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Fluorescence Anisotropy (FA) is an effective biochemical detection method based on molecular rotations.
Graphene oxide (GO) has been extensively used as an FA amplifier. However, the enhancement of FA by
GO alone is limited and the strong scattering of GO will easily make the measurement of FA inaccurate.
In order to address these problems, an octopus-like DNA nanostructure (ODN) was designed and coupled
with GO to enhance the FA together in this work. By mimicking the multi-clawed structure of the oc-
topus, the ODN can be adsorbed on GO tightly, which not only could improve the sensitivity because of
the double FA enhancement abilities of GO and ODN, but also could improve the specificity due to the
decrease of the nonspecific interaction in complex samples. Furthermore, ODN could maintain a certain
distance between the fluorophore and GO to reduce the fluorescence quenching efficiency of GO, which
could improve the accuracy. This method has been applied for the detection of hepatitis B virus DNA
(HBV-DNA) in a range of 1-50nmol/L and the limit of detection (LOD) was 330 pmol/L. In addition, the
proposed method has been successfully utilized to detect HBV-DNA in human serum, indicating that this

method has a great practical application prospect.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fluorescence Anisotropy (FA) is a powerful and attractive
molecular rotation based method for biosensing [1-4]. At the same
time, it is a ratio measurement that reflects intrinsic properties
of the fluorophore such as size, rotational diffusion, and lifetime
[5,6]. Compared with other fluorescence analysis methods, the FA
method is less sensitive to fluorescence fluctuations and photo-
bleaching [7-10]. Up to now, due to the advantages of automated
high-throughput capability, homogeneous and accuracy [6,11,12],
FA has been widely used to detect various targets including protein
[13,14], metal ions [15-18], small molecules [19-23], and nucleic
acid molecules [20,24,25]. It is also utilized to explore the inter-
actions between substances [26-29]. However, most methods are
limited by the small mass of the targets, leading to limited sensi-
tivities. Therefore, the selection of appropriate FA amplifier is the
focus and hotspot of FA research.
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Until now, a wide variety of materials have been used as FA sig-
nal enhancers, such as proteins [30,31], nucleotides [32,33], and in-
organic nanomaterials [22,24,25,34]. Graphene oxide (GO) is a two-
dimensional (2D) nanosheet that rotates much slowly than zero-
dimensional (OD) spherical nanoparticles with the same surface
area, making it an excellent FA amplifier [35,36]. Previously, our re-
search group successfully established a universal detection method
for biomolecules by using GO to enhance the FA signal [24]. By in-
directly immobilizing the fluorescent dye modified probe DNA on
GO through the double-stranded region of its hybridization with
a capture DNA fragment that contained poly-A,q tail [37-40], the
FA value was enhanced and the fluorescence quenching effect of
GO was inhibited [41,42]. However, there are still some shortcom-
ings in this method. Firstly, the single poly-A,; may leave away
from the surface of GO easily because of the competition from
biomolecules in complex samples, leading to the decrease of speci-
ficity. Secondly, the accumulation of a large amount of double-
stranded DNA on GO will lead to the increase of steric effects.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Illustration of working principle of HBV-DNA detection using ODN-GO amplified FA assay.

Thus, the attack of the target is difficult, which also reduces the
detection sensitivity.

In nature, octopus have eight sensitive arms and hundreds of
suckers on each arm to catch food tightly [43,44]. Inspired by this
natural phenomenon and in order to solve the problems existing
in previous GO amplified FA method, we established a new strat-
egy by using GO and octopus-like DNA nanostructure (ODN) to en-
hance FA together. Herein, DNA tetrahedron was designed to be the
body of an octopus, and the six poly-A,; extending from the three
vertices of the DNA tetrahedron are equivalent to the six claws of
the octopus. The six claws were attached tightly to the GO through
the - stacking [45,46]. At the same time, one of the remain-
ing vertices of the DNA tetrahedron extended a strand of ssDNA,
which was set up as the octopus’s mouth and paired with a Car-
boxytetramethylrhodamine (TAMRA) modified probe. Thus, we not
only took advantage of the rigid structure of ODN to avoid the flu-
orescence quenching effect of GO, but also limited the rotation of
TAMRA with the large mass (or volume) of ODN and GO to achieve
higher FA signal [47,48]. In this work, hepatitis B virus DNA (HBV-
DNA) was chosen as a proof-of-concept target. As a common liver
virus, HBV is an important cause of liver disease and a threat to
human health and public health [49,50]. Therefore, we set up a
simple and sensitive FA method to detect HBV-DNA by using the
proposed double FA enhancement strategy.

The detection principle was depicted in Scheme 1. The ODN
consisted of four oligonucleotides: S1, S2, S3, and S4. Meanwhile,
the partial sequence of S1 was designed as capture DNA (cDNA)
to hybridize with pDNA, while the rest of oligonucleotides con-
tain the poly-A,y to mobilization on the GO. In the absence of
HBV-DNA, pDNA hybridized with cDNA on the ODN structure. At
the same time, ODN was combined with GO through six poly-A,g.
Hence, a high FA was observed because the rotation of TAMRA was
limited by the GO and ODN, both of which equipped large masses
(or volumes). After the addition of HBV-DNA target, the HBV-DNA
hybridized with pDNA to form a double-stranded (dsDNA) struc-
ture through toehold-mediated strand exchange reaction and left
away from the surface of ODN and GO, resulting in a low FA signal
on account that TAMRA had a faster rotation rate in solution with
small mass of dsDNA. As a consequence, the decreased FA signal
was utilized to detect the HBV-DNA.

Firstly, the formation of ODN was confirmed with 12% native
polyacrylamide gel electrophoresis (PAGE). ODN was made up of
four oligonucleotides in Fig. 1a. The gel images (Fig. 1b) showed
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Fig. 1. Characterization of (a-c) ODN, (d-f) GO and (g-i) ODN-GO. (b, c¢) Image of
native PAGE (12%) analysis; M is marker. (e, h) AFM images. (f, i) the height profiles
of AFM images.

that the ODN moved more slowly than either the ssDNA or other
combinations of ssDNA strands. This result demonstrated that the
fabrication of the ODN was successful. In the meantime, it could be
clearly found that HBV-DNA could compete with cDNA and formed
a dsDNA with pDNA (Fig. 1c). In addition, the GO and ODN-GO
structure was characterized by AFM. The experimental results (Figs.
1d-i) showed that the thickness of the ODN-GO complex was larger
than that of GO, confirming the successful construction of ODN-
GO. At the same time, the successful couple of ODN and GO could
also be proved according to the variation of zeta potential in Fig.
S1 (Supporting information). As illustrated in Fig. S2 (Supporting
information), ODN-GO has good stability within three days of syn-
thesis, and is a stable FA amplification material.

In order to verify the capacity of GO and ODN to enhance FA
signal, the FA responses with/without HBV-DNA were investigated.
As illustrated in Fig. 2a, the Ar[rg (Ar=ry—r1, where ry is the FA
value in the absence of HBV-DNA, r is the FA value in the presence
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Fig. 2. Feasibility analysis of the strategy. (a) The change of r (Ar/ry) induced by
HBV-DNA with/without subsequent incubation with GO or ODN. (b) A schematic
representation of FA enhancement by the ODN-GO and dsDNA-GO. (c¢) FL inten-
sity measurements of TAMRA in the absence and presence of cDNA, ODN and GO.
(d) Comparison of the responses of the dsDNA-GO and ODN-GO. Each measure-
ment was triplicated (error bars indicate standard deviation). Concentrations: ODN,
50 nmol/L; pDNA, 50 nmol/L; GO, 14.0 pg/mL; HBV-DNA, 40 nmol/L.

of HBV-DNA) was lowest when both GO and ODN did not exist.
However, in the presence of GO or ODN, Ar/rg increased slightly.
When both GO and ODN existed, the Arfry was the highest. The
Arfrg enhanced by ODN-GO was about 2.5 times higher than that
of ssDNA alone, and approximately 2 times higher than that of GO
alone. Therefore, HBV-DNA could be sensitively detected through
the double FA amplification abilities of GO and ODN.

It is well known that GO can quench the fluorescence of flu-
orophore strongly through fluorescence resonance energy trans-
fer (FRET), which will reduce the accuracy of FA measurement.
Therefore, we previously designed a new strategy to immobilize
TAMRA modified probe DNA on GO indirectly through the double-
stranded region of its hybridization with a capture DNA. However,
the double-stranded DNA (dsDNA) was just supported by one poly-
Ay tail and the ds-DNA could swing on the surface of GO, which
would shorten the distance between TAMRA and GO and result in
the fluorescence quenching through FRET (Fig. 2b). As shown in
Fig. 2c, the fluorescence of TAMRA was quenched by GO obviously
even when the length of dsDNA was as long as 7.3 nm. In contrast,
although the distance between TAMRA and GO was only about
54nm in the presence of ODN, the fluorescence quenching abil-
ity of GO toward TAMRA was inhibited strongly. This phenomenon
could be ascribed to the more rigid structure of ODN than dsDNA,
which enables the ¢cDNA hybridization fragment on ODN to stand
upright. Thus, there was a fixed distance between TAMRA and GO
and avoid the FRET process between TAMRA and GO. Therefore,
ODN could improve the accuracy of FA measurement. Meanwhile,
ODN-GO will have higher sensitivity than dsDNA-GO because the
consistent favorable orientation of ODN avoids the possible space
crowding and electrostatic interaction [51]. At the same time, we
compared the FA enhancement ability of ODN-GO and dsDNA-GO,
and the experimental results (Fig. 2d) showed that the ODN-GO
had a stronger capacity to enhance FA. That's because the mass
(volume) of the ODN was much larger than that of dsDNA, which
greatly limited the motion of the TAMRA and improved the sensi-
tivity for target detection.

A series of experimental conditions involved in this study were
investigated to obtain the optimal performance for HBV-DNA de-
tection. Firstly, we investigated the effect of the concentration of
PBS buffer on the fluorescence intensity and r value of TAMRA
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Fig. 3. Optimization of the experimental conditions, including the concentrations of
GO (a), the number of poly-Ayo (b), the incubation times of ODN-GO complex (c),
the incubation temperatures of OND-GO complex (d), the reaction times after addi-
tion of HBV-DNA (e) and the reaction temperatures after addition of HBV-DNA (f).
Each measurement was triplicated (error bars indicate standard deviation). Concen-
trations: ODN, 50 nmol/L; pDNA, 50 nmol/L; HBV-DNA, 40 nmol/L; GO, 14.0 pg/mL.

modified on pDNA. As shown in Fig. S3 (Supporting information),
under different buffering concentration, the fluorescence intensity
and fluorescence anisotropy value of TAMRA are unchanged, indi-
cating that the buffer concentration has no effect on this work.
However, the hybridization of DNA requires a certain ion concen-
tration, so the PBS concentration we selected in our work is 1 x.
Then, the influence of the concentration of GO on the experiment
were explored. If the concentration of GO is too low, only a few
ODN will be adsorbed on GO, so the background signal of FA is
low. Nevertheless, if the concentration of GO is too high, the FA
values is easily affected by light scattering, resulting in reduced
accuracy. As shown in Fig. 3a, the value of Ar/[ry reached to maxi-
mum when the concentration of GO was 14 ug/mL.

Next, we analyzed the influence of the number of poly-Ayg
claws of ODN on the detection signal. If the number of poly-A,q
claw is small, the ODN could not be adsorbed on GO tightly, which
will reduce the detection signal. The experimental results con-
firmed that the more the poly-Ayy claws, the greater the r value
(Fig. 3b). Therefore, the ODN with six poly-A;q claws was utilized
for the following experiments.

Furthermore, the influences of the temperature and reaction
time of ODN and GO were investigated. With the extension of re-
action time, Ar/rg first increased and then reached its maximum
value at 60 min (Fig. 3c). When reaction time was too short, the
“claws” of ODN did not have time to fix tightly on GO. Instead,
when the reaction time became longer, GO would aggregate, re-
sulting in small Ar because of the strong scattering effect. Fig.
3d showed that the optimal reaction temperature of ODN and GO
was 25°C, rather than 37°C. Hence, lower temperature was more
beneficial for GO to adsorb ssDNA.

Besides, the reaction temperature and time after addition of
HBV-DNA were also important factors. The experimental results
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Fig. 4. Comparation of the sensitivities of different FA amplification strategies. (a)
Schematics for ODN and GO amplified FA strategy. (b) The linear relationship be-
tween Arfro and HBV-DNA concentration with the double amplification effect of
ODN and GO. (c) Schematics for ODN amplified FA strategy. (d) The linear rela-
tionship of between Ar/ry and HBV-DNA concentration with the amplification ef-
fect of ODN. (e) Schematics for GO amplified FA strategy. (f) The linear relation-
ship of between Ar/ry and HBV-DNA concentration with the amplification effect of
GO. Concentrations: ODN, 50 nmol/L; pDNA, 50 nmol/L; HBV-DNA, 40 nmol/L; GO,
14.0pg/mL.

(Fig. 3e) showed that when the reaction time of the HBV-DNA was
30min, Ar/rg reached its maximum value. When reaction time was
too short, HBV-DNA did not have time to fully compete with cDNA,
and partial pDNA still bound with ODN-GO, inducing a high FA
after the addition of the target. Similarly, if reaction time is too
long, part of the HBV-DNA will be adsorbed on the surface of GO
through -7 stacking, which means that the actual HBV-DNA to
hybridize with pDNA is less than the amount of the added tar-
get, so the FA value will be reduced. As a consequence, there was
not enough HBV-DNA to form a double-stranded structure with
pDNA to produce a low fluorescence anisotropy value. At the same
time, the optimum reaction temperature was 25 °C (Fig. 3f). When
the temperature is lower than room temperature, the rate of DNA
chain replacement reaction is low, so the r value is still large af-
ter adding the target, resulting in small Ar. On the contrary, when
the reaction temperature is higher than room temperature, it is not
conducive to the adsorption of ODN on GO, resulting in a decrease
in Ar.

In order to verify whether the proposed method can be used
for quantitative detection of HBV-DNA, FA responses of HBV-DNA
at different concentrations under optimized experimental condi-
tion were measured. The schematic diagram of detecting HBV-
DNA by ODN and GO dual signal amplification was shown in Fig.
4a. As shown in Fig. 4b, there was a good linear relationship be-
tween Ar/rg and HBV concentrations in the range of 1-50 nmol/L.
The linear regression equation was Ar/rg=0.008c+ 0.033 (correla-
tion coefficient, R?2 =0.99), where ¢ was the concentration of HBV-
DNA (nmol/L). The limit of detection (LOD) was evaluated to be
330 pmol/L (30 /k), which was about 14 times lower than our pre-
vious work. In comparison of HBV-DNA detection between our
work and some reported work, ODN-GO exhibited better sensitiv-
ity toward HBV-DNA (Table S2 in Supporting information). Mean-
while, FA responses at different concentrations of HBV-DNA with-
out GO were investigated in Fig. 4c. As shown in Fig. 4d, the linear
relationship between the change of FA and HBV-DNA concentra-
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Table 1
Detection of HBV-DNA in human serum samples (n=3).
Sample Add Found (nmol/L)  Recovery (%) RSD (%)
(nmol/L) (n=3)
Human serum 1 0.97+£0.2 95.5-99.8 0.2
5 5.1+03 96.8-104 4.1
10 11.7+03 116.4-117.7 0.3
20 22341 96.6-116 4.5
40 37.5+2 89-100 6.1

tion was over the range of 5-70 nmol/L. The linear regression equa-
tion was Ar/ry=0.005c+0.017 (correlation coefficient, R =0.98)
and the LOD was 3.1 nmol/L. In addition, in Fig. 4e, we also com-
pared the detection of HBV-DNA without ODN. As illustrated in Fig.
4f, the LOD was 4.8 nmol/L without ODN, and the linear regres-
sion equation was Ar[rp=0.007c+0.013 (correlation coefficient,
R? =0.98). Obviously, the proposed method had improved sensitiv-
ity because of the double FA amplification abilities of both GO and
ODN.

Besides, to investigate the selectivity of this approach, we tested
five nucleotides with various sequences, including HBV-DNA, one-
base-mismatched (mis-1), two-base-mismatched (mis-2), three-
base-mismatched (mis-3) and random sequences (rs) under the
same experimental conditions. The results showed in Fig. 5a that
the FA response was maximal only in the presence of HBV-DNA.
Even if there was only one base mismatch, Ar/ry was only about
1/5 of the FA change induced by the HBV-DNA. Consequently, it
was shown that a very precise binding interaction exists between
ODN-GO and HBV-DNA. Furthermore, we investigated how this
method responded to the interfering substances in human serum
because it contains a variety of interfering proteins and ions that
can affect in vitro diagnostics. As illustrated in Fig. 5b, after the
addition of different metal ions and other small molecules sub-
stances to the HBV-DNA solutions, the FA responses were almost
the same as that of the FA response after the addition of HBV-DNA.
We also investigated the influence of common proteins in human
serum on the analytical performance of this method. The experi-
mental results indicated that none of these interference substances
induced obvious signal changes (Fig. S4 in Supporting informa-
tion). Therefore, it indicated that the proposed method could ef-
fectively resist the interference of complex coexisting components
and could be applied to accurately detect HBV-DNA in human
serum.

A spike-recovery experiment was carried out by examining the
recoveries of HBV-DNA spiked in human serum samples in order
to confirm the viability of the proposed approach in real sam-
ple detection. Human serum samples were acquired from South-
west University Hospital and strictly abide by the ethics standards
of Southwest University Committee (No. yxy2021127). We got in-
formed consents from the blood donor volunteers of this work.
The experimental results (Table 1) showed an excellent recovery
rate and RSD of HBV-DNA at various concentration levels. In addi-
tion, we investigated a spike-recovery experiments only using ODN
as an FA amplification material (Table S2). The experimental re-
sults show that the recovery rate only in the presence of ODN was
poorer and the RSD was larger than that in the presence of ODN-
GO, indicating that the ODN-GO has the capacity to accurately de-
tect HBV-DNA in real biological samples.

In summary, ODN and GO were utilized to enhance FA to detect
HBV-DNA in this work. Compared with the previous GO amplified
FA method, this paper uses ODN to connect fluorescent molecules
and GO instead of double stranded DNA. There are several unique
features of this design. Firstly, this method has improved sensitiv-
ity because both GO and ODN has large mass (or volume). Sec-
ondly, ODN is more rigid than double stranded DNA, which en-
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Fig. 5. (a) Selectivity of the proposed method. Concentrations: ODN, 50 nmol/L; pDNA, 50 nmol/L; HBV-DNA, 40 nmol/L; GO, 14.0 ug/mL. (b) The anti-interference property of
the proposed method. Each measurement was triplicated (error bars indicate standard deviation). Concentrations: ODN, 50 nmol/L; pDNA, 50 nmol/L; HBV-DNA, 30 nmol/L;

GO, 14.0 ug/mL.

sures a certain distance between fluorescent molecules and GO
and improves the accuracy of detection. Thirdly, six poly-A;g claws
of ODN can be adsorbed on GO together, which can make ODN
firmly coupled with GO in complex biological environment to im-
prove the anti-interference ability of this method. Besides, when a
large number of ODNs are stacked on the GO surface, the steric
hindrance of HBV-DNA to compete with cDNA decreases due to
the large volume of ODN, and the reaction efficiency is improved.
Given these advantages, we believe that our proposed method can
be used as a routine tool for biomolecular analysis in biomedical
and molecular disease diagnosis in future.
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