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Abstract: Protein detection plays an important role in biological and biomedical sciences. The
immunoassay based on fluorescence labeling has good specificity but a high labeling cost. Herein,
on the basis of G-triplex molecular beacon (G3MB) and thioflavin T (ThT), we developed a simple
and label-free biosensor for protein detection. The biotin and streptavidin were used as model
enzymes. In the presence of target streptavidin (SA), the streptavidin hybridized with G3MB-b
(biotin-linked-G-triplex molecular beacon) perfectly and formed larger steric hindrance, which
hindered the hydrolysis of probes by exonuclease III (Exo III). In the absence of target streptavidin,
the exonuclease III successively cleaved the stem of G3MB-b and released the G-rich sequences which
self-assembled into a G-triplex and subsequently activated the fluorescence signal of thioflavin T.
Compared with the traditional G-quadruplex molecular beacon (G4MB), the G3MB only needed a
lower dosage of exonuclease III and a shorter reaction time to reach the optimal detection performance,
because the concise sequence of G-triplex was good for the molecular beacon design. Moreover,
fluorescence experiment results exhibited that the G3MB-b had good sensitivity and specificity for
streptavidin detection. The developed label-free biosensor provides a valuable and general platform
for protein detection.
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1. Introduction

Protein, an important component in human cells and tissues, participates in the phys-
iological activities of the body, catalyzes the cell processes and plays important roles in
the research of bioengineering, medical diagnosis, treatment and proteomics [1–3]. Some
protein receptors can specifically bind to small organic molecules [4]. Such small molecular-
protein receptor pairs have been widely used in drug delivery, molecular diagnostics and
cancer therapies [5–7]. Therefore, the discovery and detection of small molecular-protein
receptor pairs is significant and necessary. In most reported analytical methods, the termi-
nal protection of small-molecule-linked DNA assays has attracted wide attention [8]. When
the small molecule was bound to its protein receptor, the small-molecule-linked DNA
was protected from the degradation by exonuclease. Additionally, the oligonucleotides of
small-molecule-linked DNA not only act as coding sequences for identifying the linked
organic molecules, but offer immediate signal amplification via polymerase chain reac-
tions. This technology has encouraged many researchers to develop different analytical
strategies to apply to the detection of H5N1 antibodies [9], FITC antibodies [10] and folate
receptors [11,12]. However, these detection methods usually require expensive fluores-
cent labelling, complicated experiment treatment and precise detection instrumentation.
Therefore, the development of simple and inexpensive methods avoiding dual-labelling
fluorescence groups remains important for monitoring small molecule-protein interactions.

To address the challenge, some G-rich sequences are exploited in constructing label-
free fluorescence biosensors, due to the G-rich sequence being able to self-assemble into a
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G-quadruplex structure. As we known, the G-quadruplex is a non-canonical DNA structure
and noncovalently combines with small molecule ligands (such as thioflavin T or hemin)
to form label-free probes, which have been widely used in biological progress monitoring
and biomolecules analysis [13–15], wherein their applications occur with the concomitant
conformational change of the G-quadruplex. However, the control and initiation of G-
quadruplex structures are often faced with some difficulties. For example, in the design
of the label-free molecular beacon (MB) based on a G-quadruplex, a long stem sequence
usually contains many C bases and some complementary G bases, leading them to be
hardly opened by the target DNA or RNA. Therefore, the design restraint is still a huge
challenge for the application of label-free fluorescent probes based on a G-quadruplex
in biosensors.

With the deep study in the folding process of G-quadruplex structures, people find
the G-triplex structure to be one of the most plausible intermediates formed by G-rich
sequences with only three G-tracts [16,17]. What is more, the G-triplex structure displays
catalyst functions similar to the G-quadruplex structure. With the advantage of concise se-
quences, the G-triplex structure has been widely applied in the design of molecular beacons
(MBs). The MBs often suffer from some intrinsic limitations of the tedious and unavoid-
able sequence optimization, especially for those decorated with composite fluorescence or
quenching groups, which greatly increases the experimental cost and complexity [18]. In
order to solve these problems, our group previously developed a simple, universal and
low-cost strategy for designing MBs [19]. The strategy was based on the stable G-triplex,
which can combine with thioflavin T and act as a “signal-on” label-free fluorescence probe.
For protein detection, the immunoassay based on fluorescence labelling has a good speci-
ficity but a high labelling cost. In this study, we developed a simple and label-free biosensor
for protein detection based on the thioflavin T and G-triplex molecular beacon (G3MB).
Biotin and streptavidin were used as model enzymes. In the presence of target streptavidin
(SA), the streptavidin hybridized with biotin at the 3′-end of G3MB-b perfectly and formed
larger steric hindrance, which hindered the hydrolysis of probes by exonuclease III (Exo
III). In the absence of target SA, the Exo III successively cleaved the stem of G3MB-b and
released the G-rich sequences, which self-assembled into a G-triplex and subsequently
activated the fluorescence signal of thioflavin T. Compared with traditional G-quadruplex
molecular beacons (G4MB), the G3MB only needed a lower dosage of exonuclease III and a
shorter reaction time to reach the optimal detection performance.

2. Experimental Section

Materials and Reagents. The streptavidin, thioflavin T and exonuclease III were
purchased from Sangon Biological Engineering Technology and Services Company Ltd.
(Shanghai, China). Other reagents of an analytical grade were obtained from Sinopharm
Chemical Reagent Company Ltd. (Shanghai, China) HeLa cells and MCF-7 cells were
purchased from the cell bank of Xiangya Hospital (Changsha, China). Dulbecco’s modified
Eagle’s medium (DMEM), RPMI 1640 medium, fetal bovine serum (FBS), streptomycin
and penicillin were obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA) The
ultrapure water (resistance > 18.25 MΩ) was obtained through a Millipore Milli-Q water
purification system (Billerica, MA, USA). The DNA oligonucleotides were synthesized and
purified by Takara Biotechnology Company Ltd. (Dalian, China), whose sequences were
shown in Table S1.

Apparatus. The fluorescence spectra were measured on the Fluorescence Spectrometer
FS5 (Edinburgh Instruments, Scotland, UK). The excitation and emission slit were set at
5.0 nm, and with a 900 V PMT voltage. At room temperature, the CD spectra was carried
on a Chirascan CD spectrometer (Applied Photophysics Ltd., England, U.K.). The gel
electrophoresis images were captured by Tanon 2500R Imaging Analysis System (Shanghai
Tianeng Company, Shanghai, China).

Fluorescence Measurements. In a typical assay to detect target SA, a mixture contain-
ing 100 nM G3MB1-b and different concentrations of target SA was incubated at 37 ◦C for
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30 min. Then 0.5 U Exo III was added to the mixture and incubated for another 30 min at
37 ◦C. Subsequently, 6 µM ThT was injected into the reaction solution and incubated for
2 h at 37 ◦C before fluorescence measurement. All emission spectra were collected in the
range from 460 nm to 600 nm at the excitation wavelength of 435 nm. All experiments were
carried out at least triplicates. In the detection of SA, the concentration of G4MB3-b was
100 nM in one sample.

Gel Electrophoresis. In the gel electrophoresis assay, a mixture containing G3MB1-b
(1 µM) and SA (2 µg) in 1 X Tris-HCl buffer (25 mM Tris-HCl, 50 mM KCl, pH = 7.4) was
first incubated at 37 ◦C for 30 min. Subsequently, 5 U Exo III was added to the mixture and
incubated for another 30 min at 37 ◦C. Then 0.06 mM ThT was injected into the reaction
solution and incubated for 2 h at 37 ◦C. The sample with 1 X loading buffer was applied to
a non-denaturing PAGE (20%). The electrophoresis was carried out in 1 X Tris-borate-EDTA
(TBE) buffer (90 mM Tris-HCl, 90 mM boric acid, and 2 mM EDTA, pH 8.0) at 150 V power
for about 3 h at room temperature. After Stains-all staining and water eluting, the resulting
gel was imaged with a Canon digital camera.

CD Measurements. The sample of G3MB1 or G31 (10 µM) was prepared in 1 X Tris-
HCl buffer (25 mM Tris-HCl, 50 mM KCl, pH = 7.4) before CD measurements. Three scans
were accumulated and collected from 200 to 500 nm, speed of 200 nm/min, bandwidth of
1.0 nm, and response time of 0.5 s. The optical chamber (1 mm path length, 150 µL volume)
was deoxygenated with dry purified nitrogen before use and kept the nitrogen atmosphere
during the detections.

Cell Culture Conditions. HeLa cells were cultured in RPMI-1640 (GIBCO) supple-
mented with 10% FBS, streptomycin (100 µg mL−1), and penicillin (100 units mL−1).
MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium with 10% FBS, penicillin
(100 units mL−1), and streptomycin (100 µg mL−1) in a humidified atmosphere containing
5 wt %/vol CO2.

Application in Cells. For the fluorescence measurements of G3MB sensors in cells,
a mixture containing G3MB1-F (100 nM) with different concentrations of HeLa cells or
MCF-7 cells was incubated in DMEM containing 10% fetal bovine serum for 2 h at 37 ◦C.
Then, 0.5 U Exo III was added to the mixture and incubated for another 30 min at 37 ◦C.
Subsequently, 6 µM ThT was injected into the reaction solution and incubated for 2 h
at 37 ◦C.

3. Results and Discussion

Design and Detection Principle. In this study, we explored the use of a molecular
beacon (G3MB) based on G-triplex in conjunction with a terminal protection assay for
the enzyme amplification detection of protein receptors. We used biotin-streptavidin
interaction as a model enzyme to demonstrate the feasibility of our method. As illustrated
in Scheme 1, the G3MB1-b is a hairpin structure probe with a small molecule of biotin
attached to the 3′-end and possesses G-rich stem sequences at 5′-end. In the absence
of target protein (streptavidin), the stem of G3MB1-b will be hydrolyzed successively
into mononucleotides from the 3′-end by exonuclease III (Exo III), an enzyme that has
specific 3′-to 5′-exonuclease activity for double strand DNA (dsDNA) in solution [20].
Then the released G-rich stem self-assembles into a G-triplex and activates the fluorescence
signal of thioflavin T (ThT), a new small molecule ligand which can specifically bind to
the human telomeric G-quadruplex [21]. In the present of a target protein (streptavidin),
the streptavidin hybridizes with the biotin at the 3′-end of G3MB1-b, and Exo III fails to
catalyze the stepwise hydrolysis of the biotin-linked G3MB1-b, leaving the G3MB1-b intact
and thereby inhibiting the signal generation.
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Scheme 1. Illustration of the G3MB1-b based on the G-triplex DNA and thioflavin T for strepta-
vidin detection.

Feasibility of the G3MB1-b biosensor. The feasibility of the G3MB1-b probe (a G-
triplex molecular beacon probe with the biotin at 3′-end) for streptavidin (SA) detection
was investigated by using fluorescence experiments. Some control experiments were first
carried out. The G3MB1 probes (a G-triplex molecular beacon probe) were initially found
to have weak thioflavin T (ThT) fluorescence (Figure 1A a, brown curve), due to the G3MB1
probe, which still kept its hairpin structure and the ThT was in a free state. When the
G3MB1 was treated with 0.5 U Exo III, a significant increase in fluorescence was observed
(Figure 1A b, yellow curve), because the stem of G3MB1 was degraded by Exo III (an
enzyme had specific 3′-to 5′-exonuclease activity for double strand DNA) and the G-rich
stem was released for folding into a G-triplex, which activated the fluorescence signal of
ThT. In the present of the target streptavidin (SA), the significant decrease in fluorescence
was observed (Figure 1A d, blue curve), because the SA could combine with the biotin
at 3′-end of the G3MB1-b, as a result of great steric hindrance effect, the Exo III failed to
catalyze the hydrolysis of the G3MB1-b, so G3MB1-b still kept hairpin structure and could
not activate the fluorescence signal of ThT. In the absence of the target streptavidin, the
G3MB1-b probe (biotin-linked-G3MB1 probe) incubated with 0.5 U Exo III, the system
still exhibited a strong fluorescence signal (Figure 1A c, orange curve), due to no steric
hindrance informed from streptavidin-biotin to influence the degradation of the G3MB1-b
probe by Exo III, and the G-rich stem was released for folding into a G-triplex, which
activated the fluorescence signal of ThT. Without biotin, the system still exhibited a similar
strong fluorescence signal (Figure 1A e, green curve), due to no steric hindrance informed
from streptavidin-biotin to influence the degradation of the G3MB1 probe by Exo III. Taken
together, these results indicated that the G3MB1-b probe based on G-triplex DNA and
thioflavin T could be used for streptavidin detection by the steric hindrance effect from
streptavidin-biotin to protect the G3MB1-b probe against Exo III and cause the fluorescence
change. In addition, the detection principle was further confirmed by using an agarose
gel electrophoresis experiment, corresponding to the fluorescence experiments, as shown
in Figure 1A. After incubating with Exo III, a new band (lane b) emerged with a faster
electrical migration than that of the G3MB1 (lane a), due to the hydrolyzation of the G3MB1
stem. Although labelling biotin, the band (lane c) emerged the same as the band (lane b),
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indicating that the biotin had no influence on the hydrolyzation of the G3MB1 stem. In the
present of SA, a new band emerged (lane d) near the hole, indicating the large molecular
weight due to biotin–streptavidin interaction. Without biotin, the band (lane e) emerged
similar as the band (lane b), due to no biotin–streptavidin interaction. These results were
consistent with those obtained by fluorescence spectrometry. Furthermore, the detection
principle was verified by a Circular Dichroism (CD) spectra experiment. As shown in
Figure 1B, the CD spectrum of G31 (a G-triplex strand) had a strong positive peak at around
265 nm and a negative peak at 240 nm (green curve). However, the CD spectrum of G3MB1
had no obvious peak at 265 nm and a negative peak at 240 nm (orange curve), indicating
that the G3MB1 kept hairpin structure and could not fold into G-triplex. When the G3MB1
stem degraded by Exo III, the CD spectrum exhibited a strong positive peak at around 265
nm and a negative peak at 240 nm (yellow curve), indicating the formation of G-triplex
structure. All the above results demonstrated that the feasibility of G3MB in conjunction
with terminal protection assay for the enzyme amplification detection of protein receptor.

Figure 1. The feasibility of the G3MB1-b biosensor. (A) Fluorescence spectra at different conditions: (a) G3MB1 and ThT;
(b) G3MB1, Exo III and ThT; (c) G3MB1-b, Exo III and ThT; (d) G3MB1-b, Exo III, SA and ThT; (e) G3MB1, Exo III, SA and
ThT. The excitation wavelength was set at 435 nm, and the fluorescence spectra was collected from 460 nm to 600 nm at room
temperature. Insert: the agarose gel electrophoresis image. The electrophoresis was carried out in 1 X Tris-borate-EDTA
(TBE) buffer at 150 V power for about 3 h at room temperature. (B) CD spectra of G3MB1 in the absence and presence of
Exo III. The results were accumulated and collected from 200 to 500 nm, speed of 200 nm/min, bandwidth of 1.0 nm, and
response time of 0.5 s.

Sensitivity of the G3MB biosensor. To obtain the optimal detection performance, the
design of G3MB was first investigated. As shown Figure S1A, in the presence of different
G3MB, the fluorescence intensity of ThT was detected. The fluorescence results displayed
that the highest fluorescence intensity of G3MB0, and others all exhibited low fluorescence
intensity. Considering the concise design and low fluorescence background of G3MB, we
selected the G3MB1 for the subsequent experiments. In addition, the concentrations of Exo
III were also investigated. As shown in Figure S2A, the fluorescence intensity increased
remarkably with the addition of Exo III, and obtained a maximal value at 0.5 U Exo III (red
curve). Furthermore, the reaction time was also investigated. As shown in Figure S2B, the
fluorescence intensity increased quickly with the reaction time, and obtained a maximal
value at 2 h (red curve). Therefore, the Exo III concentration of 0.5 U and a reaction time of
2 h were selected in the following experiments.

Under the optimized experimental conditions, the performance of the label-free G3MB1-b
biosensor for protein detection was interrogated. With the increase of the target SA concentra-
tion ranging from 0 to 200 ng, the fluorescence intensity of the ThT emission peaked at 490 nm
decreased gradually (Figure 2A). The fluorescence intensity of ThT increased linearly with the
SA concentration in the range 0.1–50 ng (Figure 2B), and the detection limit was estimated
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to be 0.033 ng (in terms of the rule of 3 times deviation over the blank response), which was
comparable to those reported protein detection methods [22,23].

Figure 2. The SA detection by the G3MB1-b biosensor. (A) Fluorescence spectra of the solution contained G3MB1-b, ThT
and Exo III after incubation with varying concentrations of SA: (a) 0; (b) 0.1 ng; (c) 0.5 ng; (d) 1 ng; (e) 5 ng; (f) 10 ng;
(g) 25 ng; (h) 50 ng; (i) 75 ng; (j) 100 ng; (k) 200 ng. The fluorescence experiments were carried out in 1 X Tris-HCl buffer
(25 mM Tris-HCl, 50 mM KCl, pH = 7.4) for 2 h at 37 ◦C before fluorescence measurement. The excitation wavelength was
set at 435 nm, and the fluorescence spectra was collected from 460 nm to 600 nm at room temperature. (B) The relationship
between the fluorescence signal and the concentrations of SA. Insert: Linear relationship between the fluorescence intensity
and the concentration of SA. Error bars represented the standard deviation of three parallel experiments.

The superiority of the G3MB was also investigated by comparing it to the G4MB.
As shown in Figure S1B, the design of G4MB was first investigated. When the stem
length of the molecular beacon was equal, all of the G4MB had a higher fluorescence
intensity compared to G3MB, indicating the easy regulation and activation of G3MB. The
fluorescence results showed the lowest fluorescence intensity of G4MB3. Considering the
low fluorescence background of G4MB, we selected G4MB3 for the subsequent experiments.
Compared to the G3MB1, the fluorescence intensity of the G4MB3 was lower at the same
concentration of Exo III, and finally reached a maximal value at 0.5 U Exo III (Figure S2A,
black curve). Compared to the G3MB1, the fluorescence intensity of the G4MB3 increased
at a slower rate with the reaction time and reached a lower platform at 2 h (Figure S2B,
black curve). Therefore, the Exo III concentration of 0.5 U and a reaction time of 2 h were
selected in the following experiments.

Under the optimized experimental conditions, the performance of the label-free
G4MB3-b biosensor for protein detection was investigated. With the increase of the target
SA concentration ranging from 0 to 200 ng, the fluorescence intensity of the ThT emis-
sion peak at 490 nm decreased gradually (Figure 3 B). The fluorescence intensity of ThT
increased linearly with the SA concentration in the range 1–75 ng (Figure 3 B), and the
detection limit was estimated to be 0.33 ng (in terms of the rule of three times deviation over
the blank response), which was higher than the detection limit of the G3MB1-b biosensor.
Taken together, compared to the traditional probe based on the G-quadruplex, the probe
based on the G-triplex was easy to control and was excited.
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Figure 3. Fluorescence spectra of the solution containing G3MB1-F, ThT and Exo III after incubation
with varying concentrations of HeLa cells or MCF-7 cells, (A) G3MB1-F + ThT + Exo III, (B–F) the
G3MB1-F treated with HeLa cells or MCF-7 cells, different cell numbers were 1 × 103, 5 × 103,
1 × 104, 5 × 104 and 1 × 105. (G) G3MB1-F + ThT. The excitation wavelength was set at 435 nm, and
the fluorescence spectra were collected from 460 nm to 600 nm at room temperature.

Applicability of the G3MB biosensor. The G3MB1-F biosensor is a hairpin structure
probe with a small-molecule (folate) attached to 3′-end and possesses G-rich stem sequences
at 5′-end. The feasibility of the G3MB1-F biosensor was investigated in the cells. As shown
in Figure 3, the background fluorescence intensity of G3MB1-F was very low, indicating the
superiority of G3MB1-F (red column). The fluorescence intensity increased remarkably with
the addition of Exo III, due to the hydrolyzation of the G3MB1-F stem and the release of
G-triplex DNA (black column). With the increasing numbers of HeLa cells, the fluorescence
intensity remarkably decreased, due to the high expression level of folate-receptors in HeLa
cells [24], indicating that the G3MB1-F biosensor could bind to HeLa cells and avoid the
hydrolyzation by Exo III. However, the fluorescence intensity had few changes with the
increasing numbers of MCF-7 cells, due to the low expression level of folate-receptors in
MCF-7 cells [25], indicating that the G3MB1-F biosensor hardly combined with MCF-7
cells and was easily hydrolyzed by Exo III. All the above results verified that the G3MB1-F
biosensor could be used for distinguishing cancer cells with different expression levels of
folate receptors.

4. Conclusions

In summary, we have developed a label-free fluorescence G3MB biosensor based on
G-triplex for protein detection. Biotin and streptavidin were used as model enzymes. With
the target streptavidin, the biotin at 3′-end of G3MB1-b hybridized with the target protein
and hindered the hydrolysis of probes by exonuclease III. Without the target protein, the
stem of G3MB1-b is successively cleaved by exonuclease III, releasing G-rich sequences
self-assembled into the G-triplex and activating the fluorescence signal of ThT. Due to the
concise sequence of G-triplex, the G3MB needs a lower dosage of exonuclease III and a
shorter reaction time to reach an optimal detection performance compared to traditional
G4MB. Moreover, based on the interaction of folate and folate-receptors, the label-free
fluorescence G3MB-F biosensor could identify cancer cells with different expression levels
of folate-receptors. As a result, the proposed method holds great potential in protein
detection and protein-associated biological study.
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Supplementary Materials: The following are available online. Additional figures and tables as
noted in the text. Figure S1. The sequence optimization of G3MB and G4MB. (A) In the presence
of different G3MB. (B) In the presence of different G4MB. The concentrations of G3MB, G4MB
and ThT were 100 nM, 100 nM and 6 µM. The insets respectively display the DNA sequences of
G3MB0-4 and G4MB0-4. Error bars are standard deviation of three repetitive experiments. Figure S2.
The optimization of Exo III concentrations and enzymolysis time. (A) Fluorescence intensity of
ThT and G3MB1 or G4MB3 at different Exo III concentrations, incubated for 2 h at 37 °C in dark.
(B) Fluorescence intensity at different enzymolysis time, incubated at 37 °C in dark in 0.5 U Exo III;
[G3MB1] = 100 nM; [G4MB3] = 100 nM; [ThT] = 6 µM; [Mg 2+ ] = 10 mM; [K + ] = 25 mM. Figure S3.
The SA detection by the G4MB3 biosensor. (A) Fluorescence spectra of the solution contained G4MB3-
b, ThT and Exo III after incubation with varying concentrations of SA (0, 0.1, 0.5, 1, 5, 10, 25, 50, 75,
100, 200 ng) (B) Fluorescence intensity of the solution contained G4MB3-b, ThT and Exo III after
incubation with varying concentrations of SA. Linear relation between the fluorescence intensity and
the concentration of SA. [G4MB3-b] = 100 nM; [ThT] = 6 µM; [Mg 2+ ] = 10 mM; [K + ] = 25 mM; Exo
III = 0.5 U. Table S1. Sequences of DNA probes used in this work.

Author Contributions: Conceptualization, H.Z.; methodology, J.Y.; software, J.X.; validation, J.Y.;
formal analysis, J.X.; investigation, J.Y.; resources, H.Z.; data curation, J.X.; writing—original draft
preparation, J.Y.; writing—review and editing, J.Y.; visualization, H.Z.; supervision, H.Z.; project
administration, J.Y.; funding acquisition, H.Z., J.Y. and J.X. All authors have read and agreed to the
published version of the manuscript.

Funding: We are grateful to the National Natural Science Foundation of China (Grants No. 21864004),
Fundamental Research Funds for the Education Department of Jiangxi Province (Grant No. GJJ201430,
No. GJJ201444) for their financial support of this work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no competing financial interest.

References
1. Pandey, A.; Mann, M. Proteomics to study genes and genomes. Nature 2000, 405, 837–846. [CrossRef]
2. Zhang, L.X.; Cao, Y.R.; Xiao, H.; Liu, X.P.; Liu, S.R.; Meng, Q.H.; Fan, L.Y.; Cao, C.X. Leverage principle of retardation signal in

titration of double protein via chip moving reaction boundary electrophoresis. Biosens. Bioelectron. 2016, 77, 284–291. [CrossRef]
[PubMed]

3. Hu, Y.F.; Cheng, K.; He, L.C.; Zhang, X.; Jiang, B.; Jiang, L.; Li, C.G.; Wang, G.; Yang, Y.H.; Liu, M.L. NMR-based methods for
protein analysis. Anal. Chem. 2021, 93, 1866–1879. [CrossRef]

4. Ju, Y.Y.; Zhang, Y.; Zhao, H.Y. Fabrication of polymer-protein hybrids. Macromol. Rapid Commun. 2018, 39, 1700737–1700754.
[CrossRef]

5. Faust, H.J.; Sommerfeld, S.D.; Rathod, S.; Rittenbach, A.; Banerjee, S.R.; Tsui, B.M.W.; Pomper, M.; Amzel, M.L.; Singh, A.;
Elisseeff, J.H. A hyaluronic acid binding peptide-polymer system for treating osteoarthritis. Biomaterials 2018, 183, 93–101.
[CrossRef] [PubMed]

6. Wu, Y.P.; Chew, C.Y.; Li, T.N.; Chung, T.H.; Chang, E.H.; Lam, C.H.; Tan, K.T. Target-activated streptavidin-biotin controlled
binding probe. Chem. Sci. 2018, 9, 770–776. [CrossRef] [PubMed]

7. Saito, S.; Koya, Y.; Kajiyama, H.; Yamashita, M.; Kikkawa, F.; Nawa, A. Folate-appended cyclodextrin carrier targets ovarian
cancer cells expressing the proton-coupled folate transporter. Cancer Sci. 2020, 111, 1794–1804. [CrossRef]

8. Li, N.; Liu, N.; Xiang, M.H.; Liu, J.W.; Yu, R.Q.; Jiang, J.H. Proximity-induced hybridization chain assembly with small-molecule
linked DNA for single-step amplified detection of antibodies. Chem. Commun. 2019, 55, 4387–4390. [CrossRef]

9. Liu, G.L.; Li, J.J.; Feng, D.Q.; Zhu, J.J.; Wang, W. Silver nanoclusters beacon as stimuli-responsive versatile platform for multiplex
DNAs detection and aptamer-substrate complexes sensing. Anal. Chem. 2017, 89, 1002–1008. [CrossRef]

10. Qin, X.Y.; Xu, Y.Y.; Zhou, X.; Gong, T.; Zhang, Z.R.; Fu, Y. An injectable micelle-hydrogel hybrid for localized and prolonged drug
delivery in the management of renal fibrosis. Acta Pharm. Sin. B 2021, 11, 835–847. [CrossRef] [PubMed]

11. Perkins, K.R.; Atilho, R.M.; Moon, M.H.; Breaker, R.R. Employing a ZTP riboswitch to detect bacterial folate biosynthesis
inhibitors in a small molecule high-throughput screen. ACS Chem. Biol. 2019, 14, 2841–2850. [CrossRef]

12. Wambaugh, M.A.; Shakya, V.P.S.; Lewis, A.J.; Mulvey, M.A.; Brown, J.C.S. High-throughput identification and rational design of
synergistic small-molecule pairs for combating and bypassing antibiotic resistance. PLoS Biol. 2017, 15, e2001644. [CrossRef]

http://doi.org/10.1038/35015709
http://doi.org/10.1016/j.bios.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26414025
http://doi.org/10.1021/acs.analchem.0c03830
http://doi.org/10.1002/marc.201700737
http://doi.org/10.1016/j.biomaterials.2018.08.045
http://www.ncbi.nlm.nih.gov/pubmed/30149233
http://doi.org/10.1039/C7SC04014H
http://www.ncbi.nlm.nih.gov/pubmed/29629147
http://doi.org/10.1111/cas.14379
http://doi.org/10.1039/C9CC01654F
http://doi.org/10.1021/acs.analchem.6b04362
http://doi.org/10.1016/j.apsb.2020.10.016
http://www.ncbi.nlm.nih.gov/pubmed/33777685
http://doi.org/10.1021/acschembio.9b00713
http://doi.org/10.1371/journal.pbio.2001644


Molecules 2021, 26, 2962 9 of 9

13. Zhao, C.Q.; Qin, G.; Niu, J.S.; Wang, Z.; Wang, C.Y.; Ren, J.S.; Qu, X.G. Targeting RNA G-quadruplex in SARS-CoV-2: A promising
therapeutic target for COVID-19? Angew. Chem. Int. Ed. 2021, 60, 432–438. [CrossRef]

14. Summers, P.A.; Lewis, B.W.; Garcia, J.G.; Porreca, R.M.; Lim, A.H.M.; Cadinu, P.; Pintado, N.M.; Mann, D.J.; Edel, J.B.;
Vannier, J.B.; et al. Visualising G-quadruplex DNA dynamics in live cells by fluorescence lifetime imaging microscopy. Nat.
Commun. 2021, 12, 162–173. [CrossRef] [PubMed]

15. Xi, H.; Juhas, M.; Zhang, Y. G-quadruplex based biosensor: A potential tool for SARS-CoV-2 detection. Biosens. Bioelectron.
2020, 167, 112494–112504. [CrossRef] [PubMed]

16. Rajendran, A.; Endo, M.; Hidaka, K.; Sugiyama, H. Direct and single-molecule visualization of the solution-state structures of
G-hairpin and G-triplex intermediates. Angew. Chem. Int. Ed. 2014, 53, 4107–4112. [CrossRef]

17. Gray, R.D.; Buscaglia, R.; Chaires, J.B. Populated intermediates in the thermal unfolding of the human telomeric quadruplex.
J. Am. Chem. Soc. 2012, 134, 16834–16844. [CrossRef]

18. Xu, C.; He, X.Y.; Peng, Y.; Dai, B.S.; Liu, B.Y.; Cheng, S.X. Facile strategy to enhance specificity and sensitivity of molecular
beacons by an aptamer-functionalized delivery vector. Anal. Chem. 2020, 92, 2088–2096. [CrossRef] [PubMed]

19. Zhou, H.; Wu, Z.F.; Han, Q.J.; Zhong, H.M.; Peng, J.B.; Li, X.; Fang, X.L. Stable and label-free fluorescent probe based on G-triplex
DNA and thioflavin T. Anal. Chem. 2018, 90, 3220–3226. [CrossRef] [PubMed]

20. Lee, H.J.; Wark, A.W.; Goodrich, T.T.; Fang, S.P.; Corn, R.M. Surface enzyme kinetics for biopolymer microarrays: A combination
of Langmuir and Michaelis-Menten concepts. Langmuir 2005, 21, 4050–4057. [CrossRef] [PubMed]

21. Mohanty, J.; Barooah, N.; Dhamodharan, V.; Harikrishna, S.; Pradeepkumar, P.I.; Bhasikuttan, A.C. Thioflavin T as an efficient
inducer and selective fluorescent sensor for the human telomeric G-quadruplex DNA. J. Am. Chem. Soc. 2013, 135, 367–376.
[CrossRef]

22. Chen, C.H.; Xiang, X.; Liu, Y.F.; Zhou, G.H.; Ji, X.H.; He, Z.K. Dual-color determination of protein via terminal protection of
small-molecule-linked DNA and the enzymolysis of exonuclease III. Biosens. Bioelectron. 2014, 58, 205–208. [CrossRef] [PubMed]

23. Zhou, G.H.; Zhang, X.; Ji, X.H.; He, Z.K. Ultrasensitive detection of small molecule-protein interaction via terminal protection of
small molecule linked DNA and Exo III-aided DNA recycling amplification. Chem. Commun. 2013, 49, 8854–8856. [CrossRef]
[PubMed]

24. Masters, J.R. HeLa cells 50 years on: The good, the bad and the ugly. Nat. Rev. Cancer. 2002, 2, 315–319. [CrossRef] [PubMed]
25. Mansoori, G.A.; Brandenburg, K.S.; Zadeh, A.S. A comparative study of two folate-conjugated gold nanoparticles for cancer

nanotechnology applications. Cancers 2010, 2, 1911–1928. [CrossRef]

http://doi.org/10.1002/anie.202011419
http://doi.org/10.1038/s41467-020-20414-7
http://www.ncbi.nlm.nih.gov/pubmed/33420085
http://doi.org/10.1016/j.bios.2020.112494
http://www.ncbi.nlm.nih.gov/pubmed/32791468
http://doi.org/10.1002/anie.201308903
http://doi.org/10.1021/ja307543z
http://doi.org/10.1021/acs.analchem.9b04596
http://www.ncbi.nlm.nih.gov/pubmed/31855408
http://doi.org/10.1021/acs.analchem.7b04666
http://www.ncbi.nlm.nih.gov/pubmed/29378390
http://doi.org/10.1021/la046822h
http://www.ncbi.nlm.nih.gov/pubmed/15835973
http://doi.org/10.1021/ja309588h
http://doi.org/10.1016/j.bios.2014.02.060
http://www.ncbi.nlm.nih.gov/pubmed/24637170
http://doi.org/10.1039/c3cc43621g
http://www.ncbi.nlm.nih.gov/pubmed/23964359
http://doi.org/10.1038/nrc775
http://www.ncbi.nlm.nih.gov/pubmed/12001993
http://doi.org/10.3390/cancers2041911

	Introduction 
	Experimental Section 
	Results and Discussion 
	Conclusions 
	References

