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ABSTRACT

Alkaline phosphatase (ALP) plays an important rabe phosphate metabolism
processes; deviation from its normal level mayagatk different kinds of diseases, so
it is highly necessary to develop some simple asiive methods to monitor the
ALP level. In this study, a simple, high selectiaad sensitive fluorescent biosensor
has been proposed for ALP activity determinatione Tu(ll)-dependent DNAzyme
(Cu-Enzyme) are divided into two parts: Cu-Enzymearid Cu-Enzyme 2, and
labelled with alkyne and azido groups, respectivélye Cu-substrate (Cu-Sub) is
labelled with a FAM fluorophore (6-carboxyfluoreste at the 3'-end and an
additional quencher (BHQ1) at the 5'-end. The &-@nCu-Enzyme 1 is labelled with
BHQ1 as well. The hybridization of the Cu-Enzymarid Cu-Enzyme 2 with Cu-Sub
strand results in the low background fluorescengeas because the fluorescence

from FAM is quenched. The addition of ALP can hygre AA-P into AA, which can
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reduce Cu(ll) into Cu(l) and in turn catalyze thesloaddition of Cu-Enzyme 1 and
Cu-Enzyme 2 to form a modified Cu-Enzyme. Then thedified Cu-Enzyme
catalyzes the cleavage of the Cu-Sub strands wbopieces. One piece containing
FAM fluorophore can easily diffuse into solutiondagive off a strong fluorescence
signal. The enhanced fluorescent intensity haseali relationship with the ALP
concentration in the range of 0:364.55 U L with the detection limit of 0.14 Ut
(S/N = 3). The proposed biosensor has been suatlgsapplied to detect ALP in

serum samples with satisfied results.

Key words: alkaline phosphatase; Cu(ll)-dependent DNAzymigk cchemistry;

fluorescence.



36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

1. Introduction

Alkaline phosphatase (ALP), an essential enzymphiosphate metabolism [1,2],
can catalyze the dephosphorylation process of rmuatéds, proteins, and some small
molecules [1,3]. The deviation of ALP from its nairlevel may indicate different
kinds of diseases such as hepatobiliary diseasee Hseases, breast and prostatic
cancer, and diabetes [4-6]. Thus, it is highly seeey to develop some simple and
sensitive methods for ALP level determination. filw, many different techniques,
such as electrochemistry [7], fluorescence [8-10tolorimetric [11],
chemiluminescence [12], surface enhanced resormantan scattering (SERRR)3]
and capillary electrophoresis [14], have been featjy applied to detect ALP. Among
these methods, the fluorescent assays of ALP hinseted much attention for their
reliability, convenience, high sensitivity, and essible instrument requirement.
[15,16] For example, Qian et al. reported a serssitiuorometric assay for ALP on
the basis of the aggregation and disaggregatia@arifon quantum dots (CQD4)/].
Xiang et al. proposed a turn-off fluorescent bieserfor ALP determination utilizing
highly fluorescent g-éN4 nanosheet [8].

Click chemistry was firstly proposed by Sharpless2001 [18]. The remarkable
advantages of the click chemistry reactions ared mdaction conditions, simple
operation, easier purification, high reaction spegad yields, and selectivity [19,20].
The Cu(l)-catalyzed azides and alkynes cycloadudifGUAAC) reaction, a typical
example of click reaction, has attracted consideralktraction [21-23]. It has been

reported that a highly fluorescent triazole compdexld be produced through ligating
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the weak fluorescent 3-azidocoumarins and termafigines [24]. This reaction has
been applied early to develop fluorescence biogerfso Cu(ll), histidine,
pyrophosphatase (PPase) activity [25-27]. Howdvercompound which takes part in
the reaction can be oxidized easily and hence sau$égh background signal, which
may cause negative affect to the stability and iseesof the developed biosensors.
So, it is necessary to search some ways to adthiegzroblem.

Cu(ll)-dependent DNAzyme (Cu-Enzyme), which careversibly catalyze the
oxidative cleavage of its corresponding DNA sulisgaipon the introduction of the
Cu(ll) as cofactors [28-30]. If the Cu(ll)-depentd®@NAzyme sequence are divided
into two parts (Cu-Enzyme 1 and Cu-Enzyme 2) abellad with alkyne and azido
groups, respectively. The modified Cu-Enzyme carfdsmed through the CuAAC
reaction. Early reports showed that ALP can hydmelascorbic acid 2-phosphate
(AA-P) into ascorbic acid (AA) through dephosphatiig [31,32]. And the produced
AA can reduce Cu(ll) into Cu(l) to trigger the diceaction. Inspired by this fact, a
simple and sensitive fluorescent biosensor for Alefection based on the modified
Cu-Enzyme and the strategy of click chemistry heentproposed in this study, which
combines the advantages of the high specificitghef modified Cu-Enzyme, high
selectivity of CUAAC, and high sensitivity of fluescence detection technique.
Compared with the previously reported click chemistnethods based on the
fluorescent triazole complex, the strategy of clatlemistry in this context showed
easier operation process and lower background Isig2&]. And such proposed

biosensor was eventually employed for the detecifgklP in human serum samples.



so 2. Experimental section

81 2.1 Reagents

82 The oligonucleotides were synthesized by Sangon (Bbanghai, China). Their
83 sequences are shown below:

84  Cu-Sub: 5'-quencher-AGCTTCTTTCTAATACGGCTTACC-FAM-3’

85 Cu-Enzyme 1: 5-quencher-GGTAAGCCTGGGCCTCEE3’

86 Cu-Enzyme 2: 5-N-TTTCTTTTTAAGAAAGAAC-3’

87 (Where the FAM fluorophore corresponds to 6-carlfiowyescein, the quencher is
88 BHQ1). NaHPO,, NaHPQO, and L-ascorbic acid 2-phosphate sesquimagnesilim sa
89 hydrate (AA-P) were bought from Shanghai Chemicaadgent Company (Shanghai,
90 China). AA, CuSQ@, MgCl,, NaCl and other reagents were obtained from Akégak
91  China Co. Ltd (Tianjin, China). All reagents andvents were of analytical grade or
92  better and were used directly without further paaifion. All solutions were prepared
93  with double distilled water (Milli-Q, Millipore, reistance 18.2 KA-cm). DNA buffer
94  solutions were prepared by dissolving DNA into R2&er solution (50 mM, pH 7.4).
95 The human serum samples were provided by the Hubspit Fuzhou University
96 (Fujian, China) from three volunteers.

97  2.2. Fluorescence spectroscopic measurements

98 Cu-Enzyme 1 (0.25 uM) was firstly hybridized withu-€nzyme 2 (0.25 pM) and
99  Cu-Sub (0.25 uM) at 37 °C in 1Q@ of 50 mM PBS buffer (50 mM PB, pH 7.4, 10
100 mM MgCl,, 50 mM NacCl) for 1 h. Then 4 pL of 1mM Cu(ll), 1@ of 0.1 M AA-P

101 and different concentrations of ALP were addedh® abovementioned solution to



102

103

104

105

106

107
108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

trigger CUAAC and DNA-cleaving reaction. The mixsdlution was subsequently
incubated at 37 °C for 3 h, and the fluorescenciessom spectra were collected from
490 to 600 nm with the excitation wavelength of 480 at room temperature by a
Fluorescence spectrophotometer (F4600 Hitachi).lite excitation and emission
slit widths were all set as 5.0 nm and the fluoegese intensity at 520 nm was used

for quantitative analysis.

3. Resultsand discussion

3.1. Theprinciple of the fluorescence biosensor for ALP

Scheme 1 shows the principle of the proposed fhomece biosensor for ALP.
Cu-Enzyme 1 was modified with an alkyne groupstat3i-end and labeled with a
guencher (BHQ1) at the 5'-termini; Cu-Enzyme 2 aored a 5'-azido; Cu-Sub was
labeled with a FAM fluorophore (6-carboxyfluoresteiat the 3'-end and an
additional quencher was attached on the 5'-ener Afgbridization of the Cu-Enzyme
1 and Cu-Enzyme 2 with Cu-Sub strands to form a DiNplex, the background
fluorescence signal was low owing to the dual-ghendabeling method [33]. The
presence of AA-P has no effect to the fluorescesigaal of the system. But the
further addition of ALP to the system can causerblydis of AA-P into AA; the
produced AA can reduce Cu(ll) into Cu(l), which turn links Cu-Enzyme 1 and
Cu-Enzyme 2 through the CuAAC reaction betweenradkgnd azido groups to form
a modified Cu-Enzyme. With Cu(ll) as cofactor, tesulting modified Cu-Enzyme
can catalyze the cleavage of the Cu-Sub strandswu pieces. One piece containing

FAM fluorophore has short single stranded DNA aod lunwinding temperature
6
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(Tm = -7.8 °C), it can easily diffuse into solutiand give off a strong fluorescence
signal. The enhanced fluorescence intensity haslagianship with the amount of
ALP, so a simple, sensitive and selective fluoresee biosensor for ALP

determination can be developed.

A simple assistant assay was performed to verifypoesumption firstly. As shown
in Fig. 1A, the fluorescent intensity from the DN#Aplex was negligible (curve a),
suggesting the fluorescence from the FAM is queddatféciently. If Cu(ll) or AA
was added to the system which contains DNA tript&mplex separately, the
fluorescence signal nearly has no change (curvadlcarve c), these results indicate
that these two compounds cause no effect to tloeeficence of the system. But upon
the simultaneous addition of Cu(ll) and AA to tHeaementioned solution, obvious
fluorescent enhancement was observed (curve digaitiay that Cu-Enzyme 1 and
Cu-Enzyme 2 can be linked through CuAAC to form adified Cu-Enzyme to
catalyse the cleavage of the Cu-Sub strands. Thdartaer control study was
performed to test the feasibility of our presumptids shown in Fig. 1B, without
ALP, the fluorescent intensity was weak when the-RAand Cu(ll) existed in the
reaction solution (curve e). But the fluorescemtensity increased dramatically after
the addition of ALP (curve f). This is probably bese ALP can hydrolyze AA-P into
AA, and the produced AA can reduce Cu(ll) into Gugbhich in turn triggers the
CUAAC reaction and produces the Cu-Enzyme; the éorf@u-Enzyme induces the
cleavage of the Cu-sub strands into two fragmentieuthe catalysis of Cu(ll). One

fragment containing the FAM fluorophore-labellesdkoligonucleotide could easily

7
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diffuse into the solution, resulting in the enhaneat of fluorescence signal. The

aforementioned results confirm the feasibility v proposed biosensor.

The preferred position for Scheme 1

The preferred position for Fig.1

3.2. Optimization of thereaction conditions

Some experimental conditions were optimized to aedihe best performance of
the proposed biosensor. The pH value of the bidgtdution was firstly optimized
because it affects the activity of ALP greatly. gteown in Fig. 2A, the fluorescence
intensity of the system increased with the incredgbe pH value in the range of 5.0
~ 8.5 and then decreased gradually when the pHhigger than 8.5. The possible
reason is that the ALP can become inactive at pidlvalue. So, pH 8.5 was chosen
in this study. The concentration of AA-P was algmlimized because it plays an
important role in the formation of AA. As shownhig. 2B, the fluorescence intensity
of the system increased firstly with the increa$eA8-P concentration and then
reached a plateau after 50 mM. So 50 mM of AA-P wlagsen as the optimized
concentration for the following study. The reactiibme after the addition of ALP
affects the formation of modified Cu-Enzyme and ¢heavage of Cu-Sub greatly, so
it was optimized too. Fig. 2C illustrates the flescence intensity of the system
enhanced with the increase of the reaction timeraadhed a plateau after 3 h. So 3h

was chosen as the best reaction condition.

8
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The preferred position for Fig.2

3.3. Calibration curve of AL P detection

The fluorescent emission spectra with differentcamtrations of ALP were tested
under the optimized conditions. Fig. 3 reveals thatfluorescent intensity gradually
increased with the increase of ALP concentratioher& is a linear relationship
between the fluorescent intensity and ALP concéotran the range of 0.3654.55
U L™ (see inset in Fig. 3). The correlation coeffici¢Rf) is 0.995; the limit of
detection (LOD) is estimated to be 0.14 U (S/N = 3), which is lower than those of
some existing fluorescence methods for ALP detactishown in Table 1)
[9,17,34,35]. In addition, to verify the reproduditly of the proposed biosensor, five
replicated experiments were performed at 5 Y ALP and the relative standard
deviation (RSD) was calculated to be 5.5%, thisilteimdicates that the proposed
biosensor possesses good repeatability. Furtherriiditee hybridization product of
Cu-Enzyme 1, Cu-Enzyme 2 and Cu-Sub was stored ‘& for four weeks, the
background signal did not change. This outcome destnates that, unlike the
3-azidocoumarins used in our early studies [25-#7§, hybridization product has
good stability and therefore guarantees the gogaodeicibility of the proposed

biosensor.
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The preferred position for Fig.3

3.4. The sdlectivity and interference study of the proposed biosensor

The specificity and tolerance of the proposed lrisse for ALP detection were
studied as well. Several proteins such as ureasesertadish peroxidase (HRP),
albumin human (HSA), pyrophosphatase (PPase), thigrglucose oxidase (GOx),
trypsin, protein phosphatase 1 (PP1) and glucgseeSphatase (G-6-Pase) were
chosen as representative interferents. As show iqn #A, distinct enhanced
fluorescence signal was detected via the additioALd. However, the fluorescent
intensity was nearly the same as that of the blhkn other interferences were
added. These results indicate that the proposexkihsor possesses good specificity
for ALP.

Additionally, to demonstrate the anti-interfereqm®perty of this sensor toward
ALP, the competition study was also carried oubtigh the addition of ALP to the
solution in the presence of other proteins respelgti Fig. 4B shows that other
proteins did not significantly affect the fluoreateesponse of ALP. These results also
indicate that the proposed biosensor has greaicagiph potential for the detection of

ALP in complicated biological samples.

The preferred position for Fig.4

3.5. Detection of ALPin serum samples
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The ALP in human serum samples was detected to wEnate the practical
application of the proposed biosensor. The redusuigstances in serum such as AA,
uric acid (UA), and glutathione may cause the rédacof Cu(ll) into Cu(l) and
hence have influence on the performance of theoseWhen Cu(ll) and the serum
samples were added to the hybridization produ@wEnzyme 1, Cu-Enzyme 2 and
Cu-Sub, a significant fluorescence signal was detecThis result suggests the
component in the serum samples can cause soméeietere. But thanks to the high
sensitivity of the proposed biosensor, this inteniee can be avoided through the
dilution of the samples. When the serum sampleg wéuted by the buffer solution
for 100 times, the fluorescent intensity of thetegs was nearly the same as that of
the blank (no serum sample was added to the hyhtidn product), demonstrating
that nearly no interference exists at this conditibhen the concentrations of ALP in
the diluted serum samples (diluted 100 times) waetermined by the proposed
method, results show that the ALP of the testedpéesmwere determined to be 78,
112, and 85 U L, respectively. These results are in accordande ethier methods
[36,37]. Standard addition recovery rates wereinbthto further verify the validity
of the proposed biosensor. As shown in Table 2rehevery rates of the ALP ranged
from 93.3—110%. These analysis results suggest that the gedpdluorescent

biosensor is available for effectively detectingfAin real samples.

The preferred position for Table 1
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4. Conclusion

In summary, a simple, high selective, and sensitiverescent biosensor has been
successfully developed for ALP based on the matliie-Enzyme and the strategy of
click chemistry. The Cu-Enzyme which has been digithto two fragments cannot
be assembled into a complete one without ALP arebs dwt possess the catalytic
property accordingly. With the addition of ALP, theo fragments can assemble to
form a modified Cu-Enzyme through CuAAC; the maglifiCu-Enzyme possesses the
catalytic activity and hence results in the enhare# of the fluorescence intensity.
The proposed biosensor has high selectivity andbleas applied to detect ALP in
human serum samples with satisfied results. Hemae current strategy opens up a

new way for further application of the metal iorepeéndent DNAzymes.
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Figuresand Captions

Scheme 1 The principle of the proposed fluorescence biosefts ALP activity.

Fig. 1 (A) Fluorescence of the system under different cammbti (a) hybridization
product the three DNA strands; (b) Cu(ll) was adaed the solution alone; (c) AA
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was added into the solution alone; (d) Cu(ll) andl wiere added into the solution
simultaneously(B) Fluorescence of the system: (e) without ALP (20 Cu(ll) + 50
mM AA-P) and (f) after the mixture with ALP (2aM Cu(ll) + 50 mM AA-P + 18.18

UL*ALP)

Fig. 2 Effect of (A) media pH;(B) AA-P concentration an(C) the reaction time on

the fluorescence intensity.

Fig. 3 Fluorescence spectra in the presence of diffeimmtentrations of ALP: (a)0 U
L% (b) 0.36 U ; (c) 2.27 U [} (d) 5.68 U ; (e) 11.36 U [; (f) 18.18 U L%; (g)
27.27 U % (h) 31.82 U % (i) 45.45 U L% (j) 54.55 U L*. And calibration curve

between fluorescence intensity and ALP concentnatio

Fig. 4 (A) Selectivity of the proposed sens@B) Anti-interference propertgf the
proposed sensor for ALP in the presence of otherfarences. ( ALP (10 mU), urease
(100 mU), HRP (100 mU), HAS (28g mL*), PPase (100 mU), thrombin (2@
mL™), GOx (100 muU), trypsin (2@g mL?), PP1 (100 mU) and G-6-Pase (20
mL™)

Table 1 Comparison of the proposed method with other flsoeat approaches

developed for ALP detection.

Table 2 Detection results of ALP in human serum samplesgushe proposed
sensor(n = 3)
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LOD of ALP Dynamic range
(UL) (UL)

ref9 10 25-200

Ref.

ref.17 14 46—3833

ref34 60 0—2800

ref35 11 16.7—782.6

This work 0.14 0.36 —54.55
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448 Table2

Sample Found in sample Spiked Total found Recovery RSD
number (UL) (UL) (UL) (%) (%)
10.0 89 110 4.7
1 78 30.0 106 933 6.1
50.0 131 106 6.4
10.0 123 110 49
2 112 30.0 143 103 6.6
50.0 165 106 6.3
10.0 95.5 105 58
3 85 30.0 114 96.7 42
50.0 138 106.0 6.3

449

450 2 The samples had been diluted for 100 times befeterchination.

451
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HIGHLIGHTS

1. We have proposed a simple, high selective and sensitive fluorescent biosensor for
ALP.

2. The proposed biosensor combines the high selectiviey and efficiency of the click
reaction and the high sensitivity of the fluorescence detection.

3. The proposed biosensor has been successfully applied to detect ALP in serum

samples with satisfied results.





