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ABSTRACT: Nowadays, the electrochemiluminescence (ECL) immuno-
sensor with the unique superiority of tunable luminescence and ultrahigh

With target
sensitivity has become one of the most promising immunoassay g & .
1 2 . . No target Wé}

techniques, especially for low-abundance biomarkers analysis. However, ?ﬁ?
the use of signal probes with high excited potential and applied emitters Time ’
which owned good intensity but biotoxicity limited its application. Herein, ¢ /ep dj : v,

. GdPO,:Eu*
an ECL resonance energy transfer strategy was developed based on protein ‘NXE“ “ \VAVAV

bioactivity protection utilizing europium-doped phosphoric acid gadoli- S _Jeresor GHROES gupoc,
nium (GdPO,:Eu) as novel low-potential luminophor (donor) and Pd@
Cu,O as the quenching probe (acceptor). Specifically, GAPO,:Eu was first
prepared by using the hydrothermal synthesis method to apply in ECL, Ly \ VAR *
and when it coexisted with K,S,0s, cathode, a strong ECL signal would be
generated at a low potential of —1.15 V (vs Ag/AgCl), where the
immunocompetence of antigens and antibodies can be maintained well.
Electrical pair Eu**/Eu?", as the coreactant promoter, produced by potential excitation could produce more SO,*~ to accelerate
the oxidation process of GdPO,:Eu. Meanwhile, Cu,O coated onto Pd (Pd@Cu,0), as a dual-quencher, enhanced the
quenching effect of Pd alone and controlled the ECL intensity of the “signal on” state within a reasonable range. As a result, the
proposed biosensor for detection of trace procalcitonin, a biomarker of systemic inflammatory response syndrome, exhibited a
far low detection limit, 0.402 fg/mL (S/N = 3). Importantly, this work not only utilized a promising ECL emitter for biosensing
platform construction but also had momentous potential in biomarker detection of disease diagnosis and clinical analysis.
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lectrochemiluminescence (ECL)," which possesses a wide ing proof experiment has been done in the positive potential

dynamic range, high sensitivity, facility, and good stability, range.9 Therefore, the discovery and exploration of novel low-
has been widely applied in environmental analysis and potential luminophor with good biocompatibility in the
biochemical and clinical examination.” Although traditional application of immunoassay has become the core of this work.
luminophors, such as g-C;N, and Ru(bpy);** or Cd-based Hollow nanomaterials have unique properties like control-
compound, have the advantages of good luminous properties,’ lable size and morphology and have become a hot issue in the
the difficulty of immobilization on electrodes because of their fields of biochemistry research.'” Their functional materials by
satisfied water solubility or biological toxicity caused a serious modifying the sphere surface are generally widely used in
negative effect, which reduced their application on ECL.} biosensors and drug or carrier delivery. Nowadays, gadolinium-
Recently, many researchers have obtained satisfactory results based nanomaterials are considered to be a promising optical
by replacing toxic signal probes with optical materials that multifunctional nanoplatform."’ On the one hand, because of
possess good biocompatibility and excellent electrode the huge number of unpaired electrons in Gd**, gadolinium-
adsorption.” However, the irreversible oxidative damage to based nanomaterials have great application potential in energy
the oligonucleotide sequences is often overlooked when the excitation and transmission.'' On the other hand, some of
excitation potential is excessive.” This means that the control
of scanning potential should be tightened when ECL Received: August 12, 2019
technology is applied in immunoassay.” In our previous Accepted: October 7, 2019
work,® this aspect has been mentioned and some correspond- Published: October 7, 2019
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Scheme 1. Schematic Representation of the Fabrication of the Immunosensor
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lanthanide activator ion-doped gadolinium orthophosphate
(GdPO,) due to the advantages of low toxicity have been
diffusely investigated in the field of fluorescence,'” but there
have been no reports on the ECL behavior of GdPO, as far as
we know.

All the time, Eu-doped GdPO, gets a high profile because of
satisfactory energy transfer between Gd** and Eu ions in
GdPO,:Eu nanomaterials in the field of fluorescence."® Here,
GdPO, and Eu-doped GdPO, (GdPO,:Eu) with good
biocompatibility and adsorption were synthesized by the
template method and their ECL intensity was compared by
using the experiment,14 which proved that the doping of Eu is
conducive to enhance the ECL efficiency."> Zeng’s group
utilized hemin as the coreaction promoter designed in an ECL
aptasensor to catagyze S,04>” for accelerating the oxidation
process of PTCA.'® Therefore, one hypothesis is that it is not
difficult for Eu®*/Eu®" as the coreactant accelerator to achieve
recycling via electrochemical redox reaction.

Palladium nanoparticles (Pd NPs) and cuprous oxide
(Cu,0) have been widely used in photocatalysis,"” photo-
electric, and other electrochemical fields'® because of their
good and wide ultraviolet absorption (UV—vis) range, which
could be applied in quenching of resonance energy transfer
(RET)."” The optical properties of Au—Cu,O core—shell
nanocrystals can be affected by its surface states. Based on this
current research, the well-dispersed core—shell structure of
Pd@Cu,0, as a dual-quencher, was synthesized by coating
Cu,O onto the Pd core like popcorn.”” More fortunately, the
UV—vis spectra of Pd@Cu,O were found to overlap effectively
with ECL emission of GdPO,:Eu, which increased the area
more than that of Pd alone. Herein, the obtained effect not
only obtained quenchin% efficiency better but also increased
the biosensor sensitivity.”'

From what has been discussed above, it is worth highlighting
that based on the protection of the protein activity to antigens
and antibodies, biocompatible GAPO,:Eu was put forward in
the field of ECL with a strong self-enhanced ECL signal at a
low-potential of —1.15 V (vs Ag/AgCl) for the first time.
Potassium peroxodisulfate (K,S,0g4) was chosen as the
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coreactant, and the Eu/Eu®* redox-pair acted as a novel
coreactive promoter so that the GdPO,:Eu/K,S,0, system
could obtain strongly stimulated intensity. Core—shell Pd@
Cu,O was selected as a dual-quencher which could maximize
the effective quenching to meet the “signal on” state into a
suitable intensity.” Significantly, the bioactivity-protected ECL
“signal on—off” system was not only proposed with a super low
detection limit toward procalcitonin (PCT) of 0.402 fg/mL
but also opened a new way for highly sensitive and selective
detection of other biomarkers in disease diagnosis and clinical
analysis.”

B MATERIAL AND METHODS

Preparation of GdAPO4:Eu Hollow Spheres. The monodisperse
APF resin template and APF@Gd(OH)CO; precursor were
synthesized and modified on the basis of previous research.”* The
detailed experimental procedures are shown in the Supporting
Information. First, the precursor APF@Gd(OH)CO; was dispersed
into 25 mL of deionized water under the hyperacoustic condition.
Then, the solution of 0.1150 g of NH,H,PO, dissolved in 10 mL of
H,0 was added dropwise to the above solution. After 10 min of
stirring, 0.1333 g of CTAB was further added, and then the mixed
solution was transferred into a 50 mL autoclave and heated for 12 h at
180 °C. The product (APF@GdPO,) was separated and washed.
Finally, APF@GdPO, was annealed at 500 °C for 2 h to obtain the
hollow spheres GdPO,. The GdPO,:Eu spheres were fabricated by a
similar procedure except for adding Eu(NO,); (molar ratio, 5%)
instead of the same dose Gd(NO;); at the initial stage.

Preparation of Pd NPs. The method used was based on previous
experience and few improvements were made.”® First, 0.048 g of
CTAC, 9.125 mL of deionized water, and 0.7 mL of 10 mM H,PdCl,
solution were introduced to a small beaker. The beaker was kept in a
35 °C water bath. Next, 500 #L of 1 mM KBr solution and 50 pL of 1
mM KI solution were added and well-mixed. Then, 1.2 mL of 0.05 M
ascorbic acid was injected after 10 min and further kept for 30 min in
water bath. The final product was obtained by centrifugation twice at
8000 rpm of 10 min and dispersed in 500 uL of deionized water.

Synthesis of Pd—Cu,0 Core—Shell Nanocrystals. Briefly,
0.087 g of SDS was dissolved in deionized water, and 0.07 mL of 0.1
M CuCl, solution and 0.04 mL of Pd solution was introduced. Then,
0.25 mL of 1.0 M NaOH and 0.15 mL of 0.2 M NH,OH-HCl
solutions were injected with a 10 s interval between their
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Figure 1. SEM image of APF (A), TEM image (B), and HRTEM (C) of GdPO,:Eu, XRD spectra of GdPO,:Eu and GdPO, (D), N, adsorption
isotherms of the precursor of APF@Gd(OH)CO; (E), GdPO,:Eu (F), TEM image (G), and the corresponding mapping (H) of Pd@Cu,Oand

XRD spectra of Pd@Cu,O (I).

introduction. After 2 h, the nanocrystal was centrifuged at 5000 rpm
for 3 min followed by washing with deionized water and ethanol in a
1:1 volume ratio three times.

Synthesis of Pd@Cu,0—Ab, Biological Complex. The
obtained Pd@Cu,O above was immersed into 10 mL PBS containing
the mixture of 0.1 M NaCl and 3 mM C,H,0,S at 4 °C for $ h to
attract carboxyl groups and then added in 0.01 M EDC/NHS in 1:1
volume ratio activation. After each step, wash by using 10 mM PBS
(pH = 7.4).7°

Fabrication of the Immunosensor. First, a glassy carbon
electrode (GCE) with a diameter of 4.0 mm was pretreated.”® Then, it
was modified with 6 uL of GdPO,:Eu. After drying, GCE/GdPO,:Eu
was immersed into PBS which contained 0.1 M NaCl and 3 mM
C,H,0,S for 5 h at 4 °C and then activated by 0.01 M EDC/NHS in
1:1 volume ratio activation. After that, the electrode was dipped into
Ab, (S pg/mL) at 4 °C for 12 h layer with active carboxyl groups.
Then, 3 uL of BSA (0.1%) was also dropped onto the surface. Next, 6
UL of PCT was incubated at 37 °C overnight, followed by modifying
6 uL of Pd@Cu,0—Ab, and dried. The assembly process of this
biosensor is depicted in Scheme 1.

ECL Measurements. The electrochemical measurement was
demonstrated by utilizing cyclic voltammetry (CV) with the potential
range of —1.15—-0 V (vs Ag/AgCl) at 0.12 V/s scanning rate with a
three-electrode system (Supporting Information).”” The detection
was worked in 10 mL of K,S,04 (1 mM, pH 7.6) with the voltage of
750 V for the photomultiplier tube.”®

B RESULTS AND DISCUSSION

Material Characterization. The monodisperse APF
spheres shown by the scanning electron microscope (SEM)
possessed an average diameter of 200 nm (Figure S2A), which
was further proved by transmission electron microscopy = as
shown in Figure 1A. When GdPO4:Eu is grown onto APF,
TEM images (Figures S2B and 1B) could prove its rod-like
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structure with a relatively homogeneous state. X-ray diffraction
(XRD) (Figure 1D) was applied to characterize GdPO, and
GdPO,:Eu crystallization. Specific peaks were found at
30.883°, 35.093°, 45.740°, and 50.033°, which corresponded
to the (—211), (—=202), (131), and (320) planes of GdPO,,
respectively (JCPDS Card no. 32-0386). When Eu was doped
onto GdPO,, there is a much slight shift in the peak position
but it did not affect the peak shape, which means that there
was no effect on the lattice of GdAPO, and Eu being successfully
doped. Besides, high-resolution transmission electron micros-
copy (HRTEM) was used to demonstrate the existence of
representative lattice (Figure 1C). TEM mapping was also
utilized to observe the distribution of elements in Figure S2C—
H. Furthermore, N, adsorption isotherms of the precursor of
GdPO:Eu (APF@Gd(OH)CO;) and GdPO,:Eu were also
tested by the method of Barrett—Joyner—Halenda. Comparing
GdPO,:Eu (Figure 1F) to APF@Gd(OH)CO; (Figure 1E),
the specific surface area of GAPO,:Eu (19.03 m*/g) was nearly
five times larger than APF@Gd(OH)CO; (90.21 m*/g), which
indicated the advantage of a huge specific surface area.
Moreover, Pd cores and Pd@Cu,O core—shell nanocrystals
were represented by similar means. Pd cores were shown by
SEM images with the average diameters about 180 nm (Figure
S2I) and the energy dispersive spectrometer (EDS) was used
to further confirm its successful preparation (Figure S2K).
Cu,O was coated onto the Pd cores and the Pd@Cu,O core—
shell nanocrystals were prepared. SEM was applied to view
morphology and the average diameter of Pd@Cu,O was
shown to be about 220 nm (Figure S2J). TEM was employed
to further confirm the morphology. The prominent core—shell
structure was clearly shown in Figure 1G. EDS (Figure S2L)
and TEM mapping (Figure 1H) were utilized to prove the
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Figure 2. CD spectra of PCT (0.5 mg/mL) stimulated by different potential (A), the ECL intensity of modifying different concentration of Pd@
Cu,0 (B) and the plot of I,/I vs concentrations of Pd@Cu,O (inset of B), overlaps between the GdPO,:Eu ECL emission (curve blue) and Pd

cores UV—vis spectra (curve green) or Pd@Cu,O (curve red) (C).

element composition intuitively. XRD (Figure 1I) was
employed to characterize the crystallization of Pd@Cu,O.
Peaks of different planes of Pd were displayed at 40.118°
46.658°, and 68.119°, which corresponded to the (111), (200)
and (220) planes, respectively (JCPDS Card no. 46-1043).
Meanwhile, peaks of Cu,O were found at 29.981°, 37.009°,
42.611°, 62.444°, and 74.402°, which, respectively, corre-
sponded to planes of (110), (111), (200), (220), and (311)
(JCPDS Card no. 34-1354). All the results indicated that the
preparation of GdPO,:Eu and Pd@Cu,O in this work was
successful.

PCT Bioactivity Analysis and Mechanism Investiga-
tion of the “Signal On—Off” System. The activity of the
immune contents observing the change of conformation can be
mirrored by utilizing CD spectra with 0.5 mg/mL PCT
stimulated by different potential (Figure 2A). The PCT
samples were using CV scanning by adjusting the potential —1
to 0 (b),—12t0 0 (c), —1.5t0 0 (d), —1.8to 0 (e), —2to OV
(f) at 4 °C with a three-electrode system, where the other
experimental conditions remained unchanged. Particular
analysis details are in the Supporting Information. From the
experimental results, it is astonishing for us to observe that the
MRE of PCT decreased half nearly when the original sample
was —2 to 0 V compared to that with the excitation potential
—1 to 0 V. The results proved that the low potential would not
cause significant changes in protein activity, which at the same
time proved the huge degree of potential could lead protein
into irreversible damage, especially more less than —1.2 V. On
account of this, more attention to the bioactivity protection of
protein should be paid instead of widely exploring materials
alone in ECL immunoassay. The favorable low potential of
GdPO,:Eu and the ability to reach excellent stability become
its great advantages.

When the coreactant K,S,04 acted on GdPO:Eu, the
possible enhancement mechanism was as follows: GdPO:Eu®~
was first generated at the electrode surface when the system
was beginning to work, and then, it reacted with SO,*~ which
decomposed from $,04’" because the potential motivates to
form the excited-state GAPO,:Eu* which backed to the ground
state with emitting light. Oxidation—reduction pair Eu®*/Eu?*
acted as the co-reaction accelerator which could react with
$,04*” to produce more SO,°~.*” Under voltage excitation, the
oxidation—reduction pair Eu**/Eu** would be produced when
electron is captured by Eu’*. Furthermore, the ECL intensity
of GAPO, and GdPO,:Eu was first applied to compare (Figure
S3). It could be observed that when Eu doped, the intensity
became around 3 times higher than that without Eu. It also
demonstrated that Eu®*/Eu®" acted as an efficient coreaction
accelerator to speed up the reduction of S,04*" to produce
more SO,°” and thus achieving a huge emission of
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GdPO,:Eu*. The possible enhanced principles were described
by equations as follows

GdPO,:Eu + ¢~ — GdPO,:Euo""~
$,0,°" + e — SO,°”
Eu’t 4+ e - Eu??

2+ 2—- 3+ 2— o—
Eu" + $,04"" = Eu’" + SO,”” + (more)SO,
SO,°” + GdPO,:Eu*~ — GdPO,:Eu* + SO,>~

GdPO,:Eu* — GdPO,:Eu + hv

When it comes to the possible dual-quenching principle of
Pd@Cu,O (acceptor) toward the GdPO,:Eu (donor) system,
the layer of GCE/GdPO,:Eu—Ab,/BSA/PCT electrode acted
as the initial ECL probe, and the ECL quenching effect was
investigated by adding a series of concentrations of Pd@Cu,O
onto the initial electrode in 10 mL of K,S,04 (pH 7.6). The
Pd@Cu,O concentration (g/L) of 0.05 (a), 0.1 (b), 0.5 (c),
1.0 (d), 1.5 (e), 2.0 (), 2.5 (g), 3.0 (h), S (i) were detected
using the proposed biosensor. As concentration of Pd@Cu,O
increased, the ECL intensity decreased, as shown in Figure 2B.
The inset of Figure 2B shows the plot of I,/I versus
concentrations of Pd@Cu,O with a range of 0.05—5 g/L (R*
= 0.99), indicating that the mechanism of quenching described
by the Stern—Volmer equation could be established.”® The
quenching constant (K,,) was measured at 5.611 X 10° g™/,
where I represents the ECL intensity with Pd@Cu,O and I
without. Furthermore, it was mainly given the credit to ECL—
RET between their two. Satisfactory overlaps were studied
between GdPO,:Eu ECL emission (curve blue) and Pd cores
UV—vis spectra (curve green) or Pd@Cu,O (curve red)
(Figure 2C). When Cu,O was coated onto the Pd core, it
gained more overlaps than Pd, while the dual-quenching effect
by Pd@Cu,O toward GdPO4:Eu was confirmed.

Characterization of the Immunosensor. At the
beginning, GCE/GdPO,:Eu was tested by CV (Figure 3A)
with a different scanning speed range of 0.02—0.38 V/s in the
mixed solution (2.5 mM Fe(CN)>/* and 0.1 M KCl) to
calculate the electrochemical active electrode area. The
standard curve, i X 107%(A) = —262.68(v'/2/s'/?) — 0.34421,
was drawn with i, as the ordinate and v'/2 as the abscissa
(Figure 3B). This plot revealed with clear linear relation, which
further indicated there was only controlled by diffusion on the
electrode surface.

According to the Randles—Sovcik equation

= S 3/241/2.1/2
ips = 2.69 X 10°n™ "D v ""AC (1)
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Figure 3. CV curves (A) of GdPO,:Eu with scanning speeds of 0.02—
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k

A=
2.69 x 10°2*2D,'/*C,

)

Among them, i, is the peak m reduction current of
K;Fe(CN)y, 1 is the number of electrons transferred during the
oxidation—reduction reaction of K;Fe(CN)4 (n is the number
of electrons transferred in the REDOX reaction, n = 1), A is
electrode electrochemical active area (cm?®), D is the diffusion
coefficient of K;Fe(CN)s (Dy = 1 X 1075 cm?/s), C is the
concentration of K;Fe(CN)4 (Cp = 2.5 X 107° mol/L), v is the
scanning speed (k = 0.241). First, the peak current of GCE/
GdPO,:Eu was measured and the peak current value of 1.233
X 107" A was obtained, and the obtained effective electro-
chemical active area calculated by eq 1 is 0.3240 cm?, which is
2.58 times of the actual area (® = 4 mm, 0.1256 cm?). It is
worth mentioning that such a huge active area would increase
the catalytic site and accelerate the redox process on the
electrode surface.”’

Besides, different modified states of electrodes were studied
by electrochemical impedance spectroscopy (EIS) for
fabrication of the biosensor in 2.5 mM [Fe (CN)/]>~/*+
containing 0.1 M KCl. The bare GCE (curve a) was only a
small impedance value because of diffusion (Figure 3C). After
being dropped onto GdPO,:Eu (curve b), soaked into
thioglycolic acid (curve c), incubated Ab, (curve d) and
modified with BSA (curve e), PCT (curve f), and Pd@Cu,0—
Ab, (curve g), the semicircle of impedance gradually increased,
especially after the attachment of antigens and antibodies, the
impedance increased significantly. This was due to the fact that
the protein blocked electron transfer and reduced the
conductivity of electrode’s surface, suggesting that the sensor
was built successfully. In addition, the equivalent circuit
element of simulation parameters was simulated for the circuit
to reveal the impedance (Table S1). CV scanning was an
important method to characterize the assembly process of the
biosensor, which could clarify the interface properties of the
electrodes and further improve the reliability of EIS results.
Thus, the corresponding CV scanning of EIS electrode states
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was also done (Figure 3D). In brief, the proposed ECL
biosensor was constructed successfully based on all the results.

PCT Analysis. The proposed ECL—RET strategy between
GdPO,:Eu and Pd@Cu,O was utilized for the measure of PCT
with different concentrations from 10 fg/mL to 500 ng/mL.
Figure 4AB exhibited raw data and the standard curve,
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Figure 4. Detection of PCT with different concentrations from 10 fg/
mL to 500 ng/mL (A) and exhibited standard curve (B) detected
with 10 mL of K,S,04 (1 M, pH 7.6).

respectively. The standard curve, Iy = 4730.26 — 1427.43 X
Ig ¢ (R* = 0.995), made log ¢ as the X-axis and ECL intensity
Igcy as the Y-axis with a detection limit of 0.402 fg/mL (S/N =
3), which is far lower than that of other detection methods
(Table S2). Therefore, results obtained of this system could
provide a vital direction to PCT detection and other
biomarkers’ measurement.

Analysis of the Real Sample. The real serum sample
analysis was included to adequately reflect the potential of the
biosensor. Nowadays, systemic inflammatory response syn-
drome (SIRS) is no effective treatment toward the disease.’”
PCT, a typical biomarker of SIRS, played an important role in
the early defense of SIRS.” The value of PCT detected by the
proposed biosensor in the obtained human serum was 0.120,
0.031, and 3.58 ng/mL. The recovery rate investigated
biosensor application was achieved by the method of standard
recovery (Table 1), which display a recovery range of 98.2—
102% (n = S) and RSD under 2.66%. If it has prominent
difference in accuracy, it should be performed by the F-test to
judge. The F value (s was on behalf of the standard deviation)

Table 1. Recoveries of PCT in Serum Samples of Different
Concentrations

addition
sample content detection content RSD (%, recovery
(ng/mL) (ng/mL) (ng/mL) n=>5) (%)
3.581 1.00 4.56, 4.52, 4.58, 4.63, 1.01 98.2
4.62
3.00 6.59, 6.41, 6.63, 6.57, 1.44 99.7
6.65
5.00 8.48, 8.62, 8.55, 8.63, 0.61 99.6
8.54
0.120 0.10 0.24, 025, 0.23, 0.27, 1.62 102
0.21
0.30 0.47, 0.40, 0.44, 0.49, 0.76 101
0.45
0.50 0.64, 0.68, 0.65, 0.60, 0.55 99.9
0.63
0.031 0.01 0.047, 0.040, 0.044, 2.66 99.6
0.043, 0.041
0.03 0.065, 0.062, 0.069, 0.92 99.8
0.067, 0.066
0.05 0.085, 0.089, 0.087, 1.29 99.7
0.086, 0.088
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was calculated at 1.25 (eq 3), which was under the theoretical
one (F = 6.39 with 95% confidence limits). Both of two
methods possessed highly equivalent precisions. Meanwhile,
this biosensor was respectively with human serum assessed by
the ELISA kit for five times. The average value designed by
standard recovery was of no significant difference from that of
ELISA. The T-test (Table S3) was also applied to evaluate this
dual-quenching system (Equation 4) and the t value was
calculated by taking the ratio of the absolute value of the mean
of the two methods (IX — ul) to the standard deviation (s).
Herein, the value of t was at 1.79, under 2.57 (P = 0.95, a =
0.0S, f = 4), which demonstrated that the system error could be
neglected. By the F-test and t-test, the precision and accuracy
can be guaranteed.™

F= Sbig
Siittle (3)
IX — ul
t=——F
g @)

B CONCLUSIONS

To summarize, a dual-quenching ECL biosensor based on a
ECL—RET novel pair (GdPO,:Eu as the donor and Pd@Cu,O
as the acceptor) was constructed with the low excited potential
to maintain protein bioactivity. First, the novel ECL self-
enhanced emitter GdAPO,:Eu was prepared, and the oxidation—
reduction pair Eu**/Eu** would be produced under voltage
excitation to gain stronger ECL intensity than GdPO, itself.
Furthermore, Pd@Cu,O was applied to act as a quenching
probe based on the satisfied overlaps between its UV—vis with
ECL intensity of GdPO,:Eu. CD was utilized to prove the fact
of irreversible damage to proteins at excessive positive
potentials, and fortunately, the satisfactory ECL intensity of
the novel emitter GdPO,:Eu in the potential range from —1.15
to 0 V (vs Ag/AgCl) solved this problem well. Compared with
some previous research works, the novel luminophor in this
work has the advantages of large specific surface area, strong
electrode fixation, and high luminescence with low potential at
the same time. Even more surprising is that the proposed
system obtained a super low even unprecedented detection
limit of 0.402 fg/mL (S/N = 3), which indicated that the PCT
ultrasensitive analysis can be achieved without serum sample
purification. The established system with a good sensitivity
would first not only investigate the ECL behavior of
GdPO,:Eu but also develop potential in the related disease
diagnosis and clinical analysis in the years to come.
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