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g r a p h i c a l a b s t r a c t
� A fast-acting, reliable smartphone-
assisted colorimetric urea biosensor.

� High sensitivity of LOD as low as
0.0036 mM and high reliability of
99% ± 2.9%.

� High selectivity against various
interferents in human urine.

� Paper-based smartphone-assisted
POC was applied for urea sensing in
human urine.

� A potential POC monitoring systems
of renal and hepatic dysfunction
diseases.
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Smartphone-assisted point-of-care (POC) bioassay has brought a giant leap in personal healthcare sys-
tem and environmental monitoring advancements. In this study, we developed a rapid and reliable
colorimetric urea biosensor assisted by a smartphone. We employed hydrolysis of urea into NH3 by
urease, which activates the reduction power of tannic acid, to generate silver nanoparticles for a dramatic
colorimetric response. The proposed urea biosensor was validated in a solution to provide high selec-
tivity against various interferents in human urine. It had high sensitivity, with a limit of detection as low
as 0.0036 mM, and a high reliability of 99% ± 2.9% via the standard addition method. The urea biosensor
was successfully implanted on a paper to facilitate smartphone-assisted POC readout with a limit of
detection of 0.58 mM and wide detection range of 500 mM, whereby direct diagnosis of human urine
without dilution was realized. Our smartphone-assisted POC colorimetric urea biosensor will pave the
way for daily monitoring systems of renal and hepatic dysfunction diseases.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Smartphone-assisted point-of-care (POC) biosensors have
garnered much attention because they provide a rapid and on-site
diagnosis tool for daily healthcare systems without complicated
instrumentation or high-standard expertise, saving labor, cost, and
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treatment time for awide range of diseases [1e3]. Urea is one of the
most important biomolecular targets of POC biosensors [4] because
it is the main product of nitrogen-based metabolism, mainly
secreted from the human kidneys and liver [5e7]; thus, it provides
pathophysiological information on renal and hepatic disorders
[8e10]. Although urea exists in various body fluids, such as urine,
saliva, and blood, the bloodeureaenitrogen test is the gold stan-
dard for urea bioassay [11]. Urine is the preferred fluid for POC
diagnosis because the concentration of urea in urine is much higher
(275e409 mM) than that in other body fluids (e.g., 2.5e7.14 mM in
blood) [12], which facilitates tiny-volume diagnosis. It also has the
most simple and noninvasive collection protocol compared with
that of blood and saliva. Until now, various sensing strategies for
quantitative urea analysis have been demonstrated by capillary
electrophoresis [13,14], ELISA [15], and electrochemical methods
[11,16e19]. However, these are time-consuming and require com-
plex pretreatment, making urea bioassay unsuitable for POC diag-
nosis with urine.

To realize a POC biosensor, colorimetric detection of bio-
molecules is of great interest because it provides simpler detection
mechanisms, real-time responses, and more intuitive readouts
compared with methods such as electrochemistry, fluoro-
photometry, electrophoresis, chromatography, and spectrometry,
which typically require complicated instrumentation, time-
consuming processes, and expensive setups [20e25]. As colori-
metric sensing units, plasmonic metal nanomaterials have been
intensively studied because of their distinctive colorimetric re-
sponses in the presence of biomolecular targets, e.g., glucose [26],
Hg2þ [27], cysteine [28], prostate-specific antigen [29], and
cholesterol [30]. Despite the high potential of colorimetric detec-
tion, however, the development of POC biosensors based on plas-
monic metal nanomaterials has remained largely unexplored,
especially for smartphone-assisted urea bioassay.

Here, we demonstrate a highly sensitive colorimetric urea
biosensor based on the generation of silver nanoparticles (AgNPs)
through image analysis using a smartphone. We employ urease to
hydrolyze urea into NH3 and CO2, which activates pH-responsive
tannic acid to reduce Agþ ions into AgNPs. The amount of AgNPs
is indicated by yellow color generation in the sensor units. We also
demonstrate that the hydrolysis of urea is selectively triggered by
urease, resulting in the colorimetric response of the sensing units
with a linear function of the urea concentration. The developed
urea biosensor shows a limit of detection (LOD) of 0.0036 mM, the
lowest compared with that of previously reported colorimetric
biosensors, which is important for tiny-volume diagnosis. We then
implant the developed urea biosensor into a paper substrate and
analyze the concentration of urea in human urine using a smart-
phone. Our smartphone-assisted urea biosensor has an LOD as low
as 0.58 mM and a detection range as wide as 500 mM, which fa-
cilitates urea bioassay in human urine without any pretreatment
(including dilution), proving its feasibility for daily POC diagnosis of
renal and hepatic dysfunction diseases.

2. Materials and methods

2.1. Materials

Tannic acid (TA), silver nitrate (AgNO3), urea (CH4N2O), sodium
nitrate (NaNO3), magnesium sulfate (MgSO4), iron(III) chloride
(FeCl3), potassium phosphate PB (KH2PO4), iron(II) sulfate hepta-
hydrate (FeSO4.7H2O), calcium nitrate (Ca(NO3)2), D-glucose, uric
acid, creatinine, acetylcholine, glycine, L-alanine, L-phenylalanine,
bovine serum albumin (BSA), cysteamine, urease enzyme (Cana-
valia ensiformis [Jack bean]) were purchased from Sigma Aldrich
(South Korea) and used without further pretreatment purification.
2

Deionized water filtered to 18 MU cm was used in all experiments.

2.2. Apparatus

The morphology of the prepared AgNPs was examined using
transmission electron microscopy (JEM-2100F, JEOL) and scanning
electron microscopy (SEM) (JSM7600F JEOL) at accelerating volt-
ages of 15 kV. A Zetasizer (Nano-zs90, Malvern) was used to
examine the size distribution of the synthesized nanoparticles
based on dynamic light scattering (DLS). The absorbances of the
prepared nanoparticles weremonitored by UVeVis spectroscopy (V
770, JASCO).

2.3. Validation of the effect of NH3 on the generation of AgNPs

Urea is selectivity hydrolyzed into NH3 and CO2 under the cat-
alytic activity of urease enzyme; NH3 changes the solution pH, and
TA reduces Ag þ ions into AgNPs under basic conditions. To examine
the effect of NH3 on our urea sensing strategy, we tested the
colorimetric responses of our sensor using an NH3 standard solu-
tion. Here,100 mL of AgNO3 solution (15mM) and 800 mL of aqueous
TA solution (0.01 mg/mL) were mixed, and 100 mL of phosphate
buffer (PB, 0.5 mM) with various NH3 concentrations was added,
followed by incubation for 20 min. The effect of NH3 on our sensor
was examined by measuring the change in absorption intensity
around l ¼ 413 nm (corresponding to the generation of AgNPs)
using the UVeVis spectrometer.

2.4. Urea detection

A total of 50 mL of urease (10 U/mL) in 0.5 mM of PB solutionwas
mixed with 50 mL of aqueous urea solutions of various concentra-
tions and incubated for 10 min at 37 ± 1 �C in a water bath. Sub-
sequently, the sensing solution, consisting of 800 mL of TA (0.01mg/
mL) and 100 mL of AgNO3 (15 mM), was added and incubated for
20 min. The urea concentration was examined by measuring the
change in absorption intensity around l ¼ 413 nm using the
UVeVis spectrometer.

2.5. Selectivity test

The selectivity of the developed urea biosensor was investigated
against various inorganic salts, including sodium nitrate, magne-
sium sulfate, iron(III) chloride, iron(II) sulfate heptahydrate, po-
tassium phosphate, and calcium nitrate, as well as several species
with similar structures to urea that are present in human urine,
such as uric acid, creatinine, glucose, acetylcholine, glycine, L-
alanine, L-phenylalanine, BSA, and cysteamine, following the same
procedure as the urea assay. The concentration of all interferents
was 1 mM, except for BSA and cysteamine at 0.1 mM.

2.6. The detection of urea in human urine

The feasibility of the developed urea biosensor was validated
using two human urine samples collected from two middle-aged
adult males. The urine samples were diluted 400 times before the
urea bioassay. The urea concentration in the urine samples was
determined using the standard addition method. First 50 mL of the
urine sample (unknown urea concentration and called as zero
spiked sample) was incubated with a 50 mL of urease for 10 min,
followed by detecting the signal as described in section 2.4. Second,
different concentrations of standard urea were in spiked in the
urine sample and the signal was detected as described in the first
step. Finally, a relationship between the spiked urea concentration
(X-axis) and the change in the absorption intensity (Y-axis) was
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provided for estimating the concentration unknown urea in the
urine sample (The intersection of the straight line with X-axis refer
to the unknown urea concentration in the urine sample). The re-
covery rate (%) was calculated according to the following equation:

Recovery rateð%Þ¼Measured concentration
Added concentration

� 100

2.7. Smartphone-assisted urea biosensor

A paper sheet for the smartphone-assisted urea biosensor was
fabricated according to previously published work [31]. Using a
laser printer, we printed a hydrophobic black zone (waxy ink)
around a hydrophilic sampling zone (filter paper, Whatman). After
fabricating the paper, 50 mL of urease (20 U/mL, 0.5mMPB solution)
was loaded on the sampling hydrophilic zone; then, 50 mL of urea at
various concentrations was added and kept for 10min to induce the
reaction between urea and urease. Then, 50 mL of the sensing so-
lution consisting of TA (0.05 mg/mL, 800 mL) and AgNO3 (100 mM,
100 mL) was added on the hydrophilic sampling zone and kept for
10 min before analysis using a smartphone's RGB software. After
evaluating the performance of the urea biosensor, we examined the
concentration of urea in human urine after its dilution 100 times.

3. Results and discussion

3.1. Optimization of the colorimetric urea biosensor using NH3

The mechanism of our urea biosensor is depicted in Scheme 1.
Urea is decomposed into NH3 and CO2 by urease to increase the
system pH, resulting in the reduction of Agþ ions into AgNPs by TA,
which consists of glucose as a central core linked with polygalloyl
Scheme 1. The mechanism of the colorimetric urea biosensor based on the genera

3

ester chains to serves as a reducing agent under alkaline conditions
[32e35]. As the system pH increases via urea hydrolysis, a higher
reduction efficiency of TA is attained to generate more AgNPs for
larger colorimetric responses (Scheme 1).

As shown in Fig. 1a (red line), in our experiment, the addition of
urea (target) and urease (enzyme) into the solution containing both
AgNO3 and TA (sensing solution) leads to the appearance of an
absorption band at around 413 nm, confirming the generation of
AgNPs (red line). The formation of AgNPs was also confirmed by
TEM (Fig. 1b). The sensing solution alone did not trigger the gen-
eration of the AgNPs, nor did the addition of either urea or urease
individually into the sensing solution. As confirmed by UVeVis
(Fig. 1a, blue line) and TEM (Fig. 1c), the addition of NH3 to the
sensing solution is what led to the AgNP generation.

As the reduction power of TA is pH-dependent, both the TA
concentration and solution pH had an effect on the sensitivity of the
colorimetric sensor. To find the optimal working condition of the
colorimetric sensor, TA of various concentrations, ranging from
0.005 to 0.05 mg/mL (800 mL), was examined by NH3 (0.2e2 mM,
100 mL) with a fixed concentration of AgNO3 (10 mM, 100 mL)
(Fig. 1d). From the TA titration, two different trends dependent on
the TA concentrationwere observed. At high concentrations of NH3
(>1 mM), TA induced an absorption intensity increase at 413 nm.
On the contrary, at low NH3 concentrations (<0.4 mM), TA at high
concentrations (>0.025 mg/mL) caused the absorption intensity to
decrease from its peak at 413 nm. This was because at high con-
centrations, TA consumed NH3 to lower the solution pH, hindering
the generation of AgNPs. Based on this finding, 0.01 mg/mL of TA
was selected as the optimum concentration, ensuring that the
colorimetric sensor covers the detection range from low to high
urea concentrations. Next, because the concentration of AgNO3 also
has an essential role in the reduction process of Ag þ ions, AgNO3 at
various concentrations, from 10 to 20 mM, was tested with the
tion of AgNPs as a function of the pH-responsive reduction of Agþ ions by TA.



Fig. 1. (a) UVeVis absorbance of reagents, demonstrating the feasibility of the sensing mechanism. (bec) TEM of AgNPs in the presence of (b) both urea (1 mM, 50 mL) and urease
(10 U/mL, 50 mL) and (c) NH3 (1 mM, 100 mL). In b and c, the concentrations of AgNO3 and TA were 15 mM and 0.01 mg/mL, respectively. (d) UVeVis absorbance at various TA
concentrations as a function of NH3 concentration; the concentration of AgNO3 was fixed at 10 mM. (e) UVeVis absorbance at various AgNO3 concentrations as a function of NH3

concentration; the concentration of TA was fixed at 0.01 mg/mL (f) UVeVis absorbance of various concentrations of NH3 as a function of reaction time; the concentrations of TA and
AgNO3 were fixed at 0.01 mg/mL and 15 mM, respectively.
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optimized TA concentration of 0.01 mg/mL (Fig. 1e). Based on the
AgNO3 optimization, 15 mM of AgNO3 was selected as the optimum
concentration because both 15 and 20 mM of AgNO3 triggered a
similar absorption intensity and 10 mM of AgNO3 showed a rela-
tively low absorbance. Finally, to find the optimal reaction time, the
peak intensity was monitored after adding NH3 at the optimized TA
(0.01 mg/mL) and AgNO3 (15 mM) concentrations. A reaction time
of 20 min was selected as the optimal time since saturation of the
reaction was observed after 20 min (Fig. 1f). Under these optimized
conditions, the colorimetric sensor was tested with NH3 of various
concentrations (Fig. S1), and we confirmed the continuous and
smooth increase of the absorption intensity at 413 nm, which cor-
responded to the increased amount of AgNPs.
3.2. Urea detection

After the TA, AgNO3, and incubation time optimization, the re-
action between urea and urease was optimized to achieve the
highest NH3 release; the optimal condition for the urease concen-
tration and incubation time was 10 U/mL (Fig. S2). The validity of
4

the developed urea biosensor is shown in Fig. 2. As the urea con-
centration increased, the absorption intensity at 413 nm increased
because of the generation of AgNPs (Fig. 2a), and the distinctive
color changed from colorless to yellow and brown (Fig. 2a inset).
The developed urea biosensor exhibited a quantitatively linear
trend from 0.00625 to 1 mM (Fig. 2b inset) with an LOD of
0.0036 mM according to equation 3s/m, wherem is the calibration
curve slope and s is the standard deviation of blank. The obtained
LOD of our colorimetric sensor showed the best sensitivity among
previously reported colorimetric urea biosensors and was compa-
rable to the lowest LOD of urea detection ever demonstrated by
electrochemical methods, as summarized in Table 1.

Fig. 3 shows the SEM images of the generated AgNPs, dependent
on the various urea concentrations. As the urea concentration
increased, the amount of generated AgNPs increased with
decreasing particle sizes. This agreed with the increased absorption
intensity with a slight blue shift observed in Fig. 2a and the DLS
measurements (Fig. S3). A mild reducing agent triggered slow
nucleation of the AgNPs and produced larger particle sizes, whereas
a strong reducing agent accelerated the nucleation of the AgNPs,



Fig. 2. (a) UVeVis spectra of the developed colorimetric urea biosensor and corresponding color image (inset). (b) Absorption intensity at 413 nm as a function of urea concen-
trations from 0 to 25 mM, with a linear calibration curve from 0.00625 to 1 mM (inset). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Comparison with previously reported urea biosensors.

Methods Range (mM) LOD (mM) Response time (min) Ref.

Electro-chemical 0.000066e20.6 0.000047 2 [36]
1e8 0.14 2 [37]
0.05e2.5 0.02 e [38]
0.002e0.08 0.001 2 [19]
0.02e0.8 0.02 e [39]
0.5e68 0.5 2 [40]
0.2e100 0.2 e [41]
0.83e16.65 e 2 [42]

Fluorometric 0.057e13 0.01 31 [43]
0.25e5 0.01 45 [44]
0.2e6 0.2 31 [45]
0.05e3 0.02 40 [46]
0.014e60 0.014 40 [47]
10e100 0.027 4.8 [48]
0.01e120 0.01 10 [49]
0.055e0.55 0.055 40 [50]

Colorimetric 20e150 20 40 [51]
0e10 0.01 35 [52]
0.02e0.4 0.005 40 [7]
0.00625e1 0.0036 30 Our work
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resulting in a small particle size because of the rapid depletion of
Agþ ions [53,54]. For large colorimetric responses, a high urea
concentration is preferred since the absorption efficiency of plas-
monic nanoparticles is higher when the particle size is smaller and
a larger amount of plasmonic nanoparticles leads to strong ab-
sorption [53,54].

The selectivity of the developed colorimetric urea biosensor was
investigated using substances with similar chemical structures to
urea, including uric acid, creatinine, glucose, acetylcholine, glycine,
L-alanine, L-phenylalanine, BSA, cysteamine, and various salts pre-
sent in urine that may interfere with urine detection. The devel-
oped colorimetric sensor was confirmed to be highly selective by
the observed absorption intensity at 413 nm (Fig. 4) and distin-
guishable yellow color (Fig. 4 inset image) because urease does not
exist in human urine.
3.3. The detection of urea in human urine

Two human urine samples collected from volunteers were used
to examine the applicability of the developed urea biosensor for
POC diagnosis. The standard addition method was used for deter-
mining the concentration of urea in the samples. The urine samples
5

were diluted 400 times before the measurements to match the
detection range of our developed sensor (0.00625e1 mM). Firstly,
the signal of the urine sample (zero spiked sample) was recorded as
described in section 2.6, then various concentrations of standard
urea of was added, after which the absorption intensity at 413 nm
as a function of the added standard ureawasmeasured, as shown in
Fig. 5a and b. The two urine samples showed linear relationships
between the absorption intensity at 413 nm and concentration of
added urea in the urine samples, with a visual colorimetric
response (Fig. 5c and d). The intersection at the Y-axis, which
referred to the initial concentration of urea in the urine samples
(zero spiked sample), was found to equal 214.6 and 69.86 mM
(Table 2). To examine the sensor validity, a recovery test was per-
formed. The high recovery rates in Table 2 clarify that the devel-
oped urea biosensor has high selectivity, sensitivity, and reliability.
3.4. Smartphone-assisted POC colorimetric urea biosensor

The paper substrate for the urea biosensor was fabricated as
outlined in Fig. 6a using a hydrophilic sample zone surrounded by a
hydrophobic printed wall. The urease was immobilized on the hy-
drophilic zone with urea solutions of various concentrations



Fig. 3. (aef) SEM images of the AgNPs as a function of urea concentrations. The urea concentrations were 0.0 (a), 0.2 (b), 0.3 (c), 0.4 (d), 0.7 (e), 0.8 (f), 1 (g), and 10 (h) mM, while the
urease, TA, and AgNO3 concentrations were fixed at 10 U/mL, 0.01 mg/mL, and 15 mM, respectively. Scale bar is 500 nm.

Fig. 4. Selectivity of the developed colorimetric urea biosensor against several interferents (inset image represents the colorimetric responses to the interferents).
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(0e500 mM). Then, the sensing solution consisting of TA and
AgNO3 was subsequently added to the hydrophilic zone. The paper
sensor was able to roughly detect the urea concentrations by a color
tractable by the naked eye (Fig. 6b). A smartphone camerawas used
to obtain more precise color information on the paper urea
biosensor, following the literature [55e57]. The RGB values were
obtained from the sensing units after dropping the sensing solution
containing various urea concentrations and analyzed to attain a
linear relationship based on the urea concentrations.
6

Different RGB ratios as functions of urea concentrations have
been conducted, such as direct color intensity (R, G, or B), R/G ratio,
and R/B ratio as functions of urea concentration. However, the
linear response R2 was poor in case of direct color intensity and in
case of the R/G or R/B ratios it produced good R2 (0.94e0.96) with a
dynamic range of 5e250 mM (data not shown). Some published
work conducted a correction factor for the RGB values by removing
color contrasting between the sample with and without targets
[56]; therefore, we adapted a mathematic model to measure the



Fig. 5. (aeb) Linear standard calibration curve using the absorption intensity at 413 nm as a function of added urea concentration compared with zero-added-urine sample 1 (a) and
sample 2 (b). (ced) Photo of the visual detection of urea in urine sample 1 (c) and sample 2 (d).

Table 2
Analytical results of urea detection in human urine.

Sample Added (mM) Found (mM) Recoveries (%) RSD (%, n ¼ 3)

Human Urine 1 0 214.6 e 0.6
44 257.5 97.4 3.4
88 300.92 98.1 2.4
132 350.8 103.2 2.6

Human Urine 2 0 69.86 e 2.3
44 114.6 101.7 1.7
88 156.35 98.3 1.4
132 195.66 95.3 2.9
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RGB ratios with a correction factor for improving the response
sensitivity (as outlined inEquation (4), following Equation (1)�3)
by considering the correction of the RGB values via contrasting the
color removal between the samples with and without the target
[56],

R*¼ðR0 � RHÞ
ðRCÞ

(1)

G* ¼ðG0 � GHÞ
ðGCÞ

(2)

B* ¼ðB0 � BHÞ
ðBCÞ

(3)

RGB ratio¼R* � G* � B* (4)
7

The corrected red (R*), green (G*), and blue (B*) color intensity
was calculated followingEquations (1)e(3), respectively, where the
Ro is the red color intensity in presence of zero urea, RH is the red
color intensity in the presence of the highest urea concentration
tested, whereas RC is the red color intensity in the presence of
specified urea concentrations. Similarly, the G* and B* was calcu-
lated based on their intensity variations with urea concentrations,
as mentioned in the R*.

The obtained corrected RGB ratio showed a good linear corre-
lation with the urea concentrations, and the linear regression R2

values were as high as 0.99. The dynamic linear detection rangewas
sufficiently wide, ranging from 0 to 500 mM according to the
following equation: y ¼ 0.001x þ 0.109 (R2 ¼ 0.993), where y is the
RGB and x is the urea concentration (Fig. 6c). The LOD was calcu-
lated to be considerably low at 0.58 mM according to the following
equation: 3s/m.

Then, we validated the smartphone-assisted POC colorimetric
urea biosensor using human urine sample 1 after diluting 100
times, which had been previously analyzed by the solution system
([Fig. 5a�b]) based on RGB extraction using the provided equation:
y ¼ 0.001x þ 0.109, where y was calculated based on Equation
(1�4). The determined urea in human urine sample 1 was
216.8 mM (Fig. 7), which matched with that obtained by the solu-
tion system (Table 1). This result demonstrated that the developed
smartphone-assisted POC colorimetric urea biosensor is highly
feasible and applicable to visual and quantitative urea bioassay for
POC diagnosis.



Fig. 6. (a) Schematic illustration of smartphone-assisted POC colorimetric urea biosensor. (bec) Analytical colorimetric responses to urea concentrations by the naked eye (b) and
smartphone-assisted RGB ratios (c).

Fig. 7. The data extracted from human urine sample 1 using the smartphone-assisted POC colorimetric urea biosensor.
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4. Conclusions

We developed a smartphone-assisted POC colorimetric urea
biosensor by employing hydrolysis of urea into NH3 via urease to
activate the reduction power of TA for the generation of AgNPs,
which are responsible for the dramatic colorimetric response. The
8

developed urea biosensor has high selectivity toward various
interferents in human urine, high sensitivity (with a considerably
low LOD at 0.58 mM), and a wide detection range of 500 mM,
resulting in direct diagnosis of human urine without dilution. Our
smartphone-assisted POC colorimetric urea biosensor could pave
the way for daily monitoring systems of renal and hepatic



C.-K. Choi, S.M. Shaban, B.-S. Moon et al. Analytica Chimica Acta 1170 (2021) 338630
dysfunction diseases.
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