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Abstract

Excessive secretion of PTH leads to disturbance of calcium and phosphorus metabolism in the body, which promotes bone, kidney,
digestive system and nervous system diseases. Due to the short half-life of PTH, it becomes a difficult issue for PTH detection in the
clinical diagnosis field. We explored a competitive immunofluorescent sensing mode based on FRET of two-color CdTe QDs for
ratiometric PTH 1-84 antigen detection. The FRET effect and ratiometric fluorescence between the two-color CdTe QDs motivated
accurate quantification of PTH 1-84 antigen concentration from 0.01 ng mL™" to 0.08 ng mL ™" with a limit of detection of
3 pg mL™". More importantly, under UV irradiation, samples with different concentrations of PTH 1-84 antigen achieved fluores-
cence visualization, which provides huge possibility for the practical application of PTH 1-84 antigen point-of-care detection.

Keywords Ratiometric fluorescence - PTH 1-84 antigen determination - FRET - Fluorescence visualization

Abbreviation

PTH parathyroid hormone

FRET Forster resonance energy transfer

CdTe QDs CdTe quantum dots

cAMP cyclic adenosine monophosphate

POC point-of-care

MPA 3-mercaptopropionic acid

PDDA poly dimethyl diallyl ammonium chloride

EDC 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride

NHS N-hydroxysuccinimide

PL photoluminescence

TEM transmission electron microscopy
UV-vis ultraviolet-visible

FT-IR Fourier transform infrared spectrometry
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Introduction

PTH is a basic single-chain peptide hormone composed of 84
amino acids secreted by the parathyroid primary cells [1], which
regulates the metabolism of calcium and phosphorus in verte-
brates and excites a variety of intracellular signals from cAMP
and protein kinases A and C [2, 3]. In addition, the level of PTH
also reflects the severity of cardiovascular disease, chronic kid-
ney disease, and some types of cancer (such as breast cancer and
prostate cancer). In general, determination of PTH in human
blood is of great significance for monitoring parathyroid disease,
osteoporosis, and malignant hypercalcemia [4]. Meanwhile, in
thyroidectomy, the parathyroid glands are often mistakenly re-
moved, resulting in the lack of PTH in the human body, which
leads to a series of sequelae such as calcium deficiency in pa-
tients after surgery. Therefore, it is also especially necessary to
avoid the removal of the parathyroid glands based on the secre-
tion of PTH during surgery. As of today, only a few methods,
including fluorescence, chromatography and electrochemical
analysis, have explored PTH detection [1-3, 5-7]. However,
due to the short half-life of PTH (only a few minutes) [7], ex-
ploring a fast and accurate method is still an essential issue.
POC is a fast and accurate modern detection method
emerging in the field of clinical diagnosis [8]. It has unique
advantages, for example: it can be operated by non-
professionals [9], simple and efficient, small and easy to store,
especially suitable for areas with limited medical resources
[10], and consumes low energy [11]. Therefore, POC-based
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diagnosis is now a key tool for reducing disease incidence and
mortality [12]. Therefore, major organizations around the
world (US Global Health Action Plan, UK Department for
International Development, etc.) are conducting research and
development for POC [10]. Among the many manifestations
of POC, fluorescence visualization has become one of the
most intuitive forms. We can accurately determine the level
of measurement results through intuitive color changes.

In the work (as shown in Scheme 1), we applied the FRET
effect between two-color CdTe QDs for ratiometric PTH 1-84
antigen detection with competitive immunofluorescent sensing.
First, the green CdTe QDs attached to the PTH 1-84 antibody
were overlaid on the glass slide. The antibody then was com-
bined with the target antigen. Finally, the PTH 1-84 antigen
linked to the red CdTe QDs competed with the target antigen
for binding to the PTH 1-84 antibody on the glass slide, which
caused FRET effect between the two-color CdTe QDs, resulting
in an increase in green light intensity and a decrease in red light
intensity. Therefore, a simple and efficient sensing mode for
accurate ratiometric quantification of PTH 1-84 antigen con-
centration has been pioneered. Most importantly, as the concen-
tration of the PTH 1-84 antigen changed, the color of the sam-
ples under UV light gradually changed, indicating the great
practical potential in the clinical detection of PTH 1-84 antigen.

Materials and Methods
Reagents and Apparatus

All chemical reagents in this experiment were of analytical
grade. NaOH, NaBH,, MPA, strontium powder, CdCl,, 20%

glass slide

@ green CdTe QDs

Scheme 1 Schematic diagram of competitive immune sensing mode.
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mass fraction of PDDA, PTH 1-84 antigen, PTH 1-84 anti-
body, EDC, and NHS were purchased from Sangon Biotech
Co., Ltd. (Shanghai, China). All reagents were produced by
ultrapure water with resistivity of greater than 18 M cm ™.
Human serum was acquired as the gift from Third Hospital of
Jilin University. All experiments were carried out under room
temperature.

PL spectra measurements were achieved on a Shimadzu
RF-5301 PC spectrofluorophotometer (Shimadzu Co.,
Kyoto, Japan). TEM images were performed by a Hitachi
electron microscope operating at a 200 kV acceleration volt-
age. The ultraviolet-visible (UV-vis) absorption spectra were
obtained on a Varian GBC Cintra 10e UV-vis spectrometer
with a 1 cm quart cell. FT-IR was taken on a Thermo
Nicolet 360 FTIR spectrometer using KBr pellets. All pH
measurements were achieved with a PHS-3C pH meter
(Tuopu Co., Hangzhou, China).

Preparation of CdTe QDs

0.1276 g of cerium powder and 0.080 g of NaBH, were dis-
solved in 3 mL of ultrapure water, and the reaction was carried
out under 0 °C with magnetic stirring. During the reaction, the
system was contacted with atmosphere through a needle. The
white turbid liquid was acquired after 4 h. After standing for
10 min, an upper layer of a colorless aqueous solution of
NaHTe was obtained. CdTe QDs were produced by hydrother-
mal reflux. First, 1.25 mmol mL CdCl, solution was pre-
pared with nitrogen purification, and the pH of the solution
was adjusted to 11. Then, the fresh NaHTe solution was
injected into the CdCl, solution. The solution was refluxed
at 100 °C under stirring. By controlling the heating time,

2500

~—a— 570 nm|
—e—640 nm

)

> 2000

1500 -

1000

Fluorescence Intensity (a.u

500 -{

T T T T v
1.0 1.2 14 18 18 20
-I1g[PTH 1-84 antigen] (ng mL™")

PTH 1-84 antibody # PTH 1-84 antigen @ red CdTe QDs



J Fluoresc

Fig. 1 (A) TEM image and (B)
FT-IR spectrum of CdTe QDs

20:nm

CdTe QDs with different suitable sizes were synthesized. The
green CdTe QDs were first obtained when solution was
discharged from the condenser after heating for 1 h. And the
red CdTe QDs were achieved after 2 h.

Preparation of CdTe QD@PTH 1-84 Antigen and CdTe
QD@PTH 1-84 Antibody

0.01 mmol of EDC and NHS was added to 50 pL of 20 pg
mL~' PTH 1-84 antigen solution, respectively. Then the red
CdTe QDs solution was mixed in the solution to 2 mL. After
incubating for 2 h in the dark, the CdTe QD@PTH 1-84
antigen was prepared. The glass slide was immersed in the
diluted PDDA solution for 30 min and dried. Next, it was
immersed in the green CdTe QDs solution for 30 min and
dried. Finally, it was immersed in the diluted PTH 1-84 anti-
body solution for 30 min and dried to acquire the glass slide
with green CdTe QD@PTH 1-84 antibody conjugate.

Visual Immunofluorescent Analysis

The above-mentioned glass slide with the green CdTe
QD@PTH 1-84 antibody conjugate was immersed in stan-
dard solution containing the target antigen for 30 min and then
dried. It was then immersed in CdTe QD@PTH 1-84 antigen
solution for 30 min and dried. Finally, the measurements of
fluorescence intensity of the glass slide was carried out.

Results and Discussion
Characterization of CdTe QDs

As shown in the TEM image of CdTe QDs (Fig. 1A), particles
have good dispersibility and uniform size with the average
particle size is about 2 nm. From the FT-IR spectrum (Fig.
I1B) of the CdTe QDs, both the peak of S-H at about
2550 cm ' and the vibration absorption peaks of C=0 at about
1700 cm ™" in carboxylic acid molecule cannot be observed.
But two carboxylic acid-like peaks appear at 1558 cm ! and
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1395 cm™ . It indicates that mercapto group and carboxyl
group in MPA coordinates with Cd** on the surface of the
QDs. As we all known, reduction of surface defects of QDs
leads to increase of fluorescent efficiency. Surface defects as
the non-radiative recombination centers in CdTe QDs can be
filled due to coordination of MPA, which improves the stabil-
ity and luminescence intensity of CdTe QDs [13, 14]. Figure 2
shows the UV-visible absorption spectrum and fluorescence
spectrum of CdTe QDs prepared from different reaction time.
The lowest excitation energy is indicated by the first visible
peak on the right side of the absorption spectrum, which is
called the first exciton absorption peak, also known as the
quantum confinement peak. The first exciton absorption peak
corresponds to the 1 s—1 s orbital transition of electrons in
CdTe QDs. The appearance of the peak exhibits that the elec-
tronic energy level of CdTe QDs has been transformed into a
discrete energy level structure with molecular characteristics,
and is no longer a quasi-continuous structure of the bulk
phase. When the heating time is 60 min (curve a), the absorp-
tion spectrum exhibits a distinct structural peak, indicating
that the reaction solution produces CdTe nanocrystals and
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Fig. 2 UV-visible absorption spectrum and fluorescence spectrum of
CdTe QDs: (a) absorption spectrum of heating time of 60 min; (b) ab-
sorption spectrum of heating time of 120 min; (c) fluorescence spectrum
of heating time of 60 min; (d) fluorescence spectrum of heating time of
120 min
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1 s—1 s electronic transition. As the reaction time prolongs, the
absorption spectrum of CdTe QDs solution gradually shifts to
the long wavelength direction, gradually shifting from 500 nm
(60 min) to 600 nm (120 min, curve b), and the absorption
peak is gradually broadened and structured, which turns into a
shoulder peak. This indicates that the particle size of CdTe
QDs in the system is gradually increased and non-uniform
with wider particle size distribution. From the fluorescence
spectrum of CdTe QDs, when the reaction time is 60 min
(curve c), since the small particle size of CdTe QDs, the fluo-
rescence emission peak conforms to Gaussian distribution
with narrow half-width and good symmetry. With the exten-
sion of reaction time, the fluorescence emission spectrum of
CdTe QDs red-shifts from 560 nm (60 min) to 660 nm
(120 min, curve d), and the half-width of the fluorescence

temperature('C)

emission spectrum also increases. With the increased particle
size of QDs and the decreased specific surface area [15, 16],
the binding effect of the passivated surface and absorbed light
energy reduce. So that the absorption spectrum is red-shifted
and the corresponding fluorescence emission peak wave-
length is also red-shifted.

Condition Optimization Experiment

The fluorescence of the glass slide was detected at room tem-
perature (25 °C) (excitation and emission wavelengths were
360 nm and 380 nm, respectively). As shown in Fig. 3, when
the immune reaction temperature was 35 °C, the fluorescence
intensity was the highest, so 35 °C was selected as the opti-
mum temperature for the immune reaction.
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Fig. 5 Photos of the glass slide with different concentrations of PTH 1-84 antigen under UV light

Table 1
samples

Results for determination of PTH 1-84 antigen in the real

S Add (ng mLfl) Found (molLfI) Recovery (%) RSD (%, n=3)

1 0.01 0.0108 108 3.84
2 005 0.0525 105 421
3 0.08 0.0808 101 3.25

PTH 1-84 Antigen Determination

Figure 4 below exhibits the fluorescence spectra of the com-
petitive immune recognition system in the presence of stan-
dard solutions with different PTH 1-84 antigen concentra-
tions. As shown, when the target antigen concentration grad-
ually increases, the concentration of CdTe QD@PTH 1-84
antigen that competes for binding to the antibody decreased,
so that FRET between the red CdTe QDs and the green CdTe
QDs reduces, resulting in an increase in green light intensity
and a decrease in red light intensity. As exhibited in Fig. 4
(insert A, B), the linear equation between Ig[PTH 1-84 anti-
gen] and 1g(Is7¢/Ig40) Was 1g(Is70/I40) = 1.0348 1g[PTH 1-84
antigen] + 1.529 with an LOD of 3 pg mL™". According to
previous formula [17, 18]:

- 1/6
Ro = 0.0211 {kzdip(n) 4]()\)}
1

1 + (dio) n

R, is Forster distance, k2 is orientation factor (2/3)[19, 20],
®p is the quantum yield of CdTe QDs, n is the refractive index

Prr =

of water, J(A) is the overlap integral of fluorescence spectrum
and molar absorption spectrum, @7 is energy transfer effi-
ciency, d is real distance.

The value of d is calculated as 5.49 nm, which proves that the
form of energy transfer in the system is FRET. Moreover, under
the UV light, when the concentration of PTH 1-84 antigen in
the standard solution increases from 0.01 to 0.03 ng mLfl, the
color of the glass slide gradually changes from red to orange (as
exhibited in Fig. 5). When the concentration is between 0.04
and 0.05 ng mL ™", the color becomes yellow. And it can gen-
erally become green when the antigen concentration achieves
0.06-0.08 ng mL™". In order to further evaluate the robustness
of the method for the analysis of actual serum samples, a recov-
ery experiment with standard addition method was performed
(Table 1). The recovery is defined as the ratio of the detected
target concentration (based on the linear equation) to the added
target concentration in the sample. The standard solution con-
taining PTH 1-84 antigen with different concentrations was
prepared by using 20 times diluted human serum instead of
deionized water, and each experiment was carried out for 3
times. As a result, the calculated recovery rate is satisfactory.
In addition, the determination system we explored has higher
sensitivity than other methods (Table 2), and the linear range
covers clinically tested normal value (0.07 ng mL™"), which
achieves the value of clinical application.

Conclusions

The 2-mercaptopropionic acid stabilized two-color CdTe QDs
synthesized by hydrothermal method have excellent

Table 2 Comparison with other sensing methods
Methods The linear range LOD References
EONs-based ECL sensor 0.05-8 ng mL™" 0.017 ng mL™' Maldaner

(21]
Electrochemical immunosensor 10-50 pg mL™" 7.65 pg mL™! Sayikli Simsek [1]
Electrochemical immunosensor 50-500 ng mL™ Espinoza-Castafieda [2]
Nanoporous membrane 60400 ng mL™! 55 ng mL™! Escosura-Muiiiz [5]
Acoustic wave biosensor 0.061-100 pg mL™! 61 ng mL™' Crivianu-Gaita [3]
Capillary zone electrophoresis method 0.25-250 pg mL™! 025 ug mL™! Li [4]
Two-color CdTe QDs sensor 0.01-0.08 ng mL™" 3pgmL™’ This work
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luminescent properties. On the glass slide, PTH 1-84 antigen
linked with red CdTe QDs are immunocompetently bound to
the PTH 1-84 antibody connected to the green CdTe QDs.
Eventually, as the concentration of the PTH 1-84 antigen
increases, the green fluorescent signal gradually increases
while the red fluorescent signal gradually decreases, which
achieves ratiometric fluorescence. Excitingly, under the irra-
diation of UV light, with the increasing concentration of PTH
1-84 antigen, the color on the glass piece gradually changes
from red to green. In our future work, higher sensitive QD-
based sensing system is expected to overcome the actual lim-
itation about the large serum dilution multiples in sample test-
ing. In summary, the simple pattern with obvious phenomena
have greatly increased the potential of the work for point-of-
care determination.
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