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Effective detection of biomolecules is important for biological research and medical diagnosis. We here
propose a ligation-triggered and protein-assisted fluorescence anisotropy amplification platform for
sensitive and selective detection of small biomolecules in a complex biological matrix. In the proposed
method, in the presence of target small molecules, FAM-labeled DNA 1 and biotin-labeled DNA2 were
ligated to produce an integrated DNA. As a result, taking advantage of the extraordinary strong
interaction between biotin and streptavidin, we employed a novel mass amplification strategy for
sensitive detection of small molecules through fluorescence anisotropy. The method could detect ATP
from 0.05 to 1 uM, with a detection limit of 41 nM, and detect NAD* from 0.01 to 1 pM, with a detection
limit of 6.7 nM. Furthermore, ligase-specific dependence of different cofactors provides good selectivity
for the detection platform. As a result, the new platform has a broad spectrum of applications both in
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1. Introduction

Simple, fast and direct monitoring of small biomolecules (for
example, adenosine triphosphate (ATP), nicotinamide adenine
dinucleotide (NAD"), etc.) is important for biological study,
clinical diagnosis and forensic investigations.'™ Currently,
fluorescence-based sensing systems have been widely used to
detect biomolecules with high sensitivity and selectivity.”®
Although these approaches are sensitive and accurate, they still
face challenges in practical applications. For example,
fluorescence-based sensing systems require precise conforma-
tional change of the probe molecule upon target binding to
correctly report the interaction. Second, methods like FRET or
fluorescence quenching need two or more dyes for labeling to
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report target molecules. Moreover, the aforementioned
approaches require sophisticated/expensive instruments, qual-
ified experimenters and time-consuming manipulations.* More
importantly, traditional fluorescence-based detection methods
are challenged by background fluorescence signals from
complex biological matrixes, which would mask report signals
and influence analytical results.®

As an alternative signal output method, fluorescence
anisotropy (FA) is a reliable choice to circumvent the above
problems. FA is related to the phenomenon that upon excitation
with polarized light, it is sensitive to the changes of molecular
size or molecular weight. Since FA only requires single dye
labelling, and does not need complex probe design, it has been
widely used for study of interactions between different mole-
cules. Meanwhile, as a ratiometric approach, the fluorescence
intensity of a fluorophore is measured by two axes: horizontal
(IH) and vertical (IV). As the polarization value (P) is defined by
(Iv — IH)/(IV + IH), it measures the orientation of the fluores-
cence emission (i.e., horizontal, vertical) rather than the fluo-
rophore concentration. As a result, FP is minimally affected by
solution opacity or color, which influences the intensity rather
than the orientation of the fluorescence.'®** Although FA is not
sensitive to small molecules for their poor molecular mass, FA
has also been successfully developed for detection of a series of
important small molecules such as ATP, adenosine, cocaine,
ochratoxin A, and r-tyrosinamide. Such as, Yang's group devel-
oped an anisotropy aptamer probes-based molecular mass
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amplifying for detection of small molecules. In their design,
probes were activated to bind to anisotropy amplifiers upon
binding with the target. Consequently, the formation of the
probe/target complex considerably increased the molecular
mass and FA value."” Based on this strategy, a series of aptamer
structure switch FA methods using high-mass or macromole-
cules (e.g. nanomaterials, proteins)-assisted design and dye-
labeled functional nucleic acid probes have been proposed for
FA assay of small molecules.”**

While these reports make possible to construct fluorescence
anisotropy sensor for sensing small molecules in biological
matrix, unfortunately, limited by the aptamer's inherent
affinity, some critical limits still need be solved. First, while the
dissociation constant (Ky) of aptamer to small molecules were
micromolar range, most of them exhibit poor sensitivity;**
second, part of the aptamers have weak selectivity to distinguish
analogues of the target small molecules, take the anti-ATP
aptamer as an example, it can both binding with ATP and
adenosine, as a result, the reported ATP aptasensors cannot
distinguish ATP from its analogues, such as adenosine, aden-
osine monophosphate (AMP), and adenosine diphosphate
(ADP);* third, although it was claimed that all the targets can
get their matched aptamer, there still some important biolog-
ical small molecules such as nicotinamide adenine dinucleo-
tide (NAD"') need non-aptamer based detection method.

In this work, based on ligation-triggered and protein-
assisted mass amplification, we constructed a fluorescence
anisotropy sensing platform for sensitive and selective small
biomolecules detection in complex biological matrix. Take ATP
and NAD' as two model molecules, we demonstrated the
sensing performance by the proposed platform. The results
indicated that our FA platform can achieve high sensitive
detection of ATP (LOD: 41 nM) and NAD® (LOD: 6.7 nM).
Meanwhile, the ligase-triggered scheme can effectively distin-
guish the target from its analogues, exhibiting excellent selec-
tivity. More importantly, because FA is less affected by complex
matrix, ATP and NAD" were directly detected in cell media. All
the results indicated that the new FA platform has a wide
applications for sensitive, rapid, and selective detection of small
biomolecules in complex biological matrix.

2. Experimental section
2.1 Materials

Streptavidin, ATP, ADP, AMP, adenosine, CTP, GTP, UTP, NAD",
NADH, NADP, and NADPH were purchased from Sigma-Aldrich
(Shanghai, China). Other reagents were purchased from
Shanghai Chemical Reagent Corporation (Shanghai, China).
DNA oligonucleotides were synthesized from Takara Biotech-
nology Co. Ltd. (Dalian, China) and the sequences were listed in
Table 1. For DNA2, 5’ 6-FAM (fluorescein) was labeled on it by
the DNA synthesizer directly.

2.2 Fluorescence measurements

Fluorescence measurements were carried out on a FluoroMax-4
Spectrofluorometer using the L-format configuration (Horiba
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Table 1 Sequences used in this work

Name Sequence (5'-3")

DNA1 Biotin-GTG ACA TGC CGA

DNA2 PO, -ACC GAC GTC ACA-FAM

C-DNA GGA TGC GGT TGT GAC GTC GGT TCG GCA

TGT CAC GCG CGT
ACG CGC GTG ACA TGC CGA ACC
GAC GTC ACA ACC GCA TCC

Invasive DNA

Jobin Yvon, Paris, France). Excitation was set as 490 nm and
emission was set as 520 nm. The fluorescence anisotropy value
was tested from the Spectrofluorometer.

2.3 Experimental procedure

20 pL ligase reaction buffer containing 150 nM DNA1, 150 nM
DNA2 and 100 nM C-DNA was first incubated at 95 °C for 5 min
and then cooled to room temperature. Subsequently, 2 U DNA
ligase (T4) and different concentration of ATP were added to the
buffer to initiate the ligation reaction at 25 °C for 0.5 h. Then the
buffer was heated at 85 °C for 15 min to stop the reaction.
Subsequently, 300 nM of invasive DNA were added to replace
the ligated DNA 1 and DNA 2, and the sample was diluted to 100
uL and added 10 pg mL™"' SA and incubated 10 min for the
following anisotropy assays. The NAD" assay was similar to ATP
assay by using 3 U E. coli DNA ligase.

3. Results and discussion
3.1 Detection mechanism

Based on the literatures,* fluorescein is the most popular flu-
orophores in FA assays for several reasons, including excellent
spectral properties (such as high quantum yield of 92% and
fluorescent lifetime of 4.05 ns), chemical stability and adapt-
ability, relative inexpensiveness and commercial availability. As
a result, 5-6-FAM fluorescein was used in our method. The
working principle is shown in Fig. 1. Take the ATP as the model
target, in the T4 DNA ligase reaction system, after addition of
ATP (A), FAM-labeled DNA 1 and biotin-labeled DNA2 were
ligated to produce an integrated DNA by T4 DNA ligase, and the
ligated DNA was then integrated with streptavidin by the biotin-
SA binding. As a result, a FAM-biotin/SA complex will increase
the mass of the complex, thus get an increased FA signal. As
a control, in the absence of ATP (B), DNA 1 and DNA2 cannot be
ligated to produce an integrated DNA, with the introduction of
invasive, two fragments can be liberated from template C-DNA
and the fluorophore-labelled DNA1 was unconnected with the
biotin-labelled DNA2, thus get a weak FA signal.

3.2 Feasibility analysis

According to the modified Perrin eqn (1), the FA value of
a rotating molecule is proportional to the viscosity of solvent (n),
size (v) and molecular mass (M,) of the molecule.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Working principle of ligation-triggered and protein-assisted fluorescence anisotropy sensing platform.
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(1)
where 7 is the specific volume of the molecule, and % is the
hydration radius, T is the temperature in K, R is the molar gas
constant (8.31 ] mol ' K™'), and 7 is the viscosity in poise (P).
When the changes of R, T, n are negligible, the FA value is
proportional to molecular mass (M,) or volume, and is inversely
proportional to fluorescence lifetime (t).*® To demonstrate the
concept, we first compare the performance of the sensing
system with and without the amplifier: SA. The molecular mass
of DNA2 (5'-P-ACC GAC GTC ACA-FAM-3') is 4249, after ligated
to DNA1, the molecular mass of integrated DNA (5'-Biotin-GTG
ACA TGC CGA ACC GAC GTC ACA-FAM-3') is 8383, causing
a detectable sifgnal output for 1.97-fold mass increase. In order
to further improve the sensitivity, SA with a high molecular
mass (53 000) was chosen as the amplifier protein, as

Il Vithout SA
1 [ With SA

Fluorescence anisotropy

a b c d

Fig. 2 Comparison of FA value with (red column) and without (black
column) streptavidin after addition different concentrations of ATP, the
ATPis 0 (a), 0.1 (b), 1 (c) and 10 uM respectively.
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a consequence, after the SA binding with biotin-labelled inte-
grated DNA, the mass of the probe can increase from 4249 to
57 249, generating 13-fold mass change (M,/M,), which would
cause a significantly increase of the FA value. We then studied
the influence of SA on fluorescence lifetime and fluorescence
intensity change. As shown in Fig. S1A of the ESI, the lifetime
increased from 4.1 ns to 6.9 ns and the lifetime ratio (<'/t) was
1.7. For fluorescence intensity, it has a weak increase (91 to 99).
Taking the molecular mass ratio (M,/M;) as 13, and the lifetime
ratio (7'/t) as 1.7, while the fluorescence intensity change and
other factors were negligible, the method could obtain a 7.6-fold
FA signal increase ((M,/M,)/7'/t =13/1.7 = 7.6).

To validate whether the experimental result was consistent
with the aforementioned theoretical calculation, we performed
a titration experiment. As shown in Fig. 2, in the presence of SA,
the FA value increased dramatically with the concentration of
ATP from 0, 0.1 to 10 uM. As a comparison, in the absence of SA,
the FA value was too weak to detect ATP with the concentration
of 0.1 uM, and even the concentrations of ATP increased from 1
to 10 pM, there was still slight signal increase, confirming that
the protein-assisted signal amplification can improve the FA-
based detection sensitivity for ATP assay.

On this basis, we also optimized the experiment parameters,
containing the ratio of DNA 1/DNA 2 to C-DNA, the amount of
T4 DNA ligase, SA and reaction time. As shown in Fig. S2 of the
ESL,T 1.5 : 1 of DNA 1/DNA 2 to C-DNA (A), 2 U T4 DNA ligase (B),
10 pg mL™ " SA (C), and 30 min reaction time (D) were chosen
respectively.

3.3 Detection sensitivity and selectivity

Fig. 3A plots the FA value with various concentrations of ATP, as
the ATP concentration increased, the FA value increased
accordingly. A linear relationship between the FA value and the
ATP concentration was observed in the range of 0.05-1 uM (y =
0.0305 + 0.0175x, R> = 0.9848, insert of Fig. 3A). A 41 nM

RSC Adv, 2020, 10, 21789-21794 | 21791
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Fig. 3 Sensitivity (A) and selectivity (B) of the sensing platform for ATP detection.

Table 2 ATP was measured in cell media by using the presented
platform

Sample Added (nM) Founded (nM) Recovery (%)
1 50 52.4 104.8
2 100 105.3 105.3
3 200 185.0 92.5
4 500 483.0 96.6
5 1000 991.3 99.1

detection limit was calculated, which is 2-3 orders of magni-
tude more sensitive than many fluorescence or FA-based apta-
sensors (see Table 3).

Currently, aptasensor has been successfully developed for FA
sensing of ATP,">?**® however, the anti-ATP aptamer has no
selectivity to distinguish analogues such as ADP, AMP, and
adenosine while they have the same aptamer.>® Fortunately, as
a source of energy, ATP is easily distinguished from AMP, ADP,
and adenosine when used in ligase reaction. In order to test the
selectivity of T4 DNA ligase, a variety of ATP analogs, including
ADP, AMP, CTP, GTP and UTP, were used as controls, as shown
in Fig. 3B, no distinct FA value changes were observed,
demonstrating an excellent selectivity of the presented method.
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3.4 Detection in complex biological samples

The previous data indicated that the new platform has excellent
performance in laboratory buffer system. However, when used
in biological samples, the detection platform needs to tolerate
matrix interferences. To test the performance of the presented
FA platform, in this work, take cell media as a model biological
samples, we test the performance of the new platform. As listed
in Table 2, different concentrations of ATP were spiked in the
cell media buffer containing the optimal probes, the data
reveals that the recoveries are distributed between 92.5% and
105.3%, suggesting the presented platform has excellent assay
performance for ATP detection in biological matrix.

3.5 Generality

Thus far, we have demonstrated that the presented platform has
excellent detection performance for ATP detection in biological
matrix. Because different ligase used different cofactors, replace
T4 DNA ligase with other ligases, the platform should be also
used for detection other biomolecules. In order to test the
generality of the platform, we test the performance for NAD"
detection. After getting optimized reaction parameters, we
investigated the sensitivity and selectivity for detection of NAD".
As shown in Fig. 4A, as increase the concentrations of NAD", the

B

1.0
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0.6
0.4
0.2

0.0 4

NADP NADPH NADH ADP ATP NAD

Fig. 4 Sensitivity (A) and selectivity (B) of the sensing system for NAD* detection.
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Table 3 An overview of fluorescence/FA methods for the determination of ATP and NAD*

Selectivity differentiation

Materials used/signal output Target/detection limit of target and it's analogues Ref.

Ligase and PCR-assisted signal amplification/fluorescence ATP/100 pM Yes 8
NAD'/10 pM

Ligase and DNAzyme-assisted signal/amplification fluorescence ATP/100 pM Yes 7
NAD'/50 pM

Aptamer and HCR-assisted signal amplification/FA ATP/0.5 pM No 16

Aptamer and protein-assisted signal amplification/FA ATP/0.5 pM No 12

Aptamer and protein-assisted signal amplification/FA ATP/0.5 pM No 22

Aptamer, nuclease and protein-assisted signal amplification/FA Adenosine/0.5 pM No 30

Ligase and protein-assisted signal amplification/FA ATP/36 nM Yes This work
NAD"/6.7 nM

fluorescence anisotropy increased from 0.02644 to 0.05122 in
the range of 0 to 50 uM. A linear relationship between the FA
value and the NAD" concentration within the range of 0.01 to 1
UM (y = 0.0265 + 0.0137x, R*> = 0.9786), and a limit of detection
of 6.7 nM was calculated.

As described in the previous, the NAD" detection was also
found to be highly selective. A series of NAD" analogs including
NADP, NADPH, NADH, ADP, and ATP were employed as
controls to test the detection selectivity. As shown in Fig. 4B,
there were no distinct FA value changes observed, indicating an
excellent selectivity of the method. Therefore, the sensing
universality of this strategy is well proved.

4. Conclusions

In conclusions, based on the small molecules-dependent liga-
tion reaction and biotin-SA amplifier, we have proposed a liga-
tion-triggered and protein-assisted fluorescence anisotropy
amplification platform for sensitive and selective detection of
biomolecules in biological matrix. The proposed method can
detect ATP and NAD" with concentration as low as 41 and
6.7 nM respectively. Meanwhile, for the DNA ligation reaction
has high specific biomolecule-dependence, the work exhibits
high selectivity toward the target cofactor from its analogues. As
listed in Table 3, compared with aptamer-based methods, the
new method exhibited both the high sensitivity and excellent
selectivity. Meanwhile, because fluorescence anisotropy cannot
be affected by matrix interferences, the biomolecules can be
detected directly in biological matrix. Based on the DNA ligation
reaction sensing systems, the mass amplified fluorescence
anisotropy platform may find a broad spectrum of applications
in both bioanalysis and biomedical fields.
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