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ABSTRACT: Steady and efficient sensitized emission of Eu** to Eu®* can be R %
achieved through a rare mixed-valence Eu-MOF (L,Eu™,Eu"). Compared with the b
sensitization of other substances, the similar ion radius and configuration of the
extranuclear electron between Eu®" and Eu*" make sensitization easier and more
efficient. The sensitization of Eu** to Eu’" is of great assistance for the self-
enhanced luminescence of L,Eu™,Eul, the longer luminous time, and the more
stable electrochemiluminescence (ECL) signal. Simultaneously, L,Eu',Eu"
possesses near-infrared (NIR) fluorescence of around 900 nm and a mighty self-
luminous characteristic, which render it useful as a NIR fluorescent probe and as a
luminophore to establish a NIR ECL biosensor. This NIR biosensor can greatly
reduce the damage to the detected samples and even achieve a nondestructive test
and improve the detection sensitivity by virtue of strong susceptibility and
environmental suitability of NIR. In addition, the CeO,@Co;0, triple-shelled
microspheres further enhanced the ECL intensity due to two redox pairs of Ce**/
Ce*" and Co*"/Co®". The NIR ECL biosensor based on these strategies owns an ultrasensitive detection ability of CYFRA 21-1 with
a low limit of detection of 1.70 fg/mL and also provides a novel idea for the construction of a highly effective nondestructive
immunodetection biosensor.

B INTRODUCTION Compared to other NIFP materials, the optical properties of
near-infrared (NIR) lanthanide complexes, unlike that of
organic fluorophores and semiconductor nanoparticles, possess
amazing complementary superiorities, which have become a
research hotspot.” In terms of Ln-MOFs powered by tunable
luminescence properties, long luminescent lifetimes, and
forceful energy transfer ability, the assistance of a sensitizer is
highly effective for realizing the enhancement luminescence of

Near-infrared fluorescent probes (NIFPs) exhibit unique
optical and operational properties that make them an excellent
selection for immunoassay,’ environmental pollutant analysis,”
and medical imaging.” Probes can improve tissue penetration
and reduce damage to the matrix.* Furthermore, the NIFPs,
whose region of spectrum is 800—1700 nm, can avoid the

interference of visible fluorescence and heighten the accuracy Ln* and spectrum control. '3 The reported sensitizers
of the immunoassay™ and can afford nondestructive analysis include Ln**,'° semiconductors,'"** organic matters,"> and so
as well as availability under harsh conditions.’® By means of on. Among them, sensitization between Ln3* is the most
electrochemistry and related instruments, the sensitivity of common. The enhanced luminescence effect stems from the
detection and analysis that participated by NIFPs has advanced energy transfer of the sensitizer and luminescent Ln*".'"""
rapidly, and the information presented is also more intuitive. One situation is that the 4f electronic layer of optically inert
. . . . P : . 3+ 14 3+ 15 3+16
By virtue of its broad dynamic ranges, outstanding sensitivity lanthanide metal counterions such as La™", ™ Gd™*,” and Y
and stability, convenient operation, benign time, and space is in a stable state of full or half-empty, and their low
control over the light emission,”” electrochemiluminescence probability of trapping electron results in that the ligand

(ECL) has managed to outsmart other ways that can be cannot effectively transfer energy to them but only to luminous

combined with NIFPs and has become one of the most

suitable for detection.® Nevertheless, the eminent bottleneck Received: April 11, 2021
remains in the same luminescent intensity of NIFPs, which Accepted: June 3, 2021
played the role of ECL luminophores. Therefore, exploiting a Published: June 11, 2021

NIFP that possessed a doughty luminous efficiency as the ECL
luminophore for highly efficient immunoassay is an area
deserving research.

© 2021 American Chemical Society https://doi.org/10.1021/acs.analchem.1c01531
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ions such as Eu®* and Tb*', thus enhancing the characteristic
fluorescence of Eu®" and Tb*". Otherwise, luminescent Ln®
ions can also implement sensitization by embedding in a
subjectival host in the form of doping,''* in which the
sensitized ion and doped sensitizer have similar ion radius and
configuration of extra-nuclear electron, which may further
strengthen the effect of the doped ions in synergistic energy
transfer, such as the sensitization of Tb** to Eu**'” and Ce** to
Tb**.'* Based on this preponderance, we speculated that it is
easier to achieve sensitization between Eu?* and Eu’*.
Fortunately, we found a rare mixed-valence Eu-MOF to
solve the eminent bottleneck in the instability of Eu®* on
account of its strong reducibility oxidized to Eu’*. The
inclusive sensitization of Eu?* to Eu** can achieve self-
enhanced luminescence to enhance ECL efficiency.

There is little doubt that coreaction accelerators that
catalyzed the further generation of coreactant radicals are
likewise the vital link of the whole ECL process. The efficiency
of charge utilization is conclusive for the whole performance of
catalysis. A good catalytic activity can be realized effectually via
an ideal platform offered by the core—shell structure, which has
sufficient diffusion channels and a large active specific surface
area to possess high conductivity and resistance to reunite.'”*’
Among these core—shell structure materials, the CeO,
microsphere has gained massive attention with merits of its
ultrahigh electrocatalytic activity resulted from the inherent
Ce>*/Ce* redox pair and remarkable durability in water.”"**
Surprisingly, the catalytic performance will be further
promoted through the szfnergistic effect between CeO, and
metal oxides (e.g., TiO,,>” C0;0,,”" Fe,0,,”* and NiO).” The
change in the valence of Ce*/Ce* and Co®'/Co** can
promote more production of coreactant radicals; therefore, the
combination of Co;0, and CeO, has high-efficiency catalytic
capacity to improve the ECL intensity.u’2

All in all, a sandwich-type NIR ECL biosensor, made up of a
mixed-valence trinucleate MOF (L,Eu™,Eu") as NIFP as well
as a luminophore and a triple-shelled microsphere (TSMS)
(CeO,@Co050,) as the coreaction accelerator, was first formed
to achieve an ultrasensitive detection of CYFRA 21-1. CYFRA
21-1 is a tumor marker, which is a full-length fragment of
cytokeratins 19 distributed on the surface of normal tissues,
such as lamellar or squamous epithelium. It possesses a major
significance to productively monitor lung adenocarcinoma and
lung squamous cell carcinoma and also breast, bladder, and
ovarian cancer.”®*’ Among the as-fabricated biosensors,
L,Eu",Eu" as a signal probe was synthesized with a quinolinyl
aminophenol ligand 3,5-Bu’,-2-(OH)C¢H,CH,NH-8-CoH,N
(H,L) and Eu[N(SiMe,),];(u-Cl)Li(THF), relied on the
amine elimination reaction,” and the synthesis mechanism is
shown in Scheme 1. The antenna effect that emerged from the
two coordination environments ligand H,L with a strong
conjugate effect conveyed energy to Eu?*/3*, and subsequently,
Eu*" sensitized Eu’*, thus stimulating Eu®* to provide strength
and steady luminescence. Strong synergistic effects and
interface effects between Ce**/Ce* and Co®*/Co®" make
CeO,@Co0;0, TSMSs own a robust oxygen storage/release
capacity, so more 82082_ was catalyzed to generate more
SO,*” radicals, which then react with more L,Eu™,Eu™ to
enhancing ECL. This double enhancement approach, which
was carried out using L,Eu",Eu" and CeO,@Co;0, TSMSs,
contributed excellent ECL performance to the as-fabricated
biosensor. The broad detection range was from S fg/mL to 100
ng/mL and a low limit of detection (LOD) was 1.70 tg/mL.
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Scheme 1. Synthesis Routes of (A) L,Eu™,Eu", (B) CeO,@
Co0,0, TSMS, (C) L,Eu™,Eu"—Fe,0,@Au—Ab, Probe, and
(D) the ECL Biosensor Fabrication and Conjectural
Mechanism Illustration in K,S,04
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B EXPERIMENTAL SECTION

Preparation of Eu[N(SiMes),ls. 12.6778 g of EuCl;-6H,0
was added into 100 mL of lithium bis(trimethylsilyl)amide
(24% soln in tetrahydrofuran). With continuous stirring for 24
h at 0 °C, the resulting muddy product was dried under
vacuum (0.8 MPa) for 3 days to obtain a yellowish solid. The
yellowish solid was recrystallized three times in n-pentane to
obtain white needle-like crystals, which were dried overnight at
60 °C to obtain the product Eu[N(SiMe;),];.

Preparation of Quinolinyl Aminophenol. 3.07 g of 8-
aminoquinoline was added into 50 mL of methanol, and then,
two drops of formic acid was added in this mixed solution and
stirred thoroughly until the black solids were dissolved, which
was named solution a. 5.0 g of 3,5-di-tert-butyl-2-hydrox-
ybenzaldehyde was added into 100 mL of methanol, and the
mixed solution b formed after sufficient stirring. Next, solution
a was mixed into the stirring solution b and then heated to
reflux at 70 °C for 12 h. Finally, the orange solid was harvested
by centrifugation and washed with methanol and dried at 60
°C.

Preparation of L,Eu",Eu". 0.73 g of the prepared H,L
was dissolved in 5 mL of toluene, which was named solution a.
1.27 g of the prepared Eu[N(SiMe;),]; was dissolved in S mL
of toluene, which was named solution b. Solution a is slowly
added to the stirring solution b, and then, the mixed solution is

https://doi.org/10.1021/acs.analchem.1c01531
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Figure 1. (A) XRD pattern of the as-synthesized and simulated L,Eu™,Eu". (B) FT-IR spectra of the H,L ligand and L,Eu™,Eu". (C) XPS spectra
in the Eu 3d regions for L,Eu™,Eu". (D) UV—vis spectra of L,Eu"™,Eu" (blue) and L,Eu"",Eu"~Fe;0,@Au (red) and ECL spectra of L,Eu",Eu"
(green). (E) Low- and high-magnification SEM images of L,Eu™,Eu". (F) SEM image of L,Eu™,Eu"—Fe,0,@Au.

stirred at 90 °C for 24 h to obtain a deep red solution. The
dark red solution was centrifuged to remove the precipitate,
and then, the supernatant was placed at 0 °C for 14 days to
obtain dark red crystals of L,Eu',Eu".

Preparation of CeO, Yolk Microspheres. 6.7 mmol 1-
asparagine was dissolved in 40 mL of distilled water, and then,
6.7 mmol CeCl;-7H,0O was mixed and stirred vigorously for 15
min, and the solution was transferred into a Teflon-lined
stainless steel autoclave and heated at 160 °C in an oven for 24
h. The white solid was harvested by centrifugation and washed
with water and ethanol and dried at 60 °C. Finally, the white
solid was calcined at 360 °C for 1 h in an air atmosphere to
obtain a bright yellow CeO, precursor.

Preparation of CeO,@Co30, TSMSs. 0.0931 g of
Co(CH;C00),-H,0 was dissolved in 32 mL of ethanol and
stirred to obtain a pink transparent solution. 0.1 g of CeO,
precursor was added to the above solution, stirred, and
ultrasonicated for 8 min to obtain a suspension which was
transferred into a Teflon-lined stainless steel autoclave and
heated at 120 °C in an oven for 12 h. After the solution was
cooled, it was washed three times with deionized water and
dried at 80 °C for 12 h to obtain gray-brown CeO,@Co50,
TSMSs.

Fabrication Process of the Biosensor. The fabrication of
the sensing interface is shown in Scheme 1. The bare glassy
carbon electrode (GCE) was brightened with polishing
powders such that it achieved a smooth mirror surface level
at the beginning. Second, a thin film of Au was electro-
deposited on the electrode surface by using HAuCl, (1%)
solution. Then, 10 uL of the as-prepared CeO,@Co;0,
solution was coated on the substrate successively. After dyeing,
the 8 uL Ab,; solution (100 pug/mL) was modified onto the
Au—CeO,@Co;0, superstratum and incubation was carried
out at 4 °C for 1.5 h. Then, 5§ mL of bovine serum albumin
(BSA) was dropped on the above-modified electrodes to
expose the active site. In the following step, electrodes were
covered with 5 uL of diverse concentrations of CYFRA 21-1
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and then S uL of L,Eu™,Eu"’~Fe;0,@Au—Ab,, respectively,
and the modified electrodes were incubated under the same
conditions. Finally, the biosensor was successfully constructed.

ECL Detection of CYFRA 21-1. The ECL behavior was
monitored over the scanning range of —1.8—0 V in 15 mL of
phosphate-buffered saline (PBS) (pH = 7.4) containing 80
mM K,S,0g at a photomultiplier tube voltage of 800 V and at
a scanning rate of 100 mV/s. The concentrations of
L Eu™,Eu" solution and CeO,@Co;0, were 6 and 8 mg/
mL, respectively.

B RESULTS AND DISCUSSION

Characterizations of L,Eu",Eu"-Fe;0,@Au Probes.
First, powder X-ray diffraction (XRD) patterns showed the
successful synthesis of L,Eu™,Eu". From Figure 1A, we can see
that well crystallinity exists in the as-synthesized L,Eu™,Eu"
and forceful peaks matched with the simulated spectrogram
(CCDC-1002845) faultlessly, which were shown at 6.34, 6.96,
7.24, 8.76, 13.92, 14.52, and 23.54° primarily, corresponding to
crystallographic planes of (010), (011), (011), (012), (202),
(022), and (242). Second, Fourier transform infrared (FT-IR)
measurement was used to testify functional groups in
LEu",Eu" for further combining its structure, in which the
peaks at 700—1620 and 2915—2954 cm™' corresponded to
quinoline aminoaryl® and tertiary butyl,*® respectively. To be
specific, the bands at 2915—2954 cm™" were ascribed to —CH,
(asymmetric stretching vibration), a number of bands at 1615,
1508, 1469, 1386, 1360, 1255, 1160, 1087, 825 and 794 cm™"
were ascribed to the quinoline ring, and the strong peak at
1590 cm™" was ascribed to the C=N group; moreover, peaks
at 1246 and 3440 cm™" were identified as 0phenolic C—-0 and
O—H stretching vibrations (Figure 1B).**39 After coordinating
with Eu**/**, the spectrum was red-shifted and the intensity
had increased, which explained the success of coordination and
the strengthening of the delocalized conjugate system after
coordination. To better attest the mixed valence of
L,Eu"™,Eu", a compositional study was performed by using

https://doi.org/10.1021/acs.analchem.1c01531
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Figure 2. (A) XRD pattern of as-synthesized CeO,, CeO,@Co;0,, and simulated CeO,. XPS spectra in the (B) Ce 3d and (C) Co 2p regions for
CeO,@Co;0, TSMSs. (D,E) SEM images of CeO, and CeO,@Co;0,, respectively. (F) SEM images of CeO,@Co;0, and energy-dispersive X-

ray elemental mapping images of Ce, O, and Co for CeO,@Co;0,.

X-ray photoelectron spectroscopy (XPS). The survey spectrum
is shown in Figure S1, and the high-resolution Eu 3d spectrum
is shown in Figure 1C. As can be seen from Figure 1C, the two
energy levels severally split into two peaks, and the intensity of
each front peak was higher than their respective rear peak,
indicating the presence of two kinds of chemical state for Eu in
L,Eu™ Eu">" and the Eu®" matching the peaks at 1133.5 and
1163.0 éV>"** contained 2.5 times as much as Eu*" matching
the peaks at 1123.3 and 1155.0 eV,*"* in which their contents
were 71.59 and 28.42%, respectively. These outcomes can be
assumed to be due to the ligand redistribution reaction
between Eu[N(SiMe;),]; and complex L;Eu™, and the
following partial reduction reaction:*® (i) the silylamine
elimination reaction occurred between H,L and Eu[N-
(SiMe,),]; accompanied by the production of binuclear
complex L,Eu™); (i) then, L;Eu™, reacted with Eu[N-
(SiMe;),]; to acquire the trinuclear lanthanide amide
(L,Eu),EuN(SiMe;), as the intermediate through a ligand
redistribution reaction; and (iii) the fracture of Eu—N bonds
contributed to the partial reduction of Eu’t to Eu*', thus
forming the mixed-valent trinuclear complex L,Eu™,Eu", and
in theory, the number of Eu®* should be twice that of Eu®*
(Scheme 1A).

As far as the UV—vis spectra are concerned (Figure 1D),
two distinct absorption peaks at 389 and 511 nm, respectively,
were both attributed to L,Eu™,Eu" absorption (blue curve),
and the peak at 572 nm was identified as the characteristic
peak of Fe;0,@Au (red curve).”> After compositing with
Fe;O,@Au, the slight red shift of the three characteristic
absorption peaks meant the strengthening of the conjugate
degree. Even more, the scanning electron microscopy (SEM)
images showed that L,Eu™,Eu" exhibited an irregular block
structure composed of sheets with dozens of nanometers
stacked tightly together (Figure 1E). As shown in Figure 1F,
the synthesized Fe;O,@Au nanospheres of about 200 nm in
diameter were profusely and tightly loaded on L,Eu™,Eu". The
aforementioned proofs integrally and convincingly demon-
strated the successful preparation of L,Eu™,Eu" and the
successful load of Fe;O,@Au. Finally, the ECL characteristic
peak of L,Eu™,Eu"—Fe,0,@Au was located on the short-
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wavelength NIR region at about 900 nm (Figure 1D, green
curve), which illustrated the successful synthesis of
L,Eu"™,Eu”~Fe;0,@Au NIFP that also acted as an ECL
luminophore.

Characterizations of CeO,@C0;0, TSMSs. XRD was
utilized to study the crystalline structure of the CeO,@Co;0,
TSMSs (Figure 2A). All diffraction peaks of the as-prepared
CeO, can be well matched with fluorite-phase CeO, (JCPDS
no. 34-0394); in detail, the diffraction peaks at 26 = 28.26,
33.08, 47.48, 56.33, 59.09, 69.40, 76.70, and 79.07° correspond
well to the characteristic (111), (200), (220), (311), (222),
(400), (331), and (420) crystallographic planes. The XRD
pattern of CeO,@Co;0, only showed a slight change after
joining with Co;0,, indicating uniform distribution of Co;0,
on the CeQ, surface.”’ Moreover, the heightening of the peaks
manifested the strengthening of crystallinity of the composite.
The explicit valence state of the element in the prepared
CeO,@Co;0, was tested via XPS measurements. The XPS
survey spectrum is shown in Figure S3. In the spectrogram of
the Ce element (Figure 2B), the peaks located at 885.0, 882.5,
and 889.3 eV belonged to Ce** 3d;,, and Ce*" 3d;,, and the
peaks located at 904.1, 898.4, 900.1, and 907.8 eV
corresponded to Ce*" 3d;,, and Ce’* 3d,,, respectively. As
can be seen in Figure 2C, two evident Co 2p,,, peaks appeared
at 796.1 and 797.5 eV, along with the high-intensity shake-up
satellite peaks (~788.9 and 802.1 eV, denoted as “sat.”) with a
band gap of 13.2 eV, all of which are the exclusive traits of
Co30,. Moreover, the fitting peaks at 781.0 and 782.3 eV
corresponded to Co>* and Co*" of Co 2p;),, respectively.””**
These phenomena substantiated the successful preparation of
CeO,@Co0;0, and contained two redox pairs.

The SEM images in Figure 2D showed that the as-obtained
CeO, microspheres have a uniform core—shell texture with an
average diameter of 4 ym, in which the shell had a thickness of
500 nm. In the broken microsphere, the observed bird-nest-
shaped core was composed of dense hairline nanoneedles with
about 1 nm thickness. After the introduction of Co;0, species,
the morphology of the composite changed into TSMSs. In the
image marked by the yellow box in Figure 2E, we can see the
obvious triple-shelled core—shell structure, and the innermost

https://doi.org/10.1021/acs.analchem.1c01531
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Figure 3. CV curves and linear relations of electrodes modified with (A) Co;0, and (B) CeO,@Co;0, TSMSs in 5.0 mmol/L of [Fe(CN)]*/*~
in the scan rate range of 25—225 mV/s. Error bars = SD (n = 3). (C) Comparison of excitation spectra of L,Eu",Eu" (red) and L,Eu", (green).
(D) Comparison of emission spectra of L,Eu™,Eu" (red) and L;Eu™, (green), and the inset figure shows the emission spectra of Eu*" in
L,Eu™,Eu" (under an excitation wavelength of 392 nm). (E) Comparison of emission spectra of L,Eu™,Eu" under different excitation wavelengths.
(F) Lifetime decay curves of Eu** in L,Eu™,Eu" under 648 nm (pink, excited by Eu?* at 340 nm) and 617 nm (purple, excited by Eu®* at 392 nm).

layer still presented a bird-nest shape. Furthermore, according
to the XRD analysis and the energy-dispersive spectrometry
(EDS) images (Figures 2F and S4) of the composite shell, it
can be seen that Co;O, and CeO, together formed the
outermost shell (the EDS of the pure CeO, shell only detected
the presence of the Ce element). Interestingly, the size of
holistic microspheres shrank from 4 to 3.6 ym and the
outermost and middle (shell of CeO, microspheres) shells
were both held at 250 nm approximately. In accord with the
result of XRD, Co;0, species were evenly distributed across
the shells of CeO,@Co0;0,, and this result can be easy to
obtain from EDS in Figure 2F.

Increased Catalysis of CeO,@C050, TSMSs. In Figure
2EF, the overall reduction in size of CeO,@Co;0,, the
thinning of shell walls, and the increased yolk core together
facilitated the increase of catalysis of CeO,@Co;04 TSMSs on
account of the occurrence of a synergistic effect and the
increment of the electroactive surface area and electron-
transfer rate. For proving these results, the values of the
electroactive surface area of CeO, and CeO,@Co;0, were
calculated on the basis of cyclic voltammetry (CV) by the
Randles—Sevcik equation®

I =269 x 10°AD" 2%/ %

and the cyclic voltammogram was measured under a
K;[Fe(CN)g] environment.

Specifically, I is the peak reduction current of K;[Fe(CN);],
A is the electrochemical active area (cm?*) to be computed, and
D is the diffusion coefficient of [Fe(CN) ]*/*~ at 25 °C,
which is about 6.70 X 1075 cm?® s™\. n and v are the values of
electron transfer and scanning rate during this test,
respectively, and c is the concentration of the K;[Fe(CN);]
solution.

As shown in Figure 3A,B, the linear fitting equations of
CeO, and CeO,@Co0;0, are I = 602.8v"> + 77.4 and I =
1058.47v"/ 26.96, respectively (R? 0.994/0.996).
According to slopes, the calculated values of the electro-
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chemical active area, respectively, are 17.3 and 30.4 mm?, and
the oxidation peak current value of CeO,@Co;0, was also
superior to that of merely CeO,, demonstrating that CeO,@
Co;0, possessed the electrochemical active area and electron-
transfer rate that are more conducive to catalysis.

Sensitization of Eu?* to Eu3". In the excitation spectrum
of Figure 3C, a strong excitation broadband peak at 340 nm,
which was derived from the 4f—4f5d" transition of Eu*, was
observed except the four characteristic excitation peaks
belonging to Eu’*. The main peaks at 392, 416, 466, and
522 nm originated from the Eu’' transition of "F,—°L,
"Fo—"D;, "Fo—°D,, and "Fy—°D,, respectively.' Interestingly,
the excitation broadband peak at 340 nm was not observed in
the excitation spectrum of LyEu™,, which indicated that Eu®*
contributed to the stimulation of L,Eu",Eu", yet the
stimulation of Eu®* dominated. As can be seen from Figure
3D, compared with the emission of L;Eu",, an extremely faint
emission broadband of 457 nm that was triggered by the Sd—4f
transition of Eu** was captured in the spectrogram of
L,Eu"™,Eu" and along with stable Eu®" emission peaks at
559, 584, 616, and 698 nm; meanwhile, the emission peak
intensity of L,Eu™,Eu" was 1.2 times higher than that of
unreduced MOF L,Eu",. Furthermore, the emission spectrum
under Eu’* excitation wavelength (340 nm), distinguishing
from that under the maximum emission wavelength of Eu®*
(392 nm), possessed three new emission peaks at 539, 584,
and 648 nm (Figure 3E). These three new peaks originated
from the 5D0,1,2—7FJ transition of Eu**, and no Eu** emission
peak was observed. These meant that Eu®" in the synthesized
L Eu™,Eu" can sensitize Eu*" and increase the luminescence
intensity of L,Eu",Eu'."***” The PL quantum yield of
L,Eu™,Eu" was 10%, and this sensitization efficiency is higher
than those reported in some literature studies.""**

To attest the stimuli response in spatial-temporal
dimensions of L,Eu™,Eu", the luminescence decay curves of
emissions of Eu** at 648 nm (excited by Eu®* at 340 nm) and
617 nm (excited by Eu** at 392 nm) were tested. In Figure 3F,

https://doi.org/10.1021/acs.analchem.1c01531
Anal. Chem. 2021, 93, 8613-8621


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c01531/suppl_file/ac1c01531_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01531?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01531?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01531?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01531?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c01531?rel=cite-as&ref=PDF&jav=VoR

Analytical Chemistry

pubs.acs.org/ac

both decay curves can be commendably approximated as a
single-exponential function

I=1, exp(—i)
T

in which I, is the correlation coefficient, ¢ is the time, and 7 is
the decay time.””*" The lifetime of the f — f transition
emission of Eu®" at 648 nm after the fitting calculation was
about 0.94 ms, which lasted about 3.5 times longer than the
emission of Eu®* at 617 nm, and they also supported an energy
transfer for Eu®*" to Eu®" in the mixed-valence MOF
L;Eu" Eu". Scheme 2 displays a plain model illustrating

Scheme 2. Simple Model Illustrating Energy-Transfer
Processes of Eu®* to Eu®" and H,L to Eu®* in L,Eu",Eu"
and the Characteristic f—f Transition Emission of Eu®* in
L,Eu',Eul!

4°5d Energy
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energy-transfer processes of Eu*" to Eu** and H,L to Eu** in
L,Eu"™,Eu" and the characteristic f—f transition emission of
Eu®" in L,Eu"™,Eu". Phonon-assisted transmission from 4f°5d
of Eu** to Eu** occurred to sensitize the fluorescence emission
of Eu’*. Furthermore, the ligand H,L was excited to its singlet
state (S;) with an excitation energy of 25,711.29 cm™ and
then transferred to its triplet state (T,;) through the

intersystem crossing with a phosphorescent emission energy
of 15,657.64 cm™'. The antenna effect is dependent on the
nonradiative transmission from T, of H,L to °D, of sensitized
Eu’* to take place.*”*" In these cases, a potent self-
enhancement fluorescence of L,Eu",Eu" was realized for
efficient ECL immunoassay.

Electrochemical Performance of the Biosensor. The
sequential assembly process of the ECL biosensor was judged
through CV and electrochemical impedance spectroscopy
(EIS) intuitively. In terms of CV, the biosensor with every
modification layer was tested in an electrolyte containing 2.5
mM [Fe(CN)4]*” and 0.1 M KCL. As shown in Figure SSA, the
current peak of GCE was inferior to those of GCE/DpAu and
GCE/DpAu/CeO,@Co;0,, and the current peak of GCE/
DpAu was superior to that after covering CeO,@Co;0, on the
surface of GCE/DpAu, which demonstrated an orderly
accelerated electron shift speed for GCE, GCE/DpAu/
CeO,@Co0;0,, and GCE/DpAu. The subsequent dripping of
Ab;, BSA, CYFRA 21-1, and L,Eu™,Eu—Fe,;0,@Au—Ab,
with poor electrical conductivity hindered the electron
transport resulted from AuNDPs, leading to the decline of the
current peak step by step. The variation law presented by EIS
was to be precisely the same with CV (Figure SSB). The
impedance had the smallest value when GCE was only
deposited with AuNPs, which resulted from the distinguished
conductivity of AuNPs. After embellishing CeO,@Co;0, on
GCE/DpAu, the semicircle broadened due to the barrier of
electron transfer of CeO,@Co;0,, but it was still less than the
semicircle of bare GCE. Thereafter, with the sequential
embellishment of Ab,, BSA, CYFRA 21-1, and L,Eu™,Eu"—
Fe;O,@Au—Ab,, the resistance was enhanced one by one.
Results that are mentioned above confirmed the successful
sequential assembly process of this ECL biosensor.

ECL Analysis of the As-Fabricated Biosensor. The
quantitative analysis for CYFRA 21-1 is conducted by using the
as-fabricated biosensor under an optimized environment
(Figure SS), and the sensitive variation trend was intuitively
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Figure 4. (A) Corresponding ECL intensity—time curve and (B) calibration curve of the constructed biosensor for CYFRA 21-1 detection with a
wide concentration range (5 fg/mL—100 ng/mL). (C) ECL—potential curves of various luminophores of L,Eu™,Eu", L,Eu"™,, Eu*, and H,L. (D)
ECL—potential curves of diverse conditions: L,Eu"™,Eu''~CeO,@Co,0,, L,Eu",Eu'~CeO,, and L,Eu"™,Eu"'~Co,0, systems in S,04>" solution

and L,Eu"™,Eu"~Ce0,@Co0;0, and bare L,Eu,Eu" systems in PBS.
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Figure S. (A) Operation stability of the prepared biosensor under continuous potential scanning (eight scans). (B) Repeatability of the biosensor
under the detection of seven different electrodes. (C) Selectivity tests of biosensors for different interferences (10 ng/mL). Error bars = SD (n = 3).

observed in the corresponding ECL intensity—time curve
(Figure 4A). In addition, more digitized, visualized, and exact
demonstration was shown via linear equation (logarithm of
CYFRA 21-1 concentration and ECL intensity were for
abscissa and ordinate, respectively), which was expressed by
I =1442.38 lg ¢ + 5702.16, whose correlation coeflicient was
0.996 (Figure 4B). The proposed NIR ECL biosensor owned a
broad examination area from S fg/mL to 100 ng/mL with a
low LOD of 1.70 fg/mL. Compared with other detection
methods, the ultrasensitive superiority of the NIR ECL
detection method was embodied (Table S1), endowing the
NIR ECL biosensor with an excellent prospect in bioimmuno-
assay. The detection limit is lower than most of the previously
reported ECL biosensors, which means that the ECL biosensor
has a high sensitivity in the detection of CYFRA 21-1.
Simultaneously, the biosensor owns a wide detection range,
and the normal critical value (<3.3 ng/mL) of CYFRA 21-1 is
much higher than the detection limit and is in the detection
range, which makes the biosensor meet the requirement for the
diagnosis of disease completely.

Speculation of the ECL-Enhanced Mechanism. The
sensitization of Eu** to Eu®* endowed the luminophore led by
NIR L,Eu™,Eu" with a stronger luminescent intensity than
single Eu®>* or H,L or even LyEu',. This conclusion can be
drawn from the comparison of ECL—potential curves in Figure
4C, in which the ECL intensities of L,Eu™,Eu", L;Eu™,, Eu’*,
and H,L were 11,530.4, 7423.40, 1072.75, and 1055.25 a.u.,
respectively. The increasing luminous efficiency of L,Eu", is
surpassed trebly and much for Eu** and H,L, which resulted
from the antenna effect that was generated by the energy
transfer from a high conjugated structure H,L to Eu** and also
occurred in L,Eu"™,Eu". From Figure 4D, it can be observed
that the ECL—potential curves conformed to the comparative
result of calculative electrochemical active areas; that is,
distinct comparison of bare L,Eu™,Eu", L,Eu™,Eu"~Co,0,
system, L,Eu"™,Eu"-CeO, system, and L,Eu™,Eu"-CeO,@
Co;0, system with ECL intensities of 11,530.40, 12,683.44,
14,030.40, and 17,349.15 a.u., respectively, was displayed.
Motivated by the high catalytic performance resulted from
strong synergistic effects and interfacial effects in CeO,@
Co,0, TSMSs, the dual catalytic effects of Ce®*/Ce* and
Co*"/Co® on S,04> were further strengthened. The reaction
of Co*" and $,04>” generated SO,°~ at the same time as Co’",
and then, Co® further reacted to generate OH® and was
converted back to Co?*, and the generated OH® reacted with
S,04>” to produce more SO,*~ for a stronger ECL intensity.
The reaction mechanism of Ce*/Ce*" is similar to that of
Co®*/Co® but lacked the independent catalysis of Co** to

$,04>". The whole conjectural ECL mechanism*~** is shown

as follows in the form of equations and Scheme 1D
Path 1

5,05 + ¢~ = SO’ + 50, (1)
Path 2

Co™* + 8,04 = Co®* + SO,>” + SO,"” (more)  (2)

Path 3

4Co°* + 2H,04Co™" + 4H' + O, 3)
O, + H,0 + ¢ — H,0, + OH~ (4)
H,0, + e~ - OH + OH’ (3)

OH® + S,0,°" = O, + HSO,” + SO,"~ (more) (6)
Simultaneous path 3
4Ce** + 2H,02Ce** + 4H' + O, )
0, + H,O0 +e¢ — H,0, + OH" (8)
H,0, + e~ - OH™ + OH’

or
Ce’ + H,0, » Ce** + OH™ + OH* (9)
OH® + $,0,"" = O, + HSO,” + SO,*” (more)  (10)
ECL emission

LEu",Eu" + ¢ — L,Eu",Eu""" (more, Eu®*

sensitizes Eu’") (11)
L.Eu"Eu"™*” + 80,°” - LEu"Eu"" + 50,7 (12
L,Eu",Eu"" — L,Eu"Eu" + hv (13)

On one hand, we compared ECL signals of bare L,Eu",Eu"
system and L,Eu™,Eu"—~CeO,@Co;0, system in K,S,04 and
PBS coreactant, trying to figure out the catalytic object of
CeO,@Co0;0,. As can be seen in Figure 4C,D, the ECL
intensities of the bare L,Eu"™,Eu" system and L,Eu™,Eu"—
CeO,@Co030, system in K,S,04 were 11,530.40 and
17,349.15 a.u,, respectively, but low and indiscriminate values
with 879.375 and 1072.75 a.u. were observed when the
coreactant was PBS, indicating the sole catalysis of CeO,@
Co;0, for K,S,0; rather than acting on L,Eu",Eu".
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Demonstration of the As-Fabricated Biosensor for
Stability, Repeatability, and Selectivity. Stability, repeat-
ability, and selectivity, three crucial indexes in the evaluation
process for a biosensor, were utilized as a judgment standard
for the practicability of the biosensor. The stability test was
carried out by eight continuous cycles of electrode scanning,
the reproducibility test was carried out via the ECL
performance test of seven different electrodes loaded with
the same amount of materials, and at last, the selectivity test
was conducted for different interferences and mixtures that
contained targeted CYFRA 21-1 and whole interferences
(Figure SA—C). As can be seen from Figure SA,B, whether the
test was performed under multiple cycles on the same
electrode or conducted via different electrodes in the same
environment, both the measured ECL intensities had tiny
differences with outstanding relative standard deviations
(RSDs) of 2.1 and 1.9%, respectively. These demonstrated
that the proposed ECL biosensor possesses preeminent
stability and reproducibility. For selectivity, the measured
ECL intensities between other interferences and CYFRA 21-1
had a tremendous difference, in which the values when tested
resulted in very low interferences unlike that when testing the
value of CYFRA 21-1 (17,349.15 a.u.). Moreover, the
detection signal with the mixture (1 ng/mL of CYFRA 21-1
+ 10 ng/mL of interferences) was almost the same as the
detection signal with CYFRA 21-1, which confirmed the
terrific selectivity of the ECL biosensor (Figure SC). These
three excellent properties provided a great possibility in
practical application for the proposed NIR ECL biosensor.

Analysis of Real Samples. To demonstrate the practical
application of the biosensor, three real serum samples from
local hospitals, human serum samples, were utilized as initial
samples to conduct the standard recovery test. Prior to the
measurement, the samples were centrifuged to obtain the
supernatant (9000 rpm, two times). The concentrations of
CYFRA 21-1 in the obtained human serum were 1.440, 5.130,
and 8.560 ng/mL, and after testing, the calculated recovery
rates were located in the range of 98.40—100.8% with a low
RSD from 0.73 to 2.7% (Table S2). Meanwhile, enzyme-linked
immunosorbent assay (ELISA) was used as a reference method
to validate the proposed method. In comparison with the
ELISA kit, the detection results of the as-fabricated biosensor
showed no obvious difference. There would be a promising
future for the proposed biosensor in clinical detection of
CYFRA 21-1.

B CONCLUSIONS

The novel NIR ECL biosensor that was based on the
sensitization of Eu** to Eu®" was successfully constructed for
the ultrasensitive detection of CYFRA 21-1, in which
L,Eu™,Eu with the characteristic fluorescence in the NIR
region was used as a luminophore and CeO,@Co;0, TSMSs
were used as the catalyst. The employed amine elimination
reaction strategy with a peculiar two-coordination environment
ligand H,L avoided a drawback that Eu®" is easily oxidized into
Eu** and made L,Eu™,Eu" enhance the luminescent intensity
by the sensitization of Eu®* to Eu’*, thereby realizing self-
enhanced luminescence. In addition, the characteristic
fluorescence of L,Eu",Eu" fell in the NIR region of 900 nm,
so L,Eu™,Eu" was used as a NIFP to participate in the
construction of the ECL biosensor to reduce the damage to the
test sample and improve the sensitivity of the biosensor.
Moreover, the TSMS structure of CeO,@Co;0, owned a very
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outstanding catalytic performance to promote the generation
of more SO,°” radicals, such that the ECL strength was further
improved. This NIR ECL biosensor possessed a low LOD of
1.70 fg/mL, and the novel mixed-valence Eu-MOF lumino-
phore added a new member for the self-enhanced lumines-
cence family. The constructed biosensor that combined with a
NIFP provided feasible tactics to achieve efficient and sensitive
ECL immunodetection.
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