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The detection of biomarkers is of great significance in the diagnosis of numerous diseases, especially
cancer. Herein, we developed a sensitive and universal fluorescent aptasensor strategy based on
magnetic beads, DNA G-quadruplex, and exonuclease III (Exo III). In the presence of a target protein, a
label-free single strand DNA (ssDNA) hybridized with the aptamer was released as a trigger DNA due to
specific recognition between the aptamer and target. Subsequently, ssDNA initiates the Exo III-aided
recycling to amplify the fluorescence signal, which was caused by N-methylmesoporphyrin IX (NMM)
insertion into the G-quadruplex structure. This proposed strategy combines the excellent specificity
between the aptamer and target, high sensitivity of the fluorescence signal by G-quadruplex and Exo III-
aided recycling amplification. We selected (50–1200 nmol/L) MUC1, a common tumor biomarker, as the
proof-of-concept target to test the specificity of our aptasensor. Results reveal that the sensor sensitively
and selectively detected the target protein with limits of detection (LODs) of 3.68 and 12.83 nmol/L in
buffer solution and 10% serum system, respectively. The strategy can be easily applied to other targets by
simply substituting corresponding aptamers and has great potential in the diagnosis and monitoring of
several diseases.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Proteins serve various and significant functions in biological
processes, such as enzymatic activity, transporting signals in cells,
and mobilizing intracellular responses, due to their diverse three-
dimensional physical structures [1,2]. Therefore, more and more
proteins are regarded as biomarkers for tumors, neurodegenera-
tive diseases, inflammation and other diseases, which are
evaluated as indicators of physiological or pathological processes.
Remarkably abnormal expression of biomarkers, compared to
healthy expression, reveals the presence of pathological dysfunc-
tion in an organism, precise and accurate detection of biomarkers
is highly important [3,4]. To date, many biosensors, such as
fluorescent, electrochemical, and colorimetric biosensors, have
been reported [5–10], among which fluorescent biosensors have
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attracted the most attention due to their high sensitivity and facile
operation.

Aptamers, artificial single-stranded nucleic ligands obtained via
systematic evolution of ligands by exponential enrichment
(SELEX), can specifically bind to their targets, such as proteins,
nucleic acids, small molecules, cells, and even bacteria [11,12].
Compared to antibodies, aptamers are more easily synthesized,
more stable, and cost less. In recent years, much research interest
has been focused on coupling aptamers with sensors to create
multi-functional aptasensors. As such, several aptasensors have
been prepared with nanoparticles, graphene, quantum dots,
polymers [13–17], and magnetic beads [18,19], where the latter
has shown greater advantages in complex aptasensor systems due
to their large surface-to-volume ratio and easy separation.

The DNA G-quadruplex secondary structure is primarily
regarded as an important drug target for cancers and other
diseases since it displays great biological significance. The
secondary structure is formed from a guanine-rich sequence
through Hoogstee hydrogen bonding in the presence of specific
monovalent cations, such as Na+ and K+ [20]. G-quadruplex, also
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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used as an optical sensing element, can interactwith G-quadruplex
antibodies and molecular probes and can catalyze enzymatic
reactions to produce clearfluorescence or visible signals [21,22].N-
Methylmesoporphyrin IX (NMM), an anionic macrocyclic com-
pound probe, is inserted into the sheet-like structure of G-
quadruplex to construct a fluorescent biosensor. Although the
fluorescence intensity of free NMM is very weak, it exhibits strong
fluorescence enhancement upon bindingwith the G-quadruplex at
an excitation of 399 nm [23,24]. Numerous researchers have
investigated this chromogenic method, as it avoids the modifica-
tion of fluorophores and is easier-to-use and inexpensive.

Exonuclease III (Exo III) can recognize and cleave the 30 blunt
and sticky end of double-stranded DNA into DNA fragments, which
assists the cycle amplification in the detection of specific targets,
such as DNA [23]. Detection signals accumulate and increase via
several Exo III-aided amplification cycles, greatly improving the
sensitivity of the detection [25,26]. In this study, we developed a
sensitive and selective fluorescent aptasensor for target detection,
integrating the excellent specificity between the aptamer and
target, high sensitivity of the fluorescence signal provided by G-
quadruplex and Exo III-aided recycling amplification. MUC1, a
typical tumor biomarker distributed and abundantly expressed on
the surface of cancer cells, was chosen as the proof-of-concept
target. The proposed aptasensor strategy showed strong anti-
interference in the biosystem, suggesting its great potential in
practical applications and disease diagnoses.

As shown in Fig. 1, this sensing process consists of a recognition
step and an amplification step. In the recognition step, the aptamer
strand binds to magnetic beads through biotin-streptavidin
interaction, while the ssDNA strand hybridizes with the aptamer.
In presence of the target, the aptamer recognizes the target and
forms a specific conformation to bind with the target, disturbing
the hybridization and causing the ssDNA to release from the
aptamer strand after magnetic separation. The free ssDNA as a
trigger initiates the amplification by hybridizing with part of the
hairpin DNA sequence, which opens the hairpin structure. The
other part of the hairpin DNA sequence forms a G-quadruplex
structure in the presence of K+, which is locked in the hairpin
structure. In the amplification step, Exo-III recognizes the 30 blunt
[(Fig._1)TD$FIG]

Fig. 1. Schematic diagram of turn-on flu
end of the duplex sequence and cleaves the strand from30 to 50 into
oligonucleotides. It isworthmentioning that 7-T bases are added at
the 30 end of the ssDNA sequence that could not be paired with the
hairpin in order to avoid the recognition of the Exo III. After Exo III
digestion, the ssDNA becomes free and enters into the next cycle,
while the G-quadruplex structure remains intact. Subsequently,
NMM can insert into the sheet-like structure of G-quadruplex and
result in an obvious fluorescence enhancement excited at 399 nm,
which is enlarged significantly after several cycles. Comparatively,
in the absence of the target, ssDNA is paired and thus cannot
initiate the amplification or enhance the signal change.

MUC1 is a highly glycosylated protein expressed by the MUC1
gene, a transmembrane molecule. It has been found to be
overexpressed in most human adenocarcinomas, such as breast,
gastric, colorectal, lung, prostate, ovarian, pancreatic, and bladder
carcinomas [27,28]. Since it is regarded as an important tumor
biomarker due to its abnormal expression in tumor tissues, we
employed MUC1 as the model target to verify the feasibility of the
strategy. A commonly used aptamer, 50-GCAGTTGATCCTTTGGA-
TACCCTGG-30, was selected to specifically recognize MUC1.

Fig. 2 shows that the fluorescence intensity at 610 nm increased
after amplification by Exo III compared to the control groups. The
fluorescence intensity of the amplification strategy is much
stronger than that of the non-amplification strategy, indicating
that our strategy successfully detected the target protein.

In order to reduce the experimental background interference
and improve the efficiency of the reaction, we optimized the stem
length of the hairpin DNA and the bases of the complementary
pairing between the aptamer and ssDNA, respectively.

The bases of the complementary pairing between the aptamer
and single strand DNA (ssDNA) determine the efficiency of the
reaction with MUC1. We optimized the paired bases from 6 nt to
17 nt (ssDNA1 to ssDNA5 sequences are displayed in Table S1 in
Supporting information). As shown in Fig. S1A (Supporting
information), with 6 nt or 9 nt complementary bases (ssDNA1 or
ssDNA2), the combination between the aptamer and ssDNA was
extremely unstable so that the ssDNA was eliminated during the
washing process. Only a small amount ssDNA retained and was
collected to enter the amplification part, resulting in low
orescence assay for target proteins.
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Fig. 3. (A) Fluorescence emission spectra under different concentrations of MUC1
in 20mmol/L Tris-HCl buffer. (B) The calibration curve of MUC1 concentration
ranging from 0 to 1200 nmol/L in 20mmol/L Tris-HCl buffer (pH 7.5).
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Fig. 2. Fluorescence emission spectra under different conditions: With MUC1 +
with Exo III (curve a), without MUC1 + with Exo III (curve b), with MUC1 + without
Exo [12_TD$DIFF]III (curve c), and with only NMM and Tris-HCl buffer (curve d).
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fluorescence intensity. With 15 nt or 17 nt complementary bases
(ssDNA4 or ssDNA5), the combination between the aptamer and
ssDNA was so tight that the ssDNA could not be released easily
when incubated with MUC1. Again, a small portion of ssDNA was
released and entered the amplification part, causing low fluores-
cence. As a result, we chose 12 nt complementary bases (ssDNA3)
to pair with the aptamer for subsequent experiments.

The length of the hairpin’s stem directly affects its stability and
hybridization with ssDNA. As shown in Table S1, we synthesized
5 hairpin DNA sequences, including hairpins 6, 7, 3, 8, and 9 with
the stem lengths of 13,15,17,19, and 21 bases, respectively. Fig. S1B
(Supporting information) displays the difference in fluorescence
intensity before and after the reaction, where fluorescence
increased with larger stem lengths of the hairpin DNA. Fluores-
cence intensity was low when the stem length was 13 or 15 bases
and enhanced when the stem length increased to 17 bases. As a
result, we selected the hairpin3 sequence with a stem length of 17
bases for subsequent experiments.

To optimize detection of the target protein, we determined the
most suitable conditions based on factors affecting the strategy,
including pH, incubation and amplification times, and concen-
trations of metal ions, Exo III, hairpin DNA, and NMM.

In detection biosystems, pH directly is highly significant since it
correlates to the stability, enzyme activity, and other reaction
elements. Therefore, we investigated the best pH value of the
buffer in our detection system. Fig. S2A (Supporting information)
shows that themaximum fluorescence intensitywas reached at pH
7.5, the neutral physiological condition under which DNA is most
stable. Therefore, pH 7.5 was one optimal condition used in the
following experiments.

The concentration of metal ions crucially affects the formation
of G-quadruplex, which is directly related to the fluorescence
signal. As shown in Fig. S2B (Supporting information), the
fluorescence intensity enhanced gradually with the increasing
concentration of K+ and reached a plateau when the concentration
of K+ was 100mmol/L, indicating that the released G-quadruplex-
forming strands fully formatted the G-quadruplex structure. Thus,
100mmol/L was chosen for the following experiments. Consider-
ing that Mg2+ has been reported as an essential influence of Exo III
activity and also inhibits the stability of G-quadruplex, we explored
the optimal concentration of Mg2+. In Fig. S2C (Supporting
information), the fluorescence intensity reached a maximum
when the concentration of Mg2+ was 8mmol/L. A larger
concentration of Mg2+ dramatically decreased the fluorescence
signal, which can be attributed to the destruction of the G-
quadruplex stability by the over-dosage of Mg2+ [24]. Thus,
8mmol/L Mg2+ was determined as the optimal concentration.
Exo III plays a crucial role in the cycle amplification process.
Compared with the non-amplification strategy, our strategy
demonstrated a four-fold enhancement in fluorescence intensity.
Fig. S2D (Supporting information) shows a rapidly enhanced
fluorescence intensity when Exo III increased from 0 to 50 U,
confirming that the cycle amplification process occurred as
expected. Thus, 50 U of Exo III was employed for the next
experiments.

As a substrate of the Exo III-aided amplification, the concentra-
tion of hairpin structure directly affects the activity of Exo III.
Because hairpin3 with stem length of 17 base pairs was chosen as
the optimal structure and resulted in the best signal as previously
described, we further investigated the optimal concentration of
hairpin3. Like other common enzymatic dynamic reactions, a rapid
and obvious fluorescence signal enhancement was obtained when
the concentration of hairpin3 increased from 0 to 1000 nmol/L and
reached a plateau at 1000 nmol/L. This finding indicates that the
enzymatic reaction occurred quickly at first and achieved dynamic
equilibrium gradually (Fig. S2E in Supporting information). Thus,
1000 nmol/L hairpin3 was utilized in subsequent experiments.

NMM is another significant factor affecting the detection
sensitivity since it inserts into the G-quadruplex to further produce
the fluorescence signal. As shown in Fig. S2F (Supporting
information), the fluorescence intensity increased with the
addition of NMM. When the concentration of NMM was
10mmol/L, the fluorescence intensity reached an equilibrium
state, while greater addition of NMM did not contribute to further
enhancement of fluorescence intensity. This suggests that a
saturation state exists between NMM and G-quadruplex, and
thus, 10mmol/L NMM was chosen as the optimal concentration.

For an aptasensor to fully recognize a target, a certain
incubation time is required, which is directly related to signal
production. Fig. S2G (Supporting information) shows that the
fluorescence intensity increased rapidly when the incubation time
was prolonged, evincing that there was a gradual binding process
between MUC1 and the aptamer. The fluorescence intensity
exhibited little change when the incubation time exceeded 1 h,
indicating that the ssDNA was fully released; thus, 1 h was
determined as the optimal incubation time.

The amplification time heavily influences the efficiency of the
aptasensor system. Fig. S2H (Supporting information) shows that
increasing the amplification time from 0 to 1.5 h, the fluorescence
intensity enhanced, suggesting the constant release of G-quad-
ruplex. The fluorescence intensity plateaued when the amplifica-
tion time was 1.5 h, demonstrating that hairpin3 fully reacted. As a
result, we chose 1.5 h as the amplification time for the following
experiments.

The sensitivity of the system was investigated in 20mmol/L
Tris-HCl buffer solution. As shown in Fig. 3A, the fluorescence
intensity markedly enhanced with the addition of MUC1. The
spectra displayed good linearity between fluorescence and MUC1
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Fig. 4. The difference of fluorescence intensity of the biosensor in the presence of
MUC1 (5mmol/L), thrombin (10mmol/L), BSA (10mmol/L), HRP (10mmol/L),
lysozyme (10mmol/L), glycine (10mmol/L), ATP (10mmol/L), and glutathione
(10mmol/L) respectively.
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concentrations in the range of 0–1200 nmol/L, suggesting that
MUC1 could be quantitatively detected by the biosensor in the
buffer solution. The limit of detection was calculated to be
3.68 nmol/L.

Specificity is one of the most essential parameters to evaluate
the validity of a detection system. Therefore, BSA, lysozyme, HRP,
thrombin, glycine, ATP, and glutathione (10mmol/L each) were
selected as interferences to test the specificity of the biosensor for
MUC1 (5mmol/L). As shown in Fig. 4, the fluorescence intensity of
MUC1 was obviously stronger than those of the interference
proteins, which demonstrates that our strategy has great
specificity.

To evaluate the use of the aptasensor in biological samples, we
also tested the proposed aptasensor in 10% serum. Fig. S3A
(Supporting information) shows that the fluorescence intensity at
different concentrations dropped nearly three-fold due to the
influence of the complex components in the serum. In addition,
good linearity was observed between the fluorescence and MUC1
concentration in the range of 0–1000 nmol/L, and the limit of
detection was calculated to be 12.83 nmol/L in 10% serum system [15_TD$DIFF][11_TD$DIFF]

(Fig. S3B in Supporting information). A further recovery test was
carried out by adding different concentrations (200, 600 and
1000 nmol/L) of MUC1 in the 10% serum samples. The results in
Table S3 (Supporting information) reveal good recoveries were
obtained from 86.12% to 109.11% with relative standard deviations
(RSD) from 2.42% to 5.15%, which demonstrate that our strategy is
reliable, quantitative, and sensitive enough for the detection of
target proteins in both buffer and serum samples.

In conclusion, a simple, universal, highly sensitive, and selective
fluorescence signal amplification biosensor based on G-quadru-
plex and Exo III was developed for the detection of target protein
MUC1. Our strategy consists of a recognition part and an
amplification part. The recognition part, involving magnetic beads
and the aptamer, is used to capture target proteins and release
ssDNA as a trigger DNA, while the amplification part includes Exo
III-aided recycling amplification to magnify the fluorescence
signal. Our biosensor exhibited good sensitivity and selectivity
in both a buffer solution and 10% serum system, indicating its
strong anti-interference in biosystems. In addition, our strategy
can be universally applied for the detection of other proteins by
simply replacing the aptamer and, thus, has potential value in the
diagnosis and therapeutic evaluation of numerous diseases.
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