two-dimensional paper H-filter promises as an autonomous solution
for the extraction of small molecules from a mixture of big and small
molecules, and acts as an anchor for more applications for complex
paper microfluidic devices [36-39].

The convective mixing of fluid does not occur in microfluidic
channels, owing to the fact that Reynolds number is maintained well
below 1. Diffusion is responsible for the movement of solvents, solutes
and suspended particles in the cross-direction to the direction of flow
[40]. The root mean square distance traversed by a molecule in a time
interval, ¢, is given by the Einstein relation for molecular diffusion in
solution [40],

Xrms = (2Dt)"? (1)

where D is the molecular diffusion coefficient. The diffusion
coefficient is known to increase in some relation with the inverse of
the size of the molecule and is also dependent to some degree on the
shape of the molecule. Hence, small molecules have large diffusion
coefficients and will move a longer average distance per unit time than
large molecules. This difference in diffusion coefficients of small and
large molecules forms the basis for H-filters and can be employed to
separate molecules over duration. In the H-filter, the time used up
flowing in a stream is proportionate to the length of the channel, and
thus the proper design of the channel allows regulated extraction of
smaller molecules from a mixture solution containing small and big
molecules [40].

In our previous work, microfluidic devices were used to separate
and extract the tartrazine from the mixture solution of tartrazine and
blue black bovine serum. The experiment got high purity tartrazine
[41]. The experiment of our previous research gives us the idea that
we may find the way to purify the protein that is contaminated by
melamine, using a paper-based microfluidic device.

This work aimed to test cost-effective paper-based microfluidics
combining separation and detection of melamine on a single piece of
filter paper. Previous works did not incorporate both techniques in a
single step for separation and detection. The objective is to separate and
isolate melamine from milk compounds on paper-based microfluidics
to detect melamine in a single step procedure. Also, compared to other
techniques, a paper-based microfluidic device may be a better choice,
as it is considerably the most cost effective at the current point of time.
As paper is also used around the world, poorer nations such as third
world countries could utilise paper to make point-of-care diagnostics.
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The concept that we are trying to investigate here has not been
done before. It has not been tried to use the H-filter for separation
and analytical detection of melamine in adulterated milk samples.
The H-filter design, which is used for the extraction and separation
analysis, has been used for experiments. The concept of extraction of
small molecules from a mixture of big and small molecules using an
H-filter can be applied, as melamine is a very small molecule compared
to other fats and proteins present in the milk sample. This method
would isolate melamine from other interfering materials in the milk
sample for accurate analysis by various detection techniques.

Materials and methods

Extraction and absorbance plot

Figure 1 shows the experiment of the separation in the H-filter in
process. We can observe an interface between the mixture solution and
buffer solution in the central channel of the H- filter. The apparatus
allowed to run the micro-fluid till it reached the end of the paper
device. After this, the left and right portions of the extraction region
were cut and put in a microfuge tube. DI H,0 of 50 uL was added in the
microfuge tube and vortex.

The regions were analysed using a Nanodrop Spectrophotometer
doing the UV-Vis analysis. The mixture contained Tartrazine and
Blue-BSA, in which Tartrazine was the small molecule and BSA was
the big molecule. The UV-Vis analysis was conducted for 2 known
wavelengths, 590 nm for BSA and 422 nm for Tartrazine. The left
side of the extraction region gave the small molecules by the concept
of H-filters, and the right side contained the mixture of big and small
molecules, as the inlet of the buffer solution to the paper device was
from the left arm of the H-filter. 2 H-filter dimensions were used for
the experiments, with the lengths of 2 H-filters being 20 mm and 25
mm and other dimensions remaining the same. The UV-Vis plot was
obtained for the left hand side (LHS) and the right hand side (RHS) of
the extraction region.

Standard curve for tartrazine

To analyse the concentration of tartrazine separated out by H-filter
separation from the mixture solution, the absorption curves for various
known concentrations of Tartazine were obtained with the UV-Vis
Spectroscopy. Four tartrazine solutions were prepared in DI H20 with
known concentrations of 0.2, 0.3, 0.4 and 0.5 mg/ml.

Figure 1. Observation of the separation in the H-filter
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Calculation of extraction amount of tartrazine

The absorbance values of tartrazine in the left extraction region
were used and substituted in the equation for calculating the
concentrations in the left region. As after cutting the extraction regions
they were put in the microfuge tube and diluted with 50 uL of DI H20,
the volume of the solution could be taken as 0.05 ml. Therefore, the
amount of tartrazine extracted could be calculated by multiplying the
concentration and volume.

As the mixture solution contained the known concentration of
0.5 mg/ml of tartrazine and the volume of mixture solution loaded
for the H-filter separation was 0.2 ml, the amount of tartrazine loaded
was calculated. The percentage of extraction was calculated using the
concentration extracted divided by concentration loaded.

Separation of milk-melamine

Milk-melamine solution was prepared by adding 200 pL of full
cream milk or Bovine serum albumin (BSA) solution and 200 uL of
200 mg/L melamine solution in 1xPBS solution. 50 pL mixture was
applied to an H-filter chip for separation. 4 samples were collected
from soaking of different segments of the H-filter in 50 pL 1xPBS, as
shown in Figure 2. The 4 samples were tested by Nanodrop testing.
Sample 1 was the rightest most of the chip and sample 4 was from the
left end of the chip.

Results and discussion

Results of extraction and absorbance plot

The plot in Figure 3 shows the absorbance on the vertical axis
against the wavelength on the horizontal axis. The peak values at 422
nm were obtained for tartrazine and at 590 nm for Blue-BSA.

For the H-filters of length 20 and 25 mm, Table 1 lists the
absorbance values at 422 and 590 nm for both left and right sample
extraction regions. The same experiment was carried out 3 times for
each dimension of 20 mm and 25 mm respectively of the H-filter
devices.

These absorbance values have been used for calculating the amount
of tartrazine extracted from the mixture solution after the H-filter
separation. For calculating the amount of tartrazine, we also need to
plot the standard curve for the tartrazine.

Figure 2. The four segments cut from the H filter for soaking after separation of
melamine from milk sample

Health Prim Car, 2020 doi: 10.15761/HPC.1000199

Table 1. Absorbance Values for the H-filters of length 20 and 25 mm

Sample ID 1(nm) 1(ABS)2 (nm) |2 (ABS)
‘ Left (Purified ) 9202 590 0
Experiment 1 | Tartrazine)
Right (Mixture) 422 0.104 590 0.002
Left (Purified
Length of H-filter 4 Tartrazine) 422 0.204 590 0
=20 mm Experiment 3 N
Right (Mixture) 422 0.107 590 0.005
A Left (Purified ) 9202 590 0
Experiment 5 | Tartrazine)
Right (Mixture) 422 0.111 590  0.003
‘ Left (Purified ) 0196 590 0
Experiment 2 | Tartrazine)
Right Mixture) 422 |0.095 590  |0.001
Left (Purified
:i‘lingtllz(;fH - Experiment 4 | Tartrazine) 422 0.189 350 0
er=2>mm Right (Mixture) 422 0.104 |590  |0.002
Left (Purified
. 2 422 0.198 590 0
Experiment 6 | Tartrazine)
Right Mixture) 422 0.101 |590  0.005

Table 2. Absorbance values for known concentrations of tartrazine

Concentration (mg/ml) Abs (at 422 nm)
Tartrazine Solution 2 0.2 1.119
Tartrazine Solution 1 0.3 1.421
Tartrazine Solution 3 0.4 1.748
Tartrazine Solution 4 0.5 2.207

Results of the standard curve for tartrazine

Figure 4 shows the absorbance values plotted along the vertical
axis and the wavelengths along the horizontal axis. We can see that
the peaks of the curves are at around 422 nm. The peak values at 422
nm were measured for these tartrazine solutions, and they are listed in
Table 2.

As seen in Figure 5, along the vertical axis the absorbance values
are plotted, and along the horizontal axis the concentration values
are plotted. The equation for line of best fit passing through origin is
obtained as y = 4.5422x. This equation provides the base for calculating
unknown concentrations from the absorbance values.

Results of the calculation for extraction amount of tartrazine

The absorbance values of tartrazine in the left extraction region
from Table 1 were used and substituted in the equation for calculating
the concentrations in the left region. The calculation results are shown
in Table 3. The concentrations of tartrazine extracted using the 20 and
25 mm H-filters come as 0.0445 and 0.0431 mg/ml, respectively.

The percentage of extraction was calculated using the concentration
extracted divided by concentration loaded, and is shown in Table 4.
From the table, around 2 percent extraction of purified Tartrazine was
observed from the loaded sample for the two designs (20 and 25 mm
lengths) of the paper device. The extraction percentages appear to be
consistent with the design of the H-filter, and this result can be used
to reverse-calculate the percentage of small molecules in the mixture
itself.

The experimental results showed that “H filters can be used for
extraction and separation of small molecules from a mixture of small
and big molecules”. Based on this observation, we made a hypothesis
thatan H-filter could be used for determination of adulterated melamine
in dairy products, as it might be used for isolation of melamine (small
molecules) from the mixture.
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Table 3. Concentrations and amounts of Tartrazine calculated

Absorbance Conc. (mg/ml) Volume of Soln. (ml) Tartrazine (mg)
Filter 1 (20 mm) 0.202 0.0445 0.05 0.0022
Filter 2 (25 mm) 0.196 0.0432 0.05 0.0022
Filter 3 (20 mm) 0.204 0.0449 0.05 0.0022
Filter 4 (25 mm) 0.189 0.0416 0.05 0.0021
Extracted Filter 5 (20 mm) 0.202 0.0445 0.05 0.0022
Filter 6 (25 mm) 0.198 0.0436 0.05 0.0022
Loaded 0.5000 0.20 0.1000
Table 4. Extraction percentage of tartrazine
Extraction percentage from loaded ple (%)
Filter 1 (20 mm) 2.224
Filter 2 (25 mm) 2.158
Filter 3 (20 mm) 2.246
Filter 4 (25 mm) 2.080
Filter 5 (20 mm) 2.224
Filter 6 (25 mm) 2.180
Table 5. Summary of the Nanodrop testing results
# Sample ID 1 (nm) 1 (Abs) 2 (nm) 2 (Abs)
1 1000MELAMINE 230 1.908
2 25BSA 230 0.433 280 1.648
3 25BSA1Me 230 1.064 280 0.711
4 25BSA1Me-samplel 210 1.627 280 0.489
5 25BSA1Me-sample2 230 0.699 280 0.121
6 25BSA1Me-sample3 230 0.706 280 0.123
7 25BSA1Me-sample4 230 1.375 280 0.093
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Figure 5. Line of best fit for tartrazine standard curve

Results of the separation of milk-melamine

Figures 6-13 show the curves of the Nanodrop testing. Table
5 summarizes the test results. ‘1000MELAMINE’ means the
concentration of melamine in 1XPBS is 1 mg/ml. 25BSA’ means the
concentration of BSA in 1XPBS is 25 mg/ml. 25BSA1Me’ means the
mixture of 1 mg/ml melamine and 25 mg/mL BSA with the ratio of 1:1.

The first peak is at wavelength 220-230 nm, which represents
melamine whose absorbance increases from sample 1 to sample 4. This
means that melamine was separated and pre- concentrated at the left
end of the chip (samples 3 and 4). The second peak represents BSA
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at wavelength 280 nm; the absorbance decreases form sample 1 to
sample 3. This means BSA was depleted from the mixture and moved
to the rightest most end of the chip. This is because melamine has
higher density, compared to the large molecule BSA, and thus it would
travel slower than the BSA molecules. During the separation process,
melamine molecules flow slower and accumulate more at the left end
of the chip. On the other hand, BSA has the lower density and would
travel faster; hence during separation it would flow towards the right
end of the chip.

Sample 1 is the rightest most of the chip and sample 4 is the left end
of the chip. There is a shift in the first peak. However, after increasing
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Figure 6. UV-vis absorbance of 1 mg/mL melamine solution
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Figure 9. UV-vis absorbance of soaked solution obtained from sample 1 of the H filter chip
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Figure 11. UV-vis absorbance of soaked solution obtained from sample 3 of the H filter chip
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the concentration of BSA solution, typical absorbance peak at 280 nm
for BSA solution can be observed clearly. The absorbance peaks are
0.489 to 0.093 Abs for sample 1 to sample 4.

What we care most is the second peak at 280 nm, which is the
typical peak of BSA. Based on the results, BSA concentration has
decreased significantly from sample 1 to sample 4, which indicates a
very good removal of BSA from the target analyte (melamine).

It should be noted that the Nanodrop testing is not a must to be
conducted as soon as possible after separation. But the chip must be
cut in to 4 samples as fast as possible once the chip is observed to be
fully wet. Otherwise, the flow of fluid from the 2 wells will still continue
and the absorbent end of the chip will start to have fluid accumulation
and cause mixture to become homogenous again. For sample 4, there
was a sudden surge of BSA absorbance as this might happen due to the
prolong soaking of the chip where mixture became homogenous again
after separation.

Conclusion

For the purpose of the food safety, the paper-based microfluidic
devices for melamine detection were tested. UV-vis absorbance value
curves of the mixture solution and extraction solution showed the
extraction of the small molecule (melamine) by the developed paper
microfluidic device. The H-filter can be used for determination of
adulterated melamine in dairy products, as it can be used for isolation
of melamine (small molecules) from the mixture. Test results revealed
a very good depletion of BSA from the target analyte (melamine).
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