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A B S T R A C T

Urolithiasis commonly occurs in kidney and ureteral, and may cause local organ/tissue damage, even kidney
failure. The incidence of this disease is increasing worldwide, in which calcium oxalate is the major composition
forming the urinary calculus. Therefore, to monitor this disease for the prevention and treatment, measuring the
oxalate in the urine is of great significance. Here, a rapid and sensitive colorimetric method was developed based
on 3,3',5,5'-tetramethylbenzidine-manganese dioxide (TMB-MnO2) nanosheets for oxalate detection. MnO2 na-
nosheets acted as an efficient biomimetic oxidase to catalyze the reaction with TMB and oxalate. Pale yellow
TMB can be oxidized to blue oxide TMB catalyzed by BSA-stabilized MnO2 nanosheets, and oxalate can selec-
tively inhibit this reaction by consuming and reacting with MnO2 nanosheets, thus achieving the quantitative
detection of oxalate. Moreover, a home-made bionic electronic-eye (E-eye) system was developed as a portable
in-situ detection platform to efficiently measure the oxalate concentrations in 10 s by direct photographing. By
optimizing experimental conditions, this method shows a wide linear range (7.8 μM to 250 μM) and a low de-
tection limit (0.91 μM) for oxalate detection. Besides, this method exhibits high selectivity even with 80-fold
interfering chemicals. Furthermore, the performance of the method was validated by testing the artificial urine
samples, indicating its great potential for monitoring and diagnosis of urolithiasis in point-of-care applications.

1. Introduction

Urolithiasis is a common disease of the urinary system that can
cause urinary tract obstruction, local organ damage and even kidney
failure, during which calculus can be observed in any part of the
kidney, bladder, ureter and urethra. Due to the extreme heat and water
shortages worldwide, the incidence of urolithiasis is increasing all over
the world (Romero et al., 2010; Turney et al., 2012). In developed
countries, the lifetime prevalence of urolithiasis is about 10%, and
mainly occur in the middle of adulthood (Akoudad et al., 2010; Boyce
et al., 2010; Stamatelou et al., 2003). The probability of stone forma-
tions around the world varies from 1% to 5% in Asia, 5–9% in Europe,
and 13% in North America (Mitra et al., 2018). Meanwhile, ureteral
stones account for 5–10% of the total population, and the prevalence
rate is still on the rise (Somani et al., 2016). The calculus diseases is

formed due to the deposition of crystals in the kidney, which mainly
consist calcium oxalate, calcium phosphate, calcium carbonate, mag-
nesium ammonium phosphate, uric acid and cysteine (Parmar, 2004). It
is worth stressing crystals in that 85% urolithiasis mainly contain cal-
cium oxalate (Coe et al., 2016). Normal oxalate levels in healthy people
is 100–300 μM in urine (Pundir and Satyapal, 1998) and 0.8–2.50 μM in
plasma (Pundir et al., 1998). The excess concentration of oxalate in
urine (> 300 μM) indicates the high suspicion of urolithiasis. There-
fore, an accurate, efficient, and rapid method for measuring oxalate is
of great necessity to prevent and diagnose urolithiasis in the early stage.

A variety of methods have been developed to measure oxalates in
food, urine or plasma, such as spectrophotometry (Zhai et al., 2006; Zuo
et al., 2010), ion chromatography (Maya et al., 2011), amperometric
biosensor (Pundir et al., 2011), capillary electrophoresis (Munoz et al.,
2010), high-performance liquid chromatography (Perello et al., 2005),
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and gas chromatography (Li et al., 2008). However, most of the above
analytical techniques for determining oxalate depend on expensive and
complex equipment, large numbers of samples, toxic and expensive
reagents, or an expert technician. Moreover, it is significant to develop
a method that can be applied to measure urinary oxalate for point-of-
care applications. Thus, some colorimetric and fluorescent sensors have
been developed for rapid oxalate detection. (Dey et al., 2018; Inoue
et al., 2018; Worramongkona et al., 2018; Zhang et al., 2014). How-
ever, spectrophotometers with large size and time-consuming mea-
surement hamper the point-of-care applications.

Recently, some studies reported that MnO2 nanomaterials possessed
intrinsic oxidase-like activity (Liu et al., 2012; Wan et al., 2012). Be-
cause 3,3',5,5'-tetramethylbenzidine (TMB) can be oxidized from a pale
yellow to a blue oxide TMB, it can be used as an indicator of the re-
action with MnO2 nanomaterials. Also, TMB, as a specific detection
agent, was proposed to detect MnO2 nanosheets (He et al., 2016), which
provides more possibilities for the application of the TMB- MnO2 na-
nosheets system. The system has been used in many quantitative
measurements such as H2O2 and glucose in blood (Yuan et al., 2015),
ascorbic acid (Yu and Zheng, 2016) single-stranded DNA (Lin et al.,
2016), and glutathione (GSH) in human serum (Liu et al., 2017).

Herein, a rapid and sensitive colorimetric method based on TMB-
MnO2 nanosheets for oxalate detection was developed combining with
a highly portable bionic E-eye system (Fig. 1). MnO2 nanosheets acted
as an efficient biomimetic oxidase to catalyze the reaction with TMB
and oxalate. First, the prepared bulk MnO2 was exfoliated in a BSA
solution by sonication to obtain the MnO2 nanosheets. The BSA-stabi-
lized-MnO2 nanosheets feature good dispersion and stability. The na-
nosheets can be used to oxidize TMB to oxTMB, resulting in the color
change of the substrate from pale yellow to blue. In the presence of
oxalate, MnO2 nanosheets were reduced by oxalate, and the amount of
residual nanosheets used to oxidize TMB decreased, thus leading to
different color changes that can be quantified for oxalate measure-
ments. Moreover, a home-made colorimetric system called bionic E-eye
was utilized to identify the color changes by direct photographing, and
analyze the concentration of oxalate, which realizes the function of

rapid detection and portability. Furthermore, to verify the feasibility of
the method for real sample analysis, the selectivity of the method and
the performance for real sample measurement were both studied.

2. Experimental and methods

2.1. Chemicals and reagents

All reagents used in this work were analytical grade unless other-
wise noted. Manganese (II) chloride tetrahydrate (MnCl2·4H2O),
3,3’,5,5’-tetramethylbenzidine (TMB), tetramethylammonium hydro-
xide solution(25% TMA·OH), 30% H2O2, bovine serum albumin (BSA),
urea, creatinine, sodium oxalate were purchased from Aladdin Reagent
Co., Ltd (China). NaCl, KCl, glucose, Na2HPO4·12H2O, NaH2PO4·2H2O,
NH4Cl, MgSO4 and sodium citrate were purchased from Sinopharm
Chemical Reagent Co., Ltd (China). The kit for oxalate detection was
purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd.
Ultrapure water was produced by a Millipore Milli-Q water purification
system.

2.2. Apparatus

Ultraviolet-visible light (UV–vis) absorption spectra were recorded
by Nanodrop 2000 (Thermo Scientific, USA). The morphology of bulk
MnO2 was determined using Desktop scanning electron microscopy
(DSEM, Phenom PROX, Netherlands). MnO2 nanosheets were char-
acterized using a JEM-2100 transmission electron microscope (TEM,
JEOL, Japan) with an accelerating voltage of 200 kV. Mn2+ ion was
characterized by ion chromatograph (AQUION IC, Thermo Scientific)
and pH meter (INESA Scientific Instrument Co.,Ltd, China) was used for
pH measurement in samples. The detection of oxalate was performed
with the SpectraMax Paradigm multi-mode microplate reader (MR,
Molecule Device, USA) and the home-made bionic E-eye developed in
our laboratory.

The bionic E-eye was consisted of a smartphone and a portable il-
lumination provider. The illuminated area on the electroluminescent

Fig. 1. Schematic of TMB-MnO2 nanosheets for colorimetric oxalate detection by bionic E-eye system.
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source was designed to place 96-well plates that contained colorimetric
end-products. The smartphone, utilized as the measurement instru-
ment, can photograph the plates by placing inside a designated
smartphone container on the top of the hood. Finally, a square image
(10× 10 pixels) of each well was extracted from the captured image,
and the RGB value can be calculated for colorimetric analysis (Su et al.,
2015). Before the image analysis, the blank plate will be photographed
for baseline calibration. In this work, the blue value (B value) was used
to analyze color change.

2.3. Synthesis of bulk MnO2 and MnO2 nanosheets

The preparation of bulk MnO2 was performed according to the lit-
erature (Kai et al., 2008). 10ml 0.3M MnCl2·4H2O aqueous solution
was added into 20ml mixture (0.6M TMA·OH and 3wt% H2O2), and
the resulting solution was dark brown. The solution was stirred vigor-
ously on a shaker at 25 °C. After stirring for 12 h, the solution was
centrifuged at 10000 rpm for 10min. The precipitate was extracted out
and washed with methanol and ultrapure water for three times. Sub-
sequently, the precipitate was dried in a vacuum oven at 30 °C.

Some researchers prepared MoS2 nanosheets by exfoliating MoS2

powders with BSA (Guan et al., 2015). By utilizing the similar me-
chanism, the MnO2 nanosheets were obtained by exfoliating bulk MnO2
with BSA. The bulk MnO2 is formed due to the van der Waals force
between layers. By sonication, the van der Waals force was weakened,
and layers were ultimately peeled off to form nanosheets (Liu et al.,
2007). The reason is that high temperature and pressure are generated
inside the collapsing microbubbles during the sonication, which pro-
motes the intercalation of BSA into the layered MnO2. Nanosheet
synthesis steps are as follows. 10mg bulk MnO2 was added to 10ml
1mg/ml BSA aqueous solution. After that, the mixture was sonicated
for 8 h at room temperature. Then, the solution was centrifuged at
1000 rpm for 20min. The precipitate containing residual unexfoliated
MnO2 was removed, and the supernate containing MnO2 nanosheets
was obtained and stored at 4 °C.

2.4. Oxalate detection and image analysis by bionic E-eye

Sodium oxalate solution (40mM) was prepared and adjusted to
pH=3 using H2SO4 (pH=1.0). 3 μl MnO2 nanosheets were incubated
in 100 μl oxalate solution for 10min to ensure complete reaction. Then,
100 μl TMB solution was added into the above mixture to implement

Fig. 2. (A) SEM image of the bulk MnO2 material. (B) TEM image of the original MnO2 nanosheets. (C) UV–vis spectrum of two MnO2 nanosheets solutions (the
concentration of one solution (blue) is 2-fold of the other one (red)). (D) The stability of MnO2 nanosheets. (E) TEM of MnO2 nanosheets after oxalate incubation (F)
Characterization of the formation of Mn2+ by ion chromatograph. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article).
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reactions for 1min. After the reaction, 100 μl 1M HCl was added into
the solution to stop the reaction process. All reactions were performed
in 96-well plates. Finally, the plate was placed into the bionic E-eye for
colorimetric analysis. Through image processing and color analysis, the
concentration of oxalate can be determined.

2.5. Detection of oxalate in artificial urine samples

Oxalate concentration in artificial urine samples was quantified by
the method to evaluate the practical applications of the biosensor. The
artificial urine sample without oxalate was prepared according to the
literature (Chutipongtanate and Thongboonkerd, 2010), which contains
0.45 g creatinine, 2.25 g KCl, 0.50 g MgSO4·7H2O, 1.48 g
Na3C6H5·7H2O, 3.17 g NaCl, 0.17 g NaHCO3, 0.05 g Na2HPO4·12H2O,
0.05 g NaH2PO4·2H2O, 1.29 g of Na2SO4, 0.80 g of NH4Cl, 12.13 g urea
and 0.17 g uric acid in 1000ml deionized water. Then the artificial
urine sample was diluted 30 times and adjusted to pH=3. 40mM
oxalate solution was diluted using the diluted artificial urine sample to
different concentration (25 μM, 50 μM, 100 μM). The analysis of each
sample was repeated for 3 times. Moreover, the kit was used also for
comparison. The kit uses a double antibody sandwich method to de-
termine the level of oxalate in the sample. TMB is converted to blue
under the catalysis of HRP-labeled antibody and converted to the final
yellow color by the action of an acid. The depth of the color is positively
correlated with the concentration of oxalate in the sample. The absor-
bance was measured at 450 nm using a plate reader, and the oxalate
content in the sample was calculated based on the standard curve.

3. Results and discussion

3.1. Characterization of MnO2 nanosheets and MnO2-oxalate colorimetric
assay

As reported in the presence of TMA·OH, bulk MnO2 was synthesized
by the oxidization of Mn2+ with H2O2 (Kai et al., 2008). Fig. 2 (A)
presents the SEM image of the bulk MnO2, in which typical bulk
structure can be observed.

For MnO2 nanosheet exfoliation, the amount of BSA is extremely
critical. Guan et al. has reported that low concentration of BSA in form
of monomers can strongly adsorb on bulk MoS2, leading to the effective
exfoliation MoS2 nanosheets by sonication (Guan et al., 2015) However,
BSA with high concentration (> 4mg/ml) aggregate and cannot
strongly adsorb on bulk MoS2, leading to the ineffective exfoliation of
MoS2 nanosheets. It is reported that 1mg/ml BSA was used to ex-
foliated 10mg MnO2 effectively (Liu et al., 2017). Thus, the same BSA
amount was used in this study to exfoliate MnO2. Fig. 2(B) shows the
TEM image of exfoliated MnO2 nanosheets in which a large planar and
ultrathin sheet with occasional crinkles can be observed. Two MnO2
nanosheets solutions were measured with the UV–vis absorption spec-
trum in the range of 200–600 nm as shown in Fig. 2(C), in which the
concentration of one solution (blue) is 2-fold of the other one (red).
According to the UV–vis absorption spectrum, the absorption peak of
MnO2 nanosheets can be observed at 380 nm, which indicates the
characteristic peak of MnO2 nanosheets. This characteristic peak of the
prepared MnO2 nanosheets agrees with the previous work (Zhai et al.,
2014), which validates the expected exfoliation of MnO2 nanosheets in

Fig. 3. Color changes of the TMB solution in-
cubated with MnO2 nanosheets in the (A) ab-
sence and (B) presence of HCl. (C) Absorbance
spectra of TMB incubated with different vo-
lume of MnO2 nanosheets after HCl was added.
(D) The plot of the peak absorbance with dif-
ferent volume of MnO2 nanosheets. (E) Effect
of the interaction time between oxalate and
MnO2 nanosheets on the detection of 100 μM
oxalate. (F) The absorbance change with dif-
ferent color reaction time after TMB was added
into the MnO2 nanosheets solution. All ex-
periments were repeated in 5 well with error
bars in (D), (E), (F). (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article).
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this work. The concentration of the stock MnO2 nanosheets was cal-
culated based on the UV–vis results according to the Beer-Lambert Law
(Eq. (1)):

= =A lg 1
T

Kbc,
(1)

where A is the absorbance, T is the transmittance, K is the molar ex-
tinction coefficient (for MnO2 nanosheets, K=9.6×103 M-1 cm-1 at
380 nm), b is the sample thickness and c is the sample concentration.
The concentration of the prepared MnO2 nanosheets is calculated as
1.84mM. Moreover, the prepared MnO2 nanosheets solution displayed
apparent dark brown color. Furthermore, to verify the stability of MnO2
nanosheets, the oxidization of MnO2 nanosheets was also investigated
over 4 weeks, and no significant change in the absorbance was observed
shown in Fig. 2 (D), suggesting that the oxidation capability of the
MnO2 nanosheets to TMB remains constant, and the MnO2 nanosheets
can be stored for a long term with good chemical stability.

Oxalate has been shown to reduce MnO2 and form Mn2+ (Xyla
et al., 1992) (Eq. (2)):

+ + + ++ +MnO C O 4H Mn 2CO 2H O2 2 4
2 2

2 2 (2)

Therefore, when MnO2 nanosheets were added to the oxalate, MnO2
nanosheets were consumed and reduced to Mn2+, which affects the
colorimetric reaction with TMB. To further validate the reaction, MnO2
nanosheets were examined by TEM shown in Fig. 3(E). Compared with
the MnO2 nanosheets before the reaction (Fig. 3(C)), the outline of the
nanosheets becomes blurred and thickness becomes thin with a low
contrast in TEM image after oxalate incubation. The samples after the
reaction were also analyzed by ion chromatograph to validate the for-
mation of Mn2+ (Fig. 3(F)). The four curves in the figure are the test
results of the standard sample (MnCl2, 5 mM/L), background solution
(H2O), sample 1 (MnO2 and 1.5mM/L oxalate), sample 2 (MnO2 and
750 μM/L oxalate) by ion chromatograph. The results show that both
two characteristic peaks were observed at the peak position of Mn2+.
The peak area is 3.098 μSmin for the standard sample, 0.848 μSmin for
sample 1, and 0.375 μSmin for sample 2, which corresponds to oxalate
concentrations of the samples. Therefore, it is confirmed that MnO2
nanosheets would be consumed in the existence of oxalate.

3.2. Optimization of experimental conditions

Before the MnO2 nanosheets were used to detect oxalate, the
amount of the nanosheets should be optimized. In the optimization
experiments, the volume of added MnO2 nanosheets varied from 1 μl to
7 μl. After adding MnO2 nanosheets, the color of the TMB solution
changed to blue due to the oxidation of TMB to oxTMB. As the volume
of added MnO2 nanosheets increases, the color of the solution is gra-
dually dark (Fig. 3(A)). The results show that TMB can be oxidized
without H2O2, which is in accordance with the former research (Liu
et al., 2012). In the presence of HCl, the color of the solution turned
yellow as shown in Fig. 3(B), indicating the termination of the reaction
(Qiu et al., 2018). The termination of the reaction in low pH (< 1.0)
can effectively enhance the absorbance of the oxidized TMB to 1.4
times under a very acid environment. (Bally and Gribnau, 1989). Sub-
sequently, the absorbance spectrum of each well was detected after the
termination. From Fig. 3(C), the characteristic absorption wavelength
of the reaction can be confirmed at 460 nm for oxalate detection. The
peak absorbance at 460 nm of those spectrums was analyzed
(Fig. 3(D)). The peak absorbance exhibits a sharp rise to around 1.6
when the volume of MnO2 nanosheets increases from 1 to 3 μl, and then
the increase slows down with higher volume (4–7 μl). In order to ensure
the high sensitivity and wide detection range in the measurement, 3 μl
MnO2 nanosheets was adopted for the further analysis.

Based on the previous optimization, the system of the MnO2 na-
nosheets-TMB as a sensitive detector for oxalate determination was
further optimized under different conditions. First, the interaction time
between oxalate and MnO2 nanosheets was investigated in the presence
of 100 μM oxalate (Fig. 3 (E)). With the increase of the interaction time,
the absorbance gradually declines, suggesting that more MnO2 na-
nosheets were reduced by oxalate with longer time. After reacting for
more than 10min, only slight absorbance change can be observed. To
shorten the detection time and obtain large absorbance changes, the
interaction time was set as 10min. Subsequently, the color reaction
time between TMB and MnO2 nanosheets was also investigated
(Fig. 3(F)). 100 μl TMB was added into the MnO2 nanosheets solution
for reaction. The results show that no significant changes can be ob-
served with different color reaction time. Therefore, an interaction time
of 10min and a color reaction time of 1min were selected to implement
the following colorimetric oxalate detection. pH in the samples should
also be explored to ensure the best performance. It is reported that pH
will affect the rate of reductive dissolution of MnO2 in the presence of
oxalate, and the highest reductive dissolution rate is at pH 1.6 ± 0.2
(Artamonova et al., 2013; Xyla et al., 1992). However, lower pH will
affect TMB color development. So pH in oxalate solutions was adjusted
to 3. Moreover, the effect of pH on the chromogenic reaction of MnO2
nanosheets with TMB was also explored. The MnO2 nanosheets and
TMB were reacted in different pH environment (pH=3, 4, 5) and then
HCl was added to stop the reaction. As shown in the Fig. S1, different
pH presents no significant change in color and the absorbances are
almost unchanged, indicating that pHs would not affect the chromo-
genic reaction. Furthermore, since CO2 was produced and H+ was
consumed in the reaction, the pH variation after the reaction of MnO2
and oxalate (250 μM and 7.8 μM, pH=3) was investigated compared to
the sample without oxalate (Table S1). The results indicate that the pH
after reaction has very slight change. Therefore it can be concluded that
the consumption of H+ and the production of CO2 will not affect the pH
of the solution during the reaction.

3.3. Analytical performance

Based on the optimized parameters, the analytical performance of
the TMB-MnO2 nanosheets system for oxalate detection was evaluated.
Different concentrations of oxalate samples were prepared using gra-
dient dilution from 4mM to 9.8 μM. In order to calculate the limit of
detection (LOD), the blank solution without oxalate was repeated in 10
wells. All the colorimetric experiments were analyzed by both the plate
reader and the bionic E-eye system, and the analytical performance was
also compared. As shown in Fig. 4(A) and (B), the response of the two
instruments present S-shaped curves with good consistency. When the
concentration of oxalate is lower than 7.8 μM or higher than 250 μM,
the absorbance shows very slight changes. The TMB-MnO2 nanosheets
system demonstrates good linearity in the concentration range from
7.8 μM to 250 μM. The calibration plot of both the two instruments is
shown in the inset, in which the bionic E-eye presents good linearity
comparable to the commercial plate reader. Moreover, according to the
3σ rule, the LOD of the method using the two instruments was calcu-
lated and compared (Fig. 4(C)). The LOD using the plate reader is
0.83 μM, and that of the bionic E-eye is 0.91 μM. The reason of the
slightly higher LOD of the bionic E-eye is that the bandwidth of the light
source in bionic E-eye is wider than that of the plate reader, and the
light source of the bionic E-eye will produce polychromatic light with
less sensitivity. It is worth noting that the bionic E-eye presents com-
parable performance to the commercial plate reader with wide detec-
tion range and low LOD, and the bionic E-eye can be used to monitor
the occurrence of initial urolithiasis in daily point-of-care applications
considering the portability, low time cost and ease of use.

Y. Gan, et al. Biosensors and Bioelectronics 130 (2019) 254–261

258



Further studies were performed to evaluate the potential inter-
ference of chemicals in human urine, including glucose, carbamide,
urea, KCl, Na2HPO4, NaH2PO4, NH4Cl, MgSO4, Na2SO4, and sodium
citrate (Fig. 4(D)). Compared to oxalate, these chemicals show very
slight interference, even with a 80-fold concentration relative to ox-
alate, indicating the good selectivity of the TMB-MnO2 nanosheets
system.

3.4. Analysis of artificial urine samples

In order to evaluate the potential in-situ application of the proposed
system for urinary oxalate detection, several artificial urine samples
were analyzed based on standard curve method (Table 1) and standard
addition method (Table S2). The real samples spiked with different
oxalate concentrations were measured by the bionic E-eye system. The
concentration of the measured oxalate is very close to that of the added
oxalate. The recovery of the three spiked samples is higher than 92%,
exhibiting the capability of the biosensor for oxalate quantification in
human urine. And the results are also compared with kit for oxalate
detection in which the two methods present very high consistency,
validating the accuracy of our method for oxalate detection in urine

samples.
Compared to other materials/methods for oxalate detection

(Table 2), MnO2 nanosheets-TMB methods demonstrates the lowest
LOD and the shortest time cost. In plate reader, 96 wells are measured
sequentially with a relatively long time cost. Our home-made bionic E-
eye can photograph all 96 wells simultaneously, which significantly
shortens the plate reading time and ensures that all wells are detected
simultaneously. Furthermore, the bionic E-eye with small size features
and high portability, which is more suitable for on-site detection and
point of care application.

4. Conclusions

In this work, we developed a simple, rapid and sensitive colori-
metric method using based on TMB-MnO2 nanosheets for oxalate de-
tection combining with a highly portable bionic E-eye system.
Experimental conditions including the amount of MnO2 nanosheets,
interaction time of TMB-MnO2, color reaction time, and pH have been
optimized to ensure the ideal performance. The method shows a low
LOD of 0.91 μM and a wide detection range from 7.8 μM to 250 μM with
very good repeatability, long-term stability and high selectivity.

Fig. 4. The S-shaped response of the plate
reader (A) and the bionic E-eye (B) in different
concentrations of oxalate, and the insets show
the linear detection ranges of the two instru-
ments. (C)The comparison of LOD for the plate
reader and bionic E-eye. (D) The selectivity
study of the method for oxalate detection
under different interfering chemicals.

Table 1
Results of oxalate determination for artificial urine samples.

Sample Oxalate (μM) Oxalate measured by bionic E-eye (μM)a % Recovery of bionic E-eye Oxalate measured by kita % Recovery of kit

1 100 92.20 ± 0.87 92.20 106.52 ± 2.61 106.52
2 50 46.38 ± 1.56 92.77 46.62 ± 4.00 93.24
3 25 24.24 ± 1.58 96.96 24.37 ± 1.64 97.48
4 10 10.40 ± 0.57 104.00 10.53 ± 0.76 105.30

a Mean value of three measurements ± standard deviation.
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Artificial urine samples were measured with good recovery to validate
the performance for real sample analysis. Compared to other methods,
the bionic E-eye based method shows the lowest LOD and the shortest
time cost with high portability. We believe this approach will provide a
promising platform for the clinical diagnosis of urolithiasis in the point-
of-care applications.
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