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HIGHLIGHTS

e A path-choice-based biosensor (PCB)
is designed with DNA tracks and A
exonuclease.

e Alkaline phosphatase (ALP) as the
switch controls the path-choice
behaviour of PCB.

e Substrate preference of ALP and A
exonuclease is studied to optimize
DNA tracks.

e Simple, fast, sensitive and selective
detection of ALP is achieved with
PCB.
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ABSTRACT

Alkaline phosphatase (ALP), which converts the phosphate group (-PO4) in the substrate to the hydroxyl
group (-OH), is a useful tool in the biological analysis, a good indicator of dissolved inorganic phosphorus
levels and an important biomarker for several diseases. In conventional designs for ALP detection, both
the interferent with a -PO4 and the target with a —OH will go into the sensing path and give out the
undesired background and the desired signal respectively. This limited the sensitivity of the method and
required the complicated design to achieve a satisfying limit of detection (LOD) of ALP. Here, we provided
a new sensing strategy for ALP detection design. We designed a path-choice-based biosensor with two
DNA tracks in which ALP works as the switch to guide the reaction path of lambda exonuclease (A exo).
The path-choice character enlarged the difference between signal and background by separating the
interferent removing path and the target sensing path. The substrate preference of ALP and A exo was
studied to optimize the structure of DNA tracks. The path-choice-based biosensor achieved simple, fast
(30 min), sensitive (LOD 0.014 U L) and selective detection of the activity of ALP. The method has been
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applied to detect the activity of ALP in cell lysates, which shows the potential application in ALP-related

biological research.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Alkaline phosphatase (ALP), an essential enzyme to catalyze the
dephosphorylation reaction [1], is extensively used to provide the
signal for the analytes in the biological analysis such as immuno-
assays [2,3], histochemical staining [4] and aptamer-based assay
[5]. In these biological analysis methods, ALP could be labelled on
the secondary antibody or streptavidin. When the analyte presents,
ALP will be remained or released to participate in the subsequent
reaction and generate the signal. Thus, the detection of the analyte
could be converted to the detection of ALP. Potentially all the pro-
teins and enzymes that have the corresponding antibody or
aptamer could be detectable using ALP labelling. Multiple proteins,
enzymes, and even small molecules [6—11] have been detected
using ALP to generate the signal. In these biological analyses, the
detection limit of the analyte is highly related to the detection limit
of ALP, and sensitive detection of ALP could improve the detection
sensitivity of these assays. Moreover, ALP is a good indicator of
dissolved inorganic phosphorus (DIP) levels. The detection of ALP
could serve as a warning sign of algal bloom in eutrophic water
bodies [12—14]. Also, ALP could be used as a crucial biomarker of
disease diagnosis. The abnormally high level of ALP in serum is
proven to be highly related to several diseases, including bone
diseases, liver dysfunction, prostate cancer, breast cancer, and
diabetes [15]. Also, hypophosphatasia, hypothyroidism, anemia and
other conditions or diseases may lead to reduced levels of ALP [16].
Therefore, it's necessary and significant to develop reliable and
sensitive methods to detect ALP for related biological researches.

Until now, many methods have been developed to quantify ALP
activity, such as colorimetric method [17], surface enhancement
Raman scattering [18], chromatography [19] and electrochemistry
[20]. However, these methods inevitably suffer from one or more
limitations, such as poor sensitivity, complicated design, expensive
materials, and time-consuming procedures. Recently, more and
more efforts have been put into fluorescent analysis to overcome
these disadvantages because of its high sensitivity, convenience and
accessible instruments. One strategy is using organic or inorganic
probes (such as carbon dots and quantum dots) which could give out
signal directly in response of ALP. However, these methods still have
drawbacks. For example, the organic molecular probes suffer from
poor sensitivity (LOD: 0.15—60 U L~1) [12,21—23]. Carbon dots are
limited by the complicated preparation process [24]. Quantum dots
made by metal are usually biologically toxic [25—27]. Another
promising strategy is using phosphate labelled DNA to build fluo-
rescent sensors. After ALP digestion, the phosphate is converted to
the hydroxyl. The hydroxyl will trigger downstream reactions and
generate fluorescent signals [28—38]. However, the existing
methods with high sensitivity for ALP detection need relatively long
detection time or special components (materials or enzymes) that
would impede their applications in biological researches. Also, most
of the existing methods for ALP detection ignored to discuss their
selectivity to nucleases that always appear in the biological matrixes
such as serum and cell lysate.

In conventional designs for ALP detection (Scheme 1), there is
only one path to generate the signal. The interferent strand with a
phosphate group (-PO4) and the target strand with a hydroxyl
group (-OH) will both go into the sensing path and give out the

undesired background and the desired signal respectively. Thus, the
difference between the background and signal is only related to the
selectivity of -PO4 over —OH. For example, Lambda exonuclease (A
exo) is an exonuclease with 5’ — 3’ cleavage activity [39]. It prefers
the double-stranded DNA (dsDNA) substrate with 5'-PO4 over that
without 5'-PO4 (5’-OH). Thus, A exo is used for ALP detection in
several works. However, the selectivity of A exo to 5'-PO4 and 5’-OH
is limited. The LOD of these methods ranges from 0.01 U L~ to 40
U L~ ! [40—44] even with complicated signal amplification designs.

In this work, we designed a novel path-choice-based biosensor
(PCB) to detect the activity of ALP, which will act as the switch in
the system. Unlike conventional designs, in the PCB, there are two
paths for A exo to choose (Fig. 1). Without ALP, A exo chooses Path A
and removes the interfering strand, which produces the back-
ground in conventional designs. With ALP, A exo chooses the
sensing path (Path B) and generate a strong fluorescent signal.
Thus, the difference between signal and background could be
enlarged, and the activity of ALP could be sensitively detected
without complicated designs. Also, the method shows good selec-
tivity and could be applied in biological samples.

2. Material and methods
2.1. Materials

The DNA oligonucleotides (oligos) used in this work were syn-
thesized and purified by Sangon Biotech Co. (Shanghai, China). The
sequences of all the oligos were listed in Table 1. Calf intestinal
alkaline phosphatase (ALP), bovine serum albumin (BSA), DNase I,
T7 exonuclease (T7 exo), Exonuclease III (Exo III), Uracil glycosylase
(UDG), and CutSmart reaction buffer (50 mM KAc, 20 mM Tris-Ac,
10 mM Mg(Ac)z, 100 pg/ml BSA, pH 7.9 @ 25 °C) were purchased
from New England Biolabs (MA, USA). Lambda exonuclease (A exo)
and A exo buffer (67 mM Glycine-KOH, 2.5 mM MgCl,, 50 ug/ml
BSA, pH 9.4 @ 25 °C) were purchased from ThermoFisher Scientific
(MA, USA). All the DNA oligos were synthesized and purified by
Sangon Biotech Co. (Shanghai, China). The concentration of DNA
oligonucleotides was measured by NanoDrop 2000 UV—vis Spec-
trophotometer (ThermoFisher Scientific).

2.2. Selection of reaction buffer (Fig. S2)

5 uL of the probe (2.5 pmol), 5 puL of the C-strand-7nt (2.5 pmol),
35 uL of water and buffer (5 puL of 10 x CutSmart buffer, 5 pL of
10 x CutSmart buffer and mixture of 2.5 pL of 10 x CutSmart buffer
and 2.5 puL of 10 x A exo buffer) after heating and annealing were
added to 400 pL ELISA plate, respectively. 1 uL of ALP (7.5 x 107> U)
and 2 pLof A exo (1 U) were added at the same time. Then put the plate
into Synergy HTX instrument (BioTek, American) for fluorescence
measurement. The fluorescence intensity was recorded at 37 °Cin the
period of 30 s for 20 min, and the gain level was 60. The excitation and
absorption wavelengths were set to 485 nm and 582 nm, respectively.

2.3. Optimization of the reaction of time (Fig. S3)

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
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Scheme 1. A schematic depiction of the conventional design to detect the activity of ALP.
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Fig. 1. A schematic depiction of the path-choice-based biosensor (PCB) to detect the activity of ALP as the switch. Without ALP,  exo tends to go through path A in PCB (blue). The
green ball represents FAM, and the black ball represents BHQ-1. The fluorescence signal is weak (blue line on the right). With ALP, 5'-PO, is converted to 5-OH and A exo is switched
to path B (the sensing path, orange). The fluorescence signal is strong (orange line on the right). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

32 pL of water after heating and annealing were incubated with
5 x 107> U of ALP (1 uL) at 37 °C for 90, 60, 30 and 0 min. Then, the
reaction system was added to 400 puL ELISA plate, respectively. After
that, 2 pL of A exo (1 U) was added, and fluorescence detection was
performed immediately as above.

2.4. Optimization of the concentration of DNA tracks (Fig. S4)

5 uL of the probe (1 pmol, 2.5 pmol, 5 pmol, 10 pmol), 5 pL of the
C-strand-7nt (1 pmol, 2.5 pmol, 5 pmol, 10 pmol), 2.5 pL of
10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and 32 pL of
water after heating and annealing were added to 400 pL ELISA

plate, respectively. 1 puL of ALP (5 x 107> U) and 2 pL of A exo (1 U)
were added at the same time, and then the fluorescence detection
was performed with the detection conditions as above.

2.5. Digestion of the tracks in PCB with or without ALP (Fig. 2B and
Fig. 2C)

5 pL of the probe (2.5 pmol), 5 uL of the C-strand or C-strand-OH
(2.5 pmol) with different 5‘-PO4 overhang lengths (0-nt, 1-nt, 2-nt,
3-nt, 4-nt, 5-nt, 6-nt, 7-nt, 8-nt and 10-nt), 2.5 pL of 10 x CutSmart
buffer and 2.5 puL of 10 x A exo buffer and 35 pL of water after
heating and annealing were added to the 400 pL ELISA plate,



J. Zhang et al. / Analytica Chimica Acta 1135 (2020) 64—72

" To~iont ' _BHQ
e () \

A |
5,PO4I\
I ¥

Ny Y

= With ALP
E Without ALP

B = 15004 SIN ratio
s
8 I 5
n L
o | 12
G 1000 x
£ I B
8 I " & 10
3
@ E B . ‘ -8
g 500 \
S : L6
s _ }
2 -~ F"_ N
= r -
- - =
o
P e S e B LSS S Ay a3
© Ont 1nt 2nt 3nt 4nt 5nt 6nt 7nt 8nt 10 nt
[+4

Signal/Noise ratio

67

2-nt
4T "

}\M,’;‘ \1&\i4’;' @ FAM

T

|

= = 2 e
- o @ o
1 1 1 )
H
-
-
—

S
N
L

2
o

T T T T T T T T T T
Ont 1nt 2nt 3nt 4nt 5nt 6nt 7nt 8nt 10 nt

The relative rate of fluorescence increase
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Table 1
Sequences of the oligonucleotides used in this work.

Name Sequence (5>3')
Track-1
Probe® FAM-TCTCCACAGACACATAC-BHQ

Track-2 with 5'-POg4
C-strand-Ont®
C-strand-1nt
C-strand-2nt
C-strand-3nt
C-strand-4nt
C-strand-5nt
C-strand-6nt
C-strand-7nt
C-strand-8nt
C-strand-10nt
Track-2 with 5-OH
C-strand-Ont-OH
C-strand-1nt-OH
C-strand-2nt-OH
C-strand-3nt-OH
C-strand-4nt-OH
C-strand-5nt-OH
C-strand-6nt-OH
C-strand-7nt-OH
C-strand-8nt-OH
C-strand-10nt-OH

PO4-GTATGTGTCTGTGGACCCGAGAGTAAG
PO4-CGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-CCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-GCCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-CGCCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-TCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-ATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-GATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-AGATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
PO4-CGAGATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG

OH-GTATGTGTCTGTGGACCCGAGAGTAAG
OH-CGTATGTGTCTGTGGACCCGAGAGTAAG
OH-CCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-GCCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-CGCCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-TCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-ATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-GATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-AGATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG
OH-CGAGATCGCCGTATGTGTCTGTGGACCCGAGAGTAAG

2 The TC in bold indicates that it forms the 2-nt overhang structure with track-2
strands.

b The bases underlined in the DNA sequences indicate that they are comple-
mentary to the probe.

respectively. For PCB with ALP, 2.5 x 10~4 U of ALP and 1 U of X exo
were added. For PCB without ALP, only 1 U of A exo was added. Then
put the plate into Synergy HTX for fluorescence measurement the
same as above.

2.6. Verification of assumptions (Fig. 3B)

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
35 pL of water after heating and annealing were added to 400 pL
ELISA plate, respectively.l U of A exo was added and incubation at
37 °C for 30 min. Then, 5 pL of C-strand-7nt-OH (2.5 pmol) was
added into the system, and fluorescence detection was performed
immediately as above.

2.7. Agarose gel electrophoresis analysis (Fig. 3C)

Agarose gel electrophoresis was carried out using a 2.5% agarose
gelat 110 Vina 1 x TBE buffer (90 mM Tris, 90 mM boric acid, 2 mM
EDTA, pH 8.0). The samples were prepared in a 200 pl PCR tube with
30 pL of water, 2.5 pL of 10 x CutSmart reaction buffer, 2.5 pL of
10 x A exo buffer, 7.5 pL of the probe (75 pmol) and 7.5 pl of the C-
strand-7nt (75 pmol), which were incubated with 2 pL of A exo (10
U) for 90 min, 60 min and 30 min (lane 1-3 in Fig. 3C) at 37 °C. The
samples with either probe or C-strand-7nt and the sample without
A exo were control groups. Then, 6.67 pL of the sample solution and
1.33 pL of loading buffer were mixed and added to each well. After
the separation in the electrophoresis apparatus (Junyi, Beijing,
China), the gel was stained using the nucleic acid dye GelRed
(Sangon Biotech Co., Shanghai, China). Then the gel was visualized
at a wavelength of 590 nm using a Bio-Rad Universal Hood II gel
imaging system (Bio-Rad, Shanghai, China).

2.8. Quantitative detection of ALP activity (Fig. 4A and Fig. 4D)

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
35 pL of water after heating and annealing were added to 400 pL
ELISA plate, respectively. 1 uL of ALP (final concentration 0 U L™,
005UL ' 01UL ' 02uL L os5uL L 1uL L 2uL,5UL Y and
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Fig. 3. (A) A schematic depiction of the reaction of probe/C-strand-7nt with A exo and the subsequently added C-strand-7nt-OH. In assumption 1, A exo is stacked by the 7-nt
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2 uL of A exo (1 U) were added at the same time, and then the
fluorescence detection was performed with the detection condi-
tions as above.

2.9. Measurement of the stability of the method (Table S2)

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
35 pL of water after heating and annealing were added to 400 uL
ELISA plate, respectively. 1 uL of ALP (5 x 10> U) and 2 pL of A exo
(1 U) were added at the same time, and then the fluorescence
detection was performed with the detection conditions as above.
The detection in the condition above was performed for 6 times per
day in different four days (total 24 times).

2.10. Measurement of the selectivity of the method (Fig. 4C)

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
35 uL of water after heating and annealing were added to 400 uL
ELISA plate, respectively. 1 pL of ALP, DNase I, T7 exo, Exo III, UDG
(all the enzymes were 5 x 107> U), BSA (0.1 mg ml~!) and a mixture
of all proteins above (all the enzymes were 5 x 10~ U and BSA was
0.1 mg ml~!) were added, respectively. Then 2 L of X exo (1 U) was
added. The fluorescence detection was performed with the detec-
tion conditions as above.

2.11. Inhibitor of ALP (Fig. 4C)

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
35 uL of water after heating and annealing were added to 400 pL
ELISA plate, respectively. 1 pL of ALP (5 x 10~>U) and 1 pL of Na3VOy4
(1.25 nmol) were mixed and incubated for 5 min and then added
into the plate together with 2 uL of A exo (1 U). The fluorescence
detection was performed with the detection conditions as above.

2.12. Determination of ALP activity in biological samples (Fig. 4D)

Approximately 10° HELA cell samples were precipitated by
centrifugation (3000 rpm, 5 min, 4 °C) and resuspended in 90 pL of
cracking buffer (10 mM Tris-HCl, pH 7.0) on the ice. The mixture
solution was then centrifuged at 12,000 rpm for 30 min at 4 °C to
remove insoluble substances.

5 uL of the probe (2.5 pmol), 5 pL of the C-strand-7nt (2.5 pmol),
2.5 pL of 10 x CutSmart buffer and 2.5 pL of 10 x A exo buffer and
35 uL of water after heating and annealing were added to 400 pL
ELISA plate, respectively. Gradient cell lysate (with 200, 150, 100,
50,10, and O cells) and 2 pL of A exo (1 U) were added. And then the
fluorescence detection was performed with the detection condi-
tions as above.
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3. Results and discussion
3.1. Design principle of the path-choice based biosensor

The design principle of the path-choice-based biosensor was
shown in Fig. 1. The path-choice character was realized based on
the novel property of A exo as we recently reported [45,46]. A exo
was thought to only digest the substrate with 5’-PO4. However, we
found that A exo could also digest the 5'-FAM ended strand with the
two-nucleotide (2-nt) overhang structure (see detailed discussions
in Fig. S1 and Table S1 in the Supporting Information) [45,46].
Moreover, A exo has different activities to different 5’ ends, and the
ranking of cleavage rates to different substrates is 5'-PO4 > 5'-FAM
> 5-OH [45,46]. In PCB, we designed a dsDNA with two tracks.
Track-1 is a single-stranded DNA (ssDNA) and acts as the fluores-
cent probe (orange strand in Fig. 1). In the probe, the fluorophore
5’-FAM (green ball in Fig. 1) is quenched by the quencher 3'-BHQ-1
(black ball in Fig. 1) through fluorescence resonance energy trans-
fer, and the initial fluorescent signal is weak. Track-2 (named as C-
strand, blue strand in Fig. 1) is a ssDNA with 5’-PO4 and most of the
sequence is complementary to the probe. There is a 2-nt overhang
structure at the 5'-FAM end and 0-nt to 10-nt overhang structure at
the 5-PO4 end (Fig. 2A).

In PCB, A exo (symmetrical toroid homotrimer in Fig. 1) acts as
the Pac-man to digest one of the tracks. The different choice of A exo
will result in its different behaviours on two paths. In PCB, ALP
works as a switch that controls the path-choice of A exo. As shown
in Fig. 1, without ALP (No ALP), A exo tends to bind with the 5-PO4
end and digest the C-strand due to the cleavage preference of A exo
we found. In this situation, A exo walks on track-1 and digests track-

2. We name this reaction as path A, which will remove the inter-
ferent strand and result in a weak fluorescent signal (blue line on
the right in Fig. 1) as the track-1 (probe) is intact. While with ALP,
the 5'-POy4 in track-2 will be converted to 5/-OH. Then A exo tends to
choose to bind with the 5'-FAM end and digest the probe to depart
FAM and BHQ-1, resulting in a strong fluorescent signal (orange line
on the right in Fig. 1). In this situation, A exo walks on track-2 and
digests track-1. We name this reaction as path B. With the
increasing activity of ALP in PCB, more A exo will choose path B and
give out more fluorescent signal. Thus, the rate of fluorescence
increase is related to the activity of ALP. The great advantage of PCB
over conventional ALP detection designs is that the interferent
strand will be digested in path A and could hardly go into the
sensing path (path B). In this way, the undesired background could
be minimized compared with that in conventional designs. It's
worth mentioning that the introduction of 5'-FAM is the key point
to build PCB. Scheme S1 shows the design using 5-PO4 and 5’-OH
tracks to build PCB. In the presence of ALP, both of the tracks are 5’-
OH and A exo could choose the two paths in the same probability so
the signal will have a 50% discount.

3.2. Reaction condition and track structure optimization

We optimized the reaction condition to make the path-choice
more selective. The preferred buffers for A exo and ALP are A exo
buffer (67 mM Glycine-KOH, 2.5 mM MgCly, 50 pg/ml BSA, pH 9.4 @
25 °C) and CutSmart (50 mM KAc, 20 mM Tris-Ac, 10 mM Mg(Ac)s,
100 pg/ml BSA, pH 7.9 @ 25 °C), respectively. We tried to use them
alone or mix them with 1:1. As shown in Fig. S2, the rate of fluo-
rescence increase with ALP (as signal) or without ALP (as
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background) was calculated respectively for the three buffers. The
ratio of signal to background (S/N) estimated the selectivity of the
method. The mixed buffer showed the best selectivity for the re-
action and was chosen to be used in the following experiments.

Then, we systematically studied the structure of the 5’ end of the
C-strand (track-2) on the activity of A exo to further magnify the
difference between the signal and background. The C-strands were
designed to have the 5’ end with 0-nt to 10-nt overhang (Fig. 2A
and Table 1). As shown in Fig. 2B, for the background (without ALP,
blue column), the rate of fluorescence increase did not have much
difference for different C-strands. And they were all much smaller
than that of the signal (with ALP, orange column). This means that
when there was no ALP in PCB, )\ exo tended to distribute to the 5’'-
PO4 end and choose path A as we proposed. When ALP was added
in PCB (orange column), the rate of fluorescence increase became
greater as the overhang prolonged from 0-nt to 7-nt. Longer over-
hang (from 7-nt to 10-nt) decreased the rate. As a result, the signal-
to-background ratio of the fluorescence increase rate became the
largest when the C-strand has 7-nt overhang (grey line). These
results may be related to the influence of the overhang to A exo and
ALP together.

To exclude the influence of A exo, we designed the C-strand-OH as
another series of track-2 which has the same sequence as the cor-
responding C-strand but has 5’-OH end (Table 1). C-strand-OH could
mimic the product of C-strand when all the 5'-PO4 converted to 5'-
OH by ALP. Then the relative rate of fluorescence increase of probe/C-
strand with ALP to that of probe/C-strand-OH without ALP would
reflect the influence of different overhang lengths on the activity of
ALP. As shown in Fig. 2C, the relative rate fluorescence increase of 7-
nt overhang is the closest to 1, which indicates that ALP has the most
significant activity for this kind of track in the ten tracks tested.

After the tracks were chosen, we optimized the reaction time of
ALP to the tracks before adding A exo. By increasing the reaction
time of ALP to the tracks, more 5'-PO4 could be converted to 5'-OH.
Then more A exo could be switched to path B, resulting in a higher
fluorescent signal. As shown in Fig. S3, the rate of fluorescence
increase of PCB became faster as the reaction time of ALP to the
tracks increased from 0 min to 90 min before adding A exo. How-
ever, the rate was only increased by 0.13, 0.23 and 0.45 times at the
expense of 30 min, 60 min and 90 min longer total reaction time of
the method. To balance the reaction time and the sensitivity of the
method, we chose to add ALP and A exo to react with the tracks
simultaneously when detecting the activity of ALP.

Also, the concentration of the tracks was optimized. As shown in
Fig. S4, by increasing the concentration of the tracks (probe/C-
strand), the rate of fluorescence increase of PCB became lager, while
the S/N slightly decreased. As S/N of 20 nM and 50 nM of the tracks
were similar and 50 nM had a better signal, we choose 50 nM of the
tracks in PCB for ALP detection.

3.3. Confirmation of the path-choice behaviour of A exo

Next, we tried to confirm that A exo indeed chose path A or path
B on different occasions. The choice of path B is apparent when the
fluorescent signal increases fast. While the choice of path A is not as
that apparent. A exo was thought to have limited activity on the
substrate with 5-PO4 overhang, which is similar to ssDNA [47].
However, in this experiment, A exo could still distribute to (if not
digest) the C-strand with a long 5’-PO4 overhang. As shown in
Fig. 3A, one assumption is that the 7-nt overhang in the C-strand
stacked A exo. Another assumption is that A exo chose path A in
which it walked on track-1 (probe) and digested track-2 (C-strand).
We first incubated A exo with the tracks (probe/C-strand-7nt) for
30 min, then added C-strand—OH—7nt ssDNA (sequence in Table 1).
If A exo was stacked (assumption 1), there will be a low fluorescent

signal. If A exo chose path A (assumption 2), as the C-strand-7nt was
removed by A exo, the probe could be free to hybridize with newly
added C-strand-7nt-OH and form dsDNA. Then A exo could digest
the probe in the dsDNA (probe/C-strand-7nt-OH) and gives out a
fluorescent signal. As shown in Fig. 3B, the rate of fluorescence
increase of this experiment (line 2) is similar to the control that
directly use A exo to digest probe/C-strand—OH—7nt (line 1). This
result indicated that assumption 2 occurred and A exo indeed chose
path A with the tracks probe/C-strand-7nt without ALP.

The choice of A exo in verified assumption 2 is not a canonical
property. To confirm it, we further tested the production with
agarose gel electrophoresis. As shown in Fig. 3C, probe/C-strand-
7nt was digested for 90 min (lane 1), 60 min (lane 2) and 30 min
(lane 3). Lane 4 (probe), lane 5 (C-strand-7nt) and lane 6 (probe/C-
strand-7nt) were the controls without A exo digestion. As there is a
quencher (BHQ-1) on the probe, the ssDNA probe band could
hardly be seen on the gel. With increasing digestion time, the band
of the probe/C-strand-7nt was dimmer (from lane 3 to lane 1). And
the product band could not be seen, which indicates the product
was the probe (as in lane 4). Thus, we confirmed that the C-strand-
7nt with a 5'-PO4 overhang was truly digested by A exo. Digestion of
the long protruded 5’-PO4 overhang in dsDNA substrate is a novel
finding for the property of A exo. We guessed that in the 5 end
path-choice model (5’-PO4 and 5’-FAM in this case) in dsDNA, A exo
might show preference on the 5-PO4 even it is on the ssDNA part.
This property is expected to be further investigated in the future.

3.4. Application of the path-choice based biosensor to ALP detection
in biological samples

Then we applied PCB to detect ALP in real practice. Firstly, we
chose probe/C-strand-7nt as the track and tested a series of ALP
with different concentrations from 0 to 5 U L~ (0, 0.05, 0.1, 0.2, 0.5,
1, 2, 5) to calculate the LOD of this method. As shown in Fig. 4A,
with the increasing concentrations of ALP, the rate of fluorescence
increase became larger. The linear range is 0.05—2 U L~ and the
LODis 0.014 UL (36 K1) based on the linear regression equation
in Fig. 4B. We need only 20 min to complete the reaction, and the
whole process of the method could be done within 30 min. The
stability of the method was studied with the measurement of ALP
with 2 U L™! for 6 times per day in different four days (total 24
repeats). The results in Table S2 showed that the RSD (relative
standard error) ranged from 2.5% to 2.8% for intraday measure-
ments and 2.8% for interday measurements. The selectivity of PCB
to different proteins was shown in Fig. 4C. Nucleases, which con-
sists of endonuclease and exonuclease, may provide the greatest
interference to the method based on DNA biosensors. Thus, the
interferent proteins tested included a non-related protein (bovine
serum albumin, BSA), an endonuclease (DNase I), a 5’ exonuclease
(T7 exonuclease, T7 exo), a 3’ exonuclease (Exonuclease III, Exo III)
and another enzyme (Uracil glycosylase, UDG). All the interferent
proteins tested had a similar signal to the control. We also mixed
these proteins with ALP and added them into PCB. As shown in the
seventh column in Fig. 4C, the signal is similar to that with ALP
alone. Thus, PCB showed high selectivity towards different proteins,
and ALP detection was not affected by the interferent proteins. To
our knowledge, the nucleases, which wildly exist in the real sam-
ples such as cell lysate and serum, are for the first time considered
in the selectivity detection of ALP (see in Table S3). We also tested
the inhibition effect of Na3VOg4, which is commonly used to inhibit
ALP activity. As shown in the rightmost column in Fig. 4C, NazVOg4
significantly decreased the rate of fluorescence increase, which
demonstrated that PCB could be applied to ALP inhibitor screening.

The high selectivity ensured the application for real sample
detection. We tested the activity of ALP extracted from HELA cells to
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evaluate the practicability in the biological application. As shown in
Fig. 4D, the activity of ALP showed excellent linearity with the cell
number ranging from 0 to 200. Our method could detect the ac-
tivity of ALP in as low as 12 cells (35 K~ 1), which is comparable with
the method with complicated designs [28,29].

4. Conclusion

In summary, we proposed a novel path-choice-based biosensor
(PCB) and used ALP as the switch to control the path-choice of A
exo. To our knowledge, this is the first path selector using DNA as
the tracks and an enzyme as the switch. PCB would work as a path
selector and has the potential to be used as a component in the
complicated DNA logic circuit in the future. PCB has overcome the
background generation problem in conventional ALP detection
with only one path, and it has been successfully applied to detect
the activity of ALP. The detection method has high sensitivity (0.014
U L1, high selectivity, simple design and fast process (30 min).
Compared to the existing fluorescence-based methods shown in
Table S3, our method has overcome the shortages of poor sensi-
tivity, long reaction time, special components requirements, and
uncleared selectivity (see detailed discussion in the Supporting
Information). Requiring no special nor harsh reactions conditions,
our method offers a balance of speed and low detection limit and
shows a good selectivity towards nucleases which commonly pre-
sent in biological samples. These advantages ensured the detection
of ALP in complicated biological samples such as HELA cell lysates.
Therefore, our method is promising to have broad application
prospects in ALP-related biological research. Potentially, our
method could be used to directly detect ALP in eutrophic water
bodies to indicate DIP levels. Also, our method could be used to
detect enzymes, proteins and small molecules using ALP to
generate the signal. Besides, we optimized the structure of the
tracks and found that ALP has the best activity on the tracks with 5’-
PO4 7-nt overhang structure. We also discovered the unexpected
property of A exo that it could digest the 5'-PO4 overhang strand in
dsDNA. These findings may promote the studies on the property of
ALP and A exo.
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