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Abstract

In this work, a highly efficient electrochemiluminescence (ECL) biosensor was devel-

oped based on the nanosponge–hydrogel system for uric acid (UA) detection. First,

the nanosponge consisted of polylactic acid glycolic acid (PLGA) nanoparticles immo-

bilized with MoS2 quantum dots (QDs) and urate oxidase (UAO). The marked loading

capability of PLGA nanoparticles enables loading many biomolecules and QDs for the

specific recognition of UA. Urate oxidase on the nanosponge can catalyze UA to gen-

erate H2O2 in situ, which further triggers the ECL signal for the MoS2 QDs. Further-

more, the biocompatible acrylamide-based hydrogel not only effectively retained the

functionalities of the chimeric nanosponge–hydrogel, but also provided structural

integrity and engineering flexibility on the electrode for ECL sensing applications. In

addition, there were many ester groups and amide bonds in the nanosponge–

hydrogel structure. Therefore, many electron can be excited in the ECL process due

to the large number of lone electron pairs on oxygen and nitrogen atoms. This

resulted in a seven-fold ECL enhancement of the MoS2 QDs. Finally, the

nanosponge–hydrogel structure-based ECL biosensor was successfully used in real

clinical serum assays. This showed a good analytical performance for UA detection

(100–500 μmol/L) with a limit of detection of 20 μmol/L.
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1 | INTRODUCTION

Uric acid (UA) is the product of purine metabolism under the action of

enzymes.[1] For humans, 20% of purine is produced by food and 80%

by the body itself. Urate oxidase (UAO) in mammals can break down

UA into allantoin. Because there is no UAO in the human body, UA

with its high concentration in the blood can accumulate with the for-

mation of UA crystals. UA deposition in the corresponding areas can

result in multiple systemic diseases including gout, kidney disease, and

diabetes.[2] Therefore, UA detection is necessary for clinical diagnosis.

Detection methods mainly include a routine urine examination, the

determination of blood uric acid, and the measurement of total UA

over a 24 h period.[3] To date, analytical methods and biosensor-

related research have made important progress in the detection of UA

with high sensitivity, such as through fluorescence assay, capillary

electrophoresis, and high-performance liquid chromatography (HPLC).

For example, Khajehsharifi et al. developed an orthogonal signal cor-

rected partial least squares method for simultaneous spectrophoto-

metric determination of whey acid, creatinine, and UA.[4] Chu et al.

developed a biosensor based on polypyrrole immobilized uricase for

UA detection.[5] Jie et al. developed a kinetic method for the determi-

nation of UA using the noncatalytic BZ reaction in a nonequilibrium
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steady state.[6] Amjadi et al. developed a method based on silver

nanoparticle plasma resonance for the determination of UA in human

plasma and urine samples.[7] Despite their different advantages, these

methods still have some limitations, such as a complex detection pro-

cess and long detection time. In particular, due to the actual needs of

UA tests at the point of care, there is still a challenge to develop

highly efficient sensing methods to improve the detection perfor-

mance of UA.

Electrochemiluminescence (ECL) technology is an important anal-

ysis method, it has been widely used in clinical diagnosis and bioanaly-

tical chemistry.[8,9] In the generation process of ECL, the species react

on the electrode surface with the high energy electron transfer reac-

tions. The resulted excited states can emit light immediately. ECL has

the unique characteristics of low background signals without the exci-

tation source and a simple operation. So, ECL assays can be used in a

point of care test with high sensitivity, low detection limit, and wide

linear working range. Recently, the gel has acted as a new functional

material in the construction of ECL sensors. The gel composites can

load ECL luminophores or electrolytes, and expand the potential appli-

cation of ECL in flexible and portable devices. For example, Chansri

et al. reported a simple preparation process for ECL cells based on sil-

ica gel-type solvents using a ZnO/TiO2 nanotubes electrode.
[10] Kwon

et al. extended the porous ion gel in the production of emissive ECL

ionoskins.[11] Shan's group synthesized metal–organic gels using

horseradish peroxidase.[12] Metal–organic gels based on the EC plat-

form were used for in situ detection of H2O2 generated from HeLa

cells. However, the gel was just used as a simple carrier in the ECL

sensing application. The adsorption ability, structure characteristics,

and other functional properties of gels should be further improved.

In this work, an ECL biosensor was designed based on the

nanosponge–hydrogel system for uric acid detection (as shown in

Scheme 1).[13] The nanosponge consisted of a polylactic acid glycolic

acid copolymer (PLGA) nanoparticle core immobilized with MoS2 QDs

and UAO molecules, which worked as an ECL emitter and recognition

unit in the sensor, respectively. The environmentally friendly and

degradable PLGA was polymerized from two monomers, lactic acid

and glycolic acid, which had good biocompatibility, nontoxic, environ-

mental friendliness, high encapsulation, and has been widely used in

the pharmacy medical engineering materials and biomedical

fields.[14–16] Moreover, PLGA nanoparticles contained many ester

functional groups with large numbers of solitary electron pairs. There-

fore, the nanosponge-based ECL sensing system provided the marked

capabilities of effective adsorption and determination of

UA. Furthermore, when the nanosponge was composited in the

hydrogel, the adsorption ability was improved largely over that of the

separate PLGA nanoparticles. In addition, the ester groups and amide

bonds in the nanosponge–hydrogel structure further amplified the

ECL intensity of the MoS2 QDs. Due to the nanosponge–hydrogel

structure, UA molecules were absorbed from serum and decomposed

using UAO catalysis to generate hydrogen peroxide.[17] Consequently,

hydrogen peroxide worked as the co-reactant and reacted with MoS2

QDs to emit the ECL signal. The detection results demonstrated the

advantages of this nanosponge–hydrogel system in the ECL sensor.

2 | EXPERIMENTAL

2.1 | Chemicals and apparatus

PLGA, glutathione (GSH), ammonium molybdate ([NH4]2MoO4), tetra-

methylethylenediamine (TEMED), acrylamide (C3H5NO), ammonium

persulfate (NH4S2O8), polyethylene glycol dimethacrylate (PEGDMA),

potassium ferricyanide (K3[Fe [CN]6]), potassium ferrocyanide

(K4[Fe [CN]6]), chlorine potassium (KCl), sodium dihydrogen phos-

phate (NaH2PO4), hydrogen diphosphate sodium (Na2HPO4), sodium

phosphate (Na3PO4), UA, uricase (UAO), glycine (Gly), glutamic (Glu),

cystine (Cys), urea and glucose (Glu) were obtained from Sinopharm

Holdings. All chemicals were used without further purification.

TEM images of MoS2 QDs were recorded on a JEM-2100F field

emission electron microscope at an acceleration voltage of 200 kV.

SCHEME 1 Illustration of the nanosponge–hydrogel system-based ECL sensor for UA detection
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Scanning electron microscopy (SEM) images of the PLGA and gel pat-

terned structures were recorded on a Hitachi SU8020 field emission

scanning electron microscope. Fourier transform infrared spectros-

copy (FTIR) and ultraviolet–visible (UV–vis) absorption spectra were

obtained on the Thermo Nicolet 360 FTIR spectrometer and a Hitachi

UH5300 UV–visible spectrophotometer, respectively. A F-2700 fluo-

rescence spectrophotometer was used to record the fluorescence

spectra. The electrochemical data and ECL signals were obtained via a

CHI 660B electrochemical workstation, H10682-210 photomultiplier

tubes, and the c8855-01 signal recording unit from Hamamatsu Pho-

tonics Co. Ltd.

2.2 | Synthesis of MoS2 QDs

MoS2 QDs were synthesized using the microwave-assisted solvother-

mal method. Here, 0.047 g ammonium molybdate tetrahydrate and

0.254 g reduced glutathione were dissolved in 12 ml of ultrapure

water. The solution was heated at 180�C under microwave-assisted

conditions for 50 min using a programmed process. Then the product

was centrifuged for 10 min (10,000 rpm). The yellow supernatant was

collected and further dialyzed to obtain MoS2 QDs.[18] The product

was stored at 4�C for the next steps.

2.3 | Synthesis of nanosponge

Here, 100 mg solid PLGA was dissolved in 10 ml acetone for 30 min;

30 ml deionized water was added into the above solution with contin-

uous stirring for 1 h.[13] Then, the solution was heated to 100�C for

30 min. The mixture was centrifuged at 10,000 rpm for 5 min. The

obtained PLGA nanoparticles were collected. Next, 20 mg PLGA

nanoparticles were added into 0.5 ml MoS2 QDs. After incubation for

5 min, MoS2 QDs were adsorbed on the PLGA nanoparticle surface.

The PLGA nanoparticles with MoS2 QDs were centrifuged at

10,000 rpm for 5 min and washed again. Then 10 mg/ml UAO were

incubated with the nanoparticles for 10 min. After centrifugation at

10,000 rpm for 5 min they were washed again, the nanosponge was

obtained according to the above method.

2.4 | Synthesis of the nanosponge–hydrogel
system

Here, 40 mg/ml acrylamide was used as a monomer in the reaction

system. Then 1 mg/ml PEGDMA was used as a crosslinking agent;

1 μl TEMED and 2 μl ammonium persulfate were added and mixed.

Within 2 min, the prepared gel could be observed.[13] Then, the as-

prepared PLGA nanoparticles with a final concentration of 3 mg/ml

were added into the gel to obtain the nanosponge–hydrogel system.

The nanosponge–hydrogel was dropped onto the electrode surface at

room temperature. ECL testing processes were performed in PBS

(pH 7.4) with different concentrations of UA.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of MoS2 QDs

The TEM diagram of MoS2 QDs is shown in Figure 1a. The morphol-

ogy of the MoS2 QDs showed good uniformity and dispersion with an

average particle size of 8 nm. The crystal phase of the MoS2 QDs was

investigated using X-ray diffraction (XRD) and shown in Figure 1b.

The XRD patterns showed that the MoS2 QDs had an amorphous

structure. Fourier transform infrared (FTIR) spectroscopy of MoS2

QDs is shown in Figure 1c. The stretching vibrations and bending

vibrations of N–H were located at 3240 cm�1 and 1630 cm�1,

respectively. These indicated that amino groups were present. The

stretching vibration and bending vibration of O–H were located at

3100 cm�1. The characteristic peaks at 1743 cm�1 were attributed to

C=O bonds. The peaks at 1410 cm�1 and 1270 cm�1, respectively,

corresponded to the stretching vibration of C–N and C–O bonds. The

UV–vis absorption spectrum of MoS2 QDs is recorded in Figure 1d. In

the UV absorption spectra, there was a characteristic absorption peak

at 310 nm.

ECL intensity and the cyclic voltammetry curve of MoS2 QDs in

PBS (pH 7.4) buffer solution with hydrogen peroxide as co-reactant

are shown in Figure 2. It can be seen that the ECL intensity of the

MoS2 QDs is relatively observable with H2O2. MoS2 QDs exhibited

strong ECL intensity with the excitation potential at �1.8 V. Photolu-

minescence spectra in Figure 2c displayed the excitation wavelength-

dependent properties of MoS2 QDs. They emitted the maximum

photoluminescence intensity at 340 nm. The photographs of fluores-

cence in Figure 2d demonstrated that the MoS2 QDs had strong yel-

low fluorescence under irradiation from a UV light lamp. The possible

ECL mechanisms of MoS2 QDs are outlined in the following

equations:

H2O2þe� ! �OHþOH� ð1Þ

�OHþMoS2 QDsþe� !MoS2 QDs� þOH� ð2Þ

MoS2 QDs� !MoS2 QDsþhv ð3Þ

3.2 | Characterization of nanosponge–hydrogel
system

It can be seen in Figure 3a that the diameter of the PLGA nanoparti-

cles synthesized using an emulsion solution volatilization method was

�180 nm. PLGA nanoparticles had uniform spherical morphology.

FTIR spectroscopy of the PLGA nanoparticles is shown in Figure 3b.

The stretching vibrations and bending vibrations of O–H bonds are

located at 2900 cm�1 and 1610 cm�1, respectively. These indicated

that hydroxyl groups were present. The characteristic peaks locating

at 1750 cm�1 were attributed to the C=O bond. Combined with the

1526 LIU ET AL.
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peaks observed at 3490 cm�1, the existence of carboxyl groups can

be inferred. Peaks at 1375 cm�1 corresponded to the stretching vibra-

tions of C–O. These functional groups helped PLGA nanoparticles to

load MoS2 QDs and UAO molecules on the surface as nanosponge

and were further embedded in the gel. SEM photographs of the

nanosponge–hydrogel system are shown in Figure 3c. The structure

F IGURE 2 (a) ECL profiles
and (b) cyclic voltammetry curve
of MoS2 QDs with 10 mmol/L
H2O2 solution.
(c) Photoluminescence spectrum
and (d) the fluorescence
photograph of MoS2 QDs under a
UV lamp

F IGURE 1 (a) TEM image,
(b) XRD image, (c) FTIR spectra,
and (d) UV–vis spectra of
MoS2 QDs

LIU ET AL. 1527
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of the gel was not closely linked, but had a loose structure with a

defined gap. The structure provided an effective pathway for PLGA

nanoparticles to adsorb UA molecules and then generate H2O2. As a

result, ECL signals for MoS2 QDs can be detected. The insert photo-

graph in Figure 3c shows that the gel without the nanosponge–

hydrogel was colourless and transparent. By contrast, the

nanosponge–hydrogel system was an homogeneous milky white. This

also confirmed that the PLGA nanoparticles had been dispersed

evenly in the gel. FTIR spectroscopy of the nanosponge–hydrogel sys-

tem is shown in Figure 3d. The characteristic peaks locating at

1950 cm�1 were attributed to the C=O bond. The peaks at

1500 cm�1 corresponded to the stretching vibrations of the C–N

bond, which indicated the existence of amide bonds.

As seen in Figure 4a, cyclic voltammetry curves showed that the

excitation potential of MoS2 QDs was �1.8 V. When MoS2 QDs were

embedded into the nanosponge–hydrogel system, the changed reduc-

tion potential indicated the poor conductivity of the nanosponge–

hydrogel. In addition, the ECL intensity of the MoS2 QDs in the

nanosponge–hydrogel system was approximately seven times higher

than that of separated MoS2 QDs (Figure 4b). This indicated that the

nanosponge–hydrogel system can significantly promote the ECL of

the MoS2 QDs. The PLGA nanoparticles can work as carriers to load

more QDs. Conversely, there were many ester groups and amide

bonds in the nanosponge–hydrogel structure. Due to the large num-

ber of lone electron pairs, electrons can be excited in the ECL process

to decrease the excitation potential. Electrochemical impedance spec-

troscopy (EIS) was investigated to characterize the impedance

changes of the nanosponge–hydrogel system. As shown in Figure 4c,

because of the poor conductivities of the gel and MoS2 in this struc-

ture, the impedance value of the modified electrode increased largely

with the bare electrode. It can be clearly observed that the impedance

value increased gradually. Figure 4d shows the ECL response of the

MoS2 QDs and the nanosponge–hydrogel system with UA. When UA

reacted with UAO in the buffer solution (pH 7.4) containing MoS2

QDs, a significant ECL signal could be observed. This indicated that

H2O2 was produced in the buffer solution due to catalysis of UAO,

which further worked as a co-reactant to generate the ECL signal.

There was also no obvious signal for the MoS2 QDs in the

nanosponge–hydrogel system without UA. When UA was absorbed

into the nanosponge–hydrogel system, the ECL strength was greatly

enhanced, and was five times higher than that of the MoS2 QDs. The

results confirmed the feasibility the nanosponge–hydrogel system-

based ECL sensor for UA detection. The possible sensing mechanisms

is as follows:

UAþUAO@nanosponge–hydrogel!H2O2 ð4Þ

H2O2þe� ! �OHþOH� ð5Þ

�OHþMoS2 QDs@nanosponge–hydrogelþe�

!MoS2 QDs@nanosponge–hydrogel� þOH� ð6Þ

MoS2 QDs@nanosponge–hydrogel�

!MoS2 QDs@nanosponge–hydrogelþhv ð7Þ

F IGURE 3 (a) SEM image and
(b) FTIR spectra of PLGA
nanoparticles. (c) SEM image of
the nanosponge–hydrogel. Inset
is a photograph of the
nanosponge–hydrogel (left) and
the hydrogel (right). (d) FTIR
spectra of the nanosponge–
hydrogel
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3.3 | Analytical performance of the nanosponge–
hydrogel system-based biosensor

The sensing time of the nanosponge–hydrogel system was investi-

gated and shown in Figure 5a. The ECL intensity reached maximum at

60 s. The detection speed was fast and suitable for a point of care

test. Therefore, the reaction time was chosen as 60 s. Based on the

nanosponge–hydrogel system, a series of different concentrations of

UA was detected under the ECL response of the MoS2 QDs. ECL

intensity was enhanced with increasing concentrations of UA from

100 to 500 μmol/L. A good linear relationship between ECL intensity

and concentration was observed and shown in Figure 5c. The linear

regression equation was I = 1.95c + 273.32 (R2 = 0.996) with a limit

of detection (LOD) at 0 μmol/L. To evaluate the selectivity of the

F IGURE 4 (a) Cyclic
voltammetry curves and (b) ECL
profiles of MoS2 QDs (sample a)
and MoS2 QDs@nanosponge–
hydrogel (sample b).
(c) Electrochemical impedance
spectroscopy of (sample a) bare
electrode, (sample b) hydrogel,
(sample c) PLGA nanoparticle–
hydrogel, and (sample d)
UAO@MoS2 QDs@nanosponge–
hydrogel. (d) ECL response of
(sample a) bare electrode and
(sample b) MoS2 QDs with
UAO/UA in PBS (pH 7.4). ECL
response of UAO@MoS2 QDs
@nanosponge–hydrogel without
UA (sample c) and with UA
(sample d)

F IGURE 5 (a) ECL response
of nanosponge–hydrogel with UA
at different reaction times.
(b) Relationship between the ECL
intensity and the different
concentrations of UA (μmol/L).
(c) Corresponding linear
relationship for UA detection.
(d) Selectivity of the ECL sensor.
The concentration of UA was
300 μmol/L, the concentrations
of Gly, Glu, Cys, urea and Glu
were 5 mg/ml

LIU ET AL. 1529
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nanosponge–hydrogel system, glycine, glutamate, cysteine, urea, and

glucose were added as interferences under the same experimental

conditions. The results in Figure 5d show that the ECL signal of these

interfering substances was quite low. It can be observed that the ECL

intensity decreased with cysteine or glucose due to their strong

reducing ability. Because of the nanosponge structure, MoS2 QDs,

and UAO were immobilized together on the PLGA nanoparticles.

Therefore, most H2O2 generated from urate oxidase can react with

QDs directly. This can effectively overcome the interference from

cysteine or glucose. Moreover, the concentration of cysteine or glu-

cose in the experiment was 5 mg/ml, which is less than is present in

the human body (0.702–1.404 mg/ml). The ECL intensity significantly

enhanced only with the addition of UA, which demonstrated that the

ECL biosensor was reliable and with a satisfactory anti-interference

ability. To further demonstrate the practicability of the ECL sensing

system, UA was detected in clinical serum samples. The detection

results are listed in Table 1. The UA concentrations in the serum

from the three samples were 150.1 μmol/L, 248.6 μmol/L, and

163.9 μmol/L. The normal UA content in men is 150–350 μmol/L

and in women is 100–300 μmol/L,[19] therefore the UA content of

the three samples was in the normal range. The recoveries were

acceptable at between 95.03% and 107.13%. Compared with previ-

ously reported assays for UA detection shown in Table 2, this ECL

method has an appropriate linear range and low detection limit. In

addition, the method has good sensitivity, certain reliability, a simple

detection method, and has a certain application prospect in clinical

diagnosis.

4 | CONCLUSION

In conclusion, we developed a novel ECL biosensor based on the

nanosponge–hydrogel system to detect UA. UAO on the PLGA nano-

particles can catalyze UA to product H2O2 in situ, which further reacts

with MoS2 QDs and generates an ECL signal. The nanosponge–

hydrogel system possessed a large loading capability for biomolecules

and nanoparticles. Furthermore, the biosensor showed a significant

adsorption function, structural integrity, modification flexibility, and

ECL amplification. The ECL sensing system provides a new sensing

strategy for the detection of UA content in clinical diagnosis. This ECL

sensor is nontoxic and harmless, and shows a potential function as a

wearable sensor. Although there are still some important issues to be

solved in further study, the nanosponge–hydrogel system does pro-

vide a new sensing pathway.
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Fluorescence CDS QDS 125–1000 125 [22]

ECL CNCo/GCE 2–100 0.83 [23]

ECL Nanosponge–hydrogel 100–500 30 This work
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