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The wide and even whole pH range electrochemiluminescence (ECL) is attractive for steroid estrogens detection
under harsh conditions (such as strong acid and alkali). Herein, we presented an efficient europium-based metal-
organic framework (Eu-MOF) as ECL luminophore, which has been synthesized via the specific 2, 4-bis(3, 5-
dicarboxyphenylamino)-6-oltriazine (H4BDPO) ligand with acid-base buffering effect. The functional groups
with weak acid and base endowed the H4BDPO with eight ionogenic group states, thereout different total charges
of H4BDPO were derived, thus high and steady ECL signals of Eu-MOF were acquired under different environ-
ments with pH = 1.0-14.0. Most notably, combined with the means of UV-vis, fluorescence spectra, cyclic
voltammetry (CV) and density functional theory (DFT) calculations, the Eu-MOF has been explored different
luminescence mechanisms with variational total charges. The constructed ECL biosensor based on the Eu-MOF
realized sensitive detection of trenbolone under wide pH range (In order to maintain the biological activity of
antigen and antibody, the studied pH value is 5-8.5), in which the limits of detection were 3.95 fg/mL (pH =
5.0), 2.36 fg/mL (pH = 7.4) and 5.48 fg/mL (pH = 8.5) respectively. This work provides a considerable method

to realize efficient trace detection of steroid estrogens under the wide or even whole pH conditions.

1. Introduction

Steroid estrogens sensitive monitoring under harsh conditions
(strong acid or base condition) is a problem demanding prompt solution.
Among the reported detection methods, electrochemiluminescence
(ECL) can be finely tuned to extensive application fields by simple
operation, low background, high sensitivity and stability, such as clin-
ical diagnosis, drug screening, food and environment detection (Song
et al., 2018, 2020, 2021; Zhao et al., 2021, 2022; Zhao et al., 2021a,b).
Despite great progress in the fabrication of ECL luminophore, it is still
highly challenging to prepare high-efficiency luminescent materials
with outstanding stability such as good endurance of wide pH range.
Until now, graphene quantum dots (GQDs) are found to be stable in only
neutral or weak acidic solution, while strong acidic or alkaline condi-
tions always result in reduced fluorescence intensity (Yuan et al., 2015).
Gold nanoclusters (AuNCs) show a tendency of fluorescence in the pH
range of 5-9, rather than a continuous high signal (Bai et al., 2018).
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Hence it is crucial to design ECL luminophore with acid-base resistance
properties, which can make the constructed ECL devices to work under
harsh conditions (strong acid or base condition) and to have high effi-
ciency under dynamic pH range.

Inspired by the self-assembly characteristic of metal-organic frame-
works (MOFs) (Kuang et al., 2018; Zhao et al., 2019; Katayama et al.,
2019), coassembling the luminophore and acid-base resistance proper-
ties components into the same framework as ECL luminophore is a
feasible method to realize powerful and robust ECL under wide even
whole pH range. Especially in lanthanide-based metal-organic frame-
works (Ln-MOFs), lanthanide ions are promising candidates for lumi-
nous component owing to their high luminescent quantum yield, narrow
and intense band emission, large Stokes shift, long luminescent lifetime,
and undisturbed emission wavelength. Moreover, the antenna effect
between ligand and lanthanide ions makes Ln-MOFs stronger lumines-
cence (Zhao et al., 2021a,b; Gao et al., 2018; Eliseeva and Buenzli, 2010;
Zhang et al., 2018). For this target, an unusual rigid 2, 4-bis(3,
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5-dicarboxyphenylamino)-6-oltriazine (H4BDPO) ligand is noticed for
the unique consideration. The H4BDPO ligand, as a buffer guard in MOF,
possesses functional groups with weak acid and base simultaneously
(the phenol group is weak acid, the amino and triazine groups are weak
bases) to prevent erosion from acidic and alkaline media. This essential
characteristic makes Ln-MOFs with H4BDPO display high ECL perfor-
mance under wide even whole pH range.

Herein, the assembly of H4BDPO and Eu®' produced a three-
dimensional hyperstable MOF (Eu-BDPO) as luminophore to realize
efficient and stable ECL performance under every pH conditions be-
tween 1.0 and 14.0. ECL signals and efficiencies showed three different
phenomena corresponding to pH environments of 1.0-5.5, 5.5-7.4 and
7.4-14.0 respectively, which resulted from the different total charges of
H4BDPO caused by different assembly modes of eight ionogenic group
states under different pH. Three kinds of luminescence mechanisms
derived from these were studied by means of UV-vis, fluorescence
spectra, cyclic voltammetry (CV) and density functional theory (DFT)
calculations. In addition, the constructed ECL biosensor via Eu-BDPO as
luminophore can realize sensitive trace detection for trenbolone (TB),
which is a new steroid estrogen that affects the human endocrine and
reproductive system to trigger testicular cancer or bisexual individuals.
The low limit of detections (LOD) of the sensor were 3.95 fg/mL (pH =
5.0), 2.36 fg/mL (pH = 7.4) and 5.48 fg/mL (pH = 8.5) respectively and
the broad detection range was 10 fg/mL ~ 100 ng/mL.

2. Experimental section
2.1. Preparation of Eu-BDPO

The materials, regents and apparatus were displayed in the Sup-
porting Information. The preparation process of H4BDPO was based on a
reported reference (He et al., 2018a) and optimized synthetic parame-
ters (Fig. S1). 0.4 mmol of Eu(NO3)3-6H20 and 0.2 mmol of H4BDPO
were added in mixture with 16 mL N,N-dimethylformamide (DMF), 2
mL of HyO and 0.5 mL of HNOs3, the solution was transferred into a
Teflon-lined stainless steel autoclave and heated at 120 °C for 24 h. The
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-01-OH
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white crystal was harvested by centrifugation and washed with DMF and
H>0, dried at 60 °C.

2.2. Fabrication of the ECL biosensor

The establishment process of electrode was shown in Fig. 6A. First of
all, the thin film of Au was electrodeposited on the polished glassy
carbon electrode (GCE) surface by using HAuCl4 (1%) solution. Sec-
ondly, 6 pL of TB antibody solution (1 pg/mL) was dropped to connect
Au film. Next, 2 pL of BSA, 6 pL of the mixture of different concentra-
tions TB standard substances and antigen@Eu-BDPO (the concentration
of antigen was 1 pg/mL) was dropped on electrode in turn. The elec-
trodes were dried at 4 °C after layering process, and then removed the
unconnected components via washing with water. In the end, the suc-
cessfully assembled ECL biosensor was put at 4 °C.

3. Results and discussion
3.1. Characterization of Eu-BDPO

The synthesis process of Eu-BDPO was shown in Fig. 1A. In the X-ray
powder diffraction (XRD) patterns (Fig. 1B), the good crystallinity
consisted in the as-synthesized Eu-BDPO and obvious peaks identified
with the simulated spectrogram (CCDC-1523604) correctly which have
showed at 5.68", 6.80°, 7.66, 11.16  and 19.87 primarily, ascribed to
crystallographic planes of (100), (011), (110), (021) and (320). These
bore out the successful preparation of Eu-BDPO. Next, fourier transform
infrared (FTIR) measurement was used to characterized functional
groups in Eu-BDPO for notarizing its structure. In the FTIR spectrum of
H4BDPO ligand (Fig. 1C), the appearance of phenolic and triazinyl group
can be said by the O-H and N-H stretching vibrations at around
3360-3700 cm ™, the wide range absorption peak at 1240-1590 cm " of
the typical breathing vibration of the triazine ring and the C=N group
(Song et al., 2021; Kumar et al., 2022; Liang et al., 2017). The charac-
teristic peak of carbonyl asymmetric stretching band (C—=0) of -COOH
at 1708 cm™! was only found in the H4BDPO, the new asymmetric
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Fig. 1. (A) Synthesis process of Eu-BDPO. (B) XRD pattern of as-synthesized Eu-BDPO and simulated pattern. (C) FT-IR spectra of H4BDPO ligand and Eu-BDPO. (D)
XPS spectrum of Eu 3d in Eu-BDPO. (E-G) SEM images and energy-dispersive X-ray elemental mapping images of Eu-BDPO.
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stretching vibration v,3 (COO™) (1610 em™ ) and the symmetric
stretching vibration v5 (COO™) (1377 cm™}) appeared in the spectrum of
Eu-BDPO, implying that the deprotonation of all carboxyl groups in
ligand was occurred and they coordinated with Eu®* subsequently (Zhao
et al., 2022). The complete chemical composition and valence states of
Eu-BDPO were revealed by the X-ray photoelectron spectroscopy (XPS)
survey spectrum in Fig. S2A. In detail, the XPS spectrum of Eu 3d was
shown in Fig. 1D, in which the binding energies at 1132.4 and 1162.2 eV
matched with Eu 3ds/ and Eu 3dg/» of Eu3+, respectively (Zhao et al.,
2021, 2022). For the XPS spectrum of O 1s (Fig. S2B), three obvious
binding energy values at 528.9, 530.4 and 531.4 eV were attributable to
the O atoms in Eu-0, 02~ and C=0. A simple hydrothermal process was
conducted of core-shell Eu-BDPO microspheres. Scanning electron mi-
croscope (SEM) images (Fig. 1E and F) exhibited the homogeneous mi-
crospheres morphology with the diameter of 3.2 pm, and the hollow
core-shell structure was discovered from the broken microsphere. The
energy-dispersive spectrometry (EDS) results revealed the existence and
uniform distribution of Eu, O, C, N elements (Figs. S3 and 1G). With
regard to the optical property of Eu-BDPO, the UV-vis-near-infrared
(NIR) absorption spectrum of Eu-BDPO (Fig. S4A) revealed its NIR
luminescence characteristic in 830-1316 nm region, the particularly
striking was the NIR-II characteristic bond from 1000 nm to 1316 nm,
which was preferable for detection or treatment of environmental
pollution. In contrast, the NIR luminescence characteristic is not avail-
able for H4BDPO ligand (Fig. S4B).

3.2. ECL mechanism and performance of Eu-BDPO

The ECL mechanism was explored by CV and ECL methods. We tested
CV and ECL curves of Eu-BDPO in K»S;0g solution and bare phosphate
buffer solution (PBS). In Fig. 2A, the reduction peak of Eu-BDPO at
—1.20 V was found in both curves (curve a: in K»S,0g solution, curve b:
in bare PBS), and no oxidation peak was found, which illustrated that
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only the electron injected into the lowest unoccupied molecular orbital
(LUMO) of Eu-BDPO to form Eu-BDPO®. Combined with the ECL
potential-intensity curves (Fig. 2B), the generation of ECL signal was
occurred with the aid of K3S,0g coreactant (17441 a.u.), and the weak
signal was observed in bare PBS (1000 a.u.), which is similar to that of
K2S20g own. Based on these, the ECL process of Eu-BDPO leaning on
K3S,0g was speculated, and the related ECL mechanism was exhibited in
Fig. 2C and equation (1) ~ (4) (Zhao et al., 2021a,b ):

Eu-BDPO + e~ — Eu-BDPO* @
$,03” + e~ — SOF™ + SOY @)
Eu-BDPO* + SO — Eu-BDPO* + SO;~ 3)
Eu-BDPO* — Eu-BDPO + /v )]

The ECL performances of Eu-BDPO were investigated under different
pH environments, all ECL tests were used glassy carbon electrodes
(GCEs) loaded Eu-BDPO under the optimized conditions (Fig. S5). The
ECL curves with same measurement time segment under every pH cor-
eactant solution were spliced together and exhibited in Fig. 2D. The
measured ECL signals were 5700 a.u. approximately when the ambient
pH was about 1.0 and 2.0. Then an escalating trend motivated the in-
tensity to increase until the signal reached 17,414 a.u. at pH = 5.5,
which remained stable in a stage from 5.5 to 7.4. Further, as the pH of
the environment increased, the ECL signals gradually decreased. A sharp
decrease occurred while pH = 10.0, and finally the signals tended to be
stable at pH = 12.0-14.0 with intensity of 7746 a.u.. In addition, the ECL
work curves in a period of time under acidic, weak acidic, neutral, and
alkaline environments respectively can always maintain good stability
(Fig. 2E).

The ECL and CV measurements were utilized to calculate ECL effi-
ciencies of Eu-BDPO by the equation (Zhao et al., 2021a,b; Dennany
et al., 2006):

>

2
—Eu-BDPO/S,0,

1 1
1 1
=04 2 —Eu-BDPO/PBS ! |
. z : |
E 08 2 1 1
£ £ 1 — 1
5 1.2 £ [ !
2 N . o3 = 1
16 b —Eu-BDPO/PBS 2 3.0k R Y | ( H
—Eu-BDPO/S,0,* 2 i |
2.0 e 0.0 12 | |
1.8 1.5 1.2 0.9 06 -0.3 0.0 20 1.6 -1.2 04 00 ! £ (i = !
Potential / V Potential / V : 2 - ‘ !
™~ 1 w ‘ 1
C 1 “ | | 1
___________________ | | L \
: 1 1 o I
| ' Y 1
Eu-BDPO — 1 [ 1
: | 1§ |
1 1
! Eu-BDPO * - ¢ ! 1
1 Eu-BDPO" ! | 1
1 N : | AT L RS AR LA AR A A A I
: s0, o f | 4 5556 77.48 91011121314
A
I 8,0, 1 ! pH !
| hv 1 ! 1
| 1 1 1
1 1 1
!. __________________ 1 e e e e e e s e 1
E 20.0k r
5 pH=1 2 3 4 5 ‘ 5.5 6 7 7.4 8 9 10 1M | 12 13 14
& 16.0k |
2
B 12.0k
e ‘
2 |
E 8.0k
3
w 4.0k )l ‘
J‘ |
0.0 :
T I 5
Charge: 1 0 -1

Fig. 2. (A-B) CV and ECL-potential curves of Eu-BDPO in (a) bare PBS and (b) PBS contained K»S,0g (80 mM). (C) The related ECL mechanism of Eu-BDPO in
K5S,0g. (D) Stability of the ECL signals under the same working times and different pH conditions. (E) ECL signals of electrodes loaded Eu-BDPO under pH from 1.0
to 14.0. (F) ECL signals and efficiencies of electrodes loaded Eu-BDPO under different pH conditions. Error bars = SD, (n = 3).
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. In particular, I and I° are the ECL signals in the Eu-BDPO/K3S20g
and reference systems respectively, Qf and Q°f are the corresponding
faradaic charge went through electrodes, in which the reference system
is 1 mM [Ru(bpy)g]2+ in 0.1 M (TBA)BF,/acetonitrile solution. The
@°gc, represents the ECL efficiency, that is 5.0%. According to the
calculation results, the similar trends were also presented in the ECL
efficiencies of Eu-BDPO under pH = 1.0-14.0 (Fig. 2F), which were
superior to most [Ru(bpy)g]zJr and [Ru(bpy)3]2+-based luminophors,
and the maximum at pH = 5.5-7.4 were about 14.0%. The results
described above could draw that Eu-BDPO owns strong acid and alkali
resistance, as well as high ECL performance in the whole pH range,
especially in the pH of 5.5-7.4.

3.3. Luminescence mechanisms under different pH conditions

According to the references, the -0~/ OH, -NH-/-NH'- and -N =
/-NH*' = pairs endow H4BDPO with buffering effect, which makes the
total charge of H4BDPO change from 1 to —1 in different environments
with pH = 1.0-14.0. The generation of total charge in different condi-
tions was depended on the independence or combination of eight
ionogenic group states of H4BDPO. When pH = 1.0, the total charge is 1,
and then the total charge decreases until the value is 0 at pH 5.5. From
pH = 7.4, the number of negative charges increases until the total charge
rises to —1 at pH = 12.0 and remains till pH = 14.0 (He et al., 2018a).
Since the change law of total charge in H4BDPO is similar to that of ECL
signal of Eu-BDPO (Figs. S6 and 2F), we explored the luminescence
mechanisms of Eu-BDPO under different conditions according to the
change principle of total charge reasonably. The luminescence mecha-
nisms were investigated by CV, UV-vis spectra, fluorescence spectra, the
DFT calculations by PBEPBE method and 6-31 G* basis set in
Gaussian09 program (Alsmail et al., 2014; Li et al., 2017). The lowest

3+
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unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) energy level of Eu>" was calculated by CV and UV-vis
measurements (Yan et al., 2021; Yang et al., 2013) (Fig. S7), and that of
H4BDPO was calculated by DFT. The HOMO and LUMO energy levels
and the spin isodensity surfaces of H4BDPO were exhibited. Following
the calculation rules, we explored the luminescence mechanism cases
where the number of charges was 1, 0 and —1 respectively.

The ligand has positive charge under pH = 1.0-5.5, where the pos-
itive charge number is 1 when pH = 1.0. Therefore, CV, UV-vis, fluo-
rescence tests and theoretical calculations were carried out in the pH =
1.0 environment to discuss the luminescence behavior of Eu-BDPO
involved by H4BDPO with positive charge. In Fig. 3A, the UV-vis ab-
sorption peaks of Eu>* and Eu-BDPO were 394 and 297 nm (Ahlawat
et al., 2018; Lai et al., 2021). The absorption peak localized at 297 nm
was assigned to the Eu®t-0% electron transfer (Lai et al., 2021). The
excitation peak of Eu-BDPO was 399 nm, which attributed to the "Fo-"Le
transition of the Eu®t (Mani et al., 2018). The emission peaks of
Eu-BDPO were 533.5, 589 and 803 nm, which originated from the
emission of H4BDPO (Yan et al., 2021; He et al., 2018b), and the primary
emission band at 533.5 nm belonged to the HOMO-LUMO+1 electron
transition of the H4BDPO (Fig. 3B and S8A). As can be seen in Fig. 3C,
the Epumo of Eu®* and the Erumo+1 of H4BDPO were —2.51 and —5.57
eV, the Egomo of Eu®* and H4BDPO were —5.62 and —8.52 eV, which
fitted with electron transfer from the Eu®* to the ligand-centered ©*-type
orbitals. These provided reasonable evidences of a luminescence
mechanism occurring in the form of metal-to-ligand charge transfer
(MLCT) under pH = 1-5.5.

Next, the ligand has no charge at pH = 5.5-7.4. The UV-vis ab-
sorption bands of Eu-BDPO (Fig. 4A) at 237 and 276 nm matched the
characteristic peaks of Eu>* and H4BDPO severally. The excitation
bands of Eu-BDPO (Fig. 4B) at 271 and 297 nm were assigned to the n-n*
transitions of the ligand and the 7F6-9D transition of Eu®t-02 (Lai et al.,
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Fig. 3. (A) UV-vis spectra of Eu-BDPO, H4BDPO and Eu®" under the total charge of ligand was 1. (B) Fluorescence excitation emission spectra of Eu-BDPO under the
total charge of ligand was 1. (C) The HOMO, LUMO energy levels of H4BDPO and Eu®*, the spin isodensity surfaces of H4BDPO, and the supposed luminescence

mechanism of Eu-BDPO under the total charge of ligand was 1.
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2021), the emission peaks of Eu-BDPO at 533.5, 589 and 803 nm were
originated from the emission of H4BDPO (Fig. S8B). Moreover, the
HOMO and LUMO orbitals were calculated in —5.59 and —1.42 eV.
Combined with the DFT calculations, the electrons were transmitted
from the LUMO orbital of Eu®" to the LUMO+1 and LUMO orbitals of
H4BDPO (ELUMO+1 = —2.45 eV, ELUMO = —2.58 eV), the holes were
feebly transferred from the HOMO orbital of Eu®" to that of H4BDPO
(Ezomo = —5.50 eV) (Fig. 4C). These provided reasonable evidences of a
luminescence mechanism occurring in the form of MLCT under pH =
5.5-7.4.

Finally, the ligand has negative charge under pH = 7.4-14.0, the
charge number is -1 when pH = 12.0-14.0. The consistent UV-vis ab-
sorption peaks of H4BDPO and Eu-BDPO distributed in 227 and 275 nm
(Fig. 5A), which originated from n-n* transition in the H4BDPO struc-
ture, and revealed that the H4BDPO center generated electron transport.
In the fluorescence spectrum of Eu-BDPO (Fig. 5B), the wide excitation
bond from 200 to 360 nm belonged to the n-n* transitions of the ligand
(Fig. S8C) (Li et al., 2017; Yang et al., 2013), the narrow and high
excitation peak at 370 nm was derived from the “Fy-°>G, transition of
Eut (Zhao et al., 2021a,b; Mani et al., 2018). Furthermore, a strong
emission narrowband of 717 nm was triggered by the >Dy-’F, transition
of Eu®" (Zhao et al., 2021a,b; Mani et al., 2018). The UV—vis spectrum
and CV curve of Eu®* and DFT calculations of H4BDPO with the
Gaussian 09 program (Fig. 5C) demonstrated that this ligand-to-metal
charge transfer (LMCT) was from the LUMO localized on the H4BDPO
(ELumo = 0.03 eV) to the LUMO localized on Eu®t (Eyymo = —1.29 V).
Persuasively, the DFT calculations were studied the first excited singlet
state (S;) and first excited triplet state (T;) of H4BDPO. The simple

A B

Biosensors and Bioelectronics 221 (2023) 114925

model of energy-transfer process in antenna effect was depicted via
matching with the excited state energy level of Eu®". As can be seen in
Fig. 5D, thanks to the suitable difference between T; energy of H4BDPO
and excited state energy of Eu3+, the ligand H4BDPO was excited to its S;
with an excitation energy of 19479.10 cm ™ firstly. Next the electron
was transferred to triplet ground state (Tp) through intersystem crossing
(ISC). Then the ligand H4BDPO sensitized Eu>* via nonradiative energy
transmission with a phosphorescent emission energy of 14003.40 cm ™,
bearing out the antenna effect-induced energy transfer from H4BDPO to
Eu®*. These provided reasonable evidences of a luminescence mecha-
nism occurring in the form of LMCT under pH = 7.4-14.0.

3.4. Application of ECL biosensor for TB detection

Based on the luminescence mechanism of Eu-BDPO, we constructed a
competitive ECL biosensor using Eu-BDPO as ECL luminophore and the
standard substance of TB as target to research the high-efficiency trace
monitoring of TB in water environment. The assembly process of ECL
biosensor was shown in Fig. 6A, and the CV and EIS tests were conducted
to attest the successful construction of the biosensor (Fig. S9). For the
competitive mechanism of the constructed ECL biosensor, firstly, the
antibodies were connected to the Au layer deposited on the electrode
surface through Au-S bond. Afterwards, TB standard substance and
antigen@Eu-BDPO were modified on assembled electrodes. ECL signals
were generated by Eu-BDPO, and the changes of the ECL signals were
realized by the competition for specific binding sites of TB antibodies
between the TB standard substances and antigens. Specifically, as the
concentrations of TB standard samples gradually increased, the binding
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Fig. 6. (A) The fabrication process of the competitive ECL biosensor. ECL intensity-time curves with a wide concentration range of 10 fg/mL~100 ng/mL under
different pH conditions (B) 5.0, (D) 7.4 and (F) 8.5. The corresponding linear equation of the TB standard substance concentrations and ECL signals under different
pH conditions (C) 5.0, (E) 7.4 and (G) 8.5. Error bars = SD, (n = 3). All experiments were tested under optimal conditions.
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amount of antigen@Eu-BDPO gradually decreased, leading to the
quenched ECL signals. The quantitative detection for TB was conducted
by analyzing the ECL signals that vary with the concentrations of the
standard substance of TB under the optimized conditions. Under the
premise of not destroying the biological activity of antigen and anti-
body, the work condition of pH of the ECL biosensors is 5-8.5. Compared
to other ECL biosensors that only have the strongest detection capability
at an optimal pH condition, the constructed biosensor can achieve high
and stable ECL performance at pH range in 5-8.5 (Fig. S10). Further,
three pH values (5, 7.4 and 8.5) of three luminescence mechanisms were
selected to test ECL performance of the biosensor. As can be seen in
Fig. 6B-G, the ECL signals decreased linearly as the TB standard sub-
stance concentrations increased (10 fg/mL~100 ng/mL) in the same
time period under three pH conditions, the linear equation were I =
—1051.4 1g ¢ + 16790.4 (R = 0.992, pH = 5.0), I = —962.5 Ig ¢ +
17462.2 (R? = 0.993, pH = 7.4) and I = —1051.9 Ig ¢ + 16125.1 (R® =
0.991, pH = 8.5) respectively, and the calculated LOD were 3.95 fg/mL,
2.36 fg/mL and 5.48 fg/mL respectively, which were lower than the
reported detection methods for TB (Table S1). Moreover, the con-
structed ECL sensor had outstanding reproducibility with the relative
standard deviation (RSD) of 3.2% (Fig. S11) and good selectivity under
various interferents (100 ng/mL) and mixture (100 ng/mL TB + 100 ng/
mL interferents) (Fig. S12). These results revealed the ECL sensor con-
structing by Eu-BDPO can all realize efficient trace detection of TB in
three charge types under pH range of 5-8.5.

Importantly, the real samples analysis of the constructed ECL
biosensor was conducted. The initial concentrations of real water sam-
ples were obtained from three rivers and measured 3 times to acquire
averages. Then the recovery rates and RSD were calculated after the
standard addition method, which were 96.7-103% and 1.0-2.7%
respectively. From the high recovery rates and low RSD value, the good
accuracy and precision of the established ECL biosensor were confirmed.
The concerned data were shown in Table S2. To sum up, the assembled
ECL biosensor had excellent practicability and met the need of trace
detection of environmental estrogen in the real water environment
absolutely.

4. Conclusion

An efficient ECL biosensor under wide pH range was constructed by
the Eu-MOF (Eu-BDPO) as luminophore with acid-base resistance
properties to realize trace detection of TB. The Eu-BDPO was synthesized
via the specific H4BDPO ligand. Because the -0~/ OH, -NH-/-NH*- and
—N=/-NH"= pairs vest in weak acid and base pairs, the H4BDPO has the
function of acid-base buffer, which makes the Eu-BDPO ECL operate
consistently and vigorously in the full pH range. The different ionogenic
group states of H4BDPO make it has different total charge under
different pH conditions. Based on UV-vis, fluorescence spectra, CV and
DFT calculations, we certified the different luminous mechanisms of Eu-
BDPO, in which the MLCT process occurred when the total charge was
0-1 and the LMCT process occurred when the total charge was -1-0.
Combined with ECL results, the energy transfer rate increased as the
total charge changes from - 1 to 0. Then, when the total charge changes
from O to 1, the energy transfer rate decreased, and the energy transfer
rate when the total charge is - 1 is greater than that when the total
charge is 1. With the change of total charge, ECL signal fluctuated
regularly, but it remained at a high level and was very stable. Moreover,
Eu-BDPO had been able to construct biosensor that is efficient to detect
TB at the maximum operating pH region (5-8.5) with low LOD 3.95 fg/
mL (pH = 5.0), 2.36 fg/mL (pH = 7.4) and 5.48 fg/mL (pH = 8.5)
respectively. Therefore, this work would provide a method to realize
more practical and more sensitive monitoring for steroid estrogens
under wide or even full pH conditions.
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