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A B S T R A C T

Salivary urea was reported to be a useful biomarker to reflect the blood urea nitrogen in chronic kidney disease
patients. However, as a new biomarker, enormous clinical trials are required to define the intended-use and to
verify the specification. In this report, we demonstrated a low-cost easy-operated real-time sensing system
(optical fiber-urea-sensing, OFUS, system) to detect salivary urea. We aim to make the system easily reproduced
by the community to stimulate abundant clinical tests worldwide. The OFUS system is composed of a simple
three-dimensional printed tank to link with two optical fibers, one connecting with a commercial light-emitting
diode to deliver the input light signal, the other connecting with a commercial cadmium sulfide photo-con-
ductive cell to detect the sensing signal. To allow on-site detection without any sample pretreatment, only 1 μl
saliva is needed to be mixed with 10 μl urease solution and 90 μl pH indicator solution in the reaction tank and
the detection time is only 20 s. A stable and reproducible calibration curve can be easily built with a detection
range as 24–300mg/dL. The OFUS system successfully detected saliva with added synthetic urea and samples
from chronic kidney disease patients. A good agreement between the OFUS system and the commercial kit was
obtained. A good correlation between salivary urea and the blood urea nitrogen was also confirmed.

1. Introduction

Non-invasive bio-medical sensors are emerging technologies in the
coming era of cloud medicine with internet-of-things (IoT) facilities.
Clinical studies found that many important bio-markers may exist in
human breath (Chuang et al., 2017; Davies et al., 2014; Di Natale et al.,
2014; Kumar et al., 2015; Mathew et al., 2015; Saalberg and Wolff,
2016; Wilson, 2015), urine (Clinton and Lotan, 2017; Lopez-Giacoman
and Madero, 2015; Park et al., 2017; Won et al., 2016; Zheng et al.,
2015), saliva (Ahmed et al., 2015; Celec et al., 2016; Nagler, 2008;
Pallos et al., 2015; Prasad et al., 2016; Shirzaiy et al., 2015), and tear
(Badugu et al., 2018; Farandos et al., 2015). The importance to develop
the in-vitro bio-marker detecting is hence rapidly growing. Saliva has
been reported to be an informative in-vitro liquid. In the cases approved

by Food and Drug Administration (FDA), saliva detecting is useful for
the fast screening of drug taking (Drugs of Abuse (Collection Kit)) and
the human immunodeficiency virus (HIV) infection (First Rapid Home-
Use HIV Kit Approved for Self-Testing). Lately, the deoxyribonucleic
acid (DNA) analysis from saliva sample is also an emerging business
(FDA allows marketing of first direct-to-consumer tests that provide
genetic risk information for certain conditions). Detecting saliva cor-
tisol to indicate stress reaction is also recognized by FDA and European
Conformity (CE) (Diagnostic Salivary Progesterone Elisa Kit (FDA, CE
Mark)).

In recent studies, salivary urea testing is also developed to reflect
the blood urea nitrogen (BUN) in chronic kidney disease (CKD) pa-
tients. As many countries are facing the aged society, CKD is one of the
major diseases affecting human health. Approximately 30 million
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Americans, 14.8% of the American population, have CKD (Saran et al.,
2018), but most of them have only a little awareness of this disease.
Patients with hypertension or diabetes are at high risk for CKD. Dialysis
or kidney transplantation is a treatment for severe kidney failure. Early
detection and early treatment may slow the progression of CKD. BUN is
one of the biochemistry parameters to evaluate kidney function. Hence,
it would be beneficial to the assessment of kidney function if the BUN
test can be done by a non-invasive approach, such as salivary urea test.
Several previous studies showed a good correlation between salivary
urea and blood urea as listed in Table S1 (Ahmed et al., 2015; Akai
et al., 1983; Cardoso et al., 2009; Pandya et al., 2016; Sein,
Arumainayagam, 1987; Tomás et al., 2008). When salivary urea may be
a useful indicator of kidney function, the development of the salivary
urea sensor as a non-invasive device is also essential.

Currently, salivary urea sensing tools are mostly based on the
commercial kit with absorption spectrometer readout (Ahmed et al.,
2018; Govindarajan et al., 2017; Piccione et al., 2006; Renda, 2017;
Romero et al., 2016). With urease as the enzyme to ensure the sensing
selectivity, the sensing mechanism mostly relies on the hydrolysis of
urea to generate ammonia and to change the color of pH indicator.
Some strips are developed for eye recognition and for smartphone
reading to promote the point-of-care (POC) applications (Akai et al.,
1983; Alev-Tuzner et al., 2018; Calice-Silva et al., 2014; Evan et al.,
2017, 2018; Raimann et al., 2011, 2016; Soni et al., 2018). For ex-
ample, Alev-Tuzuner et al. used polyethyleneglycol (PEG) based hy-
drogel to entrap urease and then allocated the hydrogel onto a pH-
indicator paper to form the strip. The strip determines the urea con-
centration ranged from 20mg/dL to 200mg/dL in 1min (Alev-Tuzner
et al., 2018). In addition to eye recognition, smartphone-based sensing
systems have been proposed to read the color change of the strips
(Lopez-Ruiz et al., 2014; Oncescu et al., 2013; Soni et al., 2018). In
2018, Soni et al., developed a smartphone reading system to read the
color changing signal on a polyvinyl alcohol (PVA) based hydrogel
sensing strip. They successfully determine salivary urea with con-
centration ranged from 10 to 260mg/dL in 20 s (Soni et al., 2018). The
fast response and the easy read-out using smartphone facilitate the
future applications for end-users. However, there is still a big gap be-
tween the clinical studies and the real medical tool with FDA approval.
Since salivary urea is still a new bio-marker, the commercialization of
medical equipment for saliva urea faces challenging. The missing link is
the recognition of this bio-marker for clearly specified intended-use.
Either to be used as fast screening, as protein intake monitoring, or as
the disease progress alerting, more abundant clinical evidence is re-
quired. However, to stimulate clinical trials in clinical centers, the re-
sults in prior works have some limitations. The development of a hy-
drogel-based sensing strip is important when facing end-user for future
commercialization. For doing human trials in clinical centers, however,
it is not possible for doctors and nurses to spend efforts fabricating these
new strips by themselves. Considering the requests in doing human
trials, we noticed that the barrier to study salivary urea relied on the
following factors. (1) Difficult sample storage. (2) Lack of easy, por-
table, fast, and low-cost testing. (3) Lack of easy and fast calibration. If
the above barrier can be lowered, the clinical study for salivary urea
can be done more easily and the POC application may be realized.

Generally, saliva samples face the difficulty of storage without af-
fecting by environmental bacteria. In most cases, frozen storage is
needed (Piccione et al., 2006; Renda, 2017; Romero et al., 2016). In
some prior reports, for example when doing the DNA analysis, saliva
samples can be stored at room temperature by adding additional buffer
solution to stabilize the DNA (Slowey, 2013; Streckfus, 2015). How-
ever, such method is not yet verified for salivary urea. An alternative
method to solve the difficulty of sample storage is doing “on-site” im-
mediate analysis after collecting the samples.

To realize the “on-site” salivary urea detection, a low-cost, portable,
easy-operated saliva urea testing system is in need. Hence, in this work,
we perform an optical-fiber-urea-sensing (OFUS) system by using a

simple three-dimensional (3-D) printed reaction tank to link with two
optical fibers, one connecting with a commercial light-emitting diode
(LED) to deliver the input light signal, the other connecting with a
commercial cadmium sulfide (CdS) photo-conductive cell to detect the
sensing signal. Between the two optical fibers, the salivary sample is
mixed with the urease solution and pH indicator solution to deliver the
sensing reaction. The designed structure does not require any dedicate
optical align between the two optical fibers. We apply ultraviolet (UV)
glue to enhance the light coupling between the optical fibers and the
LED/photo-conductive cell. Then, by changing urea concentration in
the prepared sensing solution, we demonstrate a stable calibration
curve with high reproducibility and good repeatability. We also de-
monstrate the on-site real-time detection by using real saliva with
added synthetic urea. Compared with the commercial kit, our proposed
method delivers a very good match. Finally, we used the OFUS system
to detect saliva samples collecting from patients with chronic kidney
diseases. A good correlation between salivary urea and the blood urea
nitrogen is obtained. We confirm that the proposed low-cost system
realizes the on-site testing with easy operation. Moreover, to let the
OFUS system easily adopted by the community and hence to speed up
the worldwide studies on salivary urea, the OFUS system has no pro-
prietary and is highly replicable. The purpose of this study is to sti-
mulate abundant clinical studies, hopefully realizing the POC applica-
tions with a clear intended use in the near future.

2. Experimental section

2.1. Materials

Urea, urease (U4002 - 20KU), and bromothymol blue (BTB) pow-
ders were purchased from Sigma-Aldrich. The multimode optical fiber
was purchased from Thorlabs (FT200UMT). The reaction tank was
constructed using a 3-D printer.

2.2. Preparation of synthetic urea solution, urease solution, and
bromothymol blue solution

Urea powder was dissolved in deionized (DI) water to prepare
concentration range from 24 to 300mg/dL. Urease solution was pre-
pared by dissolving 2.1mg urease powder in 10ml DI water. The BTB
pH indicator was prepared by dissolving 0.1 g BTB powder in 4.3 ml of
0.05M NaOH. DI water was added to the mixed solution to obtain a
final volume of 200ml and the solution was diluted 10-fold using DI
water. The pH value of BTB before testing is fixed at 7.4.

2.3. Sensing system

The OFUS system (Fig. 1) consisted of a 585 nm yellow LED, an
input optical fiber, a 1 cm×0.5 cm ×0.7 cm 3-D printing reaction
tank, an output optical fiber, a CdS photo-conductive cell (SEN5003), a
hot plate, and an I-V analyzer to measure electric signals. The photo-
conductive cell needed to be shielded from the ambient light. The LED
also needed to be covered to ensure that the LED light entered the tank
only through the input optical fiber. The photos of the OFUS system, the
top view and the side view of the tank were also shown in Fig. 1. The
optical fibers, stained with blue color in the photos, were put into the
grooves at the side-wall of the tank. Then, polydimethylsiloxane
(PDMS) films were inserted into the grooves to avoid the liquid leak.
The input optical fiber delivered light to the reaction tank. The silica
core diameter of the optical fiber was 200 ± 5 µm. The hard polymer
cladding diameter of the optical fiber was 225 ± 5 µm. The buffer
coating diameter of the optical fiber was 500 ± 30 µm. The numerical
aperture (NA) of the optical fiber was 0.39. To easily connect the op-
tical fibers and the LED, reaction tank, and photo-conductive cell, the
buffer coating at both ends of the optical fiber were removed by the
wire stripper. One end of the input optical fiber was fixed on the LED by
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UV glue, which improved the transmission of light from LED into the
optical fiber, and the other end was connected to the bottom of the
reaction tank. The output optical fiber, which was connected to the
photo-conductive cell by UV glue, was used to collect light signal to the
photo-conductive cell detector. The end-end distance between the two
optical fibers was typically fixed at 0.7 cm in this study. The designed
structure did not require any dedicate optical align between the two
optical fibers. The temperature was stabilized at 37 °C with the help of a
hot plate. The current of the photo-conductive cell was measured using
the Keysight U2722A modular source measure unit when the cell was
biased at 3 V.

2.4. Urea detection

Urease catalyzes the hydrolysis of urea into ammonia and carbon
dioxide (Eq. (1)). Subsequently, ammonia reacts with water to form
ammonium (NH4+) and hydroxyl (OH-) ions (Eq. (2)), which increases
the pH value. We used a colorimetric pH indicator, BTB, to detect the
change of pH and hence to determine urea concentration. The sche-
matic of the process for urea detection is presented in Fig. S1. First, 90
μl BTB was added to the reaction tank (Fig. S1(a)) to completely cover
the two optical fibers. Then, 1 μl urea solution was added to the reac-
tion tank and was stirred to form a uniform solution (Fig. S1(b)). Then,
10 μl urease solution was added into the mixture and was stirred for 2 s
(Fig. S1(c)). It is worth mentioning that, to avoid the interference from
the corners of the rectangular tank and to quickly obtain a uniform
solution, we always add the solution to the position in the middle of the
two optical fibers. We didn’t use a cylindrical tank because the surface
roughness was greatly increased when using a 3-D printer to fabricate
cylindrical shape. Poor surface roughness may cause difficulty in
cleaning. However, in the future, if the molding process is used, the
cylindrical shape may be preferred to avoid the corner effect. When the
color in the solution changed with time, the urea concentration was
measured by reading the current change of the photo-conductive cell.
After finishing the measurement, we removed the mixed solution with
the pipette. To reuse the reaction tank for the next testing, the reaction
tank was rinsed three times with 0.2 ml DI water (Fig. S1(d)).

+ → +CO(NH ) H O 2NH CO2 2 2
urease

3 2 (1)

+ → ++ −NH H O NH OH3 2 4 (2)

2.5. Calibration curve of the urea concentration

Prior to measure the saliva sample, we build the calibration curve
by using the OFUS system to detect the synthetic urea solution with
urea concentration ranging from 24 to 300 mg/dL. Follow the process
as shown in Fig. S1, we define the current variation ratio at the mea-
surement time of 20 s to be the sensing response. The response is cal-
culated by Eq. (3). Then, the calibration curve is defined as the sensing
response as a function of urea concentration at a fixed measurement
time as 20 s.

=
∆Response I
I0 (3)

Where ΔI is the current variation within a fixed sensing time, I0 is the
initial current amount.

To study the interference factors of the OFUS system, we changed
the pH value of the urea solution, the ambient light intensity, the
misalignment of the optical fiber ends, and the end-end distance be-
tween the two optical fibers to check their influences on the sensing
response. The discussion will be given in a later section.

2.6. Saliva sampling and measurement

To evaluate the function of the OFUS system, we collected saliva
samples from both healthy individuals and CKD patients.

For samples obtained from healthy individuals, we added synthetic
urea to obtain higher urea concentrations to simulate the conditions in
CKD patients. Soon after collecting the saliva and mixing the saliva with
the synthetic urea, these samples were immediately tested by the OFUS
system. Because we only need 1 μl of saliva sample for testing, we do
not need any pretreatment such as centrifugal filtration or freezing of
the saliva samples. The easy sample handling and the immediate testing
verify the on-site real-time sensing function of the OFUS system. By

Fig. 1. The schematic diagram and the photos of the OFUS system. In the photos, the optical fibers were stained with blue color and were put into the grooves at the
side-wall of the tank. The PDMS films were used to avoid the liquid leak.
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changing the urea concentration from 24 to 180 mg/dL, the sensing
response is then plotted as a function of urea concentration to serve as
the calibration curve of the OFUS system. To compare the OFUS system
with the commercial kit, the same saliva samples were also measured
by the commercial urea assay kit (QuantiChrom™ Urea Assay Kit, DIUR-
100, BioAssay Systems, Hayward, CA, USA).

Saliva samples from the CKD patients and the healthy individuals
were collected as the following procedures. Patients with kidney dis-
ease were instructed to fast for at least 8 h before saliva sampling.
Saliva collection was done between 8 a.m. and 11 a.m. The un-
stimulated saliva was collected by spitting into a sterile plastic bottle
and then was stored at −80 °C until salivary urea analysis was per-
formed. Prior to analysis, each saliva sample was defrosted in a sterile
laminar flow hood at room temperature for 1 h. The samples were used
directly without centrifugal filtration because the pipette easily ac-
commodated 1 μl of clear saliva from the saliva sample. After mea-
suring the sample by the OFUS system, the urea concentration was
estimated by the calibration curve.

2.7. Analysis of blood urea nitrogen

The BUN was measured by urea nitrogen reagent kit (WAKO, UN L-
Type S), done by clinical chemistry analyzer (Hitachi Module Assembly
Type Automatic Analyzer 7180A), at the National Taiwan University
Hospital Hsin-Chu Branch.

3. Results and discussion

The real-time sensing current for 180 mg/dL synthetic urea solution
is shown in Fig. 2(a). Hydrolysis of urea by urease commenced after
addition of urea solution to the mixture, which already contained BTB
and urease, followed by stirring for 2 s. The pH value, assessed using
BTB as a pH indicator, also increased over time, which changed the
color of the solution from green to blue; moreover, the absorbance at
585 nm increased (Fig. S2). The output light intensity decreased, as
detected by the photo-conductive cell. This decrease was reflected in
the current change. Specifically speaking, when the sensing time
changes from 0 s to 20 s, the current decreases from 2.50 μA to 1.64 μA
(Fig. 2(a)). The microampere output current indicates that the current
signal can be easily read by a general current meter or by a low-cost
circuitry.

The real-time sensing response for 180 mg/dL synthetic urea solu-
tion is shown in Fig. 2(b). The response was the current variation ratio
calculated by Eq. (3). We normalized the current difference with its
initial current level to reduce the interference of initial light intensity. It
is noted that using the current variation ratio, instead of the current
level, to represent the sensing response is important. The current level
has a run-to-run variation because the light intensity may slightly vary
from day to day. Using current variation ratio to serve as sensing re-
sponse can greatly suppress such interference. The discussion will be
given in a later section. When increased the urea concentration from 24
to 300 mg/dL as in Fig. 2(c), the response also increased due to the
elevated concentration of ammonia, and hence the increase of pH
value. The measurement time in Fig. 2(c) is 60 s for each urea con-
centration. We observed that the current changes significantly in the
first 20 s of the measurement time (Fig. S3), as a result, we chose 20 s as
a fixed sensing time to determine the urea concentration. It is noted that
the commercial kit requests 20 min to reach the saturation and to give
the measurement results.

To confirm that the OFUS system delivers fast operation and good
repeatability, we performed the sequential testing as shown in Fig. 2(d).
The sensing response of the 180 mg/dL urea solution was measured for
three repeated times (blue regions). Between every measurement, the
mixed solution was removed with the pipette and the reaction tank was
cleaned using 0.2 ml DI water for three times. The cleaning process took
about 104–117 s, as shown in the gray regions of Fig. 2(d). The total

time (measuring time + washing time) for one test was approximately
200 s. Moreover, these three measurements exhibited almost identical
response curve, indicating that the OFUS system delivers good repeat-
ability and fast operation.

To carefully confirm the measurement repeatability, three urea
concentrations (60 mg/dL, 180 mg/dL, and 300 mg/dL) were tested for
three times as shown in Fig. 2(e). With a fixed sensing time as 20 s, the
response of 60 mg/dL, 180 mg/dL, and 300 mg/dL were -0.11±0.005,
-0.33±0.012, and -0.48± 0.012, respectively. The average and the
standard deviation were calculated by using the three times measure-
ment results. Apparently, we obtained a quite repeatable and reliable
sensing response. In the insets of Fig. 2(e), we also put the photo image
of the three samples (60 mg/dL, 180 mg/dL, and 300 mg/dL) at 20 s
sensing time. It is worth noted that, by eye reading, the colors of the
three conditions are not obviously different. We verify that the OFUS
system can read the color change more precisely than the eye reading,
within just 20 s sensing time. With the fixed sensing time as 20 s, we
then constructed three calibration curves for the OFUS system in the
range of 24 – 300 mg/dL (Fig. 2(f)). The first and the second calibration
curves are measured on the same day with a time gap of 4 h. The third
calibration curve is measured on a different day. Good agreement can
be found between the three calibration curves, verifying that the OFUS
system delivers stable sensing signals from time to time. Also, a good
linearity was obtained for the three calibration curves.

We can use the standard deviation of the y-residual of regression
lines to evaluate the limit of detection (LOD) of the three calibration
curves in Fig. 2(f) (Shrivastava and Gupta, 2011). For urea concentra-
tion ranged from 24 to 300 mg/dL, the LOD values of the 1st, 2nd, and
3rd calibration curves are 25.5 mg/dL, 28.2 mg/dL, and 41.5 mg/dL,
respectively. If reducing the detecting range to be 24–180 mg/dL, the
LOD values of the 1st, 2nd, and 3rd calibration curves are 16.9 mg/dL,
18.5 mg/dL, and 17 mg/dL, respectively. For the 1st calibration curve,
the intra-day relative standard deviation (RSD) values for urea con-
centration as 24, 60, 180, 300 mg/dL are 12.1%, 8.5%, 7.1%, and 2.5%,
respectively. The resulting performance of the proposed OFUS system
(the 1st curve) is compared with the prior works in Table 1. The RSD
values are comparable to other prior works, while the OFUS system
offers the on-site real-time testing with only 1 μl saliva without pre-
treatment. It is noted that the LOD value of OFUS system is 16.9 mg/dL
when the linear range is 24–180 mg/dL. The LOD increases to be 25.5
mg/dL when extending the linear range to be 24–300 mg/dL. The in-
ferior LOD in large dynamic range is because that, in high urea con-
centration, the color change of the BTB solution gradually saturates to
degrade the sensing resolution. On the other hand, in low urea con-
centration, the response is too small. In the future, to improve the LOD,
it is suggested to prepare two sensing solutions. One with a low BTB
concentration to avoid saturation and to probe high urea concentration
regime. The other has a high BTB concentration to increase the re-
sponse in low urea concentration regime.

To further investigate the interference factors of the proposed
system, we changed the following factors to study their influences on
the calibration curves. Firstly, we changed the pH value of the urea
solution by adding different concentration of hydrogen chloride solu-
tion or sodium hydroxide solution. As shown in Fig. S4(a), with fixed
urea concentration as 180 mg/dL, increasing the pH value from 5, 6, 9,
to 10 had only little influence on the sensing response. Different initial
pH values changed the initial color in the sensing solution and hence
the initial current. As previously mentioned, the response is the current
variation ratio, not the current level. Hence, different initial current
levels caused almost no influence on sensing response. We used three
urea concentrations (60, 180, and 300 mg/dL) to check the pH value
effect as in Fig. S4(b). We noticed that only pH 10 with high urea
concentration caused an obvious deviation. Thankfully, in saliva, the
buffer phenomenon confined the pH value. So far there was no report
for saliva to have pH value as 10.

Next, we studied the interferences due to the ambient light and the

K.-H. Wang, et al. Biosensors and Bioelectronics 132 (2019) 352–359

355



misalignment of the two optical fibers. As shown in Fig. S5, with urea
concentration as 180 mg/dL, the sensing response in dark and in am-
bient light (illuminance as 952 lx) were almost the same. This con-
firmed again that using current variation ratio suppressed the

interference due to the light intensity change. Then, we intentionally
shifted and tilted the light-receiving optical fiber. The shifting distance
was about 1 mm and the tilting angle was about 30 degree. With
identical ambient light, the systems with the aligned optical fibers and

Fig. 2. (a) Real-time sensing current for 180
mg/dL synthetic urea solution. (b) Real-time
sensing response for 180 mg/dL synthetic urea
solution. (c) Real-time sensing responses from
24 mg/dL to 300 mg/dL. (d) Real-time sensing
response measurement of the OFUS system.
The sensing response of the 180 mg/dL urea
solution was measured for three repeated times
(blue regions). The sensing time was 90 s. The
gray region is time taken to wash the reaction
tank with DI water for three times. The average
washing time was approximately 110 s (e)
Repeatability of the OFUS system for 60 mg/dL
(black), 180 mg/dL (red), and 300 mg/dL
(blue). (f) Plotted three calibration curves for
the OFUS system in the range of 24 – 300 mg/
dL at 20 s sensing time.

Table 1
Salivary urea sensors.

Type Volume Linear range Limit of
detection

Response time Intra-day relative standard
deviation

Reference

Saliva urea nitrogen dipstick (Integrated
Biomedical Technology)

50 μl 5–75 mg/dL NR 1 min NR Evans et al. (2017)

Smartphone based urease-phenol red strip 5 μl 10–260 mg/dL 10.4 mg/dL 20 s 18.17 mg/dL: 9.9% Soni et al. (2018)
PEG-based hydrogel-coated test strip 30 μl 20–200 mg/dL 20 mg/dL 1 min 20 mg/dL: 12.95% Alev-Tuzner et al. (2018)

80 mg/dL: 6.94%
200 mg/dL: 3.37%

Amperometric enzyme electrode NR 0.06–1.2 mg/dL 0.06 mg/dL 4 min NR Bertocchi and Compagnone
(1996)

Test-strip 50 μl NR NR 15 min 16.3 mg/dL: 5.9% Akai et al. (1983)
26.3 mg/dL: 8.0%
46.8 mg/dL: 7.8%

Optical fiber-urea-sensing (OFUS) 24 mg/dL: 12.1% this work
1 μl 24–300 mg/dL 25.5 mg/dL 20 s 60 mg/dL: 8.5%
1 μl 24–180 mg/dL 16.9 mg/dL 20 s 180 mg/dL: 7.1%

300 mg/dL: 2.5%

*NR: not reported.
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with the misaligned optical fibers exhibited almost the same sensing
responses. It is noted that the refractive index (RI) of the BTB/urea
solution (~1.33) was similar to the RI of the silica core of the optical
fiber (~1.46). Hence, we expected that there is no significant reflection
from the solution/fiber interface. Since there was no light guiding de-
sign in the proposed system, the light from the incident optical fiber
served as a point light source to spread out the light into the system and
the BTB/urea solution scattered the light. The receiving optical fiber
then collected only part of the scattered light. When the end-end dis-
tance between the two optical fibers was far enough and the incident
light was well scattered, the sensing response was insensitive to the
optical fiber misalignment and the change of the end-end distance be-
tween the two optical fibers.

To verify the above mentioned mechanism, with fixed urea con-
centration as 180 mg/dL, we changed the end-end distance between the
two optical fibers from 5 mm to 8 mm. The response at 20 s was plotted
as a function of the end-end distance between the two optical fibers in
Fig. S6. When the end-end distance was larger than 6 mm, changing the
end-end distance did not affect the response significantly. Reducing the
end-end distance to be 5 mm, however, obviously degraded the sensing
response. This result supported our previous mentioned mechanism
that the incident light spread into the system and the BTB/urea solution
scattered the light. When the end-end distance between the two optical
fibers was large enough (i.e.> 6 mm), the collecting light delivered
almost the same intensity variation under urea sensing and hence the
sensing response was almost unchanged. Since the tank is reusable and
the test is fast, we suggest that the users establish the calibration curve
when building their own reaction tank. Then, with a fixed optical fiber
position, the interference due to the optical fiber end-end distance
change will be eliminated.

To further assess the performance of the OFUS system compare with
that of the commercial urea assay kit, synthetic urea concentrations of
24 mg/dL, 42 mg/dL, and 60 mg/dL were measured by the OFUS
system (black dots) and the commercial kit (blue dots), as shown in
Fig. 3(a). For the OFUS system, we put 1 μl of urea solution into the
reaction tank, measure the current variation ratio (response) at the
sensing time as 20 s by using 585 nm LED as light source. The urea

concentration is then determined by using the calibration curve as
shown in Fig. 2(f). For the commercial urea assay kit, 5 μl urea solution
was mixed with the reagents. After 20 min reaction time, the saturated
absorbance at 520 nm was then measured by using the micro-plate
reader. A good agreement between the measurement results using the
OFUS system and those using kit is obtained in Fig. 3(a), confirming
that the OFUS system was ready to be used for saliva samples. For urea
concentration as 24 mg/dL, 42 mg/dL, and 60 mg/dL, the RSD values
were 12.1%, 15.5%, and 8.5%, respectively.

To verify the on-site salivary urea detection, we then used the OFUS
system to detect saliva samples with added synthetic urea. The saliva
samples were collected from healthy donors and the synthetic urea was
added into the saliva samples to simulate high concentrations such as
24, 42, 60, and 180 mg/dL. Then, the samples were tested by the
commercial kit to confirm that the urea concentrations are 23, 43, 68,
and 171 mg/dL. According to the literatures (Cardoso et al., 2009; Peng
et al., 2013; Zúñiga et al., 2012), the salivary urea concentration for
CKD patients is ranged from 40 mg/dL to 270 mg/dL. Without any
pretreatment of the saliva, the mixed solutions were immediately
measured by using the OFUS system. The sensing response is plotted as
a function of urea concentration to serve as the calibration curve using
saliva samples in Fig. 3(b). The calibration curve obtained by using urea
solution in Fig. 2(f) is also plotted (the blue dotted line) as a compar-
ison. We noticed that either using saliva samples with added urea or
using urea solution as the sensing target, the calibration curves are
almost the same.

With the calibration curve based on saliva samples with added
synthetic urea, we then started to test the saliva samples obtained from
seven CKD patients. As shown in Fig. 3(c), salivary urea concentrations
in the CKD patients were determined by both OFUS system and the urea
assay kit. The two methods gave a quite consistent result. The corre-
lation coefficient (r) between salivary urea concentrations obtained
from the OFUS system and that obtained from the commercial urea
assay kit was 0.99. This high r-value verifies that the OFUS system can
be used to determine salivary urea concentration in the CKD patients.

Many previous studies had demonstrated good correlation coeffi-
cients (r = 0.75–0.99) between salivary urea and BUN concentrations

Fig. 3. (a) Synthetic urea concentrations of 24
mg/dL, 42 mg/dL, and 60 mg/dL measured by
the OFUS system (black dots) and the com-
mercial kit (blue dots). (b) The sensing re-
sponse as a function of urea concentration (i.e.
the calibration curve) by using saliva samples
with added synthetic urea (the black dotted
line). The calibration curve using synthetic
urea solution in Fig. 2(f) is also plotted (the
blue dotted line) as a comparison. (c) Salivary
urea concentrations in the seven CKD patients
obtained from the OFUS system (y-axis) and
those obtained from the commercial urea assay
kit (x-axis). (d) Correlation between salivary
urea concentrations and BUN concentrations in
the seven CKD patients in this study.

K.-H. Wang, et al. Biosensors and Bioelectronics 132 (2019) 352–359

357



(Ahmed et al., 2015; Akai et al., 1983; Cardoso et al., 2009; Pandya
et al., 2016; Sein and Arumainayagam, 1987; Tomás et al., 2008).
Consistent with prior researches, our study found that salivary urea
concentrations, measured by the OFUS system, was positively corre-
lated with BUN levels, r = 0.89, shown in Fig. 3(d). This result in-
dicates the potential future application of the OFUS system to the
measurement of salivary urea concentration.

Finally, we like to demonstrate the key factors affecting the function
of the OFUS system. As shown in Fig. 4(a), we adjusted the volumes of
BTB and urease solutions. The total volume of the final mixed solution
remained the same and the ratios of BTB/urease were 9:1, 1:1, and 1:9.
The photo images of the three BTB solutions before reacting and after
reacting with 180 mg/dL urea were shown in Fig. 4(a). When the ratio
of BTB/urease was 9:1, the color of the solution changed from green to
blue during urea detecting. When the ratio of BTB/urease was 1:9, the
color of the solutions changed from light green to light blue during urea
sensing. The calibration curves using the three BTB/urease solutions
were shown in Fig. 4(b). When the ratio of BTB/urease was 9:1, a good
calibration curve was obtained. The RSD values for urea concentrations
as 24, 60, 180, and 300 mg/dL were 12.1%, 8.5%, 7.1%, and 2.5%,
respectively. When BTB/urease ratio was 1:1, the responses for high
urea concentration (i.e. 180 mg/dL and 300 mg/dL) were smaller than
those with high BTB/urease ratio. For urea concentration as 24, 60,
180, and 300 mg/dL, the RSD values were 11.4%, 8.2%, 5.5%, and
3.9%, respectively. When BTB/urease ratio was 1:9, a very poor cali-
bration curve was observed. For urea concentration as 120, 180, and
300 mg/dL, the RSD values were 20.1%, 6.4%, and 11.2%, respectively.
The responses became very small and there was no linearity between
the response and the urea concentration. We speculated that this result
was due to the increased amount of BTB with a strong color change,
which was reflected in the response value.

4. Conclusions

We developed a portable, low-cost, and fast salivary urea testing
system (OFUS system), composed of a commercial LED, 3-D printed
tank, optical fiber, and commercial photo-conductive cell to realize on-
site testing with easy operation. The calibration curve of the OFUS
system is stable and has high reproducibility and good repeatability. A
good linear detection range of 24 – 300 mg/dL is obtained. With only
20 s detection time and only 1 μl saliva sample, the OFUS system rea-
lized on-site testing without the need to do sample pretreatment. The
sensing results were confirmed by using the commercial kit. A good
correlation between salivary urea and the blood urea nitrogen is also
obtained. We also analyzed the influences of several interference factors
such as the pH value of urea solution, the ambient light intensity, the

optical fiber alignment, and the end-end distance between the two
optical fibers. We verified that suppressed interference effects could be
obtained by using the current variation ratio, not the current level, as
the sensing response. Also, the BTB/urea solution well scattered the
incident light, hence the sensing response was insensitive to the optical
fiber misalignment or the change of the end-end distance between the
two optical fibers.

The OFUS system had a very simple and robust design to realize on-
site salivary urea detection. It exhibited RSD values comparable to
other prior works. The LOD, however, was a bit high as 25.5 mg/dL. In
the future, to improve the LOD, two kinds of BTB/urease solution can
be prepared. One exhibits high BTB/urease concentration to increase
the response in low urea concentration regime, and the other exhibits
low BTB/urease concentration to suppress the signal saturation in high
urea concentration regime. Then, since only 1 μl saliva sample is
needed in one test, the saliva sample can be tested twice using the two
solutions.

In the future, it is also expected to improve the current readout
further. A high output current close to mini-amp level should be ob-
tained by using a high-efficiency photodetector. In this way, a cheap
ampere meter can be used to measure the output current. Alternatively,
an electrical readout circuitry to allow wireless signal reading on a
smartphone can be used to facilitate the data handling and statistical
analysis. Even with current results, we expect that the simple design of
the OFUS system can stimulate the clinical trials all around the world
and hence to build up clear intended uses of salivary urea test.

Acknowledgments

The authors would like to thank all the master students in NCTU
organic semiconductor lab for their supports for the data collection in
the clinical trial. This work was supported by funding from Ministry of
Science and Technology, Taiwan (Projects 108-2923-E-009-002-MY3,
107-2218-E-009-008, and 106-2221-E-009-117)

Declaration of interests

None.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bios.2019.03.007.
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