Showcasing research on G-quadruplex based aptasensing
approaches for the detection of human angiotensinogen
protein from Professor Yang Zhang's laboratory, College
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Fluorescence detection of the human angiotensinogen
protein by the G-quadruplex aptamer

As an important part of the renin-angiotensin system (RAS),
angiotensinogen (AGT) is a precursor of angiotensin, which
can be potentially used as a biomarker of diseases with RAS
alterations. AGT is closely related to angiogenesis-dependent
diseases, such as cancers, cardiovascular diseases, and
hypertension.

In this work, two simple but effective biosensing approaches
based on the G-quadruplex aptamer were developed for the
fluorescence detection of human AGT protein.
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Noncanonical G-quadruplex nucleic acid structures can be used as probes in biosensors for the detection
of metal ions, proteins and nucleic acids. Angiotensinogen (AGT) is a glycosylated globulin found in
serum, which can regulate blood pressure and body fluid homeostasis. AGT is an important part of the
renin—angiotensin system (RAS) and can be potentially used as a biomarker of diseases with RAS altera-
tions. G-quadruplex based biosensors can detect targets with high accuracy and speed and low cost.
Employing the magnetic bead enrichment method we constructed a reliable and efficient fluorescent
biosensor platform for G-quadruplex based detection of the human AGT protein. The primary antibody in
our biosensor is recognized by fluorescently labeled secondary antibodies, which leads to the detection
of AGT captured by the G-quadruplex aptamer coupled magnetic beads. This G-quadruplex based fluor-
escent biosensor designed with a detection limit of 5 x 107> mg mL™ was used for the successful detec-
tion of AGT at the cellular level. Our G-quadruplex based fluorescent biosensor will contribute to the
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1. Introduction

Angiotensin is a vasoconstrictive peptide, which regulates the
secretion of aldosterone. It is an important part of the renin-
angiotensin system (RAS).! Angiotensinogen (AGT) catalyzed
by the renin enzyme forms angiotensin I (Ang I), which in turn
is coverted to angiotensin II (Ang II) by the angiotensin con-
verting enzyme (ACE). AGT and Ang II regulate blood pressure
and corresponding physiological responses.”> AGT and Ang II
are also closely related to angiogenesis, alterations in which
cause a variety of pathological states, including ischemic heart
disease,” peripheral arterial occlusive disease,® cancer,” and
nervous system disease.® Genetic mutations in AGT also lead
to susceptibility to essential hypertension, and renal tubular
dysgenesis, respectively.”®

The rapid spread of SARS-CoV-2 represents a threat to
public health. Sequencing and structure analysis of
SARS-CoV-2 led to a better understanding of its interaction
with angiotensin converting enzyme 2 (ACE 2), which is closely
related to angiotensin.”’® As there are only a few methods
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more reliable and efficient detection of AGT.

available for the detection of angiotensin and AGT, novel bio-
sensors can contribute greatly to reliable and efficient AGT
detection.

Molecular biology advances, such as the Human Genome
Project revealed that DNA and RNA do not only store and trans-
mit genetic information, but also interact with other sub-
stances by changing their own spatial structures.'>* Nucleic
acid aptamer is an ideal molecular recognition element for
biosensors'® with a number of advantages, such as easy modi-
fication and synthesis in vitro, and low price.

G-quadruplex is a noncanonical spatial structure of nucleic
acids rich in guanine."*™'® G-quadruplex has many character-
istics suitable for biosensors. These include thermodynamic
and chemical stability, non-immunogenicity, high target inter-
action specificity, ease of manufacture and storage, and
unique  folding  properties leading to  different
conformations.”””*® It can be used as an unlabeled signal
probe molecule for the detection of metal ions, organic macro-
molecules, nucleic acids, peptides, etc.'>**>!

The advantages of the G-quadruplex based biosensor
include high accuracy, speed and low cost of detection and
quantitative analysis of substances.””> We have previously
reported Cell-SELEX-based identification of a G-quadruplex
forming DNA aptamer (C20-4 min).>*** C20-4 min was
screened from the SELEX Library, 5-ATCCAGAGTGACG-
CAGCA-40N-TGGACACGGTGGCTTAGT-3' (N represents a
random sequence). C20-4 sequence 5-GGGTGGGGGGGTGG-3'
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conforms to the general sequence formula of the G-quadruplex
structure: G(»2)NxG(>2)N,G>2)N.G(>2) (N is the nucleotide, and
x,y and z can be different numbers).** Bioinformatics analysis
of the transcriptome showed interactions between
G-quadruplex aptamer C20-4 min and AGT. G-quadruplex was
shown to upregulate the gene expression of AGT,** thus
suggesting that C20-4 min may regulate the function of AGT.
Therefore, we set out to explore the potential of the
G-quadruplex forming aptamer C20-4 min as a biorecognition
element in the biosensor for AGT detection.

Biosensors convert bioactive expression signals into easy to
observe electrical®®> and optical signals.*® The fluorescence
signal reading method is universal, sensitive, efficient and
simple without sample fixation.>” The fluorescence signal
change is reflected in the quenching or the enhancement of
the fluorescence signal, as well as in the shift of spectral
characteristic wavelength.>® Fluorescence signal change is
measured after binding to the target substance, thus allowing
engineering of a fluorescence sensing platform.>

In this work, we set out to develop a G-quadruplex based
fluorescent biosensor for the detection of AGT. First, we identi-
fied the G-quadruplex aptamer which interacts strongly with
AGT and used fluorescence specific lighting to verify that the
screened aptamer was indeed a G-quadruplex structure. Then,
we employed the principle of biotin-streptavidin interaction
for enrichment,®® and used biotin modified aptamers as
probes to capture AGT. Using the antigen-antibody inter-
action,®® we constructed the system composed of “Dynabeads/
G-quadruplex/AGT/primary antibody/fluorescence labeled sec-
ondary antibody”. We showed that the fluorescently labeled
secondary antibody can detect the primary antibody by visible
fluorescent signal and indirectly detect the target substance.
Our G-quadruplex-based system can be used for the fluo-
rescence detection of human AGT.

2. Experimental section

2.1. Reagents and materials

Phosphate buffered saline (PBS), Dynabeads™ M-270 streptavi-
din, Dynabeads™ protein G, angiotensinogen recombinant
rabbit monoclonal antibody (primary antibody), goat anti-
rabbit IgG (H + L) highly cross-adsorbed secondary antibody,
Alexa Fluor Plus 488 (secondary antibody), Pierce® IP lysis
buffer Pierce™ IP were used. The concentrations of
Dynabeads™ M-270 streptavidin (stored at 4 °C) and
Dynabeads™ protein G (stored at 4 °C) were 10 mg mL™" and
30 mg mL™, respectively. The concentrations of the primary
antibody (stored at —20 °C) and secondary antibody (stored at
4 °C) were 1 mg mL~" and 2 mg mL™", respectively. 1 x TE
buffer  was purchased from Sangon Biotech.
N-Methylporphyrin dipropionic acid IX (NMM) was purchased
from J&K Scientific. 2 mM NMM stock solution was stored at
—20 °C. Bovine serum albumin (BSA) was purchased from
BioFroxx. Recombinant human angiotensinogen protein (AGT)
was purchased from Abcam. AGT is a full-length protein
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expressed by HEK 293 cells with a molecular weight of 51 kDa.
AGT was resuspended in 200 pL of deionized water to prepare
0.5 mg mL™" stock solution (stored at —80 °C). HUVEC, com-
plete media with 0.25% trypsin-EDTA was used. Aptamers
were purchased from Thermo Fisher Scientific and purified by
HPLC. The stock solutions of aptamers (100 uM) were dis-
solved in TE buffer and stored at —20 °C. Aptamers and their
sequences are shown in Table 1.

2.2. NMM specific lighting G-quadruplex

Specific binding of NMM with parallel G-quadruplex (but not
with trimer, dimer and single chain) produces strong fluo-
rescence. The fluorescence spectrometer parameters were set
as follows: excitation 399 nm, emission 610 nm and slit length
10 nm.>> NMM stock solution was diluted to optimize the con-
centration of fluorescent reporter molecules. NMM and
different concentrations (0.001-0.5 pM) of C20-4 min and its
mutant nucleic acid were dissolved in PBS for fluorescence
detection.

2.3. Microscale thermophoresis (MST) to characterize the
potential binding ability of G-quadruplex and AGT

MST is used to analyze the interaction between biomolecules
(proteins, RNA, DNA, small molecules and ions).>* AGT was
expressed and purified as a binding target. A series of concen-
tration titration of the AGT protein were prepared by quantify-
ing the dissociation constant of nucleic acid aptamer. The
intermolecular binding affinity K4 was automatically calculated
from the NanoTemper binding curve in MST.>* Proteins
without fluorescence signals were detected by DNA aptamers
labeled with fluorescein isothiocyanate (FITC). The interaction
between G-quadruplex and AGT was measured by MST. MST
assays were carried out on an instrument (NanoTemper) using
the ‘nano-blue’ channel. AGT with gradient concentrations
(0.00762939-250 nM) was mixed with C20-4 min-FITC and
NC-FITC (4 nM) in PBS. The samples were incubated at room
temperature in the dark for 30 min, and analyzed by MST. The
data were fitted by NanoTemper for the analysis of K.

Table 1 Aptamers used in this study

Aptamer Sequence (5" — 37)
C20-4 min 5-GGGTGGGGGGGTGG-3'
C20-1&3 min 5-GGGTGGGTGGGTGG-3’

5'-GGGTGTGGGTGTGG-3'
5-GGGTGTGTGTGTGG-3'
5-GTGTGTGTGTGTGT-3'
5-FITC-GGGTGGGGGGGTGG-3'
5'-FITC-ATGCATGCATGCAT-3’
5'-Biotin-GGGTGGGGGGGTGG-3'
5"-Biotin-GGGTGGGTGGGTGG-3'
5'-Biotin-GGGTGTGGGTGTGG-3'
5'-Biotin-GGGTGTGTGTGTGG-3'
5'-Biotin-GTGTGTGTGTGTGT-3'
5'-Biotin-ATGCATGCATGCAT-3'
5'-Biotin-ATGCATGCATGCAT-FITC-3'

2T mutation

3T mutation

GT mutation

C20-4 min-FITC
NC-FITC

C20-4 min-biotin
C20-1&3 min-biotin
2T mutation-biotin
3T mutation-biotin
GT mutation-biotin
NC-biotin
Biotin-C20-4 min-FITC
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2.4. Construction of the G-quadruplex based detection
system employing magnetic bead enrichment

The nucleic acid concentration was optimized and enriched by
Dynabeads. The Dynabeads bottle was first mixed by vortex
and 10 pL Dynabeads-streptavidin were taken for the sub-
sequent steps. Following magnetic frame adsorption, the
supernatant was removed, and washed twice with PBS. Next,
gradient concentrations (10"°~1 pM) of Biotin-C20-4 min-FITC
were added. Samples without DNA aptamer were used as a
blank control. The mixture was incubated on a vertical mixer
for 1 h. Following magnetic frame adsorption, the supernatant
was removed, washed 3 times with PBS, and the unbound
nucleic acid was removed. The microplate reader parameters
for the detection of the fluorescence of Dynabeads were set as
follows: excitation wavelength of 485/20 nm and emission
wavelength of 528/20 nm.

AGT was detected based on magnetic bead enrichment.
According to the above steps, the “Dynabeads/aptamer” system
was constructed. Gradient concentrations of AGT
(0.00005-0.001 mg mL™") were added. Samples without AGT
were used as the blank control. The mixture was incubated for
1 h and the above steps were repeated to wash and remove the
unbound protein. The primary antibody (0.001 mg mL™",
1:1000 dilution) was added and incubated for 1 h. The above
steps were repeated to remove the redundant primary anti-
body. Secondary antibody (0.002 mg mL™", 1:1000 dilution)
was added and incubated for 1 h. The above steps were
repeated to remove excess fluorescence of the secondary anti-
body. A microplate reader was used to detect the fluorescence
of Dynabeads and to analyze the affinity of G-quadruplex to
AGT. In the negative control, AGT was replaced with BSA.

2.5. AGT detection at the cellular level using the
G-quadruplex based fluorescent biosensor

The native form of the AGT protein was extracted from human
umbilical vein endothelial cells (HUVEC).>> HUVEC were
grown in the culture medium (90%DMEM + 10%FBS). The
cells were then lysed using lysis buffer (25 mM Tris-HCl pH
7.4, 150 mM NacCl, 1% NP-40, 1 mM EDTA, 5% glycerol, 1 x
Halt™ Phosphatase Inhibitor Single-Use Cocktail) and incu-
bated on ice for 5 min. The lysate was transferred to a micro-
centrifuge tube and centrifuged at 13 000g and 4 °C for
10 min. The supernatant was transferred to a new test tube for
protein concentration determination. The total protein con-
centration of HUVEC cell extraction is approximately 1100 pg
mL~?, which is determined by the bicinchoninic acid (BCA)
assay. The magnetic beads were incubated with angiotensino-
gen antibody (IgG antibody) for 30 min, and the magnetic
beads were washed to remove unbound antibodies. The cell
lysate was added and incubated for 30 min, and the magnetic
beads were washed to remove the unbound protein. C20-
4 min-FITC was then incubated with the bead system for
30 min, and then washed to remove the unbound probe.
NC-FITC was used as the negative control. The fluorescence
signal was detected using a microplate reader.
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3. Results and discussion
3.1. Interaction between the G-quadruplex aptamer and AGT

MST was performed to investigate the interaction between the
G-quadruplex (C20-4 min) aptamer and the AGT protein and to
analyze potential binding events. The aptamer NC was used as
the negative control. Dissociation constants of the AGT protein
were quantified with C20-4 min and NC. A titration series of
AGT (0.00762939-250 nM) with constant concentrations of
C20-4 min-FITC and NC-FITC (4 nM) was prepared. At
different AGT concentrations, the fluorescence signal of the
DNA aptamer after standardized treatment forms a binding
curve for Ky fitting.>® The smaller the equilibrium dissociation
constant (Kg), the greater the affinity between molecules, and
the less likely it is to dissociate.’” Ky is calculated automati-
cally according to the binding, and the curve is fitted by
NanoTemper analysis in MST. The fitting formula of the K4
model is as follows:

f(c) =unbound + (bound — unbound)

2
¢+ Ctarget + Kq — \/(C + Ctarget + Kd) _4cctarget (1)
X

2Ctarget

C20-4 min/AGT and NC/AGT values are 2.3865 + 1.7198 X
10~° M (Fig. 1A) and 1.1710 + 0.8896 x 10”7 M (Fig. 1B). The
Ky(c20-4 min) is significantly lower than Kqnc), indicating that
the C20-4 min G-quadruplex aptamer can bind to AGT with
high affinity, but not NC. This analysis shows that the C20-
4 min aptamer can be used as a signal recognition element for
the detection of AGT. Three groups of experiments performed
in parallel confirmed that Kyc20-4 min) < Kane) (Fig. 1C).

3.2. Construction of the N-methylporphyrin dicarboxylic acid
IX (NMM)/G-quadruplex “signal on” fluorescent probe

NMM is a water-soluble asymmetric porphyrin with excellent
optical properties. NMM shows high fluorescence and energy
levels in organic solvents. The fluorescence of NMM in
aqueous solution is very low. Water can quench the fluo-
rescence of NMM by reducing the energy level of NMM, thus
allowing an easy non radiative transition. A red shift occurs at
higher concentrations.>> The NMM/G-quadruplex illuminated
fluorescent probe can be designed to confirm the
G-quadruplex structure of the selected aptamers. The fluo-
rescence excitation wavelength is 399 nm and the strongest
emission peak wavelength is 610 nm.*>*® This system has
excellent selectivity for G-quadruplex, while aptamers with
other structures do not have this property. Based on this speci-
ficity, NMM/G-quadruplex “signal on” fluorescent probes can
be designed. NMM itself has weak fluorescence, and excessive
concentration will produce a large background signal, there-
fore the NMM dosage needs to be optimized. The optimum
reaction concentration of NMM was determined to be 0.6 pM
using an enzyme labeling instrument and a fluorescence
spectrometer (ESI and Fig. S17).

Fig. 2A shows the principle of the specific lighting effect of
NMM on G-quadruplex. The sequence of C20-4 min conforms

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2an01057g

Published on 03 August 2022. Downloaded on 11/5/2022 9:46:06 PM.

Analyst
A
L]
1.0 . .
. L]

— 0] C20-4 minAGT o
2 Kq=2.386521.7198E-09 M, ‘
5 0.6
=3 .
=]
= 041
=}
=
§ 0.2 . B_a
m L]

0.0 .

il y il Y oy r T
1E-12 1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5
Concentration of AGT (M)

View Article Online

Paper

B

104 °® o

NC/AGT /

= 089 K,=1.1710+0.8896E-07 M /
E

0.6 /
E . LI . //
= 0.4- . o* )

. /

=] poe®
£
9 0.2 . .
S

0.0 —

il my il Y y il .y
1E-12 1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5
Concentration of AGT (M)

1.0548E-7

C
1.5E-7
1.0E-7
~~
g
N~
5.0E-8
seskskosk
2.5040E-9
0.0
C20-4 min

Fig. 1 Interaction between AGT and C20-4 min or NC aptamers. (A) MST analysis of the dose—response curve of the binding between AGT and
C20-4 min aptamer. (B) MST analysis of the dose—response curve of the binding between AGT and NC aptamer. (C) Interaction between nucleic
acid aptamers and AGT (average Kqc20-4 mim = 2.5043 + 0.1089 x 107°%; average Kync) = 1.0548 + 0.1018 x 1077; n = 3). Numbers represent mean

and standard errors from three independent replicates (****P < 0.0001).

to the general formula of single molecule G-quadruplex,
G2)N:G>2)NyG>2)N,G(»2), thus suggesting that C20-4 min
forms a G-quadruplex structure. Combining NMM and C20-
4 min (0.01-0.5 pM) in PBS led to the enhancement of the fluo-
rescence signal. The curve of the change of signal intensity
with the concentration of G-quadruplex shows that the fluo-
rescence intensity increases with the increase of concentration
(ESI and Fig. S1Ef). NMM/C20-4 min is a “signal on” fluo-
rescent probe, thus proving that C20-4 min has a parallel
G-quadruplex conformation. C20-4 min related nucleic acids
with point mutations include C20-1&3 min; 2T mutation; 3T
mutation and GT mutation. Modifications of their concen-
tration have an effect on the fluorescence of the NMM system
(AF = Fummyaptamer — Fravinty Fummyaptamer 18 the fluorescence of
NMM after binding to the aptamer; Fyyy is the background
fluorescence value of NMM) (n = 3, RSD < 5%) (Fig. 2B). The
system’s fluorescence increases with increasing DNA concen-
tration. Notably, each mutation has different effects on NMM.
The level of fluorescence enhancement is as follows: C20-
4 min ~ C20-1&3 min > 2T mutation > 3T mutation > GT
mutation. This indicates that the greater the degree of
mutation, the stronger disruption effect on the structure of
parallel G-quadruplex. Metal ions affect the formation of the
G-quadruplex structure. K" promotes the formation of a paral-

This journal is © The Royal Society of Chemistry 2022

lel G-quadruplex, while Li* is not conducive to the formation
of G-quadruplex (Fig. 2C).

We construct the NMM/C20-4 min label-free “signal on”
fluorescent probe to study its detection on AGT. When NMM
and C20-4 min are combined with AGT (0.001-0.00005 mg
mL™") in PBS, the fluorescence intensity remains unchanged,
and the detection is unsuccessful (Fig. 2D). The fluorescence
intensity does not change with the changes of AGT concen-
trations. This can be caused by NMM occupying the binding
site of the G-quadruplex. Consequently, the protein cannot
bind or the protein binds to other sides of the G-quadruplex.
AGT has no effect on the whole fluorescence system, therefore
AGT cannot be detected directly by the NMM/G-quadruplex
probe.

3.3. Detection of AGT by magnetic bead enrichment based
on the G-quadruplex aptamer

Because the NMM/G-quadruplex fluorescent probe system
cannot detect AGT directly as shown above, we used instead
the magnetic bead enrichment method. The detection prin-
ciple of the magnetic bead enrichment method is shown in
Fig. 3A. Due to the biotin-streptavidin interaction, Dynabeads—
streptavidin captures biotin-labeled aptamers. MST experiment
shows that the G-quadruplex aptamer can bind to AGT thus

Analyst, 2022,147, 4040-4048 | 4043
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Fig. 2 (A) The mechanism of NMM “light on” G-quadruplex. (B) Analysis of the fluorescence intensity of different nucleic acids lighted by NMM. (C)
The effect of metal ions on G-quadruplex (C20-4 min). Fluorescence intensity of the NMM/C20-4 min fluorescence system in different monovalent
cation buffer solutions. (D) Detection of AGT using the NMM/G-quadruplex fluorescent probe. Bar chart shows the fix concentration of AGT
detected by NMM/C20-4 min (n = 3, RSD < 5%). The line chart shows the relationship between the fluorescence intensity of NMM/C20-4 min and

concentrations of AGT.

allowing the formation of the “Dynabeads/G-quadruplex/AGT”
system. The G-quadruplex coupled beads bound AGT can be
recognized by AGT monoclonal antibody. Combined with
fluorescently labeled secondary antibodies, AGT was detected
and quantified indirectly.

The binding ability between magnetic beads and biotin
modified nucleic acid, and the concentration of biotin labeled
nucleic acid adsorbed by magnetic beads was analyzed.
Magnetic beads (10 uL) and biotin-C20-4 min-FITC (10~%-1 uM)
were incubated for 1 h. Magnetic beads reached saturation at
an aptamer concentration of 10 nM. Therefore, we chose the
amount of magnetic beads to be 10 pL in subsequent experi-
ments, and the optimal concentration of nucleic acid aptamer
was 10 nM. (Fig. 3B).

The specificity of the interaction between nucleic acid and
AGT was analyzed. MST experiments show that AGT can be
specifically recognized by C20-4 min. The increased mutation
level leads to the destruction of the structure of the
G-quadruplex and potential reduction of its target binding
ability. Different aptamers were selected as capture probes on
enriched magnetic beads, namely C20-4 min-Biotin, C20-
1&3 min-Biotin, 2T mutation-Biotin, 3T mutation-Biotin, GT
mutation-Biotin, and NC-Biotin. Samples without the aptamer

4044 | Analyst, 2022, 147, 4040-4048

were used as the blank control. The detection system was con-
structed to capture AGT. The concentration of AGT used was
0.001 mg mL~". AGT was shown to bind with C20-4 min with
high specificity, thus generating strong fluorescence signals.
The fluorescence intensity decreased with the increased
mutation degree (Fig. 3C). The destruction of the
G-quadruplex and reduction of its binding ability with AGT
suggest that G-quadruplex aptamers capture AGT due to their
spatial structures.

Detection limit of the magnetic bead enrichment method
for detecting AGT based on G-quadruplex C20-4 min was ana-
lyzed. A series of AGT concentrations, 0.001 mg mL™",
0.0005 mg mL™", 0.00025 mg mL™", 0.0001 mg mL™", and
0.00005 mg mL™", were used. The samples without AGT were
used as the blank control. Increasing the AGT concentration
led to an increase of the AGT protein bound to the magnetic
beads and higher fluorescence intensity (Fig. 3D). The relation-
ship between the relative fluorescence intensity and AGT con-
centration is F = 2.538E7Cxgr + 14 586 (R> = 0.96624). When
the signal-to-noise ratio is 3 (S/N = 3), the detection limit LOD
is 5 x 10 mg mL™" (9.8 x 107*° M). The molecular weight of
AGT is 51 kDa. There are very few methods available for detect-
ing AGT, and the biosensor-based detection of AGT has never

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Schematic diagram of the magnetic bead enrichment method. (1) Streptavidin modified magnetic beads were used to capture biotin
labeled aptamers; (2) target protein AGT was added, and G-quadruplex aptamer captured AGT onto the magnetic beads; (3) AGT monoclonal anti-
body was added to the system to bind with AGT; and (4) fluorescent secondary antibody was added to detect AGT. In each step, free substances in
the solution were removed by washing with PBS. (B) Determination of the optimal concentration of biotin labeled aptamers adsorbed by magnetic
beads. Analyzed concentrations of biotin-C20-4 min-FITC: 1 M, 1072 uM, 10™* uM, 107 uM, 1078 uM, 0 uM. (C) Detection of AGT by different apta-
mers (C20-4 min-biotin, C20-183 min-biotin, 2T mutation-biotin, 3T mutation-biotin, GT mutation-biotin, and NC-biotin; *P < 0.05, ****p <
0.0001). (D) The linear relationship of the target protein based on the G-quadruplex. LODacn = 5 x 107> mg mL™ (9.8 x 1072 M) (S/N = 3). (E)
Specificity of the G-quadruplex based AGT biosensor (Abl: primary antibody; Ab2: secondary antibody; ****P < 0.0001).

been reported. Suzaki et al. developed an enzyme linked
immunosorbent assay (ELISA) for AGT detection.>®* Compared
to traditional ELISA, our method has a number of advantages.
Besides providing a new detection platform for detecting AGT,
the operation of our method is very simple and straight-

This journal is © The Royal Society of Chemistry 2022

forward. In addition, aptamers have many advantages, such as
easy in vitro synthesis, small size, low price, and easy
modification.

Next, we explored the specificity of the magnetic bead
enrichment method for detecting AGT based on G-quadruplex
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and investigated whether antibodies and other proteins could
be affected by the modification of the composition of the mag-
netic bead system. The protein concentration was set as
0.001 mg mL~". Different systems were tested, including “C20-
4 min/BSA/primary antibody/secondary antibody”, “NC/BSA/
primary antibody/secondary antibody”, “C20-4 min/PBS/
primary antibody/secondary antibody”, “NC/PBS/primary anti-
body/secondary antibody”, “PBS/BSA/primary antibody/second-
ary antibody”, “PBS/AGT/primary antibody/secondary anti-
body”, “C20-4 min/AGT/primary antibody/secondary antibody”,
“NC/AGT/primary antibody/secondary antibody”, “C20-4 min/
AGT/PBS/secondary antibody”. As shown in Fig. 3E, only “C20-
4 min/AGT/primary antibody/secondary antibody” emitted
clear fluorescence signals, thus indicating that C20-4 min can
specifically capture and detect AGT. Control protein (BSA),
“C20-4 min/BSA/primary antibody/secondary antibody” and
“NC/BSA/primary antibody/secondary antibody” emitted only
background signals, thus confirming the high specificity of
this method. “C20-4 min/PBS/primary antibody/secondary
antibody” and “NC/PBS/primary antibody/secondary antibody”
showed that nucleic acid could not bind directly to the
primary antibody and secondary antibody. The G-quadruplex

View Article Online
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nucleic acid could capture only AGT, and the antibody used in
the system had no effect on the experimental result. “PBS/BSA/
primary antibody/secondary antibody” and “PBS/AGT/primary
antibody/secondary antibody” showed that magnetic beads
could not bind directly with proteins and capture proteins by
enriching aptamers. “NC/AGT/primary antibody/secondary
antibody” indicates that G-quadruplex C20-4 min has high
affinity to AGT. “C20-4 min/AGT/PBS/secondary antibody”
shows that the secondary antibody cannot directly bind to
AGT. The fluorescent secondary antibody can only bind with
the primary antibody through the antigen-antibody inter-
action to detect AGT indirectly.

The magnetic bead enrichment method can be used to
detect AGT based on G-quadruplex. The system can detect AGT
both qualitatively and quantitatively with good specificity and
high accuracy. This biosensor technology has therefore signifi-
cant potential in the diagnosis of diseases using the AGT as a
biomarker.

We successfully engineered a system for the fluorescence
detection of human AGT based on the G-quadruplex aptamer.
In order to improve the system’s sensitivity, the G-quadruplex
aptamers with stronger affinity to AGT can be screened or

Nonspecific protein

A
* kg \\(/ Antibody @ S FITC/G-quadruplex  @BAGT
Y e
Sz : < = - =T Removi
Add Add ~ | unbound
Antibody| Sample protein
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B
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Fig. 4 (A) Schematic diagram of detection of the native form of AGT protein by immunoprecipitation and the FITC labeled G-quadruplex aptamer.
(B) G-quadruplex aptamer can detect AGT in cells, while the negative control (NC) cannot. Error bars represent mean and standard errors from three

independent replicates (***P < 0.005).
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modified. In the future, the system can be further optimized to
shorten the detection time and to use other signal conversion
methods.

3.4. Detection of the native form of AGT in cells by the
G-quadruplex based fluorescent biosensor

Immunoprecipitation can separate and concentrate specific
proteins from thousands of different proteins.*® The principle
of protein detection by immunoprecipitation based on
G-quadruplex is shown in Fig. 4A. The Dynabeads-protein G
binding IgG antibody is used to enrich the AGT protein, and
fluorescence detection is achieved using the fluorescently
labeled aptamer. HUVEC were cultured and lysed to extract the
native form of the AGT protein from cells. The immunoprecipi-
tated AGT protein from cells was used for interaction with the
FITC labeled G-quadruplex aptamer. FITC labeled aptamer
C20-4 min produced a fluorescent signal (Fig. 4B), thus
showing that this G-quadruplex based fluorescent biosensor
can be used for the qualitative detection of AGT in cells. The
experiment conducted herein is a proof of the principle that
our newly developed aptamer-based biosensor could not only
detect recombinant protein but also the native form of the
AGT protein. However, testing the biosensor response to
different concentrations of native form of AGT and determin-
ing its limit of detection for native AGT are necessary and
should be investigated in future studies.

4. Conclusion

Biosensors represent promising tools for reliable and efficient
AGT detection. This work presents the successful fluorescence
detection of human AGT based on a G-quadruplex aptamer.
The G-quadruplex aptamers with high affinity for AGT were
screened, and the binding ability of the selected G-quadruplex
and its mutant sequences to AGT were characterized. A
sensing platform employing the fluorescence signal output for
detecting AGT based on G-quadruplex was constructed. NMM
was used to construct a specific label free fluorescent bio-
sensor and it was shown that it cannot detect AGT directly. A
fluorescent biosensor platform utilizing antigen-antibody
specific binding and magnetic bead enrichment based on the
G-quadruplex aptamer was therefore designed for efficient and
specific AGT detection. This novel biosensor exhibited strong
fluorescence signals, which allowed successful AGT protein
detection. Mutations led to the destruction of the
G-quadruplex structure and reduction of the binding to AGT.
The presented biosensor for AGT detection based on
G-quadruplex aptamer C20-4 min achieved LODgr) = 5 X 107
mg mL™". Increased AGT concentration led to the increased
quantity of the protein bound on the magnetic beads and
higher fluorescence intensity. The G-quadruplex aptamer-
based biosensor was also used for AGT detection at the cellular
level. In the future, the conditions can be optimized to further
improve the presented AGT detection biosensor platform. This
novel biosensor system has important clinical applications

This journal is © The Royal Society of Chemistry 2022
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and will contribute to the convenient and reliable detection of
AGT protein in different diseases.
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