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The polydopamine e ectrochemiluminescence (ECL)-organic nanoparticles (EONs) based immunosensing strategy was designed for

parathyroid hormone detection.
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Abstract

In this work, polydopamine electrochemiluminescefEEL)-organic nanoparticles
(EONs) based immunosensing strategy was desigmguhfathyroid hormone (PTH)
detection. Dopamine is oxidized and polymerizedfdon polydopamine organic
nanoparticle via self-polymerization process. Ualikhe low photoluminescent
efficiency andunsatisfactory fluorescence characters of the dswent organic
nanoparticles (FONs), the polydopamine EONs do wooly show unique
physicochemical properties and excellent biocorbgay, but also provide ideal
electrochemical properties and bright ECL signal$ich can be employed as
high-quality ECL luminophores. The ECL-related pedpes and performance of the
EONs are further discussed in this paper. The sgmaethod has a linear response in
the range of 0.05-8ng/mL with a detection limitlaf pg/mL. The applicability of this
method is evaluated through the determination dfl Rifhuman plasma samples with
satisfactory results. To our best knowledge, thigswhe first time about the
exploration of polydopamine organic nanoparticles EECL luminophores in the

biosensing application.
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1. Introduction

Parathyroid hormone (parathormone, PTH) is secrbiedhe chief cells of the
parathyroid glands as a polypeptide which cont8#smino acids [1]. The changes
in the PTH-level within serum can directly indicéite parathyroid gland disease. For
example, hyperparathyroidism can result in excespnoduction of PTH [2]. PTH
can not only regulate calcium and phosphorous $eweéxtracellular fluids, but also
stimulate the multiple intracellular signals of bycadenosine mono-phosphate
(cAMP) and both protein kinases A and C [3, 4]. Btwrer, the PTH level is also
associated with cardiovascular and chronic kidnesgases, and several types of
cancer. PTH is involved in the metastatic pathwayough the growth and
differentiation of neoplastic cells. When the btesmsd prostate cancer metastasized to
the bone, PTH concentrations in serum have sigmflg increased. So, PTH
detection in the human blood is very important tonitor osteoporosis, parathyroid
disorders, malignant-associated hypercalcemia hadeffectiveness of treatment in
cancer patients. Until now, only a few analyticakéthods for PTH detection have
been developed, including fluorescence method, treldtemical analysis,
chromatographic analysis [1-6]. Because PTH hag skort half-life of only a few
minutes and is serum normal levels of 11-54 pg/fter &xcision of the parathyroid
tissue [6], it is essential to further developra@e, rapid and accurate method for the
determination of PTH, especially intraoperative Partlysis.

Electrogenerated chemiluminescence technology (Edligrited and incorporated
the distinct analytical advantages of electrochemnisnd spectroscopy. Compared to
conventional photoluminescence based analyticahoggtECL emission light does
not require an external light source. So, thereasderived background noises (e.g.
autofluorescence and scattered light) in ECL sensgstem. As a result, the
sensitivity and the signal-to-noise ratio of ECk anproving dramatically. Until now,
many kinds of NPs with reliable ECL signals hasrbemployed in the exploration of
highly sensitive ECL sensing system in the clinide@lgnosis, such as quantum dot,
carbon nanodots, gs8, nanosheets, and noble metals nanoclusters [24,S25]it

was worth developing highly efficient ECL nano-lumophores. Recently, organic



nanoparticles (FONs) with nontoxic nature and Higbcompatibility have attracted
more and more attention. Compared with low ECLcedficy inorganic nanoparticles
(e.g. semiconductors quantum dots, silicon quantlots, carbon dots and metal
clusters), FONs possess high ECL efficiency, stmattvariability, lower toxicity,
high biocompatibility and biodegradable potentiathich can overcome the
limitations of fluorescent inorganic nanoparticld2-14]. In the past few decades,
different kinds of FONs have been reported basedmall organic dyes, conjugate
polymers and aggregation induced emission dyeslfl5+or example, as kind of
dopamine derivative, polydopamine (PDA) has beempleyed to construct new
organic nanoparticles. Zhang reported the prep&#Bd-based FONs exhibited
excitation-wavelength-dependent emission and wasd €& cell imaging [17]. Lu et
al. have reported that colloidal PDA nanospheres wark as novel photothermal
therapeutic agents for in vivo cancer therapy [18). to now, the development of
organic nanoparticle-based sensing research lIgrstils preliminary stage. Only a
few reports focused on the application of orgaramaparticles in the biosensing
system and cell imaging. Some problems still hinderdevelopment of FONs, such
as the limited conventional organic dyes, the ce@x@nd time-consuming synthesis
routes, and low photoluminescent efficiency [19:ZBherefore, the exploration of
organic nanoparticles with novel excellent sengimgperties is greatly desirable and
significant.

In this work, we reported for the first time theveb PDA-based ECL-organic
nanoparticles (EONs) were prepared in the biosgregaplication. As shown in Fig. 1,
the novel EONs-based biosensor possessed sevemahtages: (i) According the
oxidation of catechol, PDA-based EONs can be pegparvia dopamine
self-polymerization under alkaline conditions thgbucovalent bonding, hydrogen
bonding,n—= interactions, and so on [26, 27]. Compared with ttaditional ECL
nano-luminophores, EONs have unique physicochemigaiperties, superior
biocompatibility, and non-toxicity. (i) The highrgportion of carbonyl and carboxyl
groups on the EONs surface have contributed to H@L reaction with

oxygen-containing intermediate radicals and high.E@iciency. And the stronger



n—7t Stacking interaction between the oligomeric umitsPDA EONs can induce
electron injection. (iii) The PDA has high speci§iarface area, good thermodynamic
stability, and stable chemical properties on thextebde surface. [28, 29] So, PDA
EONs are ideal luminophore for ECL sensing applcatThe prepared biosensor was
applied to the rapid and efficient detection of PTiH human blood with high
selectivity and sensitivity and high stability.
2. Experimental
2.1 Materials and chemicals

All chemical reagents in this experiment were odlgiical grade. FeGle 6H,0,
FeCb « 4H,0, sodium citrate, and other chemical reagent warehased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Amraolution, PTH, anti-PTH and
BSA were purchased from Dingguo Changsheng Biotolgy Co., Ltd. (Beijing,
China). Dopamine and chloroauric acid were obtain@ah Xilong Chemical Co., Ltd.
(Guangdong, China). Water used in the experimemis wtrapure deionized water
(resistance 18K2 cm).
2.2 Apparatus

The photoluminescence measurements were performedShimadzu RF-5301PC
spectrofluorometer (Shimadzu Co., Kyoto, Japan)ppad with a xenon lamp using
right-angle geometry and a quartz cell. FT-IR sp@ewtere recorded with a Bruker
IFS66V FT-IR spectrometer equipped with a DGTS dete (32 scans).
Ultraviolet—visible (UV-vis) absorption spectra weobtained using a GBC Cintra
10e UV-vis spectrometer. The pH value of the bu#felution used was measured
with a PHS-3C pH meter (Tuopu Co., Hangzhou, Chiffaansmission electron
microscopy (TEM) images were obtained with a Hitaelectron microscope
operating at 200 kV. The ECL detection system «tadi of a BPCL ultraweak
luminescence analyzer (Institute of Biophysics,neése Academy of Science, Beijing,
China) and a CHI 660B electrochemical workstatiShgnghai Chenhua Instrument
Co., China). The voltage of the photomultiplierau®PMT) was set at 900 V during
the whole process. Electrochemical impedance spmxpic (EIS) analysis was

performed on a CHI 660B electrochemical workstatian 2.5mmol/L



Ks[Fe(CN))/K4Fe(CN) with 0.1 mol/L KCI as the supporting electrolyt€he
impedance spectra were recorded in the frequemgeraf 0.01 Hz—100 kHz with an
amplitude of 5 mVA conventional three-electrode system was usetigsystem. A
glassy carbon electrode (GCE) was used as the mgpedectrode. A platinum wire
was employed as the counter electrode and an Ad/fsg@urated KCI) electrode as
the reference electrode.

2.3 Synthesis of PDA EONs

EONs were prepared by agueous phase-based oxigaiigmerization. Firstly,
100mg dopamine was added in the 250mL bottom feask diluted with 140mL
ultrapure water. After mixed, the 0.1mL Tris Buff@H=8.5) was quickly added into
the suspension. The suspension was heated in tlee bath at 30C and stirred for
7.5 hours. Then the EONs were separated from thecas phase. The resulting
EONs were washed with purified water twice to remauperfluous dopamine
molecules, following by drying under vacuum. Quamtwyield of EONs was
measured according to the reported quantum vyielduafine sulfate (0.54) in 0.1
mol/L H,SO,. The QY of the resultant QDs was calculated adngrtb the follow

equation:
Y=Y slls AdAL n2ing [30]

where Y represents the quantum yield, | represémsmeasured integrated
emission intensity, A represents the absorban@nsitl, n is the refractive index of
the solvent, u represents the S-doped BN QDs, amgresents the quinine sulfate
standard sample. The ECL efficiencle€,) of QDs was calculated according to the

follow equation:
CDECL=(DOEC|_ |/|0 QO/Q [31]

Whered’, is the ECL efficiency of the standard (Ru(bByp%), | and J are
the integrated ECL intensity of the species andsthadard, and Q and’ @he faradic

charges (in coulombs) for the investigated andsthadard species, respectively.

In the preparation of PTH-EONSs, 0.125g EONs wesp@alised in 16 mL of PBS



(pH 7.4) buffer solution under stirring for 30 mahroom temperature. Then, 2 mL of
PTH solution (2Qg/mL, pH=7.4) were added and incubated at room &zatpre for
2 h. The PTH-EONs was isolated and washed with GB$ 7.4) buffer solution.
After that, 2 mL of 2wt % BSA was added in and ibated at room temperature for 2
h to block the excess nonspecific group on the EQNe excess BSA was moved off
and washed with PBS (pH 7.4) at least three timdast, the final PTH-EONs
nanoprobe was dispersed into 15 mL PBS (pH 7.4)storéd at 4/ until use.
2.4 ECL Immunoassay protocol

The GCE was first carefully polished with the 1ril&.05 mm alumina slurry
followed by rinsing thoroughly with double distilewater, and then ultrasonically
cleaned in ethanol and double distilled water taimba mirror-like surface. Finally, it
was dried under nitrogen atmosphere ready for Tse.polymelamine (pMel)/ GCE
was prepared by electro-polymerization. In the tebepolymerization process, GCE
was immersed in 0.1 mol/L 480, containing 1.0 mmol/L melamine with the
potential range of 0-1.6 V for 20 cycles. As a ledBCE can be coated by pMel
layer. [32]. The purpose of modifying pMel at thHeatrode was to immobilize the
anti-PTH. PMel displays good adhesion to the GCiasa. For the modified GCE,
the PMel can improve the stability of ECL sensdreit the anti-PTH was dropped on
the pMel/GCE for further experimentul5of anti-PTH (1@ug/mL) was dropped onto
PMel/GCE and dried in air. The modified electrodaswblocked with 2wt % BSA
solution.

The ECL electrode was utilized to capture targdtl BT the sample solutions for
10 min. After immunoreaction, the electrode wasethwith washing buffer and dried
in air. Finally, the ECL electrode were further ¢l with complementary 0.5 mg
PTH-EONs for 10 min. Then, the electrode was ringgthh washing buffer. All
electrochemical measurements were carried outtwéhhree-electrode configuration
at room temperature. A potential from 0.0 V to -¥.5vas applied to the working
electrode, and the ECL signal was recorded simedtasly with 0.1 mol/L KS,Og as
coreactant

3. Results and discussion



3.1. The EONSs synthesis and characterization

As shown in Scheme 1, the new protocol of ECL cditipe immunoassay was
designed for the detection of PTH based on the HEBZNs. The dopamine is
oxidized and polymerized to form PDA EONS and pdevistrong luminescence
signals. In the the competition immunoassay, taRJEt was captured by the PTH
antibody on the electrode surface. Then the uredasites of PTH antibody were
bound by PTH-EONs and generated the ECL signasQifls. Topography and the
size of the EONSs can be directly visualized by TE®.shown in Fig. 2, the prepared
EONSs had a uniform particle size distribution ane size is consistent. They showed
a spherical shape with mean particle size of 15 mmthe agueous phase-based
oxidation polymerization, the EONs had uniformlyckaged PDA shell structure.

To further investigate EONs surface properties,|EBpectrum was shown in
Fig.2 B, the peak at 1620 cnmimplied the existence of residual phenyl ring like
structure, supporting the PDA polymerization on MiPs. The wide peak at 3400
cm* was assigned to stretching vibration of N-H, imtiieg that there were lots of
amino groups on the surface of EONs. In order talystintrinsic luminescence
properties of EONs, the photoluminescence exciiadod emission spectrum are
shown in Fig.3. The fluorescence excitation andssmn peak of the PDA EONs
were at ca.270nm and ca.477nm, respectively. AedQl of EONs was ca.5%,
which is quite low as fluorescence luminophore tioe reliable bioanalysis. The
similar fluorescence limitation of organic nanopdes is also reported by other
reference. [19-23] The ECL peak of EONSs is at 6208ompared to the fluorescence
emission peak, the significant red shift (ca.150nw@s attributed to active PDA
surface states and surface defects on the EONacsutiinlike the photoluminescence
generation process with photo absorption, the reledtansfer occurred at the surface
of EONs in the ECL reaction. The ECL generation waguired to provide the
excited state of EONs. The high proportion of casthocarboxyl and catechol groups
on the EONs surface can form narrower band gaps the core. As a result, a
significant red shift of the ECL peak from the ptlaminescence can be observed.

[29] Moreover, the electron transfer on the EONdame can provide enough energy



to generate ECL emission light. The ECL efficierafyEONS is ca. 2.9%d{gc, of
commercial [Ru(bpyf] is 5%), which appropriate to the ECL biosensing
application.

Because the synthesis condition had the largetefiedhe PDA EONs structure
and luminescence properties. Therefore, the effeictike EONs synthesis condition
were investigated. Following the increased synthésne, the dopamine solution
color changed from colorless to orange-yellow i thynthesis process, which
indicated that dopamine was oxidized to its quinalegivative and successfully
formed the PDA EONSs. As shown in Fig. 2 C, the bgjhPL intensity of the EONs
was obtained at 7.5 hour. In Fig.2 D, experimergallts further demonstrated that
the synthesis time and temperature played a key imlPDA polymerization. The
effects of synthesis temperature on the lumineseriensity of the EONs were more
obvious, which can decide the structure formatidofPDA net structure. Therefore,
30°C and 7.5 hours were selected as the optimizedhasist condition for the
following experiments.

3.2. Electrochemical characterization of EONs

As is shown in Fig. 4 A, the cyclic voltammetry ®BONs was performed with a
supporting electrolyte of 0.1 mol/L KCI and 1.0 mifadK s[Fe(CN)]/K 4J[Fe(CN)].
Because of many oxidizing (e.g. -COOH) and redectivoups (e.g. -OH) on the
surface of EONs, there are a oxidation peak atZ¥¥mnd a reduction peak at 0.275V.
On the CV graph, EONs showed good electrochemictivity with a pair of
symmetrical reversible redox peaks. The cyclic aminetry of EONs was also
measured in PBS and PBS containing 0.1 mol{5,Rs. As shown in the Fig 4(B),
the reduction peaks of EONs in PBS was -1.06V. Wh&mol/L K;S,0s was added,
the wide reduction peaks of EONs shifted to-1.1ZH\é obvious change in the cyclic
voltammetry confirmed the ECL reaction process ONS and KS,Os. It can be seen
from Fig. 4 (C) that the ECL signal can be generaa¢ -1.8 V and reach the
maximum intensity at -2.1V. The ECL mechanisms GfNS were formation of the

excited state EONs* with the existence of th&J0s co-reactant. The mechanism for



ECL generation can be described with the equabetsny:

EONs +é —>EONs’ (2)

S,0¢% +€ — SO + SO 2)

EONs + SQ~ —EONs* + SQ* (3)

EONs*—EONS + v 4)
Electrochemical impedance spectroscopy (E1S) pen/id the

electroconductibility of EONs on the electrode. i8shown in Fig. 4 C, the cleaned
GCE showed a mass diffusion limiting process. Theeee slight increases at 43.23
Q when EONs were connected on the electrode. Thedat8 were fitted to an
equivalent circuit (inset of Fig. 4 (D)) and theaolye transfer resistance (Rct) values
of the modified electrodes were obtained by catoujathe diameter of the
semicircles in the plot (99.14)). It indicated that PDA EONs have good

electroconductibility.

3.3 Determination of PTH
As is shown in Fig. 5, with the concentration ofget PTH increasing, the ECL
intensity decreased. Fig. 5 B showed there wasod {inear correlation between the
ECL intensity and the PTH concentration in the enf 0.05~8 ng/mL. The linear
eguation between the concentration of target PTtHEB@GL intensity was I= -12323
Cpry + 155507 with the limit of detection (LOD) of 0.DIhg/mL and the limit of
guantification (LOQ) of 0.05 ng/mL. The correlatimoefficient was 0.9868. The
LOD and LOQ are calculated in accordance with mnesireports. [33] The LOD of
the sensor was calculated according to the follguagon:

X=3sB/b
where X indicates LOD, sB indicates standard demiabf blank signal (testing
frequency is 10), b indicates the slope of thedinealibration curve. Some other
reported methods for the determination of PTH wawsmpared with the proposed
method. The comparison was summed up in Table i&. dtearly showed that the

EONSs-based biosensor had a relatively wide lineage and low LOD.



Fig. 6(A) showed the reliability of PDA EONs. Thealsility of the EONs on
GCE was tested by a serious of measurements (rirl@hosphate buffer solution
(pH=7.4) 0.1 mol/L kS,0g. The relative standard deviation (RSD) of EONs was
5.76%. These results revealed that the ECL sensystem based on EONs was
feasible. To further investigate the reproduciiliintra and inter-assays were
performed (Figure 6 B); the relative standard diwmes (ECL response) of intra- and
inter-assays were 1.94% and 7.31%, respectivelichvhemonstrated an acceptable
repeatability of the proposed biosensor for thectein of PTH. The effect of some
other potentially coexisting species was studiethenpresence of PTH and presence
of excess amounts of interfering species. The auration of Zi*, Co*, CI, Br,
NOs, SQ?, CU”, B&", L-His, acetic acid, citric acid, GSH, creatinimeas 10
mmol/mL, the concentration of dopamine was 20 mipdlie concentration of Na
was 50 mmol/L, and, the concentrationLe€ys was 100 mmol/L. It indicated that
these interfering substances had little interfeeepna the detection of PTH. The
applicability of the proposed ECL sensor was ewaldieby detecting the PTH in
human plasma with the standard addition methodoRey studies were carried by
spiking various amounts of PTH to the samples. wmmary of the calculated mean
TPH concentration for each sample is shown in TablRecoveries range from 94%
to 108% was obtained, which indicated the feasjbdf EONs-ECL sensing system
for the determination of TPH in real samples.

4. Conclusion

In summary, an EONs-based ECL sensor has meziaped. Its utility has been
established for the detection of PTH in rdaiman plasmasamples. The EONs
displayed bright ECL signals and can be used teatld®TH with high sensitivity,
good precision, and acceptable storage stabihtyhé competitive immunoassay, the
EONs ECL system with 5,05 as a co-reactant was employed to increase the
sensitivity and precision of the sensor. On the baerd, the new type of organic
nanoparticle-based ECL sensor has great potemtiafuture biological application
and diagnostics. On the other hand, the new PDA £@den up attractive

perspectives for biosensing system and can be aenhdwfunctional ECL



nanomaterial.
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Caption:
Fig.1. Schematic representation the EONs-basedde@sor for PTH detection.

Fig.2 (A) TEM image of EONSs, (B) the FT-IR of EONSE,) The effect of the PDA
polymerized time on the PL intensity of EONs ifG0(D) The effect of synthesis
temperature and time on the PL intensity of EOBs2(5h, (b) 5h, (c) 7.5h, and (d)
24h

Fig.3 (A) The PL excitation spectrum, (B) the PLigsion spectrum, and (C) the ECL

spectrum of EONSs.

Fig.4 (A) Cyclic voltammetry of 3mg/mL EONs and eaGCE in 0.1 mol/L KCI
solution containing 1.0 mmol/L Fe(CN)]/K[Fe(CN)]. (B) Cyclic voltammetry of
3mg/mL EONs in in PBS and 0.1 mol/L,%0s. (C) ECL behavior of PDA EONs with
0.1 mol/L K;S;0g. (D) EIS spectrum of EONs and bare GCE in 0.1 IlmKIZI solution
containing 2.5 mmol/L KFe(CN)J/K4Fe(CNY]. The impedance spectra were
recorded in the frequency range of 0.01 Hz—100 Wiz an amplitude of 5 mV

Fig.5 (A) ECL traces of different concentrationsRdfH. (From left to right: 0.05, 0.1,
0.5, 1.0, 3, 5, 8 ng/mL. (B) Calibration curve tprantification of PTH.
Fig.6 (A) The ECL stability of PDA EONs. (B) The EGeproducibility of the

proposed biosensor for PTH Detection.

Table 1  Comparison of different methods for teeedtion of PTH.

Table 2  Determination of PTH EDTA-treated human plasngamples.
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Table 1  Comparison of different methods for the dtection of PTH

Methods The linear range LOD References
Electrochemical immunosensor 10-50 pg/mL 7.65 pg/mL 1
Nanoporous membrane 60-400 ng/mL 55 ng/mL 2
Electrochemical immunosensor 50-500 ng/mL 3

Acoustic wave biosensor 61 ng/mL-1p@&/mL 61 ng/mL 4
Impedimetric biosensor 0.1-0.6 pg/mL 0.1 fg/mL 6
Capillary zone electrophoresis method 0.25-250 pg/m 0.25 pg/mL 34
EONs-based ECL sensor 0.05-8ng/L 0.017ng/mL This work

Table 2  Determination of PTH in EDTA-treated human plasma samples

Sample Original Spiked Found Recovery RSD
(ng/mL) (ng/mL) (ng/mL) (%) (%, n=3)
1 0.054 0.050 0.108 108.0 3.33
0.100 0.151 97.0 2.54
2 0.073 0.050 0.120 94.0 4.20
0.100 0.169 96.0 1.48
3 0.080 0.050 0.128 96.0 2.89
0.100 0.183 103.0 1.28




The EONSs provide ideal electrochemical properties and bright ECL signal sbased
on the surface defect state emission.

The high proportion of carbonyl and carboxyl groups on the EONs surface have
contributed to the ECL reaction with oxygen-containing intermediate radicals and
high ECL efficiency.

EONs have unique physicochemical properties, superior biocompatibility, and

non-toxicity.



