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Abstract
Amyloid-beta (Aβ) oligomers causing neuron damage are regarded as potential therapeutic targets and diagnostic markers for
Alzheimer’s disease (AD). A homogeneous turn-on fluorometric aptasensor is described for Aβ oligomers. It is highly selective
and non-invasive and based on (a) the use of a luminescent metal-organic framework carrying aptamer-modified AuNPs (L-
MOF/Apt-Au) as tracking agent, and (b) enzyme-assisted target recycling signal amplification. The tracking agent does not emit
fluoresce by fluorescence resonance energy transfer (FRET) between the luminescent MOF as donor and Apt-Au as the acceptor
under the excitation wavelength of 466 nm.When Aβ oligomers are added to the tracking agent solution, the Apt-Au on tracking
agent can preferentially bind with Aβ oligomers and then be released. This turns the “off” signal of the luminescent MOF tracer
to the “on” state. The enzyme (Rec Jf exonuclease) added into the supernatant further improves sensitivity due to enzyme-assisted
target-recycling signal amplification. The assay has an excellent linear response to Aβ oligomers from 1.0 pM to 10 nM, with a
detection limit of 0.3 pM. This homogeneous turn-on fluorometric method is expected to have potential and applications in
clinical diagnosis.
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Introduction

Early and accurate diagnosis of Alzheimer’s disease (AD) has
a major impact on the progress of research on dementia [1–3].
The Aβ oligomers are potent diagnostic markers and thera-

peutic targets for AD [4, 5]. Developing a non-invasion and
precise method for the detection of Aβ oligomers for the early
diagnosis of AD and the screening of drugs for AD treatment
is significantly important [6]. In particular, the detection of Aβ
oligomers with specific selectivity is a challenge due to the
complex environment of Aβ oligomers in plasma [7].

Among the various methods for Aβ oligomers determina-
tion, antibody or single-chain antibody fragments are one of
the most common tools [8]. Based on antibody recognition,
enzyme-linked immunosorbent assay (ELISA) type assays are
frequently applied for determination of Aβ oligomers in pa-
tient fluids. Compared with antibodies, Aptamers which are
DNA or RNA sequences own the advantages of easy prepa-
ration, chemical stability and design versatility [9, 10].
Fortunately, aptamers with high affinity and specifity for olig-
omeric amyloid proteins were selected (dissociation constants
(Kd) spanning from 29 to 48 nM) [11]. Aptamer was the
recognition element of aptamer sensors, which combine the
recognition process with the versatile DNA molecular tools
[12]. For the trace level determination, the traditional aptamer
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sensors is difficult, while the nuclease (endonuclease and exo-
nuclease)-assisted target recycle can effectively increase the
signal with especially noticeable outcome [13, 14]. The exo-
nuclease has become more and more popular for DNA ampli-
fication determination, which need no specific recognition
sequence of nucleic acid [15]. For instance, Rec Jf exonucle-
ase can decompose single-strand DNA along the direction of
5′ to 3′ and release target again for probe reaction [16, 17]. The
exonuclease-assisted target recycling is very straight and re-
quires no further immobilization step, which has been diffuse-
ly used for signal amplification [16].

Luminescent metal-organic frameworks (L-MOF)
have experienced explosive growth for their specific
features, such as flexibility, structural diversity, high po-
rosity, tailorability, large surface area and extraordinary
adsorption affinities [18–20]. Most of the reports on
fluorometric assays via L-MOFs are susceptible to envi-
ronmental interference, which limited the application of
L-MOF [21, 22]. Developing a sensitive and homoge-
neous fluorescence “turn-on” determination strategy is
necessary. To fulfill the requirement of homogeneous
and “turn-on” fluorescence amplification strategy, lumi-
nescence metal-organic frameworks (L-MOFs) of
nanoporous material have been associated with
exonuclease-assisted target recycling signal amplification
techniques. L-MOF of nanoporous material display a
wide range of luminescent behaviors resulted from the
multifaceted nature of their structure and can effectively
protect macromolecules from being destroyed by en-
zyme via nanoporous, such as proteins, DNA and
RNA [17, 23]. Therefore, the L-MOFs adsorbing DNA
aptamer was designed.

The novel homogeneous “turn-on” fluorescent
aptasensor for Aβ oligomers determination based on L-
MOFs nanocompos i tes as t rack ing agen t wi th
exonuclease-assisted target recycling is illustrated in
Scheme 1. The tracking agent was obtained by electro-
static adsorption or π stacking between aptamer labeled
nano-gold (Apt-Au) and Ru,Al-MOF [24]. This probe is
in “turn-off” state without fluoresce emitting because the
signal from Ru,Al-MOF’s as donor with excellent fluo-
rescence properties under excitation light is quenched by
the Apt-Au as acceptor. Adding Aβ oligomers into the
composite probe solution, the Apt-Au on composite
probe can preferentially bound with Aβ oligomers and
then be released from the composite probe turning the
“off” signal of luminescence MOF tracer to “on” state.
The enzyme (Rec Jf exonuclease) added into the super-
natant can generate high sensitivity resulted from
enzyme-assisted target recycling signal amplification.
This strategy can distinguish of trace levels of Aβ olig-
omers by fluorescence spectrophotometer based on L-

MOF nanocomposites as tracking agent with enzyme-
assisted target recycling.

Experimental section

Reagents and chemicals The oligonucleotides was synthe-
sized by Sangon Biotechnology Co. Ltd. (https://www.
sangon.com/, Shanghai, China) as the following
sequences: The 27-mer high affinity of aptamers toward
Aβ oligomers 3′NH2-(CH2)6-GCTGC CTGTG GTGTT
GGGGC GGGTG CG [11]; AlCl3, Tris(2,2′-bipyridine-
n,n′)dichloride, hexahydrate, 1,4-dicarboxybenzene,
Chloroauric Acid were from Sinopharm Chemical
Reagent Co., Ltd. ((https://www.sinoreagent.com/,
Shanghai, China). The Aβ oligomers ELISA Kit and Rec
Jf exonuclease, Cholesterol, Hemoglobin, Plasma protein,
Lipoprotein, Albumin, Globulinds was purchased from
Tak a r a B i o t e chno l ogy Co . L t d . ( h t t p : / /www.
takarabiomed.com.cn/, Dalian, China). Phosphate buffer
saline (PBS, pH 7.4, 0.1 M KH2PO4-K2HPO4, 0.1 M
KCl) was used as washing and binding buffer. The
blocking buffer solution was PBS (pH 7.4) containing
3% (w/v) BSA. Tris-HCl buffer (0.1 M) containing 0.1 M
NaCl and 5 mM MgCl2 (pH 7.4) was employed for prep-
aration of DNA stock solutions. All other reagents were
analytical grade and were used without further purification.
Double-distilled water was used throughout the study.

Apparatus The transmission electron microscopic (TEM) im-
age was from a H600 transmission electron microscope
(Hitachi, Japan). The UV-vis spectra were recorded by a UV-
1800 spectrophotometer (Shimazu Co., Japan). The fluores-
cence spectrophotometer recorded by a FL-4600 fluorescence
spectrophotometer (Shimazu Co., Japan). Dynamic Light
Scattering was carried out by the Malvern zetasizer Nano
ZS90, Malvern instruments Ltd., UK with a 50 mV laser.

The synthesis of tracking agent The Ru, Al MOF was ob-
tained according to the literature with small-scale modifi-
cation [25]. Briefly, 58.17 mg Al2(SO4)3 (0.17 mmol),
29 mg benzene 1,4 dicarboxylate (0.17 mmol), 394 μL
glacial acetic acid (6.8 mmol) and 40 mg Ru(II)(2,2′-
bipyridine)3Cl2 in 15 mL of dimethyl formamide and
15 mL deionized (DI) water were heated at 120 °C for
24 h producing an orange crystalline powder and then was
cooled to room temperature. The precipitation was isolat-
ed by centrifugation. To remove excess reactants, the
powder was washed with ethanol and DMF. Then the
powder was washed extensively first with DMF and then
ethanol (four wash-centrifuge cycles each). The octahe-
dron particles were dried in a vacuum oven at 35 °C.
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By the SEM images of octahedron of MOFs after
6 months, the product in the form of solid powder was
stable in organic solvents and water.

The immobilization of aptamer-Au NPs onto the Ru,
Al MOF was carried out according to the procedure as
previously reported [26, 27]. In brief, 100 μL of amino

functionalized aptamer (100 mg·mL−1) and 5 mL Au NPs
(100 mg·mL−1) solution were reacted for 4 h at room
temperature, washed with washing buffer and collected
by 12,000 rpm centrifugation for 10 min. Then, the Ru,
Al MOF were incubated at 4 °C with 1.0 mL PBS con-
taining aptamer-Au NPs (100 μL, 100 mg·mL−1) for 12 h.

Fig. 1 SEM images of Ru,Al-MOF nanospheres (a), TEM images of
Ru,Al-MOF nanospheres (b), TEM images of tracking agent (c), BET
surface area for meso Ru,Al-MOF nanospheres (inset: pore diameter of
Ru,Al-MOF nanospheres and tracking agent) (d), The FTIR spectra of 2-

aminotropephthalic acid (black curve), [Ru(bpy)3]
2+ (red curve), Ru,Al-

MOF (blue curve) (e). The UV-Vis spectra of Au NPs (black curve), Apt-
Au (red curve), Ru,Al-MOF (blue curve), tracking agent (pink curve) (f)

Microchim Acta (2020) 187: 114 Page 3 of 8 114

Scheme 1 Schematic of the fluorometric method for determination of Aβ oligomers based on L-MOF nanocomposites as tracking agent with
exonuclease-assisted target recycling



The tracking agents (aptamer-Au NPs/Ru, Al MOF) were
collected by centrifugation for 10 min in the pretreatment
and washed with DI water for three times. The obtained
conjugates were dispersed into 1.0 mL PBS and stored at
4 °C.

Preparation of aptasensor for Aβ oligomers determination
The manufacturing procedure of the aptasensor for Aβ oligo-
mers is shown in Scheme 1. To detect Aβ oligomers, 200 μL
variable concentrations of Aβ oligomers and Rec Jf exonu-
clease (200 U·mL−1) were added into tracking agent and in-
cubated at room temperature for 30 min. Then the solution
was shaken plentifully for quantitative at excited 466 nm by
fluorescence spectrophotometer FL-4600. For simplicity of
measurement, the experiments were performed at room
temperature.

Results and discussion

Characterization of Ru,Al-MOF, aptamer-au NPs, tracking
agent Ru,Al-MOF, aptamer-Au NPs, tracking agent samples
were characterized by scanning electron microscope (SEM),
transmission electron microscope (TEM) and Brunauer-

Emmett-Teller (BET), Fourier transform infrared spectrosco-
py (FTIR), and UV-Vis spectrophotometry. The results are
shown in Fig. 1. The SEM image of the Ru,Al-MOF nano-
spheres depicts the average diameter of 108.6 nm and its
rough surface (Fig. 1a). The TEM image of the Ru,Al-MOF
nanospheres implies the successful octahedron of Ru,Al-MOF
nanospheres in Fig. 1b. In addition, BETsurface area for meso
Ru,Al-MOF nanospheres (Fig. 1d) and powder XRD the pat-
terns of simulated Ru,Al-MOF nanospheres also prove the
successful synthesis and relatively uniform particle size in
Fig. S1 and Fig. S2 [28]. The detailed pore size distribution
calculated by the BET method suggests that meso Ru,Al-
MOF nanospheres have uniform mesoporous size of about
2.2 to 1.3 nm (the detail shown in Fig. 1d). The size of Au
nanoparticles had a spherical-shaped morphology observed
by transmission electron microscopy (TEM, Fig. S3) with a
particle size of 5.214 ± 3.601 nm determined by dynamic light
scattering (DLS, n = 6 batches). Analysis of size distributions
of the tracking agent reveals the average size of 118.9 ±
28.6 nm (the detail shown in Fig. 1c and Fig. S4) and is much
larger 10.32 ± 1.25 nm than that of pristine Ru, Al MOF, for
which the surface of tracking agent is well covered with a
layer of 5 nmAu nanoparticles. The fourier transform infrared
spectra of the Ru, Al MOF (Fig. 1e, blue curve) exhibits char-
acteristic peaks at 1037, 1376, 1633 and 2412 cm−1 for the

Fig. 2 The fluoresce responses of the tracking agent without Aβ
oligomers (a) and after adding 10,000 pM Aβ oligomers (b) 10,000 pM
Aβ oligomers and with 200 U·mL−1 Rec Jf exonuclease (c). The incu-
bating temperature of all experiments is 37 °C. The wavelength of exci-
tation is 466 nm

Fig. 3 a The fluorescence
responses of tracking agent (turn
off, red curve), after adding)
10,000 PM Aβ oligomers and
with 200 U·mL−1 Rec Jf
exonuclease (black curve); b The
UV-vis absorption spectra of
aptamer-Au NPs (black curve),
the fluoresce responses of Ru, Al
MOF. The wavelength of excita-
tion is 466 nm

Fig. 4 The selectivity of the tracking agent. Error bar: standard deviation
for n = 6
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ring vibrations of bipyridine, peaks at 1608 and 1512 cm−1 for
the –COO− asymmetric stretching and peaks at 1435 and
1417 cm−1 for –COO− symmetric stretching. The additional
absorption peak at 1669 cm−1 is due to the –COOH group of
unreacted 2-aminotropephthalic acid molecules trapped in the
cavities of Ru, Al MOF [29]. The ultraviolet visible absorp-
tion spectra of Au NPs (black curve), Apt-Au NPs (red curve),
Ru,Al-MOF (blue curve), tracking agent (pink curve) are
shown in Fig. 1f. As shown in black curve and red curve,
Apt-Au NPs shows the maximum absorption peak at
266 nm(the characteristic peak of dsDNA) and 552 nm (the
Au NPs shifted toward the longer wavelength) [14]. The max-
imum absorption wavelength of Ru, Al MOF shifts red from
275 nm (the characteristic peak of dsDNA) to 280 nm for the
interaction between Apt-Au NPs and Ru,Al-MOF [30].

The signal amplification performance by enzyme-assisted tar-
get recycling The fluorescence response of the Ru,Al-MOF
was detected to verify the signal amplification efficiency. As
shown in Fig. 2, when 10,000 PM Aβ oligomers is added into
tracking agent, the fluorescence intensity increases to 18.88
(green curve) compared with no Aβ oligomers added (red
curve). While 200 U·mL−1 Rec Jf exonuclease and
10,000 PMAβ oligomers are added, the response significantly
increases to 687.73 (blue curve) by about 36.4 folds. All these
prove that 200 U·mL−1 Rec Jf exonuclease can increase the

sensitivity, which attributes to the selective digestion of the
Aβ oligomers-Apt from 5′ to 3′ by Rec Jf exonuclease in the
supernatant solution to release aptamer-Aβ oligomers com-
plex again for analyte recycling.

The detection mechanism of fluorescent aptasensor and in-
creased sensitivity performance The fluorescence spectrosco-
py of Ru, Al MOF and tracking agent were measured by
fluorescence spectrometer to further verify the feasibility of
florescence energy transfer (FRET) (the detail shown in
Fig. 3a). Upon Ru, Al MOF is bound by Apt-Au NPs to form
tracking agent, the strong fluorescence intensity of Ru, Al
MOF will “turn-off”. Besides, Fig. 3b (black curve) displays
that the fluorescence emission of Ru, Al MOF is overlapped
with the absorption of Apt-Au NPs large extent. The fluores-
cence resonance energy transfer between Ru,Al-MOF and
Au-Apt NPs is successfully achieved because of this neces-
sary overlap in fluorescence system for efficient energy
transfer.

Optimization of experimental condition The reaction time of
the tracking agent and Aβ oligomers, the incubation temper-
ature, concentration of tracking agent and Rec Jf exonuclease
seriously affected the fluorescence intensity response in Fig.
S5. Based on the Fig. S5A, when the time increased from 0 to
50 min, the FL intensity increased considerably from 0 to 719
and then remained almost constant for the long time. The
experimental results indicate that the optimal reaction time
of the tracking agent and Aβ oligomers is 30 min. The fluo-
rescence signal first increases and then reduces with the in-
creasing of incubation temperature from 20 to 45 °C with a
maximum absorbance value at 37 °C in Fig. S5B. Finally, in
order to select the most suitable concentration of Rec Jf exo-
nuclease, different concentrations of Rec Jf exonuclease from
50 to 250 U·mL−1 was attempted and the maximum fluores-
cence intensity value is 200 U·mL−1 in Fig. S5C.

Selectivity of the Aβ oligomer assay This was tested with Aβ
oligomers and major constituents in the blood (cholesterol

Fig. 5 Fluorescence spectra of the
tracking agent in the presence of
different concentrations of Aβ
oligomers target, (b) calibration
plot of the proposed fluorescence
intensity in the presence of
different concentrations of Aβ
oligomers target. The wavelength
of excitation/emission is 466/
610 nm. Error bar: standard devi-
ation for n = 6

Table 1 The different detection methods for Aβ oligomers

Method Target analyte: Aβ oligomers(pM) Reference

Linear range LOD

Fluorescence 2000 × 103–10,000 × 103 – [31]

Immunoassay – 69.8 [32]

SERS 0.1 × 103–10,000 × 103 37 [33]

ELISA 20–160 20 [34]

Colorimetric 1–600 × 103 0.56 × 103 [35]

This mothed 1–10,000 0.3 This method
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5.0 mM, IgG 10 mg/mL, IgA 6.6 mg/mL, BSA 0.5 mg/mL,
glucose 3 mM, K+ 4 mM, Na+ 140 mM). These major con-
stituents with identical concentration (10 nM) were respec-
tively added into the incubation liquid. Compared with the
interfering samples, the absorbance of target Aβ oligomers
is nearly identical with target Aβ oligomers alone due to the
specific interaction between the aptamer and the target mole-
cule (in Fig. 4), which demonstrates that these aptamer can
only identify Aβ oligomers without interference of major con-
stituents in the blood.

Analytical performance of the fluorometric assay Under the
optimal conditions, the sensitivity and detection range of fluo-
rescence assay were tested with a series of concentrations of
Aβ oligomers at 610 nm fluorescence emission wavelength.
As shown in Fig. 5, the fluorescence increases linearly with
the concentration of Aβ oligomers varied from 1.0 pM to
10 nM. The relationship can be described as y = 28.24lg(x) +
138.3 with correlation coefficient of 0.9931, demonstrating a
favorable linear relationship. The determination ascribes to the
highly fluorescence intensity of Ru, Al MOF as signal and
enzyme-exonuclease assisted target recycling to significantly
amplify the fluorescence. The reproducibility of the sensor
system is appraised by five repeated Aβ oligomers measure-
ment of 10 nM and 1.0 pM. The relative standard deviation
(RSD) is about 4.27% and 3.71%, indicating that the proposed
method can be employed for the determination of Aβ oligo-
mers with a wide range of concentrations. Determination re-
sults of Aβ oligomers with different methods are summarized
in Table 1, including fluorescence, immunoassay, surface en-
hanced raman spectroscopy (SERS), ELISA and colorimetric
[31–35]. In this study, the detection limit (LOD) is as low as
0.30 pM and the linear relational concentration range achieves
5 orders of magnitude. The LOD was calculated as the aver-
age value of fluorescence intensity at blank concentration of
solution at 5 standard deviations (SD).)

Analytical application In order to search the practical applica-
tion of the tracking agent, the standard addition assay was
applied to evaluate the practical applicability of the proposed

aptasensor. First, 3 mL healthy human blood serum samples
were diluted to 5 mL with PBS (pH 7.4). Then, a collection of
samples was done by adding Aβ oligomers with different
concentrations to human blood serum. The recoveries are all
between 93.01% and 102.20% (Table 2), indicating a good
accuracy and applicability of the proposed homogeneous turn-
on fluorescent strategy for Aβ oligomers detection.

Conclusion

The homogeneous “turn-on” fluorescent aptasensor detects
Aβ oligomers with high selectivity and accuracy based on
luminescence MOF nanocomposites as tracking agent and
exonuclease-assisted target recycling. The assay has excellent
linear response to Aβ oligomers from 1.000 pM to 10,000 pM
and detection limit down to 0.3000 pM. The method shows
advantage of anti-interference, non-invasion to use and excel-
lent selectivity toward the targets. This system successful ap-
plied in real blood sample, which suggests that the platform
has great potential for the diagnosis and study of Alzheimer’s
disease.
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