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Introduction: In this work, we used a thread-paper
microfluidic device (UWTPAD) system, where a
threaded part for the handling of the whole blood
samples and a paper part for the reaction of plasma
with immobilized bioreagents integrated into
woman pad as a wearable sensing device namely as
smart women pad. The pTPAD as a wearable smart

to cover the elements required, that is, separation
of red blood cell, conditioning, analyte reaction,
and colorimetric detection. The color change in sensing areas was measured in the RGB values via
a smartphone using the Color Grab after a smart woman pad was used. The thread allowed red
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biorecognition, and colorimetric transduction of pH and urea as analytes.

Results: The time needed for analysis was measured as 110 s using the equilibrium method for both
analytes, with a limit of detection (LOD) of 72.55 ug/mL for urea, with precision around 1.68%, while
for pH around 0.80%. The smart woman pad allowed rapid detection of pH and urea in menstruation
blood as real samples for monitoring of the kidney functions, and the results showed an agreement
with the conventional methods that have been generally used in the clinical laboratory.

Conclusion: The smart woman pad has the potential to be used as a wearable device to monitor the

health status of the user via its blood mensuration analysis.

Introduction

Currently, in modern society, there is a trend to change
the acquisition of chemical information from the
standard laboratory to the place where it is required.
This trend shifting approach is employed to acquire data
from instrument-based methods that are centered in the
laboratory, to become decentralized where user-based
approaches are centered, namely distributed approaches.’
One type of this analytical system is microfluidic
device, often called lab-on-a-chip. This device relies on
microfluidic platforms that allow for the chemical assay
miniaturization so that it has the potential to serve rapid
analysis.> Commonly, these devices work based on the
capillarity action used in liquid propulsion, where it has
advantages over other liquid propulsion systems, such as
simplicity, rapid response, user-friendly, biocompatibility,
and low cost. Developments of this device is mainly

based on paper, other materials, such as thread, and
textile. Currently, they have been raised into a very active
research area.””” Coupled with smartphones that have
color sensors, these microfluidic devices have promised to
become a powerful micro total analysis systems (LTAS).®
The UTAS should provide every element required to
do analysis, such as sampling, sample transport and
treatment, chemical reactions, detection, and information
recording, including signal processing. These systems
should be employed in the simplest way and user-friendly.
These systems provide information that are easily
understandable related to user needs.

The thread used has various benefits for the
fabrication of analytical devices, such as path length,
strength, materials, and small sample volume.” It has
been employed as support for the microfluidic paper-
based devices (WPAD) fabrication that can be used
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for numerous analytical applications, for example, as
recognition support,® transduction reactions,” and reagent
immobilization,” including sample conditioning' or
separation, control, and flow manipulation.””* In these
methods, mainly the detection techniques are optical and
electrochemical,”® where the optical detection is the most
common technique used. Besides its visual detection by
nude eye, the acquisition of color images are performed
by a smartphone' or a scanner'® with further color image
analysis.

In case of paper microfluidic devices coupled with
thread, namely microfluidic thread-paper based analytical
device (WTPAD),'® they combine the fluid conductions
by the thread, while the paper area used for the detection
process with the subsequent color change is recorded by a
smartphone or scanner. The uTPADs have been employed
for glucose detection by enzymatic method, where a
three-channel system is employed using nylon thread and
chromatographic paper with three zones of reaction.'
Other pTPAD systems have been reported for glucose and
bovine serum albumin detection,"” and glucose using a
smartphone.'®

In this work, we used a WTPAD system, where a
threaded part was used for the handling of the whole
blood samples and a paper part for the reaction of plasma
with immobilized bioreagents integrated into the woman
pad as wearable sensing device namely as smart women
pad. Furthermore, the color change of the sensing area in
the microfluidic paper-based device was performed by a
smartphone using a free application (Color Grab). This
opens the door to develop uTPAD as a wearable device
by integrating into a woman pad to produce analytical
data, which can improve significantly its versatility as
an analytical tool. Thus, it could be beneficial for the
woman user, since while they are wearing the pad, it
could also monitor the pH and urea concentration via
their mensuration blood based on the color change of
the sensor. Besides, it benefits the producer that the pad
can be upgraded to be smart by adding other functions,
such as mensuration blood analysis in this case, without
disturbing the pad main function. In the case of the urea
and pH detection in whole blood, they need to separate
the red blood cell from the plasma, which is achieved
with a thread as a blood separation membrane and
channel. In order to validate the results, the mensuration
blood samples analysis from six women volunteers were
analyzed using the smart woman pad, and the results were
compared with the standard laboratory procedure for urea
and pH using normal blood.

Materials and Methods
Reagents and solutions
Urease from jack bean (E.C.3.5.1.5), chlorophenol red
(CPR), bromothymol blue (BTB), filter paper (Whatman
no. 1), and phosphate buffer solution (1xPBS) consisting
KCl, NaCl, KH,PO, and Na,HPO, were obtained from

Sigma-Aldrich (MO, USA). All chemicals used are
analytical reagent grade. All glassware used were washed
using high pure water before use, and the solutions
were also prepared using high pure water (resistance of
18 Mcm™). Rubber-based ink (Sunrise, Indonesia) was
ordered from Commanditaire Venootschap. Cipta Warna
Jaya (Indonesia), food dyes, embroidery threat (Rose,
Indonesia), cotton, sterile gauze (Onemed, Indonesia),
and woman pad (Charm Body Fit, Indonesia) were
obtained from Hypermart (Jember, Indonesia).

Smart woman pad preparation
Before a u.TPAD was prepared and integrated into a woman
pad, first, a pPAD was fabricated using Whatman filter
paper was patterned by the rubber base ink using screen
printing technique in both sides of the paper (uPAD size
160 x 200 mm). After printing process, it was dried for
3 min using a hairdryer. The patterned paper became
hydrophobic after it was dried, while the un-patterned
part was still a hydrophilic paper. Afterword, the patterned
paper was employed as uPAD for clinical analysis by
immobilizing desired reagents to the sensing regions.
For the urea detection, the sensing area was immobilized
with urease along with BTB at optimized volume and
concentration. While for pH, it was immobilized with
CPR at optimized volume and concentration as well.
After the uPAD was fabricated, it was then attached into
the woman pad by thread-stitching, where filter paper and
sterile gauze were used as a microchannel for red blood cell
separation, conditioning, and liquid sample propulsion
through a capillarity action with the length of 10 cm and
width of 1 cm. At the inlet of uPAD, it was also added with
cotton around 1 cm? and pPAD was also stitched to the
pad to fix its position in the pad (Fig. 1).

Optimization of uPAD reagent volume and concentration
To maximize the pPAD response toward analyte detection
(urea and pH), the reagents used in the sensing areas need
to be optimized to give a maximum response. The uPAD
parameters that had been optimized were the maximum
volume of pPAD and reagent volume used in the sensing

pH detection urea detection

cotton

fiter paper

Fig. 1. Design of smart woman pad for detection of urea and pH of the
mensuration blood sample.
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area, including their concentration. Here for the uPAD
volume, various volumes (10 uL, 20 pL, 30 uL, 40 pL, 50
uL) were tested using red food dye, while its sensing area
was tested with lower volumes (0.5 pL, 1 pL, 1.5 pL, 2
uL). For the concentration of reagents used (i.e. BIB and
CPR), the concentration in the range of 1000-5000 pug/mL
was tested, while the urease used was fixed at 1 mg/mL
and only the phosphate buffer solution was optimized in
the pH range of 6.0 to 8.5.

Apparatus

Digital images were obtained with a Samsung Note 5
smartphone (13 megapixels) (Samsung Electronics,
Suwon, South Korea), installed on Android 5.1.1., using
the Color Grab 3.6.1 (Loomatix®). The procedure was
described in detail in previous work."” To take a stable
and reproducible color image, the images were taken at a
fixed distance (50 mm) from the smartphone to avoid the
parallax error. Here, the smartphone flashlight was used
along with an additional light called ‘Ringlight LED Clip-
On for Smartphone” (XY, China) that is usually used for a
selfie, with the same distance and background, so that all
the colors taken should be in a light-controlled area. for
each image taken of the color change a sensor response
to reduce and minimize ambient light effects that may
result in false RGB obtained, which will affect the result of
image analysis. Here, the algorithm of image-processing
initially determines each color spot that has been taken,
and then calculates the mean of several pixel intensities.
Then, Color Grab® converted the image pixel intensity
into an RGB value by its algorithm. Then, the Amean RGB
values presented as (mean RGB - RGB,_ ) were plotted
versus the pH or urea concentration in this case. Here the
Color Grad application based on Android was used for
simple data acquisition as it can be taken directly from a
smartphone, compared with the Image] program that is
usually used for color image analysis based on windows
that needs a PC or laptop. While in terms of RGB, the
sensor response is similar in RGB value obtained between
both methods. In order to produce good reproducibility of
the color response of the sensor, it needs to use the same
camera with the same resolution to have a good relative
standard deviation (RSD), since it is related to the color
change that has been presented as RGB. In terms of the
color change of the sensor response taken using the same
camera with the same position and background, the RSD
of ten-time measurements in terms of RGB was <1%.

Blood samples

For the real blood sample, the mensuration blood was used.
It was taken from six volunteer woman aged between 20 to
30 years old who were in the mensuration period between
the days 1-3. They used the smart woman pad around 20
minutes and then the color change of yPAD was measured
using A mean RGB value as sensor response, and the urea
content and pH of plasma were analyzed using the smart

woman pad. The determination of both analytes was
done in triplicate using the linear equation constructed
previously, while for the blood samples performed by the
standard clinical lab that was carried out at the clinical
laboratory of Dr. Soebandi Hospital (Jember) using vein
blood as normal blood taken from the same six volunteer
women.

Measurement procedure

To use the smart woman pad, 10 mL of the simulated
sample was deposited on the woman pad and left for 15
minutes until it reacted completely with the detection area
for urea and pH or in the real situation, it could be used
as a normal woman pad and left for 15 minutes until the
plasma of mensuration blood was separated with the red
blood cells, and reacted completely with the detection
area for urea and pH. Afterward, a smartphone with the
Color Grab was employed to capture the color change
of the pPAD sensing area. To validate the pPAD results,
the analyte concentrations found were compared to the
standard method used in the clinical laboratory for pH
and urea using a normal blood sample (vein blood). Here,
we compared our results with the results obtained by the
clinical laboratory from dr. Soebandi Hospital, Jember.

In this lab, pH was measured by pH meter (Orion Star
A211 pH meter, UK) while urea was measured based
on blood urea nitrogen (BUN). Each blood sample was
measured 3 times. Here, BUN determines the urea nitrogen
concentration in the blood sample. Since urea nitrogen is
excreted by the kidneys from the blood, therefore high
BUN concentrations could be related to kidney damage.?
Here, the method was based on Beckman UniCel®
DxC800 Synchron, where the DxC modular chemistry
(BUNm) is used to determine the BUN concentration in
serum or plasma by the method of enzymatic conductivity
rate. A sample with precise volume is injected into a
reaction cup consisting the urease and an electrode that
responds to changes in the solution conductivity. Here,
the conductivity increase rate is proportional directly to
the concentration of urea in the sample.

Results and Discussion

Sensing mechanism

The smart woman pad as given in Fig. 1, as a combined
device is constructed to cover all the analytical elements
required, that is, separation red blood cell sample,
conditioning, analyte recognition, and colorimetric
detection. Here, the color change in sensing areas was
captured with a smartphone and presented as the RGB
values by using Color Grab, a free application, after a
smart woman pad was used. The thread (10 cm length)
that allows red blood cell sampling and separation
from plasma, was combined between filter paper and
sterile gauze that stitched with a threat to woman pad,
wherein the inlet into uPAD was covered with a cotton
pad to hold of any red blood cell entry into the uPAD so
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that it only allows drawing the plasma into the uPAD,
where conditioning, biorecognition and colorimetric
transduction of pH and urea occur.

The pH detection is based on CPR response in terms of
its color change toward the pH of the plasma from red to
violet, while the urea detection is based on the enzymatic
hydrolysis of urea by urease, in which ammonia was
produced, where the ammonia could be detected by BTB.
Here, the color change of the sensing area from yellow
to blue in the presence of ammonia is correlated with
urea concentration in the plasma (Fig. 2).?! Thus, based
on this sensing mechanism, the analysis of mensuration
blood in a woman could be possible by using the plasma
of mensuration blood, after it was separated from the red
blood cells, and flowing the plasma toward uPAD to react
completely with the detection area for urea and pH. All
of the processes need time around 15 minutes, where it
takes around 10 to 12 minutes to draw the plasma into
the pPAD. The time taken for the sensor response is
comparable with others.”>* Afterward, a smartphone with
the Color Grab app was used to capture the color change.

Optimization of yPAD
The maximum volume of YPAD was determined by
flowing the red dye solution into the WPAD ranging
from 10 uL to 50 pL. It was found that the uPAD has a
maximum sample volume at 50 uL (Fig. S1a). This sample
volume (50 pL) was used as a maximum sample volume
for further experiments. Regarding the maximum volume
for sensing area of uPAD, similarly, it was determined by
drawing using red dye solution into sensing area ranging
from 0,5 pL to 2 pL. It was found that both sensing area
has a maximum sample volume at 2 pL (Fig. S1b). This
volume (2 L) was used for the volume of reagent used
for reagent immobilization via the adsorption method in
both sensing areas.

For reagent concentration optimization such as pH using

Fig. 2. The response of smart woman pad for detection of urea and pH of
the mensuration blood sample, (A) before and (B) after reaction toward
pH and urea.

CPR, it was optimized using various concentrations of
CPR ranging from 1000 to 5000 ug/mL, then it was tested
with buffer pH 7.0 to find the maximum color change. It
was found that 5000 pg/mL CPR concentration gave the
highest intensity color change toward pH 7 (Fig. S2a) and
this concentration was used for further pH detection.
Similarly, for BTB that was used along with urease at
desired pH of 7.5 for urea detection, it was optimized
using various concentrations of BTB ranging from 1000
to 5000 pg/mL. Then, it was reacted with an urea standard
at 1000 pug/mL. Afterword, the BTB color change from
yellow to blue color was compared to find the highest
color change intensity. It was found that the concentration
of BTB at 3000 ug/mL gave a high-intensity color change
similar to other concentrations such as 4000 and 5000 pg/
mL (Fig. S2b). Therefore, this BTB concentration (3000
ug/mL) was then used for further measurements.

Besides BTB concentration optimization, another
parameter that affected urea detection is pH. Therefore,
the pH condition in the sensing area was optimized using
phosphate buffer solution in the pH range from 6.0 to 8.5.
Here, the BTB was used in optimized concentration (3000
pg/mL) and reacted toward urea standard at 1000 pg/
mL. It was found that the pH was optimum at 7.5 where
it gave the highest intensity color change compared to
another pH (Fig. S2¢). This pH was found to be suitable as
a normal pH found in the real blood sample.?* Therefore,
this pH (7.5) has been selected to be used for further
measurements.

Analytical figures toward pH

The response time of uPAD toward pH detection was
performed by measuring the color change of immobilized
CPR (conditioned at pH 7.0) from pink as its base color
to become red-purple when it reacted with a phosphate
buffer solution at pH 7.5. The time response was
measured using a stopwatch, and it was found that the
time response toward pH was found as the average of
three measurements at 112 seconds or 1.86 minutes.
This can be stated that this response time is adequate to
be applied in a smart woman pad for pH detection. Since
this pH response time is comparable to the response time
for pH in a urine sample,” therefore around 2 minutes, in
this case, was enough time for detection of pH in terms of
color change using the proposed method.

The linear range of uPAD toward pH was determined
by testing with a phosphate buffer solution at various
pH, ranging from pH 4.0 to 7.5 as given in Table SI and
presented as linear range as presented in Fig. 3. According
to Table S1, it can be determined that the higher the pH,
the higher intensity of color change (A mean RGB), so
that the calibration curve also gives a positive correlation
between the sensing response and pH, where the higher
pH gives higher response as shown in Fig. 5, where the
regression equation was found y = 5.9895 pH-21.544 with
a correlation coefficient (r) value of 0.996. This value is
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Fig. 3. The calibration curved of pH sensing of yPAD in the pH range 4.0 to
7.5 using phosphate buffer solution.

classified as an excellent correlation (=0.99) for this type
of pH measurement.”® While the precision of pH detection
was performed toward phosphate buffer at pH 7.0 (6
samples) as normal pH for plasma or serum,” using the
regression equation, and the results of pH detection was
found to be excellent (RSD value was 0.79%), and this
value was fulfilled for good precision value that requires
RSD < 2%.%

Analytical figures toward urea

The response time of the sensing area of uPAD towards
urea was measured by determining the color change of
urea sensing (conditioned at pH 7.5) from yellow as its
base color to become blue when it reacted with the urea
standard solution (1000 pg/mL). The time response was
measured using a stopwatch, and it was found that the
time response toward urea was found as the average of
three measurements at 106 seconds or 1.76 minutes. This
response time toward urea is adequate to be applied in the
smart woman pad since the response time is not much
different from the response time for pH detection (112
seconds or 1.86 minutes).

The linear range of uPAD toward urea was determined
by reacting with various urea standard solution
concentrations in the range from 100 to 2000 pg/mL as
given in Table S2 and presented as a linear range with a
correlation coeftficient (r) value of 0.988 as given in Fig. 4
(inset). According to Table S2, it can be determined that the
higher urea concentration, it can give a higher intensity of
color change (A mean RGB) so that the calibration curve
gives a positive correlation between the sensing response
(A mean RGB) toward urea concentration. However, the
best linear range was achieved in the concentration range
between 100 to 800 ug/mL as shown in Fig. 4, where
regression equation was y = 0.0201 [urea] + 0.6968 with
a correlation coefficient (r) value of 0.995. This value
can be classified as an excellent coefficient value (=
0,99) for this type of urea measurement.”® Based on the
regression equation, the limit of detection (LOD) (30 of
blank) was calculated to be 72.552 pug/mL, while the limit

Fig. 4. The calibration curved of urea sensing of WPAD in the urea
concentration range of 100 to 800 pg/mL and 100 to 2000 pg/mL (inset).

of quantification (100 of blank) was found to be 241.838
pg/mL. This value was adequate for the detection of urea
in plasma or serum since the normal range of BUN is 5
to 20 mg/dL* or 500 to 2000 ug/mL. In addition, a BUN
over this level (>2000 pg/mL) would indicate an impaired
function of the kidney significantly for a woman.?

The precision of urea was detected toward the urea
standard solution at 140 ug/mL (6 samples) just above the
LOD of the pPAD, and by using the regression equation,
and the results of urea detection was found to be excellent
(RSD value was 1.68%), and this value was fulfilled for
good precision value that requires RSD <2%.* For the
determination of accuracy, using the urea standard
solution at 140 pg/mL was performed by the addition of
80%, 100%, and 120% of the standard urea solution. Based
on the regression equation for urea, it was found that the
recovery values (%recovery) for the addition of 80%,
100%, and 120% were found to be 95.543%, 100.592%, and
98.143%, respectively. This accuracy values (% recovery)
were fulfilled for the good accuracy or recovery between
90%-107%.%

The selectivity of the urea sensor was tested using NaCl,
glucose, and creatinine as these compounds usually consist
of the blood plasma. The urea sensing was tested toward
100 pg/mL in the ratio 1:10 with these interferences. The
results showed that no significant interference was found
in this urea detection, since these interferences only give
different responses less than 1%, and this interference can
be negligible. Thus, it can be stated that the urea sensing of
the uPAD is very selective toward urea detection.

In order to show the figure of merit of the proposed
method, Table 1 shows the comparison of the results of
other pPAD for the detection of urea in clinical samples,
where the proposed method is comparable with others
using urine samples, and better for urine determination
using saliva in terms of LOD, and blood serum in terms
of wider linear range. The detail of data in terms of
biosensing mechanism used by others related to Table 1 is
given in Table S3. Thus, this data shows that the proposed
method in terms of smart woman pad, as a wearable
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Tabel 1. The comparison of results between pPAD for the detection of urea in clinical samples

Sample Figures of merit

Method References

LOD: 1.02 mM (6.12 mg/dL)
Urine LR: 0-50 mM (0-300 mg/dL)
r: 0.988

LOD: 10.4 mg/dL
Saliva LR: 10-260 mg/dL
r: 0.960

LOD: n.d.
LR: 10-100 mg/dL
r:0.995

LOD:72.552pg/mL (7.26 mg/dL)
LR:100-2000pg/mL(10-200 mg/dL)
r: 0.988

Blood serum

Blood mensuration

Fluorimetric =

Colorimetric b

Colorimetric 30

Colorimetric This work

Note: LOD = limit of detection; LR = Linear range; n.d = not determined.

device could have also better figures of merit compared to
other pPADs as the direct analytical tools using common
analytical samples. Moreover, this wearable device
demonstrated that pPAD can be integrated into woman
pad to monitor the health status of the user via its blood
mensuration samples, such as urea for monitoring of the
kidney functions with good analytical performances.

Applications

The applicability of the smart woman pad was evaluated
using spiked samples, where a normal blood sample was
added with a standard urea solution in 1:1 ratio with the
urea concentration between 100-800 pg/mL, and also
with various pH of phosphate buffer solution between
pH 4.0 to 7.5, and the results were summarized in Table
2. According to Table 2, the smart woman pad showed
a different response (color change) as mean RGB value
decreased toward different pH and urea concentrations,

Table 2. The results of urea and pH detection using spiked samples

where the higher urea concentration within the sample,
the higher intensity of blue color in the urea sensing was
shown, while in the case of pH, at pH 4.0 and 4.5 showed a
dark yellow change to yellow, and at pH 5.0 to 7.5 showed
red change to purple color. This can be stated that the color
change that the smart woman pad is working well with
the blood sample, where the plasma could be separated
from the red-blood-cell within around 15 minutes until
it reacts in both sensing areas for pH and urea. The
time taken for the sensor response is comparable with
others.>**? In addition, the pPAD color change using
plasma shows similar color change compared to standard
urea solution and standard buffer solution. Therefore, the
linear equation constructed using buffered urea standard
solution could also be applied for real sample using blood
mensuration, since only the plasma is used in the detection
for urea and pH.

For real sample analysis using blood mensuration, the

[Urea] ug/mL and buffer

Mean RGB value

UPAD
added Urea pH
" @ @ @ 163.366+1.850 148.966+1.331
pH 4.0
o @ @ @ 161.574+1.058 147.245%1.993
pH 4.5
o @ @ @ 157.963+1.682 142.571+1.897
pH 5.0

¥
o @ @ @ 196.217+1.819 141.145+1.182
pH 5.5
o @ @ éb 155.176+1.381 136.981+1.957
pH 6.0
o @ @ @ 152.771+0.987 132.458+0.988
pH 6.5
e @ @ @ 151.841+1.094 131.295+1.238
pH 7.0
e @ @ @ 149.751+1.321 130.771+1.978
pH 7.5
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Research Highlights

What is the current knowledge?

v During the last decade, paper-based microfluidics offers
promising applications in clinical analysis of biological fluids,
including point of care devices.

V The application of paper-based microfluidics combined
with other platforms as the wearable analytical device is still
limited.

What is new here?

v The proposed wearable analytical device is a simple,
disposable, efficient, and cost-effective device for whole
blood analysis.

v There is no need for complex instrumentation system since
it can be detected using the naked eye or smartphone.

v This wearable analytical device can be applied to monitor
the health status of the user via its blood mensuration analysis,
such as pH and urea for monitoring the kidney functions.

smart woman pad was applied to the patient woman,
where they wore the smart woman pad around 20 minutes
and then the color change of uPAD was measured using A
mean RGB value as sensor response, and urea and pH of
plasma were determined. The smart woman pad results
were then compared with the results from the clinical
laboratory of Dr. Soebandi Hospital, Jember, using normal
blood as BUN, and the results are also given in Table 3,
as a comparison. Based on the samples from the same
six women donor, it can be stated that both results of the
smart woman pad and clinical Laboratory were in good
agreement in the determination of urea and pH. Thus,
it can be stated that the smart woman pad can be used
as an alternative wearable device in the detection of urea
and pH of mensuration blood sample, which can also be
used as early detection of kidney function. Therefore, the
health monitoring condition could be performed easily
by the user itself without the need to take a blood sample
from them.

Conclusion

A wearable smart woman pad consisting an fTPAD has
been developed for the detection of pH and urea in a
mensuration blood sample. The smart woman pad enables
all the analytical tasks required, such as separation of red
blood cell, conditioning, analyte reaction, and colorimetric
detection using a smartphone via a free application (Color
Grab). The smart woman pad allows rapid detection of
pH and urea in the menstruation blood sample that can be
used for early detection of the kidney functions, and the
results show an agreement with the conventional methods
that are generally used in the clinical laboratory using
normal blood. Thus, it can be concluded that the smart
woman pad has the potential to be used as a wearable
sensing device to monitor the health status of the user via
its blood mensuration analysis.
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