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Abstract

The abnormal level of alkaline phosphatase (ALP) in human blood stream indicates health
problem. A novel fluorescent sensing system based on competitive coordination with europium
ions (Eu’") integrated in a non-luminescent lanthanide-metal organic framework nanosheets
(NO2-Eu-MOF NS) was developed for ALP analysis in human serum. The fluorescence signal is
turned-on by the antenna ligand (1,4-phenylenediphosphonic acid (PEPP)) that competitively
coordinates with Eu®* ions from the nanosheet to produce emissive species
(Eux(PEPP)y(NO2BDC),) in-situ. 4-Nitrophenyl phosphate (PNPP) is a substrate of ALP and
specifically hydrolyzed into 4-nitrophenol. PNPP exhibits a strong absorption in the UV-Vis
region (250-400 nm), which covers the excitation wavelength (280 nm) of
Eux(PEPP)y(NO;BDC),. Therefore, the existing of PNPP causes Eux(PEPP)y(NO.BDC),
non-emissive and, after hydrolysis with ALP, Eux(PEPP),(NO>,BDC), can be excited and give a
detectable fluorescence signal. Based on the fluorescence change, quantitative analysis of ALP
activity is thus achievable. This biosensing system was demonstrated in the determination of
ALP activity with good linear relationship in the range of 5-1000 U L. The limit of detection
was 1.1 U L' (S/N=3). The result reveals that the biosensor exhibits excellent sensing
performance and anti-interference ability. It could be potentially utilized for clinical routine

analysis of ALP activity in human serum.
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1. Introduction

Fluorescence detection techniques are important and commonly used analytical methods for
chemical, biological and medical studies. The rational design and synthesis of fluorescent
sensing probes with different materials can develop specific sensors for reporting sensor-target
interactions. In human body, alkaline phosphatase (ALP) is a vital enzyme and is primarily
found in liver, bones, intestine, and kidneys [1]. The abnormal level of ALP in blood may reflect
health problems such as liver or bone diseases [2]. Despite a number of analytical methods such
as colorimetric [3], surface enhance Raman spectroscopy (SERS) [4], electrochemical [5],
electrochemiluminescence (ECL) method [6], and isotope labeling method [7] has been reported
to determine the activity of ALP, fluorescence is regard as one of the most sensitive and
attractive strategies because of its high sensitivity and selectivity for rapid detection [8, 9]. More
importantly, fluorescent sensor is feasible for point-of-care (POC) applications. With respect to
different sources of fluorescent signal, methods reported for ALP activity analysis can be
generally divided into the following categories: noble metal materials [10], quantum dots [11],
organic dyes [12], and metal nanoclusters [13]. However, these analytical methods encounter
certain disadvantages such as cumbersome synthesis process [14], poor solubility [15],
complicated operation, time-consuming process, cytotoxicity and poor specificity. These factors
limit the fabrication of ALP-specific biosensors for practical and clinical applications. It is
therefore necessary to establish a novel analytical strategy with the merit property of high
selectivity and sensitivity, easy operation, and low-cost for rapid detection and monitoring of

ALP level in human serum.

Recently, lanthanide ion (Ln*")-based fluorescent sensors have attracted great attention owing to
their unique optical properties, such as larger stokes shift, narrow emission band, and long
fluorescence lifetime. However, the challenge is difficult to excite Ln** in solvent or solution

due to its low absorption cross sections and the non-radiative deactivation through the O—H



vibrations of the coordinated water molecules. Therefore, the addition of chelating agents or
encapsulation of lanthanide ions is required to enhance emission lifetimes and quantum yields
[16]. The emission intensity of Ln** can also be significantly enhanced upon chelating with
suitable ligands such as antenna that can transfer energy to the emissive state of Ln*" ions. Thus,
ligands with antenna property are commonly used to absorb energy and transfer it to Ln** ions

for excitation [17].

Fluorescent sensors based on lanthanides have been widely utilized for the detection of anions
[18], metal ions [19], biology molecules [20], and pH value [21] in human serum. In addition,
co-doped lanthanide complexes and materials have been reported [22]. They are mainly used in
laser devices because of their excellent fluorescence characteristics in solid state; however, their
application as fluorescent sensors in solution system are rarely investigated. Recently, a
lanthanide-based metal organic framework (Ln-MOF) has been reported and demonstrated some
merit fluorescence properties including sharp emission peaks, large stocks shift, long
fluorescence lifetime and high quantum yield in solution systems [22], which could be
developed as the attractive biosensors. In addition, MOFs have many attractive properties such
as high surface area, easy obtained, easy modify and good thermal stability and these merits
make MOF be useful materials in many fields including catalysis, separation, gas storage drug
delivery and sensing [23]. Therefore, the incorporation of Ln*" ions into a MOF system may
develop sensitive and robust sensing system for different analytical purposes. For example, Qian
and co-workers fabricated a selective PO4> sensor based on Tb-MOF (TbNTA-H>0) [24]. Zhou
and  co-workers  synthesized two Ln-MOFs, [Eu(BPDC)(BDC):(H20);]»  and

[Tb(BPDC)(BDC)>2(H20)2]u], which exhibited good selectivity towards F~ ions in solution [25].

The primary interaction between sensing targets and Ln-MOF-based sensors is through host—

guest electron transfer. Most Ln-MOFs are applied directly to fabricate fluorescent sensors
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because of the strong fluorescence properties of the materials. There are only few works about
the non-luminescent Ln-MOF reported to date. In the present study, we reported a novel
Ln-MOF sensor, which is non-luminescent in the long wavelength region (> 550 nm). The
non-luminescent Ln-MOF system is designed with the nitro-coordinated europium
(non-luminescent in 550-800 nm), which is integrated into a two-dimensional metal organic
frameworks nanosheet (NO2-Eu-MOF NS) as a “turn-on” signaling agent. The luminescence of
the Eu®" complex in solution can be restored selectively via the interaction with the target
analyte, 1,4-phenylenediphosphonic acid (PEPP), which is an antenna ligand. The
as-synthesized NO>-Eu-MOF NS was fully characterized by SEM, TEM, AFM, XPS, XRD, and
BET. In addition, the NO»-Eu-MOF NS was demonstrated as a selectively and sensitively
biosensor for the determination of ALP in human serum based on the different UV-Vis

absorption properties between 4-nirtrophenyl phosphate and 4-nitrophenol.

2. Experimental Section

2.1. Synthesis of NO2-Eu-MOF NS

NO2-Eu-MOF NS was synthesized by solvothermal method. Eu(NO3)3-6H>O (178 mg, 40 mM)
was dissolved in 0.95 mL H>O. Nitroterephthalic acid (NO,BDC, 105.5 mg, 50 mM) and
2-fluorobenzoic acid (48.7 mg, 35 mM) were dissolved in 9 mL. DMF with sonication. The
Eu(NOs3)s solution and concentrated nitrate acid (50 uL) were added into the NO>,BDC solution
dropwise with stirring. After 10 min, the mixture was transferred into a Teflon lined
hydrothermal autoclave reactor. Then, the reaction was heated to 180 °C for 12 h. After cooling
down to room temperature, the solid products obtained were washed consecutively two times
with DMF, followed by DI water and other two times with absolute ethanol. The resulting
materials were dried at 100 °C under vacuum condition overnight. A white powder was obtained

for further characterization.



2.2. Fluorescence assays for the determination of ALP activity

The PEPP (10 mM) was added into NO>-Eu-MOF NS (50 uL, 100 ug mL™") solution for 10 min.
and the solution of ALP with various activity was added to PNPP solution (25 mM) at 35 °C for
20 min. Then, the ALP — PNPP mixed solution was added into NO2-Eu-MOF NS/PEPP solution
and then was incubated for 30 min in room temperature. After that, Tris-HCI (50 mM, pH 9.0)
was added to the mixture to make the final volume of the reaction to 200 pL. The fluorescence
emissions spectra from 550 to 800 nm were measured with the excitation wavelength at 280 nm.
The relationships between the fluorescence intensity (FL intensity) and the activity of ALP were

plotted as a calibration plot.

3. Result and discussion

3.1. Characterization of NO2-Eu-MOF NS

The morphology and structure of NO>-Eu-MOF NS were investigated with SEM, TEM and
AFM. From Fig. 1 a to ¢, the SEM images shows that the synthesized NO2-Eu-MOF NS has
uniform appearance and is a two-dimensional nanosheet. Moreover, from the TEM images
shown in Fig. 1 d to f, the NO2-Eu-MOF NS is a strip-like nanosheet. The EDS images (Fig. 1 g
to k) also confirm that the composition of NO2-Eu-MOF NS includes C, O, N, and Eu elements.
To investigate the thickness of NO2-Eu-MOF NS, the strip-like nanosheet was broken down into
small pieces with sonication. The AFM images obtained (Fig. S1) indicate that the thickness of

NO2-Eu-MOF NS is 4.6 nm approximately.

The position here for Fig. 1

The XPS survey spectrum of NO2-Eu-MOF NS was shown in Fig. S2. The results indicate that

NO2-Eu-MOF NS is composited by Eu, C, N and O elements. The high-resolution XPS spectra

of NO2-Eu-MOF NS were shown in Fig. 2. The binding energy of Eu 3d in the nanosheet was



1125 eV - 1175 eV. The result is consistent with that of Eu(NO3);. From Fig. 2a, the binding
energies for Eu’" were found at 1135.77 eV (Eu** 3ds») and 1165.7 eV (Eu** 3d3p). In addition,
the binding energies at 1128.68 eV (Eu?** 3ds») and 1157.87 eV (Eu?* 3ds») observed may
suggest that Eu?" ions may also present in NO»-Eu-MOF NS [26]. The C 1s spectra shown in
Fig. 2b reveal that the binding energy in 284.1 eV is corresponding to the C-C bonds in benzene
ring; the 285.85 eV suggests the C-O bond in carboxylate group of NO.BDC; 188.6 eV suggests
the C-N bond of NO2BDC in NO»-Eu-MOF NS [27]. The O 1s spectra were shown in Fig. 2¢. It
is assigned to be Eu-O bond in 530.42 eV and the binding energy at 533.29 eV is corresponding
to the C-O bond in carboxylate group, and the peak at 533.29 eV is attributed to the N-O bond
of the NO; group of NO2BDC [28]. Fig. 2d shows the N s spectra of NOz-Eu-MOF NS. The
binding energy at 398.86 eV, 400.22 eV, and 401.51 eV were assigned to be C-N, Ar-N-O, and
NO:> group bond in NO2-Eu-MOF NS, respectively [29]. All these results confirm evidently the

formation of NO,-Eu-MOF NS.

The position here for Fig. 2

The XRD spectra of NO2-Eu-MOF NS (Fig. S3 a) also show the characteristic peaks at 20 of
8.14°, 16.40° and 24.67°, which are corresponding to the (2 0 0), (4 0 0) and (6 0 0) peaks,
respectively. These peaks are similar to that of NH>-Eu-MOF reported by Liu and
co-workers [30]. A signature peak of NO2-Eu-MOF NS observed with the strongest
intensity at 8.14° may suggest that NO»-Eu-MOF NS is well-crystallized [31]. In addition,
NO:-Eu-MOF NS was characterized with FT-IR (Fig S2 b). The asymmetric stretching of
the carboxylate group (Va.sC-O) in NOBDC is located at 1574-1669 cm ™! and the
symmetric stretching (VsC-O) appears at 1385 cm! and 1429 cm™' [32]. The porous
property of NO2-Eu-MOF NS was shown in Fig S2 ¢ and d. The BET surface area

estimated is 13.9 m?g! and the pore size is 6.4 nm. The low BET surface area may be



attribute to the bulk materials that were formed from the stacking of several layers of

nanosheets [33].

3.2. Study the working principle of NO2-Eu-MOF NS as a fluorescent biosensor

In the design of NO>-Eu-MOF NS for biosensing applications, the non-emissive Eu**
ions integrated in NO2-Eu-MOF NS is the key fluorescence “turn-on” switch. Due to the
quenching effect attributed from the withdrawing nitro groups and non-radiative
vibrations of NO2BDC [30], the NOz-Eu-MOF NS in solution in the long wavelength
region 550-800 nm is therefore non-fluorescence. However, the intrinsic fluorescence
property of these Eu’' ions integrated in the nanosheet can be restored by the suitable
antenna effect [34]. We propose a working principle of applying NO>-Eu-MOF NS as a
distinctive fluorescent biosensor targeting ALP enzyme that hydrolyzes PNPP into 4-NP
in solution [35]. In this sensing system (Scheme 1), the fluorescence of Eu’' ions
coordinated with NO2BDC in the nanosheet is quenched in solution; however, in the
presence of 1,4-phenylenediphosphonic acid (PEPP), the NO2BDC coordinated with Eu*" is
substituted by PEPP to form Eux(PEPP),(NO2BDC), as a new complex. It is because the
phosphate group of PEPP has much higher affinity with Eu*' ions than the carboxylate
group of NO2BDC. Eux(PEPP)y(NO2BDC), is an emissive complex with strong emission
in the range of 550-800 nm upon excited at 280 nm in solution. PNPP exhibits a strong
UV-Vis absorption in 250-300 nm, which is able to quench the fluorescence of
Eux(PEPP)y(NO2BDC), via inner filter effect (IFE). In the absence of ALP, PNPP
quenches the fluorescence of Eux(PEPP)(NO>;BDC),. In the presence of ALP, PNPP is
hydrolyzed to 4-NP. The intensity of fluorescence signal due to Eux(PEPP)y(NO2BDC),
is thus recovered and the change of fluorescence intensity is proportional to the
concentration of PNPP in solution. As a result, based on the relationship between

fluorescence intensity and the activity of ALP, a specific fluorescent biosensor is able to



fabricate to determine ALP activity in human serum.

The position here for Scheme 1

3.3. Study the feasibility and mechanism of the proposed sensor

NO2-Eu-MOF NS (M) in solution exhibited no emission in the range of 550-800 nm
upon excited at 280 nm (Fig. 3 a), due to the quenching effect from the nitro group and
non-radiative vibrations of NO2BDC. NO;BDC shows a small peak located at 470 nm
(Aex = 280 nm). When NO2BDC coordinates with Eu*" ion to form NO2-Eu-MOF NS, the
fluorescence peak located at 470 nm is blue shifted to 432 nm due to ligand-to-metal
charge transfer in NO2>-Eu-MOF NS [36]. Upon the addition of PEPP to NO>-Eu-MOF
NS, PEPP competes with NO,BDC to coordinate with Eu*" ions from M and then to
produce emissive Eux(PEPP)y(NO;BDC), and free NO2BDC. The fluorescence at 432
nm was red shifted to 460 nm and three new fluorescence peaks at 596 nm, 619 nm and
704 nm were observed due to the Eu*" in Eux(PEPP)y(NO.BDC),, which were induced
by energy transition of Do — ’Fi, °Doy — ’F2 and Do — ’F4 [37]. These fluorescence
peaks are also observed in EuPEPP, indicating that Eux(PEPP)y(NO>BDC), may have
similar a structure to EUPEPP. The XRD spectra of M, Eux(PEPP)y(NO>BDC),, EuPEPP
and EuPEPP-simulation were given in Fig. 3 b for comparison. The XRD spectrum of
EuPEPP synthesized in the present study is consistent with the reported results
(EuPEPP-simulation) [38], indicating the complex is obtained successfully. The result
obtained also supports a competitive binding mechanism between PEPP and NO>;BDC in
NOz-Eu-MOF NS. Furthermore, our observation was in accord with the previous
reported work that revealed competitive binding could be occurred by different solubility
product constant between Eu®' binding with phosphate groups and Eu®* binding with

carboxylate groups [39].



Moreover, most XRD peaks of Eux(PEPP)y(NO2BDC), are observed in that of EuPEPP
and M, which may support that the structure of Eux(PEPP)y(NO;BDC), is similar to that
of EuPEPP. The amorphous morphology of Eux(PEPP),(NO2:BDC), was shown in Fig. 3
¢. The EDX results of Eux(PEPP)y(NO2BDC); indicate that the elements C, Eu, O, P and
N in Eux(PEPP)y(NO2:BDC), were evenly distributed. In addition, the SEM images of
EuPEPP were given in Fig. S4 for the comparison and it was found that the amorphous
morphology of EuPEPP was similar to that of Eux(PEPP)y(NO2:BDC),. The structure
translation from M to Eux(PEPP)y(NO2BDC), was applied to fabricate fluorescence
sensors for ALP activity determination. As shown in Fig. 3 d, M with PEPP (10 mM) has
the highest fluorescence emission, which is originated from Eux(PEPP)y(NO>BDC),. The
fluorescence was quenched when PNPP was added into M with PEPP (10 mM) system,
while the ALP did not affect the fluorescence of M with PEPP (10 mM) system. As
previous work reported that PNPP was hydrolyzed by ALP into 4-nitrophnol (4-NP). in
the present of ALP, the enhanced fluorescence compared with the absence of sample and
the recovered of fluorescent intensity is proportional to the amount of ALP added. To
investigate the fluorescence quenching and recovering mechanism, the UV-Vis spectrum
of PNPP was obtained as shown in Fig. 3e. The UV absorption of PNPP is located at
250-400 nm. The peak absorption is at about 300 nm, which overlaps with the excitation
wavelength of Eux(PEPP)y(NO;BDC), complex. The quenching of the observed
fluorescence is due to attenuation of excitation beam, which is known as primary IFE
[39]. The UV-Vis absorption of 4-NP is about 300-470 nm and the peak is located at
about 400 nm, which has no effect on the fluorescence of Eux(PEPP)y(NO>BDC),
complex. Therefore, an enhancement of fluorescence intensity is observed. The enhanced

fluorescent intensity is proportional the amount of ALP added.

The position here for Fig. 3
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3.4. Optimization of sensing conditions for the biosensor

The parameters including PEPP concentration, PNPP concentration, the reaction time of
PEPP with NO2-Eu-MOF NS and the time of ALP hydrolysis PNPP to 4-NP, which may
affect the sensing performance of the proposed biosensors, were optimized. As shown in
Fig. 4 a, the concentration of PEPP was varied to react with NO>-Eu-MOF NS (100 pg
mL™") to obtain the highest fluorescence intensity. The signal intensity was enhanced
with the increase of PEPP concentration and reached a plateau at 10 mM, which was thus
chosen as the optimized concentration. The reaction time of PEPP with NO>-Eu-MOF
NS was also optimized. As shown in Fig. 4 b, when the time was at 10 min, which was
arrived the plateau of FL intensity compared with 15 and 20 min. Therefore, 10 min was
chosen as the optimum reaction time of PEPP with NO>-Eu-MOF NS. PNPP was applied
as a ALP substrate that could quench the fluorescence of Eux(PEPP),(NO,BDC),, its
concentration was corresponding to the activity ALP, so it was essentially to be
optimized. As shown in Fig. 4 ¢, with increasing the concentration of PNPP, the FL
intensity was reduced and then arrived a plateau at 25 mM. The reaction time for ALP
hydrolysis PNPP was optimized, As shown in Fig. 4 d, the fluorescence intensity was
changed along with the reaction time and reached a plateau after 20 min. Then, 20 min
was chosen as the optimum for the hydrolysis of PNPP by ALP. As shown in Fig. S5, the
FL intensity reached the maximum when ALP was added under the condition at pH 9.0,
so the optimal pH value of buffer was chosen as 9.0, which was able to offer the highest
ALP activity. The FL intensity of system without ALP was found very stable in different
pH conditions, indicating that the fluorescence property of Eux(PEPP),(NO2BDC), was

not influenced by the change of pH conditions [40].

The position here for Fig. 4
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3.5 The determination of ALP activity with the biosensor

Fig. 5 a shows the fluorescence intensity with a variety of activity of ALP under the
optimized conditions. The signal intensity gradually increased with the increase of ALP
activity in the range of 5-1000 U L. Fig. 5 b shows the linear relationship between the
AF and the activity of ALP. The D-value of the fluorescence intensity (AF) is calculated
by the equation: AF=F-Fo. Where Fo is the fluorescence intensity of the
Eux(PEPP)(NO2BDC);, solution after being quenched by PNPP; F is the fluorescence
intensity of the Eux(PEPP)(NO>;BDC), solution after ALP hydrolyzed PNPP into 4-NP.
A correlation coefficient of 0.998 was obtained. The linear equation established from the
quantitative assay is AF = 0.52CLp)+ 1.92 and the limit of detection (LOD) was found
to be 1.1 U L' (S/N=3). The recently reported sensing systems for the determination of
ALP activity were summarized in Table 1 for comparison. It was found that the LOD of
our fabricated sensor based on NO2-Eu-MOF NS is lower than most of reported sensors.

Furthermore, the new sensor developed in this work shows better reproducibility.

The position here for Fig. 5

3.6 Selectivity and interferential tests for the biosensor

Selectivity is one of the key metrics to evaluate the performance of sensors and needs to
be investigated. The substances selected for the evaluation of selectivity and
anti-interference ability of the proposed sensor include inorganic ions such as copper
nitrate (Cu?"), magnesium chloride (Mg?"), sodium sulfide (S%), zinc nitrate (Zn*"), iron
nitrate (Fe*"), and tetrasodium pyrophosphate (PPi), amino acids in human blood such as
glutathione (GSH), threonine (Thr), lysine (Lys) and tryptophan (Trp), and the enzymes
similar to ALP such as acid phosphatase (ACP) and inorganic pyrophosphatase (PPase).

The uric acid (UA), glucose (Glu), human serum albumin (HSA), and adenosine
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triphosphate (ATP). The concentration of these substrates was applied with respect to
their normal concentrations found in human blood. The evaluation result was shown in
Fig. 6. From Fig. 6 a, the fluorescence intensity of all these substrates showed no
significant interference to the biosensor compared to the blank (the biosensor solution
alone), whereas the addition of ALP induced an intensive fluorescence signal. In addition,
from Fig. 6 b, all these substrates showed no significant influence to ALP to induce
fluorescence signal. These results illustrate that these interferences examined almost have
no significant effects on the sensing performance of the biosensor. The results may
suggest that the proposed biosensor has excellent selectivity and anti-interferential ability

for ALP activity analysis.

The position here for Fig. 6

The position here for Table 1

3.7. Determination of ALP activity in human serum

To validate the feasibility of using NO2-Eu-MOF NS for routine and practical analysis,
the determination of ALP activity in real human serum was performed. Three human
serum samples were obtained from First Affiliated Hospital of Gannan Medical University.
The activities of ALP of these samples determined by our biosensor were 88.20 U L™,
76.10 U L' and 59.30 U L', respectively. The results are very comparable with the
activity given by the hospital (Table 2: 90, 78 and 60 U L!). In addition, the recoveries
were examined using the method of standard addition. Three serum samples were spiked
with standard solution of ALP (10.0 U L', 50.0 U L"!, and 100.0 U L}, respectively).
The spiked concentration is chosen based on the normal activity of ALP in human serum,
which is in the range of 40-160 U L! [41]. The recovery observed with NO»-Eu-MOF

NS fabricated biosensor was in the range of 95.0-103.6% (Table 2) and the relative
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standard deviation (RSD) was ranged from 4.5% to 5.5%. The analytical results indicate
that the present biosensing protocol based on NOz-Eu-MOF NS is feasible and reliable

for the determination of ALP activity from human serum samples.

The position here for Table 2

4. Conclusion

In conclusion, nitro-modified two-dimensional metal organic framework nanosheets,
NO2-Eu-MOF NS, were synthesized to be a new non-luminescent Ln-MOF. The
non-emissive Eu®" ions integrated in the NO2-Eu-MOF NS is the key fluorescence
“turn-on-off-on” switch to fabricate biosensor for ALP activity analysis in real human serum
samples with high sensitivity, selectivity and reliability. The mechanistic study showed
that, firstly, the enhanced fluorescent signal was attributed to the antenna ligand (PEPP)
competing with the quencher (NO2BDC) in the NO>-Eu-MOF NS to coordinate with the
integrated Eu** ions and followed to produce the emissive Eux(PEPP),(NO>BDC), in-situ.
Secondly, the fluorescence of Eux(PEPP),(NO2:BDC), was quenched by 4-nitrophenyl
phosphate (PNPP) via inner filter effect. Thirdly, the fluorescence was “turn-on” in the
present of ALP because the enzyme hydrolyzed PNPP into 4-NP. Thus, the quench effect
from PNPP was interrupted. Furthermore, the fluorescence response of system was
demonstrated to be highly selective to ALP against a panel of substrates commonly
existing in the human serum. This new analytical protocol developed based on a
non-luminescent Ln-MOF, NO»-Eu-MOF NS, may show great potential in practical and

clinical applications for the determination of ALP activity.
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Caption:

1 Scheme 1 A proposed working principle for applying NO2-Eu-MOF NS as a selective
biosensor to determine ALP activity. The fluorescence is based on the competitive
coordination of Eu*' between the ligands of PEPP (phosphate group) and NO.BDC
(carboxylate group) in solution and the difference UV-Vis absorption properties between

PNPP and 4-NP;

2 Fig. 1 The characterization of NO2-Eu-MOF NS synthesized with hydrothermal method. a-c:

the SEM images; d-f: the TEM images; g-k: the mapping images;

3 Fig. 2 The XPS spectra of NO2-Eu-MOF NS. a: the high-resolution spectra of Eu 3d; b: C 1s;

c:01s;d: N 1s;

4 Fig. 3 a: the fluorescence spectrum of NO>BDC, M, Eux(PEPP)y(NO>BDC),, and
EuPEPP; b: the XRD spectra of M, Eux(PEPP)y(NO:BDC),, EuPEPP, and EuPEPP
simulation. ¢: the SEM images of Eux(PEPP)y(NO>BDC), and corresponding SEM-EDX
elemental mapping result; d: the fluorescence spectra to show the effect of ALP activity.
ALP (500 U L, 700 U L' and 1000 U L!) was used in the hydrolysis of PNPP (10 mM)
for 20 min and followed adding M. The fluorescence spectrum of M reacted with PEPP
and M react with ALP was record as a control.; e: the UV-Vis spectra of PNPP, 4-NP and
fluorescence excitation spectra of Eux(PEPP)y(NO,BDC),. M (50 pL 100 pg mL™),
EuPEPP (50 puL 100 pg mL™), PEPP (10 mM), Tris-HCI buffer (50 mM, pH 9.0),

excitation at 280 nm;

5 Fig. 4 Conditions optimization of (a) PEPP concentration; (b) time for PEPP react with

NO2-Eu-MOF NS; (¢) PNPP concentration; and (d) time of PNPP be hydrolyzed by ALP.
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Conditions for assays: NO2-Eu-MOF NS (50 uL, 100 pg mL™"), Tris-HCI buffer (50 mM,

pH 9.0), excitation at 280 nm; emission: 550-800 nm.

6 Fig. 5 Quantitative assays of ALP activity with the as-fabricated biosensor. a: the
fluorescence spectra with different activity of ALP; b: the linear relationship between AF
and the activity of ALP. Conditions for assays: NO2-Eu-MOF NS (50 pL, 100 ug mL™),
PEPP (10 mM), PNPP (25 mM), Tris-HCI buffer (50 mM, pH 9.0), excitation at 280 nm;

emission: 550-800 nm;

7 Fig. 6 Selectivity and interferential test of proposed sensor. a: the selectivity test; b: the
anti-interferential test of proposed fluorescence sensor. The concentration of Mg?*, Zn?",
Fe?', Cu?", S*, Thr, GSH, UA, Glu, PPi, HSA, ACP, PPase, Lys, ATP and Trp was 100
uM, 100 pM, 100 pM, 1 mM, 2.5 mM, 500 uM, 5 mM, 420 uM, 8 mM, 200 mM, 30 g
L, 10 UL10 UL, 500 uM, 1 uM, and 500 puM, respectively. NO2-Eu-MOF NS (50
uL, 100 pg mL), PEPP (10 mM), ALP (800 U L), Tris-HCI buffer (50 mM, pH 9.0),

excitation at 280 nm; emission: 550-800 nm;

8 Table 1 A comparison of analytical methods for the determination of ALP activity

9 Table 2 The determination of ALP activity in human serum with NO>-Eu-MOF NS
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3 Fig. 2
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4 Fig.
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6 Fig. 5
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7 Fig. 6
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8 Table 1

Dynamic
Method Material LOD (U L'l) Reference
Range (U L_l)
ECL - 0.002-50 0.0007 [1]
ECL - 20-1500 3 [5]
Colorimetric PDA 10-100 5.4 [42]
Colorimetric Au/Ag nanorod 20-500 3.3 [43]
Colorimetric Cu(BCDS),” 0-220 1.27 [44]
Colorimetric ~ Cu(Il)-phenanthroline 0-200 3.5 [45]
Fluorescence Ag,S QDs 2-100 1.28 [46]
Fluorescence Carbon QDs 16.7-782.6 1.1 [47]
Fluorescence NO,-Eu-MOF NS 5-1000 1.1 This Work
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9 Table 2

Detected  Reference Spiked Total found
Sample Recovery  RSD
(UL (UL (UL (UL

10.0 99.50 95.0% 4.9%

1 88.20 90 50.0 138.10 96.2% 4.5%
100.0 191.00 101.0% 5.2%

10.0 87.50 95.0% 4.6%

2 76.10 78 50.0 129.80 103.6% 5.3%
100.0 180.60 102.6% 5.0%

10.0 69.90 99.0% 5.4%

3 59.30 60 50.0 110.80 101.6% 4.8%
100.0 162.50 102.5% 5.5%
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