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A B S T R A C T

In this work, HKUST-1 and QDs-luminol-aptamer conjugates were prepared. The QDs-luminol-aptamer con-
jugates can be adsorbed by graphene oxide through π-π conjugation. When the adenosine was added, the QDs-
luminol-aptamer conjugates were released from magnetic graphene oxide (MGO), the chemiluminescent switch
was turned on. It was reported that HKUST-1 can catalyze the chemiluminescence reaction of luminol-H2O2

system in an alkaline medium, and improve the chemiluminescence resonance energy transfer (CRET) between
chemiluminescence and QDs indirectly. Thus, the adenosine can be detected sensitively. Based on this phe-
nomenon, the excellent platform for detection of adenosine was established. Under the optimized conditions, the
linear detection range for adenosine was 1.0 × 10−12–2.2 × 10−10 mol/L with a detection limit of 2.1 × 10−13

mol/L. The proposed method was successfully used for adenosine detection in biological samples.

1. Introduction

Chemical sensors are commonly used in environmental pollution
monitoring [1–5], medical diagnosis [6], biological work [7–9] and
other fields. According to the different test objects, chemical sensors
can be divided into gas sensors [10], humidity sensors [11], ion sensors
[12–15] and biosensors [16,17]. Currently used detection methods are
electrochemical, fluorescence, chemiluminescence and surface en-
hanced Raman spectroscopy. Due to its high sensitivity, simple instru-
ments and wide linearity, chemiluminescence (CL) has been proved to
be a powerful technique for trace detection of analytes [18,19]. There
are a number of chemiluminescent systems, in which luminol-H2O2 is
more commonly used. Chemiluminescence resonance energy transfer
(CRET) is non-radiative energy transfer from a chemiluminescent donor
to an energy acceptor. The conventional CRET was rarely applied to
analysis, due to its poor transfer efficiency and a few number of energy
acceptors. The introduction of nanomaterials, such as QDs, gold nano-
particles and graphene [20], can effectively improve the inherent
drawbacks of CRET.

QDs has large Stokes shifts and high luminescence efficiency, and it
is excellent energy acceptor. Due to these merits of QDs, it has been
widely used in food [21], disease [22,23] and heavy metal [24] testing.
Lin et al. [25] had compared the CL intensity of CdTe quantum dots,
CdS quantum dots, and CdSe quantum dots, and they found that CdTe

QDs could greatly enhance the CL intensity than that of CdS and CdSe
QDs at the same concentration. However, it has been reported that
H2O2 could oxidize QDs and quench the luminescence [26]. Thus,
preventing the oxidation of QDs is particularly important for bioana-
lysis. Wang et al. [27] synthesized luminol-QDs conjugates for the first
time, and they confirmed that an efficient CRET occurred in luminol-
QDs conjugates. Duan et al. [28] utilized the QDs@luminol conjugates
to construct a sensor for the detection of chrysoidine based on CRET.

Metal-organic frameworks (MOFs) are composed of metal ions or
metal clusters and organic ligands. Due to its large surface areas, tun-
able cavities, controlled pore sizes, and catalysis activity, MOFs have
received increasing attention in the fields of gas storage, catalysis, drug
delivery and sensing. The group of Dirk E. De Vos [29] observed the
well-defined Lewis acid sites and the high selectivities of HKUST-1 for
several important isomerization reactions, which are strong incentive
for the exploration of MOF as catalysts. In the field of analytical
chemistry, the application of MOFs is evolving, especially in biosensors.
Luo et al. [30] synthesized a solid catalyst by encapsulating Hemin into
the HKUST-1 MOF materials, and constructed a sensor for the detection
of H2O2 and glucose. They obtained a satisfactory result and shown that
the solid catalyst has strong catalytic activity for chemiluminescence.
The team of Chen [31] used the catalytic effect of HKUST-1 to construct
a sensor for the detection of dopamine, and obtained a satisfactory
result. Besides, some other MOFs materials in the biosensor applications
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are also more and more widely [32–37].
The graphene oxide (GO) is mainly composed of carbon atoms in the

form of sp2 hybridized by covalent bonding, having a two-dimensional
lamellar structure and a large specific surface area. GO has been widely
used in different research areas, such as electronic devices [38], optical
communication [39], solar cells [40–42], lithium ion batteries [43,44],
DNA sequencing [45], sensors [46,47], supercapacitors [48,49] and
adsorbent materials [50]. Since the graphene-based plane has a un-
oxidized conjugated benzene ring structure, protein and aptamer can be
adsorbed on the surface of GO by π-π interaction and electrostatic in-
teraction. Combined with the nature of magnetic graphene oxide
(MGO) easy to separate, GO is an important material for building bio-
sensors.

Adenosine is an endogenous nucleoside, and it has physiological
effects on the cardiovascular system and other tissues of the body. The
study found that the rapid growth of tumors can lead to the degradation
of adenine nucleotide and release adenosine, which is highly expressed
in tumors [51]. Thus, adenosine can be used as a tumor marker to in-
vestigate the development degree of tumor. Sensitive detection of
adenosine is of great significance in the diagnosis of clinical diseases. At
present, hybridization chain reaction [52], electrochemistry [53,54],
fluorescence [55], chemiluminescence [56], and colorimetry [57] have
been widely used in the detection of adenosine, the detection limit of
these methods range from 3.2 × 10−11 to 4.2 × 10−7 mol/L. In ad-
dition, the biological enzyme as a signal amplification factor is also
increasingly widely used in the construction of the sensor [53,58,59].
However, the biological enzyme is sensitive to the environment, its
activity and stability are difficult to control. Therefore, a new sensitive
enzyme-free method for the detection of adenosine is essential.

Herein, coupling with peroxidase activity of HKUST-1 and CRET of
QDs-luminol-aptamer conjugates, a magnetic separate "turn-on" che-
miluminescence biosensor based on MGO was designed for adenosine
detection (Scheme 1). The catalyst was prepared using 1,3,5-benzene-
tricarboxylic acid as ligand and Cu(NO3)2 as metal node. Luminol was
immobilized on the QDs to improve CRET and prevent QDs from ag-
glomerating and being oxidized. Due to the π-π interaction between
aptamer and MGO, the adenosine aptamers were also modified on the
surface of QDs to build chemiluminescent switch. In the absence of
adenosine, QDs-luminol-aptamer conjugates were adsorbed on MGO,
no chemiluminescence signal was detected. When the adenosine was

added, the conjugates fell off MGO and the chemiluminescent switch
was turned on. For the first time, we combined HKUST-1 with QDs-
luminol-aptamer conjugates and used them for the chemiluminescence
analysis of adenosine. The resulting QDs-luminol-aptamer composites
limit luminol to the surface of QDs, which shortens the distance be-
tween the energy donor and the acceptor and improves the CRET effi-
ciency. The ability of aptamers to specifically recognize targets im-
proves the selectivity of the system. The introduction of HKUST-1
accelerates the decomposition of H2O2, promotes the chemilumines-
cence reaction between luminol and H2O2, improves the signal to noise
ratio, and further improves CRET indirectly. The HKUST-1-based sensor
with enhanced light intensity was easily used to detect adenosine with a
detection limit of 2.1×10–13 mol/L, and shown a great potential in
complex samples. The HKUST-1-based strategy has great potential ap-
plication in signal amplification and monitoring the important biomo-
lecules in the biological system.

2. Experimental section

2.1. Reagents and materials

Cadmium chloride (CdCl2), Sodium thioglycolate (80%), NaBH4

(96%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC, 95%) and anhydrous ethanol were purchased from Sinopharm
Group Reagent Co., Ltd. (Shanghai, China). Copper nitrate trihydrate
(Cu(NO3)2) was obtained from Tianjin Pepsi Chemical Co., Ltd.
(Tianjin, China). Tellurium (Te, 99%), 1,3,5-benzenetricarboxylic acid
(H3BTC, 98%) were purchased from Shanghai Jing chun biochemical
Technology Co., Ltd. (Shanghai, China). Methanol, N, N-dimethyl for-
mamide (DMF) were obtained from Tianjin Fuyu Fine Chemical Co.,
Ltd. (China). N-Hydroxysuccinimide (NHS) was obtained from
Shanghai Civi Chemical Technology Co., Ltd. (Shanghai, China).
Luminol was purchased from Xiya Co. Ltd. Adenosine purchased from
Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Superoxide dismutase and adenosine aptamer were obtained from
Sangon Biotechnology Co. Ltd. (Shanghai, China). The sequences of the
aptamer is 5′-NH2-AGA GAA CCT GGG GGA GTA TTG CGG AGG AAG
GTT −3′.

Scheme 1. Schematic illustration of CL sensor based on the catalytic effect of HKUST-1.

Y. Lin et al. Talanta 182 (2018) 116–124

117



2.2. Apparatus

Scanning electron microscope (SEM) images were obtained from a
JEM-2100 microscope (JEOL, Japan). Transmission electron micro-
scopic (TEM) image was obtained from a JEOL1400 microscope
(Japan). X-ray diffraction (XRD) patterns were obtained from D8 focus
diffractometer (Bruker AXS, Germany). UV–vis absorption spectra were
obtained from a Lambda 35 UV–vis spectrometer (PerkinAElmer, USA).
Fourier transforminfrared spectroscopy (FTIR) analyses were recorded
on a PerkinElmer spectrometer (PerkinAElmer, USA) using KBr pellets.
Fluorescence experiments were carried out on a Shimadzu Fluorescence
Spectrophotometer (RF-5301, Japan). Nitrogen adsorption and deso-
rption experiment was carried out with a specific surface area and pore
size analyzer (TristarII, China). All chemiluminescence experiments
were carried out using a IFFM-E flow injection CL analyzer (Xi'an
Remex Electronic instrument High-Tech Ltd., China). The schematic
diagram of the CL sensor used in this work was shown in Fig. 1.

2.3. Synthesis of GO and MGO

The GO was synthesized from natural graphite powders by a mod-
ified Hummers method [60]. Firstly, 1 g graphite powder was placed
into a 500mL of flask, and 200mL of mixed acid was added into the
flask. After stirring 0.5 h, KMnO4 (6 g) was added into the flask and
stirring for another 1 h. Then, the mixture was heated in an oil bath at
90 °C for 12 h. Next, under the condition of the ice bath, slowly added
H2O2 until no more reaction. The mixture was centrifuged and the re-
sulting precipitates were washed several times with 30mL 0.2 mol/L
HCl and ethanol, respectively. After vacuum drying, the resulting
brownish sample was GO.

MGO was prepared according to the method of Kassaee' group [61].
0.2 g of GO was scattered in 30mL H2O and ultrasound dispersion for
0.5 h. FeCl3 (0.2 g) and FeCl2 (0.14 g) were added into the disperse GO
solution, and the value of pH was adjusted to 9.0 with NH3·H2O under
the protection of N2. Next, the diluted suspension was stirred at 90 °C
and refluxed for 0.5 h. The precipitates were isolated in the magnetic
field and washed with 150mL of ethanol. Finally, the products were air-
dried.

2.4. Synthesis of QDs-luminol-aptamer conjugates

The preparation of QDs was performed according to a previous
method with some modifications [25]. In this work, 0.03975 g Te and
0.0540 g NaBH4 were dissolved in 15mL of H2O stirring for 1 h under
the protection of N2, the resulting solution was called solution A;
0.1142 g CdCl2 and 0.1377 g sodium thioglycolate were dissolved in
300mL H2O and the pH of the resulting solution was adjusted to 11.2
with NaOH, stirring for 0.5 h under the protection of N2, the resulting
solution was called solution B. The solution A was mixed with solution
B and the precursors were converted to CdTe nanocrystals by refluxing
the reaction mixture at 100 °C for 13.5 h. The resulting products were
washed with methanol and dried in a vacuum oven to obtain a brown
powder.

The QDs-luminol-aptamer conjugates were synthesized according to

the previous literature with some modification [27]. 0.05 g of QDs were
dispersed in the phosphate buffer solution (pH 7.4) and then EDC and
NHS were added into the QDs suspension to activate the QDs. Next,
luminol were added into the mixture to gain the QDs-luminol con-
jugates. The preparation process of QDs-luminol-aptamer conjugates
was exactly the same as that for the preparation of corresponding QDs-
luminol unless aptamers were added into the solution.

2.5. The synthesis of HKUST-1

HKUST-1 was synthesized according to the previous literature [62].
0.8750 g of Cu(NO3)2·3H2O was dissolved in 12mL of H2O and 0.4200 g
of H3BTC was dissolved in 12mL of ethanol. Then the solution were
mixed before it was placed in a 50mL Teflon-lined autoclave and
maintained at 120 °C for 12 h under static condition. After slowly
cooling to room temperature, the blue precipitates were separated from
the reaction mixture by centrifuge and rinsed thoroughly with abun-
dance of DMF and deionized water. The resulting products were dried
in a vacuum oven.

2.6. Adsorption performance of MGO

The adsorption properties of MGO on QDs-luminol-aptamer con-
jugates were studied in this work. 1mg of MGO was placed into 25mL
tubes. Next, different volume doses of 0.5 mg/mL of QDs-luminol-ap-
tamer conjugates were added to the tubes, respectively. The tubes were
shaken at room temperature for 1 h. Under the action of magnetic field,
the supernatant of the tubes were detected by a CL instrument and the
adsorption capacities were calculated.

1 mg of MGO was dispersed in 13mL QDs-luminol-aptamer con-
jugates, and shook for 0.5 min, 1min, 3min, 5min, 10min, 15min,
18min, and 20min, respectively. Under the action of magnetic field,
the supernatant of the tube was detected by CL instrument and the
adsorption capacities were calculated.

The adsorption capacities were calculated from the following for-
mula:

=
−Q c c V
m

( )e0

Where Q (μg/mg) was the mass of QDs-luminol-aptamer conjugates
adsorbed by unit mass of dry MGO, c0 (μg/mL) and ce (μg/mL) were the
concentration of QDs-luminol-aptamer conjugates in the initial and
final solution, respectively. V (mL) was the volume of the adsorption
mixture, and m (mg) was the mass of the MGO.

3. Results and discussion

3.1. Concept of the design

In this work, a simple, rapid, and sensitive CL sensing strategy based
on the peroxidase-like catalytic activity of HKUST-1 is reported. This
strategy relies on the fact that the adenosine could bind specifically to
the aptamer and cause the QDs-luminol-aptamer conjugates fell off the
MGO. Thus, the CL switch is turned on, as shown in Scheme 1. The
CRET efficiency can be defined in the equation E = +1/(1 R

R

6

0
6 ), where R0

is the distance leading to 50% of energy transfer from the donor to the
acceptor, R is the distance between donor and acceptor. In order to
shorten the distance between donor and acceptor, QDs-luminol-ap-
tamer conjugates were used to construct a CL method for adenosine
detection.

3.2. Characterizations of GO and MGO

SEM, FTIR and XRD were used to elucidate the morphology of GO
and MGO. As shown in Fig. 2(A), the thickness of GO is fold of thin

Fig. 1. The schematic diagram of the CL sensor.
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monolayer structure and the surface if rough, which increased the
surface area. While the surface of MGO (Fig. 2B) is multi-layer, the
surface is rugged and coated by Fe3O4. The chemical groups on the
surface of GO and MGO were investigated by FTIR spectra, as shown in
Fig. 2(D). 1401 cm−1 and 1643 cm−1 are the characteristics of benzene
ring, the adsorption peak at 1062 cm−1 indicates the C-O group's
stretching vibration. As shown, the peak at 621 cm−1 is the char-
acteristic of Fe3O4. What's more, there is a narrow and relatively strong
diffraction peak at about 2θ = 10° that is the characteristic peak of GO
in the XRD patterns (Fig. 2D). Besides, the diffraction peak at 2θ =

30.2°, 35.5°, 43.2°, 53.6°, 57.1° and 62.7° are the characteristic peaks of
Fe3O4 in the Fig. 2(D). All characterizations are indicative of the suc-
cessful synthesis of GO and MGO.

3.3. Characterizations of QDs and QDs-luminol-aptamer conjugates

TEM was used to elucidate the size and morphology of the QDs. As
shown in Fig. 3(A), the QDs have a uniform spherical structure and the
average particle size is about 8 nm. Fig. 3 (B) shows the FTIR spectra of
QDs, QDs-luminol and luminol respectively. It could be seen that

Fig. 2. (A) SEM of GO, (B) SEM of MGO, (C)FTIR of GO and MGO
and (D) XRD of GO and MGO.

Fig. 3. (A) The TEM of QDs. (B) FTIR of QDs, QDs-
luminol and QDs-luminol-aptamer. (C) Fluorescence
spectroscopy of QDs and QDs-luminol-aptamer. (D)
UV spectrum of QDs, QDs-luminol-aptamer, aptamer
and luminol.
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symmetrical stretching vibration of C-S bond contributes to the strong
absorption at 1200 cm−1. The peak at 1255 cm−1 is the result of the
stretching vibration of C-N in the secondary amide. 1380 cm−1 and
1475 cm−1 are the bending vibration absorption peak of C-H and C-N,
respectively. The peak at 1560 cm−1 is the bending vibration absorp-
tion peak of N-H bond in the amide. The peak at 1580 cm−1 is the result
of asymmetric stretching vibration of C˭O bond. There is a broad and
strong absorption peak at 3500 cm−1, which is the absorption peak of
-OH.

As seen, the fluorescence intensity of QDs-luminol-aptamer complex
is stronger than that of QDs with the blue shift of the maximum emis-
sion in Fig. 3 (C). What's more, both QDs-luminol-aptamer and QDs
solution contained 0.8mol/L of H2O2. The O2 produced by decom-
position of H2O2 occupied the electron-hole defects on the surface of
QDs. At this point, QDs became good electron acceptors, forming non-
fluorescent QDs anions and leading to fluorescence quenching. Under
the effect of EDC/NHS, the carboxyl groups on the surface of the QDs
were covalently bonded to the amino group of luminol and aptamers,
and the number of charge on the surface of QDs is reduced, which re-
duces the directional polarization around the QDs. The reduction of
directional polarization causes the decrease of Stokes shift. Therefore,
the maximum emission of QDs-luminol-aptamer is blue shifted.

The UV–vis absorption of QDs, QDs-luminol-aptamer conjugates,
aptamer and luminol is shown in Fig. 3 (D), QDs have the highest UV
absorption at 476 nm and UV absorption of luminol is 348 nm. Apta-
mers have the highest UV absorption at 258 nm. It is worth noting that
the QDs-luminol-aptamer has both the UV absorption characteristics of
luminol, aptamer and the ultraviolet absorption characteristics of QDs,
which indicates the QDs-luminol-aptamer composites were synthesized
successfully.

3.4. Characterizations of HKUST-1

SEM image clearly shows the octahedral structure of HKUST-1 with
the average diameter less than 10 µm (Fig. 4A). As shown in Fig. 4(B),
the diffraction peak at 2θ = 11.6°, 13.4°, 17.4°, 19°, 20.2°, 24.3°, 25.9°,
35.3°, 39.2° and 41.5° correspond to the (222), (400), (333), (440),
(600), (640), (731), (555), (666), (882) and (777) crystal surface of
HKUST-1, respectively. The XRD data of HKUST-1 indicates that

HKUST-1 has a good crystal structure. The Brunauer-Emmett-Teller
(BET) isotherm experimental results (Fig. 4C) suggest that HKUST-1
exhibits typical type-I isotherm characteristics of microporous mate-
rials. The BET surface areas of HKUST-1 was measured to be
1049.8 m2/g, which laid the foundation for its catalysis.

3.5. Catalytic activity of HKUST-1

In alkaline solution (e.g., 0.1 mol/L NaOH), the catalytic activity of
HKUST-1 for the CL reaction between luminol and H2O2 was in-
vestigated. The CL spectra of luminol-NaOH-HKUST-1, luminol-NaOH-
H2O2, luminol-NaOH-H2O2-HKUST-1, luminol-NaOH-QDs-H2O2-
HKUST-1, QDs-luminol-aptamer complex-NaOH-H2O2-HKUST-1 sys-
tems were presented in Fig. 5. As shown in Fig. 5(a), no CL was found
for luminol-NaOH-HKUST-1 system. In contrast, luminol-NaOH-H2O2

and luminol-NaOH-H2O2-HKUST-1 systems exhibit strong CL. What's
more, the CL intensity of luminol-NaOH-H2O2-HKUST-1 is stronger
than luminol-NaOH-H2O2, which shows that the HKUST-1 has a cata-
lytic effect on the luminol-H2O2 system. However, the CL intensity of
luminol-NaOH-QDs-H2O2-HKUST-1 system is stronger than the CL in-
tensity of luminol-NaOH-H2O2-HKUST-1, which indicates that the

Fig. 4. SEM (A), XRD (B) and BET (C) of HKUST-1.

Fig. 5. The CL spectra of different CL systems. (a) luminol-NaOH-HKUST-1; (b) luminol-
NaOH-H2O2; (c) luminol-NaOH-H2O2-HKUST-1; (d) luminol-NaOH-QDs-H2O2-HKUST-1;
(e) QDs-luminol-aptamer complex-NaOH-H2O2-HKUST-1.
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CRET caused by the addition of QDs can also enhance the intensity of
CL. But QDs can be oxidized by H2O2. Thus, the problem of oxidizing
the QDs by H2O2 was solved in the work. The QDs-luminol-aptamer
complex-NaOH-H2O2-HKUST-1 system was constructed and its CL
spectra was measured in Fig. 5(e). As seen in Fig. 5, the CL intensity of
QDs-luminol-aptamer complex-NaOH-H2O2-HKUST-1 system is highest.
There are two possible reasons: on the one hand, the luminol modified

on the surface of QDs, which can effectively avoid the oxidation of
H2O2 and the CL reaction was confined on the surface of QDs accord-
ingly, thereby improving CRET efficiency; on the other hand, HKUST-1
could promote the decomposition of H2O2 to catalyze CL reaction and
improve CRET indirectly.

Based on the HKUST-1 catalysis, we believe that the possible me-
chanisms are as follows:

Fig. 7. The adsorption properties of MGO.

Fig. 8. (A) The optimization of pump speed, (a) vice
pump, (b) main pump; (B) The optimization of NaOH
concentration; (C) The optimization of H2O2 con-
centration; (D) The optimization of H2O2 con-
centration.

Fig. 6. (A) The effect of HKUST-1 concentration
on·OH formation with terephthalic acid as a fluor-
escence probe. (a) CHKUST-1, 0 mg/L; (b) CHKUST-1,
5 mg/L; (c) CHKUST-1, 10mg/L; (d) CHKUST-1, 20mg/
L; (e) CHKUST-1, 30mg/L. (B) CL spectra of luminol in
the absence (a) and presence (b) of superoxide dis-
mutase.
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Firstly, the transition metal can catalyze the decomposition of H2O2,
and HKUST-1 contains Cu2+. The catalytic process is expressed by the
formula (1, 2, 3).

H2O2 + Cu2+ → Cu3+ + •OH + OH− (1)

H2O2 + Cu3+ → Cu2+ + •OOH + H+ (2)

•OOH + Cu3+ → Cu2+ + •O2
- + H+ (3)

The activation energy of these reactions are low, and the reaction
rate is very fast at room temperature.

Second, the catalytic activity of HKUST-1 is not only related to the
Cu2+ active site but also to the micropores and the high specific surface
area of HKUST-1. High specific surface area and electronic strength
make further improvement in catalytic activity of HKUST-1. What's
more, HKUST-1 is capable of activating H2O2 by local electron ex-
change to produce •OH [31]. Therefore, HKUST-1 is able to catalyze CL
reaction between luminol and H2O2 to enhance CL.

To verify the above speculations, we demonstrated the presence of
•OH and •O2

-, respectively, using terephthalic acid and superoxide
dismutase, as shown in Fig. 6. The fluorescence intensity was weak in
the absence of HKUST-1 and gradually increased as the concentration of
HKUST-1 increased (Fig. 6A), indicating that HKUST-1 promoted the
formation of •OH by H2O2 decomposition. CL spectras of luminol in the
absence and presence of superoxide dismutase are presented in
Fig. 6(B). After addition of superoxide dismutase, chemiluminescence
was quenched, indicating that •O2

− was generated and played an im-
portant role in chemiluminescence reactions.

Finally, the synthesis of the QDs-luminol complex effectively pro-
tected the QDs from being oxidized and the CL reaction was carried out
on the surface of the QDs, improving the CRET efficiency and further
improving the sensitivity of the method.

3.6. Adsorption properties of MGO

The adsorption performance of MGO for QDs-luminol-aptamer was
measured and shown in Fig. 7. The adsorption capacities for QDs-lu-
minol-aptamer at different initial concentrations are shown in Fig. 7
(A). The adsorption capacity for QDs-luminol-aptamer increased with
increasing QDs-luminol-aptamer concentration before reaching a max-
imum of 7mg/mg. Fig. 7 (B) showed the adsorption kinetics of MGO for
QDs-luminol-aptamer. QDs-luminol-aptamer conjugates could reach
maximum adsorption within 10min.

3.7. Optimization of CL sensing conditions

In order to obtain the maximum CL signals for propose of obtaining
the maximum possible sensitivity of the system, the CL conditions were
optimized, as shown in Fig. 8.

The pump speed could have an influence on the degree of mixing of

solution, which could affect the stability of CL process. The main pump
speed was 30 r/min, and the vice pump speed was 40 r/min. The
concentration of NaOH, H2O2 and HKUST-1 could directly affect the CL
intensity. The optimal concentration of NaOH, H2O2 and HKUST-1 were
0.1 mol/L, 0.8mol/L and 0.05mg/mL, respectively.

3.8. The analytical performance of the CL sensor

For evaluating the applicability of the HKUST-1-based CL sensing
system for adenosine, the linear response range and limit of detection
(LOD) were measured under the above-mentioned optimum experi-
mental conditions. As shown in Fig. 9, the CL intensity of QDs-luminol-
aptamer complex-NaOH-H2O2-HKUST-1 system increases obviously
with the concentration of adenosine. As shown in Fig. 9, there is a good
linear correlation between the CL intensity (I) and the natural logarithm
of H2O2 concentration (CH2O2) in the range from 1.0 × 10−12 mol/L to
2.2 × 10−10 mol/L with the following equation:

= + =I c RΔ 36.3176ln 1863.1016, ( 0.9975)2 (4)

The LOD of adenosine was measured to be 2.1 × 10−13 mol/L. This
is a good result for the detection of adenosine in the alkaline condition.

In order to make a comprehensive evaluation of the advantages of
the presently developed sensor, we compared the performances be-
tween the adenosine sensor in this work and other sensors (Table 1). It
can be known from the comparison that the linear response range of
present adenosine sensor is excellent among adenosine sensor, and the
LOD of the presently developed adenosine sensor based on HKUST-1
and QDs-luminol-aptamer conjugates can be well matched with most of
the recently reported adenosine sensors based on various solid mimic
peroxidases.

3.9. Selectivity of the sensing system

Before applied in real sample detection, selectivity also is an im-
portant performance which must be taken into account. The inter-
ferences of some coexisted substances in the adenosine standard solu-
tion was analyzed under the optimal conditions. While the tolerable
limits of coexisting species were taken as a relative error no larger than

Fig. 10. Interference study of CL sensor.

Table 1
Comparing results with different sensor.

Methods Liner range (mol/L) Detection limit (mol/L)

HCR [52] 1.0 × 10−6–1.2 × 10−4 2 × 10−7

Fluorescence [63] 3 × 10−10–1.67 × 10−8 2.17 × 10−10

Fluorescence [64] 1.0 × 10−8–1.0 × 10−7 5.61 × 10−9

TRL [65] – 6 × 10−5

SERS [66] 5 × 10−9–5 × 10−7 5 × 10−9

This work 1.0 × 10−12–2.2 × 10−10 2.1 × 10−13

Fig. 9. Relationship between CL intensity (ΔI) and concentration of adenosine.
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5%, the results were shown in Fig. 10.
According to the People's Republic of China Pharmaceutical

Industry Standard (YY/T 0475-2011), the consistency of the test results
of urine dry chemical analysis method should not be less than 90%, the
difference between parallel test results does not exceed one order of
magnitude, and the interfering substance concentration does not affect
the test results. The experiments show that our sensor could meet the
requirements. The experimental results are more reliable.

3.10. Reversibility and recyclability of the CL sensor

When the test was completed, the reversibility and recyclability of
the sensor were explored. The waste liquid was collected, and Ni2+ was
added to the mixed solution to elute adenosine. The mixed solution was
centrifuged and the resulting precipitation mixture (containing QDs-
luminol-aptamer conjugates and HKUST-1) was dispersed in the MGO
solution. Under the action of magnetic field, the supernatant (con-
taining HKUST-1) was separated and adenosine was added to the MGO
dispersion. Then, chemiluminescence value of the system was mon-
itored. As shown in Fig. 11., the chemiluminescence intensity decreased
from 1026 to 1010 after repeating the above steps 7 times. There was
1.6% chemiluminescence intensity loss in 7 times. It manifested that the
CL sensor possessed good reversibility and repeatability, and QDs-lu-
minol-aptamer conjugates and HKUST-1 were very apposite in the
biosensor.

3.11. Application of the CL sensor

On the basis of the outstanding characteristics of the proposed
method, the feasibility of the CL sensor for adenosine detection was
investigated in the work. The CL sensor was applied in human urine
samples. As shown in Table 2, the recoveries ranged from 99.0% to
101.8% under optimal experimental conditions. All the above results
strongly revealed the capability in urine samples with high reliability
and accuracy.

4. Conclusion

In summary, HKUST-1, MGO and QDs-luminol-aptamer conjugates
were synthesized for CL detection of adenosine in the alkaline condi-
tion. The QDs-luminol-aptamer conjugates can be adsorbed by MGO

through π-π conjugation, no CL signal was generated. When adenosine
was added, the conjugates were fell off the MGO and the CL switch was
turned on. The synthesized QDs-luminol-aptamer conjugates not only to
avoid the oxidation of H2O2 but also enhanced the CRET efficiency. The
obtained HKUST-1 promoted the decomposition of H2O2 and improved
the sensitivity of the method. The QDs-luminol-aptamer conjugates and
HKUST-1 have been used to develop a practical sensor for the detection
of adenosine with a wide response range (1.0 × 10−12–2.2 × 10−10

mol/L) and a low LOD of 2.1 × 10−13 mol/L. It is envisioned that the
combination of the different fields of MOFs and CL would be widely
used in sensing target analytes in the future.
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