
Biosensors and Bioelectronics 167 (2020) 112457

Available online 9 August 2020
0956-5663/© 2020 Elsevier B.V. All rights reserved.

Lab in hydrogel portable kit: On-site monitoring of oxalate 

Rui Jin a,1, Lianjing Zhao a,1, Xu Yan a,*, Xiaosong Han b, Mengqi Liu a, Yue Chen a, Qingyun Li a, 
Dandan Su a, Fangmeng Liu a, Peng Sun a, Xiaomin Liu a, Chenguang Wang a, Geyu Lu a,** 

a State Key Laboratory of Integrated Optoelectronics, Jilin Key Laboratory on Advanced Gas Sensor, College of Electronic Science and Engineering, Jilin University, 
Changchun 130012, People’s Republic of China 
b College of Computer Science and Technology, Jilin University, Changchun, 130012, People’s Republic of China   

A R T I C L E  I N F O   

Keywords: 
Oxalate 
Target-responsive hydrogels 
Oxidase-like activity 
Point-of-care detection 
Smartphone 

A B S T R A C T   

Oxalate is commonly employed as adjuvant of pesticide agent, causing renal injury of human even in trace 
residues. Despite the great achievements of the existing point-of-care testing (POCT) technology, accurate on-site 
screening of oxalate remains a tricky issue. To this aim, we proposed a “lab in a tube” platform which integrated 
portable hydrogel kit with smartphone for real-time monitoring of oxalate to achieve quantitatively precise 
analysis. In this work, a stimuli-responsive hydrogel-based kit was constructed via embedding manganese di
oxide (MnO2) nanosheets into sodium alginate hydrogel system. Based on the intrinsic oxidase-like activity, 
MnO2 nanosheets-based nanozyme triggered color reaction by introducing a common sensing probe 3,3′,5,5′- 
tetramethylbenzidine. Meanwhile, the presence of oxalate would decompose MnO2 nanosheets, inducing the 
decrease of nanozyme activity, which resulted in the color response of portable kit. Coupling with ImageJ 
software, the image information of kit captured via smartphone could be transduced into the hue intensity, which 
provided a directly quantitative tool to detect oxalate with a detection limit of 8.0 μmol L− 1. This portable 
smartphone biosensor was successfully applied for screening urine sample within 10 min for high-throughput 
analysis (twelve samples) without the need for any advanced analytical instruments. Based on the merits of 
simple operation, cost-efficiency, and good selectivity, the availability of the miniaturized biosensor platform for 
POCT will achieve the requirements of routine screening and disease prevention.   

1. Introduction 

Pesticides are important agricultural production materials, and they 
are the most effective and irreplaceable intervention methods for the 
current and future internal restructuring of crop diseases, pests and 
weeds (Mercey et al., 2012; Yan et al., 2018). The vast majority of 
pesticide raw materials cannot be directly sprayed with water or 
otherwise evenly dispersed, covering the object of prevention or its 
place of activity (Uniyal and Sharma, 2018). Thus, various auxiliary 
substances (single component or mixture of multiple components) need 
to be added during the processing and application of pesticide prepa
ration products (He et al., 2019). These pesticide adjuvants are the 
essential component of pesticide formulation products, which play a 
significant role in improving the efficacy of pesticide formulations, 
stabilizing the quality of formulation products, and reducing the active 

ingredients of pesticides. Oxalate is a commonly used non-surfactant 
pesticide adjuvants, its excessive use can lead to pesticide adjuvants 
residues entering the human body. The presence of the excess concen
tration of oxalate (>300 μmol L-1) in urine indicates a large amount of 
crystal deposits in the kidneys, which will greatly increase the possibility 
of urolithiasis (Gan et al., 2019). Certainly, an accurate, rapid and 
efficient determination of oxalate is of great significance for poisoning 
assessment. A variety of analytical methods have been investigated to 
for oxalate determination in urine, food or plasma, such as spectro
photometry (Zhai et al., 2006), enzyme electrode biosensor (Hong et al., 
2003), ion chromatography (del Nozal et al., 2000; Maya et al., 2011), 
and gas chromatography (Li et al., 2008). However, cost-prohibitive, 
large numbers of samples, and the lack of pocket-sized device or an 
expert technician limit their on-site analysis. Herein, there is a signifi
cant motivation to develop alternative methods for measuring oxalate in 
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a cost-efficiency, portable and speedy manner (Gan et al., 2019; Hu and 
Feng, 2012; Pourreza et al., 2018). 

Recently, due to the advantages of convenient operation, low price, 
and excellent portability, the researchers have made a great deal of ef
forts to the development of point-of-care testing (POCT) (Cao et al., 
2019; Kong et al., 2019a; Zeng et al., 2019). However, some reported 
POC colorimetric methods using paper as a solid phase carrier for the 
monitoring of oxalate could only offer the qualitative/semi-quantitative 
screening, usually suffering from insufficient sensitivity and poor sta
bility in practical applications (Dey et al., 2018; Mahato et al., 2017; 
Quesada-González and Merkoçi, 2015; Worftamongkona et al., 2018). In 
order to satisfy the needs for stable and accurate quantitative moni
toring, it is urgent to supply some sensors based on other solid-phase 
carriers to provide effective and simple identification. 
Stimulus-responsive hydrogels, for example, bio-actuators-responsive 
hydrogels (Shi et al., 2019), photo-responsive hydrogels (Dong et al., 
2018) and multi-responsive hydrogels (Downs et al., 2020), with 
excellent mechanical stability, biodegradability, and biocompatibility, 
have attracted more and more attention in the field of encapsulation and 
immobilization (Caliari and Burdick, 2016; Hao et al., 2017; 
Vázquez-González and Willner, 2020; Willner, 2017). Hydrogels that 
offer a relatively inert circumstance in the gel matrix, are regarded as an 
obstacle to the external environment. On the other hand, the diffusion of 
substrate molecules is allowed through the porous structure, which ul
timately improve the function and stability of the encapsulated material 
(Ogura and Rehm, 2019a). Thus, hydrogels are considered as one of the 
most potential solid-phase carriers for oxalate on-site analysis. In addi
tion, smartphone-based detection platforms demonstrated tremendous 
prospect in on-site applications, due to the widespread coverage of 
smartphone worldwide. It is reported that numerous smartphone-based 
platforms can be used in a variety of bioanalytical detection applica
tions, such as colorimetric strategy (Berg et al., 2015; Kong et al., 2019b; 
Vashist et al., 2015b), fluorometric system (Jin et al., 2019), and 
microfluidic device (Barbosa et al., 2015). In those applications, the 
smartphone-based inspection systems performed outstanding perfor
mance even compared to bulky and expensive laboratory instruments, 
which facilitated a variety of POCT applications (Vashist et al. 2014, 
2015a). 

Enlightened by the aforementioned research, a “lab in a tube” 
sensing platform integrated with the smartphone was proposed for on- 
site monitoring of oxalate in a rapid and sensitive manner. Based on 
the intrinsic oxidase-like catalytic property of manganese dioxide 
(MnO2) nanosheets, which could catalyze the oxidation of 3,3′,5,5′- 
tetramethylbenzidine (TMB) into oxTMB (blue product) (Liu et al., 
2017). The stimuli-responsive nanozyme-based hydrogel consisting of 
the sodium alginate (SA) hydrogel and TMB-MnO2 nanosheets system 
were integrated into a commercialized microtube to assemble the 
portable kit. In the presence of oxalate, MnO2 nanosheets were reduced 
to yield Mn2+, further suppressing the color reaction. Thus, the proposed 
MnO2-controlled hydrogel kit could be employed to the measurement of 
oxalate. For accurate quantitative detection, the color changes of 
portable kit were collected via the smartphone camera. Subsequently, 
the corresponding image could be converted into hue intensity based on 
the ImageJ software, which displayed a linear relationship with the 
concentration of oxalate. It is worth noting that the portable platform 
was successfully applied to detect the level of oxalate in urine with 
acceptable results through combining smartphone reader and 
nanozyme-based hydrogel kit, making the monitoring process conve
nience and providing a novel way for probing oxalate. 

2. Experimental section 

2.1. Materials and instruments 

All commercially available reagents were purchased in analytical 
grade and used without further purification. Manganese (II) chloride 
tetrahydrate (MnCl2⋅4H2O), sodium hydroxide (NaOH), oxalate, SA, 
calcium chloride (CaCl2) were purchased from Aladdin Reagent Co. Ltd 
(Shanghai, China). TMB and dimethylsulfoxide (DMSO) were obtained 
from Sigma-Aldrich (St. Louis, MO). BSA were purchased from Ryon 
Biological Technology Co., Ltd. (Shanghai, China). The UV–Vis absor
bance measurements were obtained on a UV-2550 spectrometer (Shi
madzu). The morphological structures of the samples were found by 
JEM-2100 transmission electron microscope (TEM). 

Scheme 1. Schematic illustration of the target-responsive hydrogel platform.  
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2.2. Synthesis of MnO2 nanosheets hydrogel 

Typically, 5.0 mL BSA (0.5 mg mL− 1) was mixed with 5.0 mL 
MnCl2⋅4H2O (4.0 × 10− 3 mol L− 1), the mixture solutions were contin
uously stirred at room temperature for 1 h. Subsequently, the pH value 
of the reaction aqueous solution was adjusted to 10 with NaOH (1.0 mol 
L− 1). After reaction for 4 h at 4 ◦C. Furthermore, SA was sufficiently 
dissolved in pH 8.0 Tris-HCl buffer, and the SA (20.0 mg mL− 1) was 
quickly transferred into the snap cap of microtube. Then, 0.125 mg mL− 1 

MnO2 NFs were added into the SA. After thorough mixing, 5.0 mg mL− 1 

CaCl2 solution was added dropwise to the above mixture to make a 
uniform MnO2 -SA mixed hydrogel. 

2.3. Preparation of the hydrogel kit for oxalate 

The measurement was carried out in polypropylene microtubes that 
was used as a container and reaction platform. The fabrication of 
stimuli-responsive MnO2-based hydrogel regarded as a sensing platform 
for the on-site monitoring of oxalate (Scheme 1). First, the synthesized 
MnO2 nanosheets were rooted into sodium alginate, which dropped on a 
snap cap of microtube, forming hydrogel via introducing Ca2+ with an 
ultra-simple one-step protocol. The hydrogel was regarded as a carrier 

material with high capacity to absorb and release solutions, and the high 
stability was suitable for long-term storage of samples (Ogura and Rehm, 
2019b). Subsequently, different amounts of oxalate were incubated with 
50 μL 100 mmol L− 1 HCl into the microtube. Then, the microtube turned 
upside down for 10 min at room temperature to diffuse solution into 
MnO2-based hydrogels, causing decomposition of MnO2 nanosheets to 
yield Mn2+. To inspect the color change of the MnO2-hydrogel, the test 
microtube was turned upside down again and the mixture of 1.5 mmol 
L− 1 TMB and acetate buffer (0.1 mol L− 1, pH 4.0) was introduced into 
the snap cap of microtube. Finally, the color information was acquired 
using a smartphone built-in camera as recorder, which could be 
analyzed using ImageJ software for quantitative evaluation of oxalate. 

2.4. Smartphone-based hydrogel kit analysis 

The iron base holder of the hydrogel kit was made with the size of 
21.5 × 30.0 × 13.0 cm. The test tube rack was placed in the designated 
position of the recorder. Subsequently, the colorimetric image was taken 
by putting the smartphone (Vivo X9) inside the designated smartphone 
containment on the top of the hood (Fig. S1). The RGB intensity of the 
acquired images was determined through an image processing algo
rithm using Image J software. The image processing algorithm was to 

Fig. 1. (A) TEM and HRTEM image of the BSA (0.5 mg mL− 1)-templated-MnO2 nanosheets. (B) AFM image and the corresponding height profile of MnO2 nanosheets. 
(C) UV–vis absorption spectra of MnO2 nanosheets (Insert: photograph of MnO2 nanosheets after storing at room temperature for three weeks). (D) The UV–vis 
absorption spectra of TMB with different concentrations of MnO2 nanosheets (1.08, 0.54, 0.36, 0.27, 0 mg mL− 1). (E) Effect of the reaction time. (F) UV–vis ab
sorption spectra of TMB-MnO2 nanosheets system (a), TMB-MnO2 nanosheets system + oxalate (b). (G) The UV vis absorption spectra of TMB-MnO2-oxalate system 
with different concentrations of HCl. (H) UV–vis absorption spectra of MnO2-TMB system with varying concentrations of oxalate. (I) Linear plot of absorbance 
intensity ratio versus the concentration of oxalate (Inset: the corresponding photographs of the solution taken under daylight). 
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calculate the average intensity of 3 adjacent pixels. Then by standard 
curve analysis, the calculated required intensity was plotted against the 
oxalate concentration. The kit images were captured at a fixed distance 
from the recorder’s screen to prevent the parallax error. 

2.5. Detection of oxalate in urine sample 

Firstly, the human urine sample was diluted 30 times with deionized 
water and adjusted to pH = 3.0 by adding HCl (100 mmol L− 1), then 
different concentration (8, 80, 800 μmol L− 1) of oxalate were prepared 
using the diluted human urine sample. Next, the reaction solution was 
turned upside down for 10 min at room temperature. Finally, the 
mixture of 1.5 mmol L− 1 TMB and acetate buffer (0.1 mol L− 1, pH 4.0) 
was introduced into the snap cap of microtube. The image of the 
hydrogel kit was recorded by smartphone and analyzed via the ImageJ 
software. 

3. Results and discussion 

3.1. Characterization and the catalytic property of MnO2 nanosheets 

The research was started via the bio-template synthesis of MnO2 
nanosheets, which were nucleated and synthesized with BSA in the 
alkaline solution (Han et al., 2017). As revealed in Fig. 1A, the MnO2 
nanosheets had a large 2D morphology, indicating that the large surface 

area of nanostructures increased the probability for the contact with 
catalytic substrate. The clear lattice fringe with interplanar spacing of 
0.216 nm were in consistent with the (420) plane of the MnO2 (Fig. 1A 
inset). As clearly displayed in Fig. 1B, the atomic force microscope 
(AFM) data confirmed that the MnO2 nanosheets revealed an ultrathin 
sheet structure with a thickness of approximate 6.0 nm. Furthermore, 
the UV–vis spectra of MnO2 nanosheets were manifested a characteristic 
broadened absorption band within 320 nm–580 nm, which exhibited a 
characteristic absorption peak at about 380 nm (Fig. 1C). The MnO2 
samples showed a typical brown colloid, which could stabilize for 3 
weeks at room temperature without any precipitation (Fig. 1C inset). 
Taken together, all of these results indicated that the MnO2 nanosheets 
were successfully obtained with good stability. To verify the catalytic 
property, various concentration of MnO2 were directly incubated with 
TMB for the colorimetric reaction. As expected, with the decreasing 
concentration of the MnO2 nanosheets (0-1.08 mg mL-1), the charac
teristic absorption peak of the solution decreased gradually as depicted 
in Fig. 1.. In addition, the solution color changed from blue to colorless 
(Fig. 1D, inset), which demonstrated the MnO2 performed oxidase-like 
activity. Moreover, we found that the absorbance (color) of the solu
tion remained unchanged basically within 5 min, and then decreased 
significantly, which might be due to the reduction of oxTMB to a certain 
extent (Fig. 1E). Interestingly, it was known that MnO2 nanosheets have 
high reactivity toward oxalate under acidic pH, which could promote 
the decomposition of MnO2 nanosheets to form Mn2+ (equation (1)), 

Fig. 2. (A) Chemical structure of G and M monomer and the illustration of chelation by the “egg-box” model in the alginate/Ca2+ network. (B) SEM images of SA 
hydrogels. (C) and (D) SEM images of MnO2-SA hydrogels. (E) TEM images of freeze-dried MnO2-SA hydrogels (Insert: HRTEM images of MnO2-SA hydrogels). 
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MnO2 +C2O− 2
4 + 4H→Mn2+ + 2CO2 + 2H2O (1) 

the degradation of MnO2 NFs could be corroborated by the decrease 
of the characteristic absorption peak of oxTMB at 652 nm (Fig. 1F). The 
concentration of HCl controlled the pH of the reaction environment, the 
MnO2 nanosheets are basically decomposed completely by oxalate when 
the concentration of HCl was 0.5 mmol L− 1 (Fig. 1G). In this strategy, the 
method of oxalate detection was further performed according to the 
TMB/MnO2 nanosheets system. Along with the oxalate concentrations 
increased from 0 to 333 μmol L− 1, the absorpMnO2 + C2O− 2

4 + 4H→ 
Mn2+ + 2CO2 + 2H2Otion intensity of oxTMB at 652 nm gradually 
decreased, which corroborated the degradation of MnO2 nanosheets 
(Fig. 1H). Meanwhile, the characteristic absorption peak change of 
system displayed a quality linear fitting (R2 = 0.9961) with the loga
rithm of oxalate concentration (Fig. 1I). It was worth noting that the 
limit of detection (LOD) was as low as 0.1 μmol L− 1, which demonstrated 
that the sensing platform was suitable for oxalate detection. Combined 
with the above results, the TMB/MnO2 nanosheets colorimetric system 
could be considered as an effective and attractive tool for POCT 
applications. 

3.2. Hydrogel-portable kit for accurate detection of oxalate 

Based on its simple preparation and favorable biocompatibility, the 
hydrogel with 3D cross-linked networks structure as a robust carrier 
could response to physicochemical stimulation, which possessed a broad 
application prospect in POCT (Cao et al., 2019; Li et al., 2019; Liu et al., 
2020). SA as a natural hydrophilic polysaccharide, which was composed 
of β-D-mannuronic acid (M) unit and α-l-guluronic acid (G) unit con
nected through β-1, 4 bond (Wang et al., 2019). In the presence of Ca2+

(or other divalent cations), G-blocks could be stacked via the formation 
of “egg-box” calcium linked junctions to obtain hydrogels in an 

ultra-simple manner (Fig. 2A). Combining with these studies, we con
structed a portable kit via immobilizing the MnO2 nanosheets into SA 
hydrogel to manufacture TMB-controlled platform for visible detection 
of oxalate. As illustrated in Fig. 2B, the freeze-dried SA hydrogel was 
clearly displayed the cross-sectional morphology, revealing a porous 
layered structure that could load with large amounts of materials. After 
the introduction of MnO2 nanosheets, it could be noticed that the pro
trusions on the gel were MnO2 two-dimensional structure nanosheets, 
which was dispersed uniformly and widely on the SA hydrogel (Fig. 2C 
and D). To further validate the structural information, the SA hydrogels 
containing MnO2 nanosheets were characterized with TEM after low 
temperature vacuum freeze-drying. As shown in Fig. 2E, there were 
apparent dark streaks on the fibrous hydrogels after introducing MnO2 
nanosheets. At the HRTEM image of hydrogels (Fig. 2E inset), the dark 
streaks showed clear lattice fringe with interplanar spacing of 0.216 nm 
identified as MnO2 nanosheets. Herein, all results demonstrated that 
MnO2 nanosheets were successfully encapsulated in the SA hydrogel. 

Based on the above results, a stimuli-responsive hydrogel kit with 
MnO2 nanosheets probe as the suitable candidate for accurate on-site 
measurement of oxalate was constructed. As shown in Fig. 3A, MnO2 
nanosheets rooted into SA hydrogels were poured in a snap cap of 
commercialized microtube via a simple one-step protocol firstly. After 
introducing the urine containing oxalate into a microtube, it was 
inverted to let the oxalate diffuse into MnO2-SA hydrogels. To facilitate 
observation of the color change of the hydrogel kit, turned the microtube 
upside down again, and then opened the snap cap. Afterwards, the op
tical images of the kits obtained through smartphone built-in cameras 
could be combined with imageJ software to analyze the hue intensity 
data to quantitatively evaluate the oxalate. In this strategy, MnO2 
nanosheets encapsulated in hydrogel could still directly oxidize TMB to 
blue product (Figs. 3B and 1). After the introduction of oxalate, the 

Fig. 3. (A) Reaction process of portable test kit for detection oxalate. (B) Intensity of reaction solution: (1) SA + MnO2 nanosheets + TMB, (2) SA + HCl + Oxalate +
MnO2 nanosheets + TMB, (3) SA + MnO2 nanosheets + Oxalate + TMB, (4) SA + HCl + TMB, (5) SA + Oxalate + TMB. (C) The optimization of the concentration of 
HCl. (D) The optimization of the concentration of MnO2 nanosheets. 
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decomposition of MnO2 nanosheets was triggered and the oxidation of 
TMB was blocked (Fig. 3B and ). In addition, the presence of both ox
alate and HCl would accelerate the decomposition of MnO2 nanosheets 
(Figs. 3B and 2). To validate the system feasibility, oxalate and HCl were 
introduced into SA-TMB solution separately (Figs. 3B, 4 and 5). There 
were no significant characteristic color signals in the systems, further 
confirmed that SA-TMB could not be triggered by those substances. To 
improve the sensing performance of the hydrogel test kits, some con
ditions were optimized. As depicted in Fig. 3C, the high concentration of 
HCl (>0.05 mmol L− 1) could contributed to the decomposition of MnO2 
nanosheets, accompanied by significant fade of the hydrogel kit color. 
The result demonstrated that the CHCl (0.1 mmol L− 1) could provide a 
higher rate of catalytic decomposition. In addition, the concentration of 
MnO2 nanosheets was optimized (Fig. 3D), the results revealed that a 
certain amount of oxalate could decompose the largest amount of 0.54 
mg mL− 1 MnO2 nanosheets (I0 - I). In order to maintain the color signal 
uniform, we have optimized the preparation process of the hydrogel. As 
shown in Fig. S2, the mixing time of SA and MnO2 nanosheets was 
selected 1 min and the mixing time of SA-MnO2 nanosheets and CaCl2 
controlled within 10 s, which could better shield out the color signal 
nonuniform. Furthermore, compared with dropping 5 μL of CaCl2 (25.0 
mg mL− 1) on the snap cap of microtube for four times, 20 μL of CaCl2 
(25.0 mg mL− 1) can better shield out the color signal nonuniform. 

Under the optimized conditions, the sensing performance of the 
MnO2 nanosheets based hydrogel kit was investigated via introducing 
oxalate. As illustrated in Fig. 4A, the color of the hydrogel kit changed in 
a noticeable gradient by increasing the concentration of oxalate from 
0 to 800 μmol L− 1. Through the image processing technology, the his
togram of intensity could be treated as an alternative form of color 
recognition (Fig. S3), thereby generating a gradient change in the con
centration of oxalate (Fig. S4). As shown in Fig. 4B, the converted in
tensity of hydrogel kits displayed a well linear relationship with the 
concentration of oxalate in the range from 0.8 to 800 μmol L− 1 (R2 =

0.992). 
It was worth mentioning that the limit of detection (LOD) was 

calculated as 0.8 μmol L− 1. Moreover, the storage period of sensing 

platform as a key feature of POC devices was also investigated. In virtue 
of the protection of the hydrogel, MnO2 nanosheets lost less than 17% 
catalytic activity after storing for 7 day at 4 ◦C (Fig. S5). Moreover, the 
oxalate-introduced sample showed almost no change within 7 days 
(Fig. 4C). As revealed in Figs. S6 and S7, the portable kit achieved almost 
no discoloration for 240 consecutive minutes, which indicated that the 
kit could maintain a relatively stable state within a certain period of 
time. The comparison with other oxalate monitoring systems were 
summarized in Table 1, our proposed hydrogel kit exhibited the unique 
signal output advantage, which demonstrated a more reliable sensitive 
performance and the shorter response time (10 min) than other assays. 
The excellent detection performance of this system derived from 
amplification technology, which might be attributed to the following 
unique features: (i) As biomimetic oxidase, the stability of MnO2 
nanosheets performed better than natural enzymes (Liu et al., 2017), 
which could ameliorate the sensing performance. (ii) The 
ultrathin-layered MnO2 nanosheets possessed a typical two-dimensional 
morphology and exhibited a high specific surface area, which facilitated 
to provide more catalytic active sites. (iii) As an encapsulating material, 
SA-hydrogel allowed the substrate molecule to diffuse by the porous 
structure, while also acting as a barrier to the complex external envi
ronment. These results indicated that the integration of MnO2-based 
hydrogel kit with smartphone offered a portable platform for accurate 
monitoring of oxalate. 

Specificity ability and anti-interference were significance indicators 
for assessing the capacity of the constructing hydrogel-based biosensor, 
especially in POCT application. Thereby, in order to simulate the com
plex actual environment, other common substances (urea, inorganic 
salt, amino acid, metal ion and protein) were chosen to evaluate the 
interference effect of the test kit for oxalate. As revealed in Fig. 5A, the 
change of normalized intensity histogram manifested that the potential 
interference substances (10 mmol L− 1) could not trigger the decompo
sition of MnO2 nanosheets, accompanying the reduction of the intensity 
signal, while only oxalate (1.0 mmol L− 1) induced significant response. 
The obvious color change of the MnO2-based hydrogel kit toward oxa
late (compared to the blank), while the other control interferences 

Fig. 4. (A) The photograph of the test kit with different concentrations of oxalate. (B) Relationship between hue intensity and the oxalate concentration. (C) The 
stability of the kit (with oxalate) within seven days. 
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substances did not occur, indicating strong a selectivity ability of kit. 
Following, the signals of the above co-existing substances with oxalate 
were almost the same, demonstrating the hydrogel kit performed strong 
anti-interference ability. In addition, the color change represented that 
in the presence of co-existing substances, the response of the hydrogel 
kit toward oxalate remained constant. (Fig. 5B). The effect of some 
potential redox substances including formic acid and hydrogen peroxide 
and other co-existing substances (urea, K2CO3, NaCl, Na2CO3 and KCl) in 
urine were evaluated as shown in Fig. 5C and D. The change of 
normalized intensity histogram represented that in the presence of co- 
existing substances, the response of the hydrogel kit toward oxalate 
remained constant. Taken together, the MnO2-based hydrogel system 
exhibited high specificity and anti-interference performance for the 
monitoring of oxalate. 

3.3. Detection of oxalate in urine sample 

From a practical point of view, the excessively high concentration of 
oxalate in the urine (>300 μ) evidenced the risk of diseases such as 
urolithiasis, so the monitoring of oxalate in the actual sample was of 
great significance. In this work, human urine was selected as model 

Fig. 5. (A) The selectivity of the hydrogel kit and the photograph in the presence of interfering ions. (B) The anti-interference of the hydrogel kit and the corre
sponding photograph in the presence of interfering ions. (C) The anti-interference ability of hydrogel kit for inorganic salts (K2CO3, NaCl, Na2CO3, KCl) in urine 
(Inset: the corresponding photograph in the presence of interfering inorganic salts). (D) The anti-interference ability of hydrogel kit for formic acid, hydrogen 
peroxide and urea in urine (Inset: the corresponding photograph in the presence of interfering these potential redox substances). 

Table 1 
Comparison of performance of different oxalate probing strategy.  

Method LOD 
(μmol 
L− 1) 

Response 
time 

Portability Reference 

Paper-based 
colorimetric 
device 

10 30 min Yes Worftamongkona 
et al. (2018) 

TiO2 nanoparticles/ 
multiwalled 
carbon nanotubes 
modified electrode 

33 >30 min No Fakhari et al. 
(2012) 

Carbon ionic liquid 
electrode modified 
with TiO2–Fe 
nanoparticles 

23 >15 min No Akhond et al. 
(2016) 

Amperometric 
biosensor 

1 7s No Pundir et al. (2011) 

Smartphone- 
portable hydrogel 
kit 

0.8 10 min Yes This work  
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matrix for investigating the potential POCT application of the proposed 
platform. Subsequently, the accuracy of the hydrogel kit in practice 
application was evaluated via measuring the recovery based on the 
standard addition method. As illustrated in Table 2, the recovery rates of 
the samples were in the range of 98.69–103.60% with the relative 
standard deviations (RSDs) from 4.16% to 8.54%, indicating the capa
bility of the protable kit for quantitative analysis of oxalate in human 
urine. Evidently, due to the merits of the facile usage and superior sta
bility of hydrogel, the good operability and high efficiency of the 
portable kit provided a potential prospect for quantitative POC 
screening of oxalate for ensuring food safety and estimating poisoning. 

4. Conclusions 

In summary, the all-in-one platform combined a stimuli-responsive 
hydrogel as a cost-effective encapsulated material with high loading 
capacity and a kit as a portable, simple setup for on-site analysis of 
oxalate. Compared with the traditional analysis methodology, this 
portable hydrogel biosensor used stimuli-responsive hydrogels as 
encapsulating materials, allowing substrate molecules to diffuse through 
the porous structure to improve sensing efficiency. Moreover, ultrathin 
two-dimensional MnO2 nanosheets were synthesized via a simple bio- 
template approach. In view of its large specific surface area and high 
oxidase-like activity, it could be utilized as an enhanced signal label. As 
the most brilliant part, this platform was capable of screening twelve 
samples within 10 min for high-throughput analysis in a sensitive 
method, without the need for washing steps. In general, owing to its 
accuracy and rapidity, the smartphone hydrogel-portable platform 
offered a novel sight for quantitative on-site analysis of oxalate to ensure 
food safety and disease prevention. 
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