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ABSTRACT: Alkaline phosphatase (ALP) is a valuable biomarker and =~~~ = @& S € AN pecton
effective therapeutic target for the diagnosis and treatment of diverse ;,::mimmbc ap | TV T ”*m
human diseases, including bone disorder, cardiovascular disease, and - l"\mﬁ( Pt
cancers. The reported ALP assays often suffer from laborious procedures,  _~goobdodel s \m#) e A
costly reagents, inadequate sensitivity, and large sample consumption. A - </ NRKNN ProbeTIPL

Herein, we report a new single-molecule fluorescent biosensor for the « |«
simple and ultrasensitive detection of ALP. In this assay, the ALP- l
catalyzed dephosphorylation of detection probe can protect the detection  catiyticselr-assembly
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detection probes can trigger ceaseless hybridization between two CyS-
labeled hairpin probes through toehold-mediated DNA strand displace-
ment, generating a long fluorescent DNA chain, which can be $
subsequently separated from unhybridized hairpin probes and

disassembled into dispersed CyS moieties upon NaOH treatment. The free CyS moieties indicate the presence of ALP and can
be directly quantified via single-molecule counting. This biosensor enables efficient amplification and transduction of the target ALP
signal through enzyme-free assembly and disassembly processes, significantly simplifying the experimental procedure and improving
the assay accuracy. The proposed biosensor allows specific and ultrasensitive detection of ALP activity with a detection limit down to
2.61 X 107 U mL™" and is suitable for ALP inhibition assay and kinetic analysis. Moreover, this biosensor can be applied for
endogenous ALP detection in human cells and clinical human serum, holding the potential in the ALP biological function study and
clinical diagnosis.
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As an essential hydrolytic enzyme that is widely distributed A series of ingenious strategies based on fluorescent,*
in prokaryotes and eukaryotes, alkaline phosphatase chemiluminescent,”” Raman scattering,28 colorimetric,”® elec-
(ALP) acts on phosphorylated substrates to catalyze their trochemical,®® and magnetic resonance imaging31 have been
dephosphorylation under alkaline conditions through the established for sensing ALP activity. Among them, the
cleavage of phosphate esters,' ™ and it partakes in diverse fluorescent ALP assays are most widely established due to
physiological processes including bone mineralization,* cell their superiorities of simplicity, stability, rapidity, and
division,” immune response,’ and endotoxin detoxification.” sensitivity. However, they often require the complicated
An abnormal ALP level is associated with numerous diseases synthesis of ﬂuor3efcent nanomateri;a}s (e.g., quantum dOtSf:%
such as bone disorder,” primary biliary cirrhosis,” stroke,"’ gold nanocluster,”” gold nanocube,” copper nanoparticles,”

36 . L 1.37 .
graphene quantum dots,” silicon nanoparticle,”” semiconduc-
38 . 39
tor quantum dot,”* and silver nanocluster’”) or small-molecule
: 40
fluorescent probes (e.g, near-infrared fluorescent probe,
: : 41
excited-state intramolecular proton transfer florescent probe,
2 .
two-photon fluorescent })robe, excimer/monomer conver-
sion fluorescent probe,™ and aggregation-induced emission

.11 . cee 120 7. 13 .
hypophosphatasia, = axial spondyloarthritis,”~ diabetes, ” Wil-

s 1 14 : 15-18 _ . .
son’s disease, ' and diverse cancers, with great potential
as a biomarker for disease diagnosis and prognosis. Bedsides,
ALP can serve as a valuable therapeutic target for treatment of

. . . . 19 .

various diseases such as cardiovascular disease, ~ inflammatory

. 20 21 ;
bowel disease,” and vascular calcification.”” Moreover, ALP is
. . 22

one of the most used enzyme tags in electrochemical assays

and is a useful tool enzyme for preventing linear vector Received: February S, 2022
religation in the cloning process,” end-labeling of nucleic Accepted:  March 27, 2022
acids,”* and degrading excess dNTPs in PCR reaction.”® Published: April 6, 2022

Therefore, the accurate detection of ALP activity can greatly
promote its biological, biomedical, and bioanalysis applica-
tions.
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fluorescent probe**). Moreover, non-nucleic acid molecules,
including phenolphthalein monophosphate,* hydroquinone
diphosphate,*® peptide,*”*® p-nitrophenylphosphate
(PNPP),*” pyrophosphate,’>*” guanine monophosphate,”
and adenosine triphosphate,” are frequently exploited as the
ALP sensing substrates, but they are not easily amplified like
DNA/RNA and are not suitable for accurate detection of low-
abundant ALP target in rare samples. To overcome this issue, a
few nucleic acid signal amplification methods, such as DNA
ligase-mediated ligase amplification reaction,”® DNA polymer-
ase- and nicking enzyme-mediated circular exponential
amplification,”’ DNA RNA polymerase- and Casl3a nucle-
ase-mediated RNA transcription-coupled cyclic cleavage
reaction,”” RNA polymerase- and duplex specific nuclease-
mediated RNA transcription-induced dual signal amplifica-
tion,”” and DNA polymerase- and endonuclease-mediated
exponential signal amplification,”* have been adapted for
amplified detection of ALP, but they require multiple specific
enzymes to trigger the amplification system, which inevitably
increases the assay cost and complicates the reaction process.
Besides, the instability of enzyme activities and frequent
nonspecific amplification may impair the assay accuracy and
reproducibility.

Herein, we constructed a new single-molecule fluorescent
biosensor for ALP detection. In this biosensor, the target ALP
triggers the assembly of a long fluorescent DNA chain through
the enzyme-free hybridization between two fluorescent probes,
and the subsequent enzyme-free disassembly of the fluorescent
DNA chain produces numerous dispersed fluorescent moieties
that can be fluorescently imaged and quantified via single-
molecule counting. This biosensor is highly sensitive and it can
be employed for endogenous ALP detection in human cells
and clinical human serum samples.

B EXPERIMENTAL SECTION

Chemicals and Materials. DNA sequences (Table S1)
were obtained from Sangon Biotech Co., Ltd. (Shanghai,
China). ALP, lambda exonuclease (1 exo), uracil DNA
glycosylase (UDG), CpG methyltransfease (MSssl), and
streptavidin magnetic beads were purchased from New
England Biolabs (Ipswich, MA, U.S.A.). SYBR gold dye was
bought from Invitrogen Corporation (California, CA, U.S.A.).
The alkaline phosphatase assay kit (pNPP assay) was obtained
from beyotime (Haimen, China). The glucoseoxidase (GOX),
Na,VO,, and bovine serum albumin (BSA) were obtained
from Sigma-Aldrich (St. Louis, MO, U.S.A.). Ultrapure water
was prepared from a Millipore filtration system (Temecula,
CA, US.A.).

ALP Detection. To perform ALP-mediated dephosphor-
ylation of detection probes, 10 uL of reaction mixture
containing ALP with indicated concentrations, 250 nM
detection probe, and 1 pL of 10X CutSmart buffer was
reacted at 37 °C for 40 min. Then, 4 U of 1 exo was added to
react for 30 min at 37 °C. The digestion products were added
to S0 uL of solution containing 10 yL of 5X hybridization
buffer (50 mM Na,HPO,, 0.5 M NaCl, pH 6.8), 400 nM
hairpin probe 1 (HP1), and 400 nM hairpin probe 2 (HP2),
and the mixture was reacted for 1 h at 37 °C. Then S pL of
magnetic beads was added to capture the hybridization
products, and unreacted H1 and H2 were removed via
magnetic separation. After washing the magnetic beads three
times with reaction buffer, 50 uL of distilled water containing 1
M NaOH was added to incubate for S min to induce the
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disassembly of the DNA chain, and the supernatant containing
free HP1 and HP2 was subjected to measurement.

Ensemble Fluorescence Measurement. The reaction
products were measured by fluorescence spectrophotometer
(FLS-1000, Edinburgh Instruments, U.K.). The path length of
the cuvette was 1 cm, the slit widths for both excitation and
emission were set at 4 nm, the excitation wavelength was set at
635 nm, and the emission wavelength of 650—750 nm was
measured.

Single-Molecule Counting. For TIRF imaging-based
single-molecule counting, the resulting solution was diluted
2000-fold using imaging buffer (1 mg/mL trolox, S0 mM KClI,
S mM MgCl,, 10 mM Tris-HCI, pH 8.0). The diluted solution
was directly dripped on the coverslip and imaged by total
internal reflection fluorescence (TIRF) system equipped with a
650 nm laser (S0 mW, Coherent, U.S.A.) and a 100X objective
(Olympus, Japan). The single-molecule images were obtained
by Andor Ixon DU897 EMCCD using 500 ms of exposure
time. The 500 X 500 pixels region was used for single-molecule
counting. To determine the number of photobleaching steps of
the CyS spot, the reaction mixture was continuously excited
and 50 images were recorded with an exposure time of 400 ms.
The data from the images were analyzed using Image]
software.

Gel Electrophoresis. A total of 20 uL of the reaction
products were electrophoresed in 12% nondenaturing
polyacrylamide gel using 1X TBE buffer and a voltage of 110
V. After a 1 h electrophoresis, the gel images were obtained by
using a gel imaging system (Bio-Rad ChemiDoc MP, CA,
U.S.A).

Detection of ALP Inhibition. The different-concentration
ALP inhibitor Na;VO, was preincubated with ALP for 20 min
at 37 °C prior to ALP assay. The relative ALP activity (RA)
was determined on the basis of eq 1.

C.
RA(%) = — x 100%
G (1)

where C, and C; are the ALP activity with and without
inhibitor, respectively, and they can be measured based on the
linear regression equation N = 116.38 + 16.34 log,, C in Figure
3A. C and N are ALP concentration and CyS count number,
respectively, and RA can be measured according to eq 2

102375

21.09
10MN2375

N—-N,/16.34

RA(%) = X 100% = 10 X 100%

)

21.09

where N; and N, are the CyS count number with and without
inhibitor treatment, respectively.

Cell Culture and ALP Extraction. The cell lines,
including human cervical cancer HeLa cells, human embryonic
kidney HEK cells, and human breast adenocarcinoma MCEF-7
cells, were cultured in Dulbecco’s modified Eagle’s medium
containing 1% penicillin—streptomycin and 10% FBS at 37 °C,
with the incubator being supplied with 5% CO,. The cells in
the exponential phase of growth were collected and counted
using Countstar cell counter (Shanghai, China). The cell
extracts were prepared using a nuclear extract kit (ActiveMotif,
Carlsbad, CA) and diluted to a certain concentration that is
equivalent to an indicated cell number.
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Scheme 1. Dephosphorylation-Triggered the Assembly and Disassembly of Fluorescent DNA Chains for ALP Biosensing®
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B RESULTS AND DISCUSSION

As shown in Scheme 1, a 5’-phosphorylated ssDNA (Figure
S1A) labeled with biotin at the 3’ end is designed as both the
detection probe for ALP sensing and the initiator for
hybridization chain reaction. When ALP is absent, 4 exo can
degrade the detection probe from the 5’ to 3’ end,>” and thus,
no hybridization reaction occurs due to the lack of initiator.
When ALP is present, ALP dephosphorylates the detection
probe through the removal of a phosphate group, which can
efficiently protect the detection probe from A exo digestion.”
The a* of the detection probe then binds to a toehold domain
a of the hairpin probe 1 (HP1, Figure S1B) and triggers the
toehold-mediated DNA displacement to form a stable probe-
HP1 duplex with the exposure of toehold domain cb*.
Subsequently, the ¢* of hairpin probe 2 (HP2, Figure S1C)
binds to the ¢ of the probe-HP1 duplex and triggers a strand
displacement reaction to form a probe-HP1-HP triplex,
exposing the toehold domain b* of HP2, which is identical
to the sequence of the probe. Subsequently, the toehold
domain b* of HP2 can bind to new HP1 to trigger the next
round of the hybridization reaction. As a result of the ceaseless
hybridization between HP1 and HP2, a long fluorescent DNA
chain probe:(HP1-HP2), containing abundant CyS-labeled
HP1 and HP2 are generated, and it can bind to the
streptavidin-conjugated magnetic beads via biotin—streptavidin
interaction (K; = 107" M)*® and separated from the
unhybridized HP1 and HP2 under a magnetic field. After 1
mol/L NaOH treatment,”’ the resulting fluorescent DNA
chains are disassembled into free HP1 and HP2, which can be
easily imaged by TIRF microscopy and quantified by single-
molecule counting. In this biosensor, the magnetic separation
enables the isolation of a fluorescent DNA chain from
unassembled probes to significantly decrease the background
signal, and the subsequent NaOH treatment can disassemble
the fluorescent DNA chain into free probes in an enzyme-free
manner to facilitate the single-molecule counting of individual
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signal probe. The integration of these two technologies will
allow the simple detection of ALP with high accuracy and
sensitivity. In comparison with the reported fluorescent ALP
sensors, the proposed biosensor is much simpler by eliminating
laborious procedures for the preparation of functional
fluorescent nanomaterials®> ™’ and small-molecule fluorescent
probes,”™* and avoiding the enzyme-assisted nucleic acid
amplification for ALP signal amplification,”®>'~>* Although it
cannot be applied for the imaging of ALP activity in living cells
like some reported fluorescent ALP assays,*”** the proposed
ALP biosensor can sensitively detect ALP in cell extracts and
serum samples.

We verified the ALP-mediated protection of detection probe
using nondenaturing polyacrylamide gel electrophoresis (12%)
and DNA dye SYBR gold (it emits strong green fluorescence
signal upon binding with nucleic acids).”® As shown in Figure
1A, after A exo treatment, no band is observed when ALP is
absent (Figure 1A, lane 1), suggesting the degradation of
detection probe in the absence of target. In contrast, a distinct
band of detection probe is detected when ALP is present
(Figure 1A, lane 2), suggesting the ALP-directed protection of
detection probe from A exo digestion. We further employed
PAGE to analyze the ALP-triggered self-assembly reaction
through direct excitation of CyS molecules (Figure 1B). When
ALP is absent, only the bands of HP1 and HP2 are observed
(Figure 1B, lane 1), with similar results observed in groups
without a detection probe (Figure 1B, lane 2), indicating no
occurrence of an assembly reaction due to the complete
digestion of detection probes without ALP. In contrast, an
obvious dispersion band is generated in the presence of ALP,
demonstrating the successful ALP-directed assembly of
fluorescent DNA chains of probe-(HP1-HP2),. In fluorescence
imaging experiments, a distinct fluorescence signal is produced
around the magnetic beads when ALP is present, but it
disappears when ALP is absent (control, Figure 1C), indicating
the ALP-mediated assembly of fluorescent DNA chains on the
magnetic beads. Furthermore, the reaction products are
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Figure 1. (A) PAGE analysis of ALP-directed protection of detection
probe from A exo digestion. Lane M: 20 bp DNA Ladder; lane 1: 4
exo; lane 2: A exo + ALP. Both DNA marker and reaction products
were stained with SYBR gold dye. (B) PAGE analysis of the assembly
of fluorescent DNA chains induced by ALP. Lane M: 20 bp DNA
Ladder; lane 1: detection probe; lane 2: ALP + detection probe; lane
3: A exo + ALP. (C) Imaging of magnetic beads without (control,
bottom) and with (top) ALP. Scale bar = 10 uM. (D) Fluorescence
spectra with (red color) and without (control, black color) ALP. The
4 U of 1 exo, 0.1 U/mL ALP, 250 nM detection probe, 400 nM HP]I,
and 400 nM HP2 were used in B—D.

disassembled from magnetic beads, and the supernatant is
subjected to fluorescence measurement (Figure 1D). No
obvious fluorescence is generated without ALP (control,
Figure 1D, black line), while a strong fluorescence signal
with a peak wavelength of 670 nm is produced in response to
ALP (Figure 1D, red line), suggesting efficient signal
amplification induced by ALP. These results indicate that
this biosensor can be applied for the monitoring of ALP
activity.

Different from traditional fluorescent assays that measure
the ensemble average,59 single-molecule fluorescence detection
can efficiently eliminate the inner filter effect to allow the
visualization and quantification of individual target molecules
with high resolution and extremely low sample consumption.®’
We employed single-molecule imaging to monitor the ALP-
derived CysS signal. Distinct CyS fluorescent spots are detected
at the excitation wavelength of 640 nm upon the addition of
0.1 U/mL ALP (Figure 2A), but no fluorescent spot is
detected in the control group without ALP (Figure 2B).
Notably, the CyS spot demonstrates a one-step photobleaching
(Figure 2C), suggesting that each fluorescent spot contains a
single CyS molecule. The time-course experiment (Figure 2D)
indicates that the Cy5 counts are enhanced with incubation
time and reach saturation beyond 40 min. In contrast, no
significant change is observed in the Cy$ signal in the control
group. These results verify the achievement of single-molecule
counting of the ALP activity.

We investigated the assay sensitivity by measuring the CyS
counts produced by different-concentration ALP under
optimized reaction conditions (i.e., 1 exo amount of 4 U, A
exo incubation time of 30 min, hybridization reaction time of 1
h, Figures S2—S4). The CyS counts (N) enhance when the
ALP concentration (C) increases from 0 to 2 U mL™" (Figure
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Figure 2. (A) Images of single CyS moieties in response to ALP. (B)
Images of single CyS moieties without ALP (control). A single Cy$S
spot and the background are indicated by green and blue circles,
respectively. (C) Fluorescence intensity traces of the fluorescent spot
(green color) and background (blue color) over time showing a one-
step photobleaching. (D) Variance of CyS counts as a function of
incubation time with (red color) and without (control, black color)
ALP. The 0.1 U/mL ALP was used in the experiments.

3A), and they exhibit a linear correlation with the logarithm of
ALP concentration from 1 X 107° to 1 X 107 U mL™". The
regression equation is N = 104.36 + 1629 log,,C (R* =

A
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Figure 3. (A) Variance of CyS counts as a function of ALP
concentration. The inset shows the linear dependence of CyS counts
upon ALP concentration from 1 X 107° to 1 X 107> U/mL. (B) Cy$
counts generated by BSA, trypsin, GOX, catalase, MSssI, UDG, ALP,
and heated ALP, respectively. The 100 mg/L BSA, 100 mg/L trypsin,
100 mg/L GOX, 100 mg/L catalase, and 0.1 U/mL MSssI, 0.1 U/mL
UDG, and 0.1 U/mL ALP were used in the experiments.
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0.9937). The detection limit is calculated to be 2.61x 107 U
mL™! based on 36/K (¢ and K are the standard deviation of
control sample and the slope of calibration curve), which is
superior to the reported ALP assays (Table S2). The high
sensitivity can be attributed to the following three factors: (1)
the low background signal generated by the complete digestion
of excess phosphorylated probes by 4 exo and the separation of
unhybridized hairpin probes from the assembled DNA chains,
(2) efficient target signal amplification and transduction
induced by catalytic assembly and disassembly processes, and
(3) the inherent high sensitivity of single-molecule detection.

We further investigate the selectivity of this biosensor using
various nonspecific enzymes including BSA, GOX, trypsin,
catalase, MSssl, and UDG. A significantly amplified Cy5 signal
is generated when target ALP is present, and no signal
improvement is detected in response to BSA, trypsin, GOX,
catalase, MSssl, UDG, and a control group without any
enzymes. Notably, the Cy5 signal produced by heated ALP is
identical to that of the control group without any enzymes,
suggesting the complete loss of ALP activity upon heat
treatment. This result indicates the excellent specificity of this
biosensor toward ALP.

We further employed this biosensor to analyze ALP enzyme
kinetic parameters. The initial ALP reaction velocity (V) in
response to different concentrations of detection probe was
measured, and the data were fitted to the Michaelis—Menten

KV“‘j[f;], where V.., [S], and K,, are the

maximum initial velocity, detection probe concentration, and
Michaelis—Menten constant, respectively. The initial velocity
enhances when the detection probe concentration increases
from 0 to 250 nM. The K, and V,,, are measured to be 260.96
nM and 29.97 min~!, respectively, suggesting that the
proposed biosensor is suitable for ALP kinetic analysis.

ALP inhibitors are regarded as promising drugs for the
treatment of various diseases, such as vascular smooth muscle
cell calcification® and cardiovascular disease.”” We used
sodium orthovanadate (Na;VO,)*® as a competitive ALP
inhibitor to demonstrate the capability of the proposed
biosensor for inhibition assay. The relative ALP activity
(RA) exhibits a dose-dependent decrease with Nay;VO,
concentration from 10 to 400 uM (Figure 4B). The ICs,
(the concentration of Nay;VO, with the capability to reduce
50% ALP activity) is determined to be 78.65 uM, which is in
agreement with that obtained by polymer dot-based immuno-
assay (25.9 uM)®* and coordination polymer nanoparticle-
based fluorescent assay (148.6 uM),* suggesting the potential
of the proposed biosensor for ALP-targeted drug discovery.

Dysregulated cellular ALP activity is implicated in diverse
human diseases including cancers.'*™"® We further verified the
feasibility of this biosensor for cellular ALP assay (Figure SA).
The control group without cell extracts only generates a low
background signal. In contrast, distinct CyS signal is detected
in HEK cells, HeLa cells and MCF-7 cells, with the decrease of
CyS signal in the order of HeLa cells > MCF-7 cells > HEK
cells, indicating different cellular ALP activity levels in different
cell lines, which is consistent with previous researches,*®*?
suggesting that the proposed biosensor can discriminate ALP
level between cancer cells and normal cells and even among
different cancer cell lines. Moreover, the CyS counts (IN)
improve when HeLa cell number (X) increases from 0 to
10000 cells (Figure SB), and they exhibit a linear dependence
upon the HeLa cell number from 10 to 10000 cells in a

equation of V =

6008
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Figure 4. (A) Variance of initial ALP reaction rate as a function of
detection probe concentration. (B) Variance of relative ALP activity
as a function of Na;VO, concentration.

logarithm scale, with the equation being N = —0.0471 + 21.27
log,y X. The detection limit is determined to be two cells.
Notably, the treatment of HEK, MCF-7, and HeLa cells with
Na;VO, induces the decrease of the CyS signal, suggesting the
efficient inhibition of endogenous ALP activity by Na;VO,.
These results demonstrate the feasibility of this biosensor for
sensitive and accurate detection of endogenous ALP in human
cells.

We further measured ALP in clinical serum samples using
the proposed biosensor. The ALP can be quantitatively
detected in 10 serum samples with an average concentration
of 82.3 U/L (Figure 6A, red column), which is identical to that
obtained by standard pNPP assay with an average concen-
tration of 80.8 U/L (Figure 6A, black column). Moreover, ALP
can be detected from a series of diluted serum with volumes
from 0 to 1 uL, and even ALP from 0.05 yL of serum can be
well discriminated from the control samples without serum.
The sample consumption of the proposed biosensor (0.05 yL)
is 100X lower than that required in p-nitrophenyl phosphate-
based colorimetric ALP assay (5 uL),** suggesting that the
proposed biosensor can detect the serum ALP level with high
accuracy and minimum sample consumption.

Bl CONCLUSIONS

We have constructed a new single-molecule fluorescent
biosensor for accurate and sensitive monitoring of ALP level
in human cells and clinical serum samples. All probes involved
in this biosensor are commercially available, which avoids
laborious procedures for the preparation of functional
fluorescent nanomaterials®*™>° and small-molecule fluorescent
probes.**™*" Superior to enzyme-assisted nucleic acid
amplification-based ALP assays,””>'~>* the signal amplification
and transduction involved in this biosensor can be achieved
with enzyme-free assembly and disassembly processes, greatly
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dependence of CyS counts upon HeLa cell number from 10 to 10000
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Figure 6. (A) Measurement of ALP level in clinical serum samples
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assay (black column). (B) Measurement of Cy$S counts in response to
serum volume from 0 to 1 uL.

simplifying the assay procedures and eliminating nonspecific
signals. This biosensor can sensitively detect ALP activity with
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a detection limit of 2.61 X 107° U/mL, and it can be applied
for ALP inhibition assays and kinetic analysis. Importantly, this
biosensor can accurately detect the endogenous ALP level in
human cells and clinical serum samples with minimum sample
consumption, providing a new platform for ALP-related
biological research and clinical diagnosis. Furthermore, this
biosensor can be extended to detect other nucleic acids and
nucleic acid-modifying enzymes by using corresponding probes
and recognition enzymes.
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