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a b s t r a c t

Alkaline phosphatase (ALP) is widely expressed in human tissues. ALP plays an important role in the
dephosphorylation of proteins and nucleic acids. Therefore, quantitative analysis of ALP plays a vital role
in disease diagnosis and the development of biological detection methods. Terminal deoxynucleotidyl
transferase (TdT) catalyzes continuous polymerization of deoxynucleotide triphosphates at the 30-OH
end of single-stranded DNA in the absence of a template. In this study, we developed a highly sensitive
and selective method based on TdT and endonuclease IV (Endo IV) to quantify ALP activity. After ALP
hydrolyzes the 30-PO4 end of the substrate and generates 30-OH, TdT can effectively elongate the 30-OH
end with deoxynucleotide adenine triphosphate (dATP) and produce a poly A tail, which can be detected
by the poly T probes. Endo IV digests the AP site in poly T probes to generate a fluorescent signal and a
new 30-OH end, leading to the generation of exponential fluorescence signal amplification. The substrate
for TdT elongation was optimized, and a limit of detection of 4.3 � 10�3 U/L was achieved for ALP by the
optimized substrate structure. This method can also detect ALP in the cell lysate of a single cell. This work
has potential applications in disease diagnosis and biomedical detection.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alkaline phosphatase (ALP) is widely present in the human in-
testine, liver, kidneys, bone, and other tissues. ALP plays an impor-
tant role in the dephosphorylation of proteins and nucleic acids [1].
As a valuable biomarker for pathological diagnosis, ALP activity is
often used as an indicator for diagnosing liver dysfunction, diabetes,
and other diseases [2,3]. In environmental biology, monitoring ALP
activity can help control phytoplankton population [4e6]. ALP is also
used as a signal generation tool in commonly used biological
detection methods, such as immunohistochemistry staining and
enzyme-linked immunosorbent assay (ELISA). When the ALP-
University.
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labeled antibody binds to the antigen, ALP can catalyze the chro-
mogenic reaction to reveal antigen-antibody binding [7,8]. Applica-
tions in the above fields require accurate quantitative analysis of ALP.
Thus, it is imperative to develop a simple, sensitive, and rapid
method to detect ALP activity.

The analytical methods for detecting ALP activity include fluo-
rescence analysis, electrochemical biosensors, colorimetry, and
chromatography [9e13]. Among them, fluorescence analysis offers
the advantages of high sensitivity, low cost, and easy operation.
Fluorescence-based methods for ALP detection can be divided into
two strategies. The first is based on the direct method, in which the
ALP activity is directly reflected by the fluorescence difference be-
tween the initial phosphorylated substrate and the dephosphory-
lated substrate produced by ALP [14e17]. However, the limit of
detection (LOD) is not satisfactory in such methods. The second
strategy is indirect methods based on dephosphorylated products
to trigger subsequent reactions with fluorophore-labeled materials
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such as nanomaterials or DNA probes [18e21]. Under this strategy,
the reactant can trigger a change in the label to realize ALP activity
analysis. This strategy is more stable and highly sensitive for
generating fluorescence signals than the first strategy. However,
the preparation of nanomaterials is complicated, which limits their
widespread applications. For DNA probe-based methods, signal
amplification is not easy to design, and time-consuming steps are
involved to achieve high sensitivity. Thus, building fluorescence
analytical methods compatible with high sensitivity and simple
design remains a challenge.

Terminal deoxynucleotidyl transferase (TdT) catalyzes the
continuous polymerization of deoxynucleotide triphosphates
(dNTPs) at the 30-OH end of the single-stranded DNA in the
absence of a template [22]. Owing to its unique catalytic perfor-
mance, TdT is often used as a tool enzyme for DNA nanostructure
assembly and biological detection [23e25]. As the reaction effi-
ciency of TdT to the 30-PO4 end is relatively lower than that of the
30-OH end, TdT could be used to detect ALP with the second
strategy mentioned above. For example, TdT-mediated hemin/G-
quadruplex DNAzyme nanowires were used to develop an elec-
trochemical assay to detect ALP activity, with an LOD of 0.03 U/L
[26]. Furthermore, the TdT-mediated thymine-Hg2þ-thymine
structure was also used to determine ALP activity, with an LOD of
0.025 U/L [27]. However, these methods require complicated re-
actants or toxic heavy metals. In this study, we developed a novel
exponential amplification detection system based on TdT and
endonuclease IV (Endo IV) for detecting ALP activity with higher
sensitivity.

As shown in Scheme 1, the phosphate group at the 30 end of the
substrate can serve as the recognition site for ALP. When ALP hy-
drolyzes 30-PO4 and generates 30-OH, TdT can effectively elongate
the 30-OH end with deoxynucleotide adenine triphosphate (dATP)
in the solution and produce a poly A tail. The poly A tail serves as
the “landing platform” for poly T probes through T:A base pair
hybridization. The poly T/poly A double-stranded DNA (dsDNA) is a
preferred substrate for Endo IV, which cleaves the AP site in the
middle of the poly T probe. As a result, the poly T probe breaks and
dissociates from the poly A tail. The fluorophore (FAM) and the
black hole quencher-1 (BHQ-1) labeled on two sides of the AP site
in the probe separate from each other. Therefore, the fluorescence
signal of FAM, which was initially quenched by BHQ-1, is released.
As the hydrolysis of the AP site also generates a 30-OH end, a new
poly A tail can be elongated by TdT. Thus, one ALP generates
Scheme 1. A schematic illustration of TdT/Endo IV-assisted exponential amplification for A
dATP: deoxynucleotide adenine triphosphate; Endo IV: endonuclease IV; FAM: fluorophore
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multiple poly A tails after one TdT and Endo IV catalysis cycle. As
the above process is repeated, exponential fluorescence signal
amplification can be achieved. Compared to the previous TdT-based
methods for ALP detection, our detection system offers the
following advantages: use of fewer primary reactants as only two
tool enzymes are used; a simpler preparation process, without
involving organic compounds or having difficulty in synthesizing
quantum dots; and reduced environmental pollution since no toxic
heavy metals such as mercury ions are used.

2. Materials and methods

2.1. Materials and reagents

All oligonucleotides used in this study were synthesized and
purified by Sangon Biotech Co., Ltd. (Shanghai, China). ALP, TdT,
bovine serum albumin (BSA), exonuclease III (Exo III), T7
exonuclease (T7 exo), deoxyribonuclease I (DNase I), uracil gly-
cosylase (UDG), CutSmart reaction buffer (50 mM KAc, 20 mM
Tris-Ac, 10 mM Mg(Ac)2, 100 mg/mL BSA, pH 7.9, 25 �C), 10 � TdT
buffer (500 mM KAc, 200 mM Tris-Ac, 100 mM Mg(Ac)2, pH 7.9),
and 2.5 mM CoCl2 solution were purchased from New England
Biolabs Inc. (Ipswich, MA, USA). dATP, agarose, loading buffer,
DNA ladder mix, and nucleic acid dye GelRed were purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). The concentra-
tion of DNA oligonucleotides was measured using a NanoDrop
2000 UVevis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The sequences of all oligonucleotides are
listed in Table S1.

2.2. Fluorescence monitoring

Fluorescence was measured using a LineGene Mini FQD-16A
(Bioer Technology Co., Ltd., Hangzhou, China) at 37 �C. The fluo-
rescence intensity was recorded every 20 s for 120 min, and the
gain level was 8. The excitation and emissionwavelengths were set
to 485 and 582 nm, respectively.

2.3. Feasibility verification and substrate optimization

The reaction system consisting of 200 nM (final concentration
for all reagents below) probe, 100 nM substrate, 100 U/mL TdT,
1 � TdT buffer, and 1 mM dATP was incubated at 37 �C for 30 min.
LP detection. ALP: alkaline phosphatase; TdT: terminal deoxynucleotidyl transferase;
; BHQ-1: black hole quencher-1.
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Subsequently, Endo IV (4 U/mL) was added, and the fluorescence
intensity was recorded immediately.

2.4. Assay of ALP activity

The reaction system consisting of 200 nM probe, 100 nM L008,
1 � CutSmart reaction buffer, and ALP at various concentrations (0,
0.01, 0.05, 0.1, 0.14, 0.2, 0.3, and 0.4 U/L) was incubated at 37 �C for
30 min. Then, 100 U/mL TdT, 1 � TdT buffer, 1 mM dATP, and the
above solutions were incubated at 37 �C for 30 min. Finally, Endo IV
(4 U/mL) was added, and the fluorescence intensity was recorded
immediately.

2.5. Selectivity of the method

Four enzymes (10U/L T7 exo, 10U/L DNase I, 10U/L UDG, and
10U/L Exo III) were chosen as the potential interfering enzymes,
and 0.1 mg/mL BSA was selected as the interfering non-related
protein with 1U/L ALP in the same reaction. Fluorescence detec-
tion was performed under the conditions described above.

2.6. ALP activity detection in biological samples

Approximately 106 HeLa cells were pelleted by centrifugation
(3000 rpm, 5 min, 4 �C) and resuspended in 90 mL lysis buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.1% SDS, pH 7.4) on ice.
To remove insoluble substances such as DNA, the mixture solution
was centrifuged at 12,000 r/min for 30 min at 4 �C. ALP activity was
detected in biological samples using the ALP activity assay except
that ALP was replaced by cell lysates prepared with different
numbers of cells (with 0, 1, 2, 4, 10, 25, and 50 cells).

3. Results and discussion

3.1. Feasibility of the strategy for ALP detection

We first compared the fluorescence signals in the following
groups: 1) probe only; 2) probe and poly A strand; 3) probe and 30-
OH strand (simulating the substrate after complete dephosphory-
lation by ALP); 4) probe, substrate, and ALP; and 5) probe, substrate
Fig. 1. Fluorescence responses of TdT/Endo IV-assisted amplification under different
conditions. The poly A strand is 011-strand-poly A. The substrate is L007-strand-þ6ntT.
The phosphorylated strand is 007-strand-þ6ntT. The sequences of the probe and other
strands are shown in Table S1. The y-coordinate reflects the relative fluorescent in-
tensity for the instrument LineGene Mini FQD-16A with a gain level of 8. ALP: alkaline
phosphatase.
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without ALP. As illustrated in Fig. 1, the fluorescence signal
increased very rapidly for groups 2 (orange line) and 3 (green line),
indicating that the TdT/Endo IV-assisted signal amplification sys-
temworked well for the 30-OH substrate. A significant fluorescence
increase was observed in group 4 (blue line), but the fluorescence
increase for group 5 (red line) was slight and similar to that of
group 1 (black line). These results demonstrated the feasibility of
the design for detecting ALP activity.

Agarose gel electrophoresis was performed to demonstrate the
proposed working mechanism. As shown in Fig. S1A, the band in
lane 3 was more delayed than that in lane 2, proving that TdT could
effectively elongate the substrate with 30-OH (lane 3) rather than
with 30-PO4 (lane 2). When ALP was added, 30-PO4 was converted
into 30-OH, and TdT elongated the substrate to form a lagged band
in lane 4. With further addition of Endo IV and the probe, the green
fluorescence emitted by the hydrolyzed probe could be seen under
UV light (Fig. S1B, lanes 5 and 6). This further verified that the poly
A tail and the probe could form dsDNA after TdT worked, and Endo
IV could digest the probe in dsDNA. Furthermore, lane 5 showed a
lowermigration rate to lane 6 because TdT in lane 6was inactivated
after 30 min of incubation at 37 �C before Endo IV and the probe
were added. Thus, in lane 6, the 30-OH produced by Endo IV by
cutting the probe could not be elongated by TdT. Thus, the band in
lane 6 is similar to that in lane 4. The entire procedure in Scheme 1
is realized in lane 5. TdTcould use the 30-OH produced by Endo IV to
produce a larger poly A structure.

We also performed corresponding fluorescence experiments for
lanes 5 and 6 in the gel electrophoresis experiment to confirm the
exponential amplification characteristics of our method. As shown
in Fig. S2, for the experimental conditions in lane 5 (active TdT), the
fluorescence curve exhibited S-type exponential amplification
(black line). For the experimental conditions in lane 6 (inactive
TdT), the fluorescent signal increased linearly (red line). These re-
sults indicated the successful implementation of dual enzymatic-
assisted exponential amplification and the feasibility of the
design for ALP activity detection.

3.2. Optimization of the TdT/Endo IV-assisted exponential
amplification

To increase the sensitivity of the system, we evaluated and
optimized the influencing factors of the system. It has been re-
ported that TdT prefers single-stranded DNA (ssDNA) substrates to
dsDNA substrates and that it has higher elongation efficiency with
30-OH than 30-PO4, which is conducive to detecting ALP [28]. In our
method, 30-OH-ended DNA, which is formed after ALP cleavage,
generates the desired signal. TdT has little activity toward 30-PO4-
ended DNA to generate the background signal (noise). A more
significant signal-to-noise ratio (S/N) would result in a better LOD.

First, we optimized the structure of the substrate DNA strand,
which had not been considered in previous studies [23e27]. We
systematically studied the effect of substrates with different 30-end
structures on the elongation efficiency of TdT. As shown in Fig. 2A,
we designed several structures such as ssDNA, hairpin dsDNA with
a blunt end, and hairpin dsDNA with a sticky end. The 30-end
recessed with n bases is marked as 30-n. The 30-end protruded with
n bases is marked as 30þn. Fig. 2B shows the signal differences of
these structures in response to TdT/Endo IV-assisted exponential
amplification (without ALP) with 30-PO4 (blue column) or 30-OH
(orange column), respectively. The orange column reflects the po-
tential largest signal after ALP cleavage, and the orange column
indicates the noise when ALP is absent. A larger S/N (30-OH/30-PO4,
black line in Fig. 2B) indicates a potentially better ALP detection
sensitivity. For the commonly used ssDNA substrate for TdT elon-
gation, the S/N ratio was 9.8. When dealing with dsDNA substrates



Fig. 2. (A) A schematic depiction of the dsDNA structures with different 30-end. (B) The rate of fluorescence increase for different dsDNAwith 30-OH (the signal, orange column) and
30-PO4 (the noise, blue column). The signal to noise ratio (S/N, black line) was calculated for each column.
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with different structures, the S/N for most of them became smaller.
However, to our surprise, the 30þ6 dsDNA showed a dramatic S/N
increase to be 61.1 as the noise of 30þ6 dsDNA (30-PO4 substrate)
decreased compared to the noise of other substrates. We tested the
noise of 30þ6 and 30þ9 dsDNA with different sequences to deter-
mine the cause. As shown in Fig. S3, the noise changed significantly,
evenwith a single-base difference at the 30-end. The data shown in
Fig. 2B and Fig. S3 indicated that the length and sequence of the 30

protruded end in dsDNA affected the TdT elongation performance.
The rules and mechanisms of this phenomenon are not clear and
require further exploration. We selected 30þ6 dsDNA as a suitable
substrate for ALP in the following experiments to obtain the best S/
N in the substrates we tested.

We then optimized the substrate concentration (Fig. S4) and the
enzyme concentration (Fig. S5) to achieve maximum detection. The
optimized conditions for conducting further experiments were
100 nM substrate, 4 U/mL Endo IV, 100 U/mL TdT, 30 min for ALP
dephosphorylation, and 30 min for TdT elongation.
3.3. Sensitivity of the method

With the best experimental conditions,we tested the signal of the
systemwith varying concentrations of ALP. As shown in Fig. 3A,when
Fig. 3. (A) Fluorescence responses of TdT/Endo IV-assisted amplification with different ALP
from 0 to 0.4 U/L (0, 0.01, 0.05, 0.1, 0.14, 0.2, 0.3, and 0.4). The LOD can be calculated to be 4.3
IV; ALP: alkaline phosphatase; POI: point of inflection; LOD: limit of detection.
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the ALP concentration was increased, the fluorescence intensity also
increased in exponential amplification curves. To determine the
relationship between fluorescence intensity and ALP concentration,
we chose the point of inflection (POI) values in each fluorescence
curve for the quantitative detection of ALP in this assay. POI is defined
as the number of fluorescence acquisition cycles (the fluorescence
intensity was recorded at 20 s per cycle in the experiment) corre-
sponding to themaximumslope in the sigmoidal curve. POI has been
widely adopted in the EXPAR method for quantification [29]. Ac-
cording to the linear regression (Fig. 3B), POI and ALP concentration
showed linear relation in the range of 0e0.4 U/L, and the LOD was
4.3 � 10�3 U/L. The LOD is better than that in most previous reports
(Table S2) [26,27,30e53]. Our total detection time is approximately
80 min, which is acceptable for biological applications because of its
high sensitivity.We also tested the stability and reproducibility of the
proposed method. As shown in Table S3, the intraday relative stan-
darddeviations (RSD)were 1.6%e3.5%, and the interdayRSDwas4.3%
when measuring 0.1 U/L ALP.
3.4. Selectivity of the method

To evaluate the selectivity of our detection system for ALP, we
selected the widely existing nucleases (Exo III, T7 exo, and DNase I),
concentrations from 0 to 0.4 U/L. (B) The linear regression of the POI with ALP ranging
� 10�3 U/L by 3s/K. TdT: terminal deoxynucleotidyl transferase; Endo IV: endonuclease



Fig. 4. (A) Selectivity evaluation for the proposed methods. The ALP concentration was 1 U/L. The concentrations of DNase I, T7 exo, Exo III, UDG were 10 U/L. The concentration of
BSA was 0.1 mg/mL. Control means that there were no tested proteins. (B) The POI of the fluorescence response curves of the ALP detection system to the HeLa cell lysate diluted
with different cell numbers from 0 to 50 (0, 1, 4, 10, 25, and 50). There was a statistical difference among the data sets in the groups for cell numbers with 0 and 1 (t ¼ 2.599, P＜
0.05). ALP: alkaline phosphatase; DNase I: deoxyribonuclease I; T7 exo: T7 exonucleas; Exo III: exonuclease III; UDG: uracil glycosylase; BSA: bovine serum albumin; POI: point of
inflection.
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enzyme (UDG), and protein (BSA). As shown in Fig. 4A, all the
interfering proteins, whose concentrations were ten times that of
ALP, produced a small fluorescence signal slightly as compared to
the control (without testing proteins). Thus, our system could
detect ALP with high specificity. Next, we measured ALP activity in
HeLa cell lysates. As shown in Fig. 4B, our method could detect ALP
activity in as low as only one cell.
4. Conclusion

In summary, we constructed a novel ALP amplification detec-
tion system based on TdT and Endo IV. A good S/N ratio was ob-
tained by optimizing the DNA substrate structure, and
exponential amplification was achieved using TdT and Endo IV.
The advantages of the method for ALP detection can be summa-
rized as follows: first, the LOD of our method shows that it is one
of the most sensitive detection methods. Second, a good LOD was
obtained without complicated reaction design or the synthesis of
organic compounds or nanomaterials. Third, our method shows
good selectivity for nucleases, which are critical interferents in
practical application in clinical or biological samples such as
serum and cell lysate. However, our method has some limitations.
As two enzymes were used, the cost and operational complexity
increased to a certain extent. Nevertheless, this work has the
potential to improve disease diagnosis and wider biomedical ap-
plications, such as evaluation of ALP activity in human serum or
cell lysate, screening of ALP inhibitors, quantitative labeling, and
ELISAs.
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