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Pancreatitis is a life-threatening inflammatory disease of the pancreas. In 2019, 34.8 out of 100 000 people
suffered from acute pancreatitis globally. In humans, the level of a-amylase increases three times the
normal value during pancreatitis. a-Amylase is an enzyme that hydrolyses «-1,4 glycosidic bonds of
starch. In this study, we investigated a novel distance-based sensing method. We exploited the existing
starch triiodide method, where the blue colour of starch-triiodide fades away and becomes colourless
when a-amylase breaks the starch chain at the a-1-4 glycosidic bond. A hydrophilic channel was made
on paper using a simple laser printer to create hydrophobic barriers. This channel was impregnated with
starch triiodide, where a-amylase can turn it colourless. This distance covered by the change in colour is
directly proportional to the concentration of a-amylase in a sample. Simulated samples with different
concentrations of porcine a-amylase and pancreatin were used for testing using the developed paper-
based chemometer device. The paper-based chemometer device was also tested with artificial blood
serum with different concentrations of a-amylase. The R? of this device was found to be 0.9905, and the
accuracy of the device when compared with a 2-chloro-4-nitrophenyl-a-bp-maltotrioside method was
found to be 95.54% with a sensitivity of 0.131 U L~ mm™2. Correlation test also showed that the paper-
based chemometer device for a-amylase can be used as a testing device for artificial blood serum. This
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laser cutting, three-dimensional printing, etc.**** These fabri-
cation techniques make the paper an alternative for making

1. Introduction

Paper-based devices have become a successful platform for the
estimation of analytes, with potential applications in industries
such as healthcare, environmental monitoring, food safety, and
drug development.™* Dipstick-based devices are widely used
owing to their advantages, such as low cost, portability, and ease
of use, in resource-limited settings.** The principle behind
these devices is based on the capillary action of fluids,> where
fluids move in the paper channel due to the attraction between
the fluid and paper fibres.®® The distance travelled by the fluid
is proportional to the analyte concentration in the sample,
allowing for quantitative analysis.>'® The simplicity and acces-
sibility of these devices make them ideal for use in resource-
limited settings where traditional laboratory equipment and
methods may not be feasible.' There are various inexpensive
methods for the development of channels on paper. Some of
them include wax printing, screen printing, photolithography,
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cheaper lab-on-chip devices for analysis purposes in the food
and beverage industries and diagnostic purposes in the medical
sector.”>'® The use of paper-based materials also makes these
devices environmentally friendly and easily disposable.
Paper-based devices can be easily transported and stored,
making them ideal for field testing in remote and rural areas
where laboratory facilities are hardly available."”** The devices
do not require any specialised training or equipment, and the
results can be easily interpreted without the need for complex
data analysis.' They have also demonstrated excellent perfor-
mance in various chemical analyses, including the detection of
glucose, cholesterol, and protein biomarkers in biological
fluids.”*** These devices have also been used for environmental
monitoring, such as the detection of heavy metal ions in water
samples, and food safety testing, such as the detection of
pathogens in food products.**2* There is ongoing research
focused on improving the sensitivity and selectivity of distance-
based paper-based microfluidic devices using new materials
and technologies, such as nanoparticles and biosensors, to
enhance the detection capabilities of these devices.****
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a-Amylase measurement contributes to the timely identifi-
cation of pancreatitis. Pancreatitis is an inflammation of the
glandular organ pancreas situated posterior to the stomach.®
The global burden of acute pancreatitis depends on the preva-
lence of the disease. In 2019, 34.8 persons out of 100000
suffered from acute pancreatitis globally.** In North America, 52
persons suffered from pancreatitis out of 100 000, whereas the
highest incidence was recorded in Eastern Europe, which stood
at 79.6 in 100 000 people and was also prevalent in low-income
regions, such as South-East Asian countries as well as South and
Central American nations. As per the revised Atlanta classifi-
cation, o-amylase serves as the principal biomarker for
pancreatitis detection.*

In this study, a paper-based chemometer device (PCD)
developed using a laser printer is investigated for measuring o-
amylase, a biomarker for pancreatitis. Hydrophilic channel
saturated with starch triiodide exhibits a profound blue colour
due to the triiodide forming bonds with the alpha-1,4 linkages
of large polysaccharides.**** The channel undergoes a colour
change from blue to colourless upon the introduction of o-
amylase from one end.*® The measurement of the distance at
which the colour transitions from deep blue to colourless across
the channel is utilised to determine the concentration of a-
amylase. The developed PCD was used to determine o-amylase
for both simulated samples and artificial blood serum. All the
results in this study are shown for the artificial blood serum.

Existing studies suggest the use of the same principle of
starch triiodide and other techniques for the detection of a-
amylase in various biological fluids.**** Some devices use col-
ourimetric, fluorometric, liquid crystal, surface plasmon reso-
nance, mechanic, and electrochemical probes.?”*'** The main
distinction lies in the fact that these earlier studies required
a supporting electronic device, while the PCD we developed is
standalone, and a-amylase estimation can be performed with
naked-eye visualisation. This PCD device will not replace the
existing methods of detection but will supplement them by
aiding in ruling out pancreatitis in rural areas with community
healthcare centres and can also aid in ruling out clinics and
emergency medicine.

2. Experimental
2.1 Reagents and materials

Potato starch pure, pancreatin 4NF extrapure and a-amylase ex.
porcine pancreas were procured from SRL (P) Ltd, Taloja, India.
Iodine, A. R. and potassium iodide were procured from HIME-
DIA, Mumbai, India. Grade 4 Whatman filter paper was ob-
tained from GE Healthcare, Buckinghamshire, United
Kingdom. Pancreatin 4NF extrapure has an a-amylase activity of
100 U mg ™" and can be used to hydrolyse starch when prepared
in 0.2 M phosphate buffer at pH 6.8. 2-Chloro-4-nitrophenyl-o-p-
maltotrioside (CNPG3) obtained from Euro Synergy Bio, Chen-
nai, India, was used as the reference test to compare the data
produced by the PCD. Artificial blood serum (ABS) was procured
from Biochemazone, Alberta, Canada, for the validation of PCD.
To make the casing for the PCD, poly lactic acid filament was
purchased from eSun3D, Shenzhen, China.
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2.2 Preparation of reagents

Lugol's solution was prepared using 1 g of potassium iodide (KI)
and 0.5 g of iodine mixed in 10 mL of deionized water. Then, 50
uL of this prepared Lugol's solution was added to the 20 mL of
2% starch (400 mg in 20 mL) solution.

a-Amylase stock solutions were prepared from both porcine
a-amylase and pancreatin by dissolving their lyophilised
powders in a phosphate buffer solution of pH 6.8 and ABS.
Stock solutions of both materials were prepared, with concen-
trations ranging from 70-420 U L. Amylase (pancreatin) was
added to the ABS and PBS to prepare different solutions with
amylase concentrations ranging from 70-420 U L~'. The
viscosity of both PBS and ABS (containing a-amylase) solutions
was measured using an Ostwald's viscometer to evaluate the
impact of viscosity on the flow of the fluid in the PCD. The test
was performed on the PCD channels by dropping 100 pL each of
a-amylase solution.

2.3 Design and fabrication of microfluidic channels

The PCD channels were designed using a computer-aided
design (CAD) software tool. Dimensions are optimised using
the trial and error methods described in a previous study.** The
channels were developed by depositing hydrophobic toner ink
on the desired part and letting it seep into the paper's pores, as
described in previous studies.*>***” This was done using a laser
printer (Canon MF3010) and toner ink without any modification
to the printer. This method was adopted by Ghosh et al,
although the same procedure did not produce a flawless
hydrophobic channel on our printer.*” In our study, we used
a laser printer to print patterns on paper. The large-sized
Whatman filter papers were cut down to ISO A4 size to be
able to print with the paper. The printed pattern was then
heated to 185 £ 5 °C in an oven for 6 hours so that the ink could
seep into the pores of the paper, forming the barrier. This
temperature and time were both optimised using the trial-and-
error method. A case was designed using CAD software for
encasing the paper channel and was 3D printed.

The stability of a PCD depends on uniformity in the pore
sizes and quality of the paper used. Uniformity in pore sizes
ensures the fluid retention capacity of the device and the flow
rate of the fluid.*** Whatman filter papers were used to ensure
the quality of paper, fluid retention capacity and constant flow
rate of fluid. Both Grade 1 (pore size approximately 11 um) and
Grade 4 (pore size approximately 20-25 pm) Whatman filter
papers were investigated for the development of the chemo-
meter. However, Grade 4 Whatman filter paper was found to be
suitable for our device due to the higher retention capacity of
reagents, higher flow rate of fluid and hence less reaction time.
Moreover, printing hydrophobic material on Grade 4 filter
paper is easier because of its larger pore size.

2.4 Deposition of reagents on the channel and
characterisation

The starch triiodide solution was deposited on the channel, as
shown in Fig. 1(d). The strips of PCD were drop-coated with an
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Fig. 1 (a) CAD design of the casing containing the cavities. (b) 3D
printed structure of the design with polylactic acid as the material. (c)
Fitting of the paper-based channelin the casing. (d) Intense blue starch
triiodide coated on the channel.

equal amount of starch triiodide until both sides of the surface
turned deep blue. The channels were dried at room temperature
(22-25 °C) for about 2-3 hours.

UV-visible spectroscopy (Inkarp Sican 2000) was used for the
spectrum scan. The scan was done to determine the peak
absorbance of starch triiodide and to observe if the peak
reduced with the action of a-amylase. The estimation of a-
amylase is well established using the starch triiodide method
with the UV-visible spectroscopic method. Fourier transform
infrared spectroscopy (FTIR) characterisation was done for
starch triiodide, o-amylase, and the reaction. The scan was
taken from the paper surface of the PCD channels. This was
done to determine the presence of the functional group in the
reaction. The concentration of -amylase was taken at 420 UL ™"
for the characterisation of both UV-visible spectroscopy and
FTIR.

2.5 Statistical testing and validation using the standard
method

The calibration curve was created with various concentrations
of a-amylase ranging from 70 to 420 U L™". The experiment was
performed three times, and the mean values were used to
prepare the calibration curve.

The CNPG3 method adopted by Euro Synergy Bio was used as
the standard method for the validation and comparison of the
PCD. The CNPG3 method is a good assessment for microanal-
ysis system.” This CNPG3 method works with UV-visible spec-
troscopy, which has linearity up to 2000 U L™ *. The accuracy of
the PCD was determined by estimating the concentrations, i.e.,
70, 140, 210, 280, 350, and 420 U L™ " of a-amylase in ABS. All the
concentrations were tested with both PCD and CNPG3 for
accuracy using the following equation. The accuracy was
calculated by subtracting the percentage error from 100%.

(detected value — actual value)

Accuracy = 100% — x 100/,

1)

actual value
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where the detected value is the value detected by the device and
the actual value is the value detected by applying the CNPG3
method.

To determine the storage stability of the device, the fabri-
cated PCDs were stored in the following conditions: (i) room
temperature open; (ii) room temperature sealed in an airtight
packet; (iii) 4-8 °C refrigerated open, and (iv) 4-8 °C refrigerated
sealed airtight packet and used to determine o-amylase in
simulated samples after 90 days.

To test the reproducibility of our device, the correlation of
the 3 sets of tests shown in Fig. 5 was performed to determine
the linear response of the three sets of tests. ANOVA single
factor was also done on the 3 sets of PCD data. The null
hypothesis is as follows: the 3 sets of data are similar or follow
the same pattern. The alternate hypothesis is as follows: there is
no similarity among the 3 sets of data.

Atest of correlation and a t-test (two samples assuming equal
variance) were performed between the PCD and the CNPG3
method to determine the linear response test and determine the
usability of the PCD in place of the CNPG3 method. The data
were normalised before running the test because both had the
X-axis as an arbitrary value. In the paired ttest, the null
hypothesis was that the PCD and CNPG3 methods were similar
and could be interchanged in the determination of the two
methods. The alternative hypothesis was that the two methods
were completely different and could not be used interchange-
ably in the estimation of o-amylase.

3. Results and discussion
3.1 Design and fabrication of microfluidic channels

The filter paper was printed three times using toner ink to
create a thick deposit of the substance. Special care should also
be taken while making the second and third print layers
because misalignment can distort the channel widths. It was
heated for 6 hours. If the heating duration exceeds six hours,
the hydrophobic material diffuses into the channel intended for
hydrophilicity. Furthermore, if the duration is less than five
hours, the seepage of the hydrophobic substance does not reach
the reverse side of the printed paper. This allows for the escape
of fluid through the border. Fig. 1 shows the design of the PCD
and the printed PCD.

A case was developed to maintain the hydrophilic part of the
PCD strips elevated. This case prevents unwanted fluid leakage
from the PCD. Fig. 1(a) shows the 3D design and the printed
case for the PCD. Creality Ender 3 S1 (3D Printer) was used to
print the case, and the material used for printing was polylactic
acid. The case is reusable and biodegradable if chosen for
disposal.

In Fig. 2(a), photographs of the channels are shown from
both the top and bottom of the channels to show that the
channel was formed without leakage. The toner ink, although
not visible on the bottom, seeps to the bottom, forming
a hydrophobic barrier. Another optional layer could be printed
on the opposite surface of the paper with a mirror image. This
step is optional because the uniform printing may be compro-
mised because of human error, which leads to the narrowing of
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Hydrophobic
part

Hydrophilic
part

Fig. 2 (a) Top view of the channel and bottom view of the channel
showing that the channel was formed and that there was no leakage of
any fluid. (b) Scanning electron microscopy image of the hydrophobic
barrier showing the clogging of the pores in the Whatman filter paper.

the channels. Starch triiodide was used as a coloured solution to
show that the channels were intact and to check for any leakage
along the channel. A slight overspread of the hydrophobic
material was observed along the border of the channel and the
hydrophobic barrier. This can be avoided by reducing the
heating time by about half an hour of the mentioned time.
However, in this application, the heating time was not reduced.

In Fig. 2(b), a microscopic image was captured using a field
emission scanning electron microscope (FE SEM Zeiss Sigma)
to observe whether the pores of the channels had been clogged
and had gained hydrophobicity with the toner ink. Similar
results have also been observed in previous studies.®*” This
shows that the pores were all filled with the melted toner
material. Magnification was taken 100 times with a 100 um size
of the view, and the size of the pores was approximately 23.5 pm
when measured with Image J software (Grade 4 Whatman filter
paper usually has a pore size of 20-25 pm). A slight overspread
of hydrophobic material can also be observed at the edge of the
barriers, as shown in the photograph in Fig. 2(a).

3.2 Deposition of reagents on the channel and
characterisation

In the preparation of the sample, iodine (I2) and potassium
iodide (KI) react to form potassium triiodide (KI3), as shown in
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eqn (2). This reaction results in the formation of triiodide ions
(I37), as shown in eqn (3).

L + KI — Kl3 (2)
Iz +1I7 — 137 (3)

As long as iodine molecules and iodide ions are present,
triiodide ions are continuously produced.** The triiodide ions
are responsible for the brown hue of the solution, which is
caused by the complex triiodide ions. The triiodide ions react
with starch to form starch triiodide, which is blue in colour.*?
This reaction is represented in the following equation:

Starch + I*~ — starch triiodide. (4)

This range was chosen to cover at least 3 times the normal
range from the biological reference value. Now, this starch
triiodide is coated to the channel, as shown in Fig. 1(d). The
drying is performed at room temperature because, with heat,
the blue colour dissipates into colourless by itself because of the
breaking of the a-1,4 glycosidic bond. The final channel looked
bright and light blue, which was easily distinguishable from the
naked eye.

The volume of the starch triiodide was calculated based on
the volume of fluid retained in the channel. Considering the
channel as a cuboid structure, the amount of fluid retained is
length x breadth x height. The thickness of the paper is 210
um which is considered as the height. Therefore, the volume is
37.8 mm?®, which is equivalent to 37.8 pL.

A UV-vis spectrophotometric analysis of starch triiodide and
the reaction of starch triiodide with a-amylase are shown in
Fig. 3. Starch triiodide of the same concentration deposited in
the PCD was used, and it showed peak absorbance at 600 nm. A
concentration of 70-420 U L' of o-amylase was taken and
mixed with starch triiodide at the ratio of 1: 10, and the reading
was taken, as shown in Fig. 3. The mixture was incubated at 37 ©
C for 15 minutes. This shows that a serial dissemination of the

Absorbance Spectrum

Starch triiodide

’; 12
s 0 U/La-amylase
g
o
3]
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]
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]
2 04 280 U/L a-amylase
350 U/La-amylase
02 420 U/L a-amylase
0 _
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Fig. 3 UV-vis spectrum analysis revealed that the prepared starch
triiodide exhibited a peak absorbance at 600 nm, with a subsequent
decrease in absorbance with an increase in the concentration of a-
amylase from 70 to 420 U L%,
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peak occurs. This shows that the activity of a-amylase hydro-
lyses the @-1,4 glycosidic bond, and the intense blue turns
colourless.

Fig. 4(a) illustrates the FTIR spectra of o-amylase, starch
triiodide, and the reaction, which were in the PCD channel. The
FTIR reading was taken directly from the paper channel. A
molecular structure of starch is also given to show various
bonds and their presence in the FTIR spectra. The stretched
peak pattern around 3000-3600 cm ™' in wave number shows
the presence of an OH bond in all the three samples. This shows
that the bond vibrates at that specific wavenumber, and all the
three compounds had -OH (hydroxyl group) as their functional
group. Starch usually contains an acetal group. The bending
vibration at 1078 cm™ " is present in a-amylase, which is also
observed in the reaction solution with starch triiodide. This
bend signifies the presence of a-amylase in the reaction. The
other smaller bending peaks are also visible at the 1640 cm™*
and 2359 cm ™' wavenumbers. Fig. 1 (ESI)T shows the FTIR of
the serial dilution of a-amylase from 70-420 U L™". The FTIR of
these concentrations was taken from the solutions used in the
absorbance spectrum and not directly in the PCD, as depicted in
Fig. 4. As the amylase concentration decreases, there are
observable shifts and changes in the intensity of the peaks,
indicating alterations in the chemical environment and inter-
actions between the molecules.

3.3 Statistical testing and validation using the standard
method

After the formation of hydrophilic channels with hydrophobic
barriers, the channels were used to estimate the concentration
of o-amylase using the starch triiodide method. Viscosity was
first tested for both the PBS- and ABS-based materials. In this
method, the time taken by the fluid through a capillary is also
measured. The viscosity is measured using eqn (5):

CH,OH CH,OH

VN YN

C
_— ~o H /T
\?iig/umﬁwﬁﬁig)/
e e

H H
14 1 starch
= 12 Triiodide
;" ’ Amylase‘wm"\ OH
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S 08- ™
E 2359
» 0.6 1078
c
E 04 1640
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Fig.4 FTIR spectra of starch triiodide and amylase and their hydrolysis
reactions.
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where 7, is the viscosity of the measured liquid, 7, is the
viscosity of the reference liquid, dy, is the density of the given
liquid, d, is the density of the reference, ¢, is the time taken by
the test liquid to flow through the capillary and ¢, is the time
taken by the reference liquid to flow through the capillary. The
viscosity obtained for the PBS base sample prepared in the
laboratory was slightly more viscous than that of the ABS (PBS
sample = 1.110925 centipoise, ABS = 1.007677 centipoise).
Because the viscosity was only marginally different in the
samples, there was no significant difference in the flow rate of
the fluids.

Fig. 5 shows a scanned photograph of the tests performed.
All the dried test strips were attached to a sheet of paper ISO A4.
A scale of 10 mm was printed on a sheet of paper for reference.
As enzyme o-amylase starts its action, the a-1,4 glycosidic bond
in the starch starts breaking, losing its blue colour. This leads to
the channels turning from blue to white. The discolouration
because of the breaking of the a-1,4 glycosidic bond spreads
according to the concentration of the enzyme. All the data
derived from Fig. 5 are tabulated in Table 1.

However, ascorbic acid present in the blood serum is known
to interfere with the starch triiodide complex. It readily oxidises
the iodine in the starch triiodide complex. Dutta et al. described
neutralizing ascorbic acid in the sample before it could be
tested using the starch triiodide method.*® Potassium iodate
was used to pretreat this blood serum to neutralise the effect of
ascorbic acid on the starch triiodide complex.>**® Potassium
iodate was made from potassium iodide and iodine, and the pH
was adjusted with sodium hydroxide. Potassium iodate is mixed
with the blood before it can be introduced to the PCD.

The calibration curve obtained showed that the R* value
obtained was 0.9905 with a sensitivity of 0.131 U L™" mm ™"
(shown in Fig. 6). The determination of the accuracy of the PCD
was compared with that of the standard CNPG3 method. The
obtained accuracy was 95.54%. This shows that PCD as a POC
device for the determination of a-amylase concentration is
possible.

70 U/L

O S T B T e Y R Y T e 1
P | —] [ —
ST Sy e Y, B VO T T O TR T et K R e T VA T
=m123456 ""123456 cr
— Y o———"
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Fig. 5 Test carried out for various concentrations of a-amylase from
70t0 420U Lt
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Table 1 Data derived from Fig. 5, which is plotted in the calibration
curve and the scattered plot

Conc. (U Average
L D1 (mm) D2 (mm) D3 (mm) (mm) SD
0 0 0 0 0 0
70 5.882 7.061 10.084 7.68 2.17
140 17.984 17.482 18.151 17.87 0.35
210 26.219 33.284 36.302 31.94 5.18
280 36.472 34.034 37.311 35.94 1.70
350 46.386 43.868 45.883 45.38 1.33
420 54.79 54.453 55.127 54.79 0.337
" Calibration Curve
.'.
50 '
£ B
£ 40
£ = ]
Q 30
c
S 20 -"‘.
= xJ y =0.1316x + 0.0298
R%=0.9905
10 ¥
0 @&
0 100 200 300 400 500

Concentration in U/L

Fig. 6 Calibration curve concentration against distance derived from
Fig. 5.

In the stability test, it was observed that the PCDs stored at
room temperature without the seal lost their colour after 3 days,
and the sealed packet PCDs stored at room temperature also
lost their colours after 30 days. Both the PCDs stored at room
temperature were not tested because they lost the intense blue
colour, which shows that the «-1,4 bond has already been
broken because of temperature fluctuations. The PCDs stored at
4-8 °C in refrigerated but not sealed packets also lost colour
because of moisture. The PCDs stored at 4-8 °C refrigerated
sealed airtight packets did not lose the colour intensity after 90
days. Once more, an accuracy test was conducted in comparison
to the CNPG3 method, which produced a result of 94.5%.

The Pearson's correlation value of 0.982 for the three
repeated tests with the PCD suggests that they have a strong
positive linear relationship. Table 1 (ESI) shows the standard
deviation (SD) with the precision level of the PCD at various data
points. Fig. 7 shows the scattered plot of the three sets of data
and the regression line of the average values corresponding to
Fig. 6. This high correlation value also suggests the PCD's high
reproducibility in quantifying the a-amylase in the ABS. An
ANOVA single factor for the same three sets of data was per-
formed with a significance level of 0.05. The F value was 0.0233,
indicating no significant difference between the groups, and the
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Fig.7 Scatter plot of the data. The trend line is taken for the average of
the three sets of tests.

P value was 0.976, indicating that there was no rejection of the
null hypothesis (all three sets of data were similar).

A ttest (two samples assuming equal variance) was per-
formed with « 0.05 significance value. The values were first
normalised, and the P value found was 0.89, showing that there
was no significant difference between PCD and the CNPG3
method and that there was no significant difference in the
mean. Hence, we failed to reject the null hypothesis.

The Pearson correlation for the normalised data for both
methods was 0.985, showing a very strong positive linear rela-
tion between the two methods. The p-value for the Pearson
correlation between the normalised PCD data and the normal-
ised standard data is approximately 5.11 x 10~°. The very small
p-value indicates that the observed correlation is not due to
random chance but because of the high accuracy of the PCD.

The 95% confidence interval for the Pearson correlation
coefficient between the normalised PCD data and the normal-
ised standard data is approximately [0.899, 0.998]. The interval
further reinforces the strong positive correlation observed
between the PCD's measurements and the standard, indicating
that the developed PCD is likely to provide consistent and reli-
able results comparable to the standard.

4. Conclusion and future scope

The advantages of the developed prototype PCD include
biodegradability and low cost because paper is used as the main
component. The casing can be reused or disposed of without
any harm to the environment because it is made up of polylactic
acid. There are some challenges in the fabrication of hydro-
phobic channels. To obtain a thick deposition and even distri-
bution of the hydrophobic pattern on the paper, the printer
software can be tweaked, or multiple prints can be made on the
same surface.

For the test performed with the ABS, the PCD determined the
concentration of the enzyme a-amylase with an accuracy of
95.54%. The R® value achieved was 0.9905. Colour change by

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03804e

Open Access Article. Published on 05 August 2024. Downloaded on 6/10/2026 3:51:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

dissipation of blue colour to colourless was observed in all the
concentrations of the enzyme with different distances in mm.
The paired ttest and Pearson correlation also suggest the
usability of this PCD as a method to determine a-amylase. This
device is applicable in testing applications as a POC device.

One of the future aspects of this device is to replace this
starch triiodide with other reagents based on colourimetry.
Some of the reagents that can be used are based on nanotech-
nologies, such as copper/gold nanocluster peroxidase and
chitosan-tripolyphosphate core coated with a starch-iodine
shell.””®

Although the elevation of the enzyme o-amylase in serum
during pancreatitis is of a shorter duration (three days), it can
still be utilised to diagnose the condition at the onset of
symptoms. The developed PCD device is working effectively in
determining a-amylase in ABS. The PCD developed is a working
prototype and will be useful for testing a-amylase in the low-
income region of the world where the incidents of acute
pancreatitis.** This PCD can be used in rural areas as a first-line
test for screening pancreatitis, which can even be helpful in
emergency medicine (provided the community healthcare
centre is equipped with refrigerators). However, the PCD was
tested using only ABS. The results of this PCD need to be vali-
dated with real samples prior to its clinical application.

Data availability

The datasets generated and/or analyzed during our study titled
“Paper-based chemometer device for the estimation of a-
amylase—a biomarker for pancreatitis” will be made available
upon reasonable request. The datasets include all raw data,
processed data, and ESIT related to the experiments conducted.
Interested researchers can obtain the data by contacting the
corresponding author. We are committed to ensuring trans-
parency and reproducibility in our research and are happy to
share our data to facilitate further scientific inquiry. Addition-
ally, we have provided ESIf in a separate file.

Conflicts of interest

There is no conflict of interest.

Acknowledgements

We sincerely acknowledge the Design and Innovation Centre,
Department of Biomedical Engineering, North-Eastern Hill
University, Shillong, for providing the chemicals and consum-
ables necessary for this study. Bethuel Daurai acknowledges the
Ministry of Tribal Affairs, Govt of India for National Fellowship
for Schedule tribes (NFST) Award No. 201920-NFST-TRI-01163
dated 10th April 2020.

References

1 C. T. Gerold, E. Bakker and C. S. Henry, Anal. Chem., 2018,
90, 4894-4900.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2 B. Kalish, J. Luong, J. Roper, C. Beaudette and H. Tsutsui, in
2017 IEEE 12th International Conference on Nano/Micro
Engineered and Molecular Systems (NEMS), 2017, pp. 337-341.

3 T.Tian, Y. Bi, X. Xu, Z. Zhu and C. Yang, Anal. Methods, 2018,
10, 3567-3581.

4 Z.Li, M. You, Y. Bai, Y. Gong and F. Xu, Small Methods, 2020,
4, 1900459.

5 D. M. Cate, W. Dungchali, J. C. Cunningham, J. Volckens and
C. S. Henry, Lab Chip, 2013, 13, 2397-2404.

6 H. Teixido, J. Staal, B. Caglar and V. Michaud, Front. Mater.,
2022, 9, 809226

7 M. D. Odidi, M. A. Fagan-Endres and S. T. L. Harrison,
Hydrometallurgy, 2023, 215, 105975.

8 M. Nagavalli, T. Sharmila Swaroopa, P. Sri Vidya Gayathri,
V. D. K. Reddy, N. S. Donepudi, D. Yalamanchili, K. Guha
and J. Sateesh, MEMS Microfluid. Healthc. Devices Appl.
Perspect., 2023, pp. 47-64.

9 S. Chakraborty, Lab Chip, 2005, 5, 421-430.

10 K. Khachornsakkul, R. Del-Rio-Ruiz, L. Chheang and
S. Sonkusale, Sens. Actuators, B, 2023, 134518.

11 C. M. Pandey, S. Augustine, S. Kumar, S. Kumar, S. Nara,
S. Srivastava and B. D. Malhotra, Biotechnol. J., 2018, 13,
1700047.

12 A. Espinosa, J. Diaz, E. Vazquez, L. Acosta, A. Santiago and
L. Cunci, Talanta Open, 2022, 6, 100142.

13 M. A. Shergujri, R. Jaman, A. J. Baruah, M. Mahato,
D. Pyngrope, L. R. Singh and M. Gogoi, Paper-Based
Sensors for Biomedical Applications, in Biomedical
Engineering and its Applications in Healthcare, ed. S. Paul,
Springer, Singapore, 2019, ch. 15, pp. 355-376.

14 M. Deka, N. Sinha, R. Das, N. K. Hazarika, H. Das, B. Daurai
and M. Gogoi, Anal. Methods, 2024, 16, 485-495.

15 H. Gao, C. Yan, W. Wu and J. Li, Sensors, 2020, 20, 1792.

16 W.-C. Tai, Y.-C. Chang, D. Chou and L.-M. Fu, Biosensors,
2021, 11, 260.

17 K. Yamada, H. Shibata, K. Suzuki and D. Citterio, Lab Chip,
2017, 17, 1206-1249.

18 A. K. Govindarajalu, M. Ponnuchamy, B. Sivasamy,
M. V. Prabhu and A. Kapoor, Bull. Mater. Sci., 2019, 42, 1-6.

19 A. Nilghaz, L. Guan, W. Tan and W. Shen, ACS Sens., 2016, 1,
1382-1393.

20 S. Prapaporn, S. Arisara, C. Wunpen and D. Wijitar, Anal.
Sci., 2020, 36, 1447-1452.

21 S. Allameh and M. Rabbani, Appl. Biochem. Biotechnol., 2022,
194, 2077-2092.

22 T. Tian, J. Li, Y. Song, L. Zhou, Z. Zhu and C. J. Yang, Lab
Chip, 2016, 16, 1139-1151.

23 P.S. Chauhan, M. Pandey, S. Bhattacharya and P. Microfluid,
Theory Appl., 2019, 165-181.

24 Y. Lin, D. Gritsenko, S. Feng, Y. C. Teh, X. Lu and J. Xu,
Biosens. Bioelectron., 2016, 83, 256-266.

25 D. D. Liana, B. Raguse, J. J. Gooding and E. Chow, Sensors,
2012, 12, 11505-11526.

26 S. Patel, R. Jamunkar, D. Sinha, T. K. Patle, T. Kant,
K. Dewangan and K. Shrivas, Trends Environ. Anal. Chem.,
2021, 31, €00136.

RSC Adv, 2024, 14, 24365-24372 | 24371


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03804e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 05 August 2024. Downloaded on 6/10/2026 3:51:00 PM.

(cc)

RSC Advances

27 F. Ghasemi, N. Fahimi-Kashani, A. Bigdeli, A. H. Alshatteri,
S. Abbasi-Moayed, S. H. Al-Jaf, M. Y. Merry, K. M. Omer
and M. R. Hormozi-Nezhad, Anal. Chim. Acta, 2023, 1238,
340640.

28 E. Noviana, C. P. McCord, K. M. Clark, I. Jang and
C. S. Henry, Lab Chip, 2020, 20, 9-34.

29 E. Noviana, T. Ozer, C. S. Carrell, J. S. Link, C. McMahon,
I. Jang and C. S. Henry, Chem. Rev., 2021, 121, 11835-11885.

30 E. Zerem, A. Kurtcehajic, S. Kunosi¢, D. Z. Malkocevi¢ and
O. Zerem, World J. Gastroenterol., 2023, 29, 2747.

31 C. Li, M. Jiang, C. Pan, J. Li and L. Xu, BMC Gastroenterol.,
2021, 21, 332.

32 S. D. Colvin, E. N. Smith, D. E. Morgan and K. K. Porter,
Abdom. Radiol., 2020, 45, 1222-1231.

33 E. W. Rice, Clin. Chem., 1959, 5, 592-596.

34 N. Saka¢, M. Sak-Bosnar, M. Horvat, D. Madunié¢-Caci¢,
A. Szechenyi and B. Kovacs, Talanta, 2011, 83, 1606-1612.

35 N. Sakac and M. Sak-Bosnar, Int. J. Electrochem. Sci., 2012, 7,
3008-3017.

36 S. Dutta, N. Mandal and D. Bandyopadhyay, Biosens.
Bioelectron., 2016, 78, 447-453.

37 I Tsyrulneva, P. Alagappan and B. Liedberg, ACS Sens., 2019,
4, 865-873.

38 H.-Y. Hsiao, R. L. C. Chen, C.-C. Chou and T.-J. Cheng,
Sensors, 2019, 19, 1571.

39 H. A. Silva-Neto, J. C. Jaime, D. S. Rocha, L. F. Sgobbi and
W. K. T. Coltro, Anal. Chim. Acta, 2024, 342336.

40 X. Zhao, F. R. Kolbinger, M. Distler, J. Weitz, D. Makarov,
M. Bachmann and L. Baraban, Biosens. Bioelectron., 2024,
251, 116034.

41 B. Daurai, A. J. Baruah and M. Gogoi, Enzymatic Biosensors
for Detection of Pancreatitis, in Enzyme-based Biosensors:
Recent Advances and Applications in Healthcare, ed. S. Patra,
D. Kundu and M. Gogoi, Springer Nature, Singapore, 2023,
ch. 6, pp. 127-150.

24372 | RSC Adv, 2024, 14, 24365-24372

View Article Online

Paper

42 H. Ma, Q. Kang, T. Wang and L. Yu, Colloids Surf., B, 2019,
173, 616-622.

43 L. Quarino, Q. Dang, J. Hartmann and N. Moynihan, J.
Forensic Sci., 2005, 50, JFS20044174.

44 F. Dal Dosso, Y. Bondarenko, T. Kokalj and J. Lammertyn,
Sens. Actuators, A, 2019, 287, 131-137.

45 J.S. Ng and M. Hashimoto, RSC Adv., 2020, 10, 29797-29807.

46 R. A. Ruiz, ]J. L. Gonzalez, M. Vazquez-Alvarado,
N. W. Martinez and A. W. Martinez, Anal. Chem., 2022, 94,
8833-8837.

47 R. Ghosh, S. Gopalakrishnan, R. Savitha, T. Renganathan
and S. Pushpavanam, Sci. Rep., 2019, 9, 7896.

48 S. Chattopadhyay, R. Ram, A. Sarkar and S. Chakraborty,
Measurement, 2022, 199, 111492.

49 N. Gautam, R. Ram, V. Bishnoi and A. Sarkar, Microfluid.
Nanofluid., 2023, 27, 41.

50 M. Freitas, C. Proenca, D. Ribeiro, M. B. Quinaz-Garcia,
A. N. Aratjo and E. Fernandes, J. Chem. Educ., 2023, 100,
1237-1245.

51 H. Bruchertseifer, R. Cripps, S. Guentay and B. Jaeckel, Anal.
Bioanal. Chem., 2003, 375, 1107-1110.

52 N. Saka¢, M. Karnas, ]J. Dobsa, M. Jozanovi¢, V. Gvozdic,
E. Kova¢-Andri¢, M. K. Saka¢ and B. Sarkanj, Food Technol.
Biotechnol., 2020, 58, 5.

53 C. Poggio, M. Ceci, R. Beltrami, M. Colombo and A. Dagna,
Dent. Res. J., 2015, 12, 425.

54 T.-B. Zou, T.-P. He, H.-B. Li, H-W. Tang and E.-Q. Xia,
Molecules, 2016, 21, 72.

55 J. Du, J. J. Cullen and G. R. Buettner, Biochim. Biophys. Acta,
Rev. Cancer, 2012, 1826, 443-457.

56 W. Stahl and H. Sies, Mol. Aspects Med., 2003, 24, 345-351.

57 R. R. Adhikary and R. Banerjee, Biosens. Bioelectron., 2021,
184, 113244.

58 Z. Dehghani, J. Mohammadnejad and M. Hosseini, Anal.
Bioanal. Chem., 2019, 411, 3621-3629.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03804e

	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e

	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e

	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e
	Paper-based chemometer device for the estimation of tnqh_x03B1-amylasetnqh_x2014a biomarker for pancreatitisElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03804e


