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Highly selective optical sensor N/S-doped carbon
quantum dots (CQDs) for the assessment of human
chorionic gonadotropin 3-hCG in the serum of
breast and prostate cancer patients

Yasmeen M. AlZahrani,? Salha Alharthi, @2 Hind A. AlGhamdi,? A. O. Youssef, (2
Shahenda S. Ahmed,® Ekram H. Mohamed, 2 ¢ Safwat A. Mahmoud*®
and Mohamed S. Attia (2 *®

A low-cost, accurate, and highly selective method was used for the assessment of the human chorionic
gonadotropin B-hCG in the serum of breast and prostate cancer patients. This method is based on
enhancing the intensity of luminescence displayed by the optical sensor N/S-doped carbon dots (CQDs)
upon adding different concentrations of B-hCG. The luminescent optical sensor was synthesized and
characterized through absorption and emission and is tailored to present blue luminescence at Aem =
345 nm and Aex = 288 nm at pH 7.8 in DMSO. The enhancement of the luminescence intensity of the N/
S-doped CQDs, especially, the characteristic band at A, = 345 nm, is typically used for determining B-
hCG in different serum samples. The dynamic range is 1.35-22.95 mU mL™, and the limit of detection
(LOD) and quantitation limit of detection (LOQ) are 0.235 and 0.670 mU mL™, respectively. This method
was practical, simple, and relatively free from interference effect. It was successfully applied to measure
PCT in the samples of human serum, and from this method, we can assess some biomarkers of cancer-

rsc.li/rsc-advances related diseases in human body.

1. Introduction

The discovery of carbon dots (CDs) was mainly in 2004 during
the sorted single-walled carbon nanotube (SWCNT) purification
process via preparative electrophoresis. CDs are classed as
a novel fluorescent small carbon nanomaterial with less than
10 nm particle size."

Carbon dots (CDs) are highly-emissive nanoparticles ob-
tained through fast and cheap syntheses as a new type of carbon-
based nanomaterial. They have attracted considerable attention
of researchers for years owing to their diverse physicochemical
properties and promising attributes, such as high biocompati-
bility and unique optical properties. These nanomaterials have
outstanding water solubility with low toxicity and low production
cost and offer tunable fluorescence emission and excitation.
They are photochemically and physicochemically stable, eco-
friendly, and have abundant functional groups (e.g., amino,
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hydroxyl, and, carboxyl), high stability, superficial synthesis
methods, easy surface modification, and electron mobility.>*

Carbon dots (CDs) have a wide range of applications in bio-
imaging fields, bio-sensing, drug-gene delivery system, disease
discovery, synthetic chemistry, in vitro and in vivo bio-imaging,
chemical and biological sensing, and photodynamic and photo-
thermal therapies. The development of various morphologies,
sizes, and target-specific carbon dots represent future areas of
study.’

Human chorionic gonadotropin (HCG) is a glyco-
proteinhormone endogenously secreted by the placenta that is
composed of 2 noncovalently linked molecules, namely, the
o and the B subunits. The earliest indication of an association
between HCG and neoplasms was the identification of HCG as
a tumor marker.?

The B-subunit of the peptide hormone (B-hCG) was recog-
nized in different germ cell and non-germ cell tumors, and it
was used previously to monitor response to treatment and to
detect tumor relapse.® The elevated level of B-hCG was observed
in prostate” and breast cancer® patients. The diagnosis of breast
cancer in the current scenario is done by mammogram, MRI
and, MR spectroscopy, and breast biopsy tests. All these detec-
tion techniques are very costly and time-consuming, involve
surgical techniques, and the results are sometimes negative.
Hence, there is a need to develop a cost-effective technique that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can qualitatively and/or quantitatively detect breast cancer at an
early stage. Therefore, the development of a highly sensitive
sensor system for the monitoring of early-stage breast cancer is
required, so that the patient can stay alert about the risk of
diagnosis.’

Several techniques were used to evaluate B-hCG, such as
immunologic and reverse transcriptase-polymerase chain reac-
tion (RT-PCR), in prostate cancer,” but different studies'
showed that they did not help. It was reported that hCG is not
detected in normal prostate tissues, but is specific for low-grade
prostate cancer,' resulting in a lack of quantification in these
studies.

In this study a highly selective and straightforward analytical
strategy was adopted for the accurate, fast, and affordable
determination of human chorionic gonadotropin B-hCG in the
serum of breast and prostate cancer patients. It depends on
enhancing the luminescence intensity of N/S-doped carbon dot
optical sensor after the addition of B-hCG with different
concentrations. The newly designed sensor was fabricated and
characterized via absorption and emission specifications and is
customized to exhibit blue luminescence in DMSO at a Ay, of
345 nm when excited at 288 nm. The main mechanism through
which the sensor functions is the fluorescence resonance energy
transfer (FRET). The obtained results were statistically analyzed
and were found to be satisfactory. The limit of detection of the
suggested probe was 6.7 x 10~ ' mIU mL ™" with a correlation
coefficient of 0.98.

2. Experimental

2.1. Instrumentation

A double-beam UV-Vis spectrophotometer (model: Edinburgh
Instruments DS5) equipped with a Xenon flash lamp with
a spectral range of 190-1100 nm. A spectrofluorometer
(Edinburgh Instruments FS5) having a spectral range up to
1650 nm and fluorescence lifetimes down to 25 ps. A pH meter
(model: Jenway-3040). A Daihan Scientific centrifuge device
(model: CF-10). Fourier transform infrared (FTIR) (model:
Shimadzu-FTIR-8400 S, Japan). The structures of the phases
formed were examined using a high-resolution transmission
electron microscope (HR-TEM) with an acceleration voltage up
to 200 kV (JEM-2100-JEOL, Japan). The oxidation states and
species in the prepared materials were determined by
a Thermo Scientific™ K-Alpha™ X-ray photoelectron spec-
trometer (XPS) (Thermo Scientific, USA), using Al-K, micro-
focused monochromator within an energy range up to 4 keV.

O._OH
HN™ “NH
HO OH OH ZTHIOUREA
CITRIC ACID

Fig. 1 Scheme for the preparation of N/S-doped CQDs.
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The X-ray diffraction (XRD) analysis of N/S-doped QDs was
performed with a D8-AVANCE X-ray diffractometer (Bruker,
Germany) with Cu-Ka radiation (A = 0.154056 nm) for the
identification of the crystalline phase, relative crystallinity,
and crystal size of the as-prepared N/S-doped QDs. The XRD
analysis was performed in the 26 range from 3.0° to 80.0° with
a 0.020° step at a scan speed of 0.4 s.

2.2. Materials

Ethanol, acetonitrile, dimethyl sulfoxide (DMSO), and dimethyl
formamide (DMF), citric acid monohydrate, and thiourea (TU)
were purchased from Sigma-Aldrich. Human chorionic gonad-
otropin (B-hCG) was purchased from BioMérieux, Inc. Human
serum samples were collected from Raba'a El-Adwyea hospital
(Nasr city, Egypt). The procedure for collecting human speci-
mens was carried out in compliance with World Health Orga-
nization (WHO) approval. The ethics committee at Ain Shams
University gave its approval for all tests to be carried out in
accordance with the guidelines established by the “Ministry of
Health and Population, Egypt.” The humans participating in
this study provided informed consents.

2.3. Reagents and solutions

2.3.1. Preparation of N/S-doped CQDs. The N/S-doped
CQDs was prepared by the carbonization of citric acid in
a similar method reported previously with some modification.
Briefly, 1.0 g of citric acid and 0.5 g of thiourea (TU) were ground
and mixed thoroughly to make it homogenous. The solid
mixture was transferred to a 100 mL beaker and heated to 200 °©
C in a muffle for 20 min. A brownish-yellow thick syrup solution
was obtained from the thermal process. After cooling to room
temperature, the thick solution was diluted to 100 mL with
Milli-Q water and then subjected to dialysis in a dialysis bag
(M.W. cutoff: 5 kDa). Fig. 1.

2.3.2. Stock and working solutions. The concentration of
the stock solution of N/S-doped CQDs is 1 x 10™> mol L™". The
Stock solution of B-hCG was prepared by dissolving 0.5 g of N/S-
doped CQDs in 2 mL deionized distilled water. In a 25 mL
volumetric flask, the working solution of N/S-doped CQDs was
obtained by transferring 0.25 mL of the stock solution of N/S-
doped CQDs into DMSO solvent, and the volume was adjusted
to the mark to obtain a final concentration of 1 x 10”* mol L.
To prepare B-hCG working solution, 400 pL from its corre-
sponding stock solution was accurately added to 2 mL water.
From the later working solution, a calibration set for B-hCG was
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prepared. When not in use, all stock and working solutions were
kept at 2-8 °C. The stated procedures were followed for per-
forming the subsequent measurements of absorption and
emission spectra and pH, molar ratio, and solvent effects. The
intensity of luminescence was recorded at Aex/Aem = 288/345 nm.

2.4. General procedure

2.4.1. Calibration curve. The optical probe N/S-doped
CQDs was thoroughly mixed with the standard solution of B-
hCG with different concentrations, as previously detailed, in the
spectrophotometer cell. The luminescence spectra were then
recorded at the chosen A., = 288 nm. Then, a relation between
the peak intensity on Y-axis against the concentration of B-hCG
on X-axis was drawn.

2.4.2. Determination of B-hCG in serum samples. 1.0 mL
of blood sample each from 11 healthy volunteers were collected
and centrifuged for 15 min at 4000 rpm to remove proteins. The
concentration of B-hCG was determined from the correspond-
ing calibration graph.

3. Results and discussion

3.1. FT-IR spectrum

Fourier transform infrared (FT-IR) spectroscopy was applied to
confirm the surface functional groups of the N/S-doped CQD
sensor. As shown in Fig. 2A, FT-IR spectra exhibit the peaks of

O-H bending and stretching vibrations at 671 and 3679 cm ™,
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represents N-H stretching vibrations.”*** The peak at
1253 cm™ ' was attributed to O-H in-plane bending vibra-
tions.'* These considerable amino, hydroxyl hydrophilic
groups could enable N,S-CQDs superior hydrophilicity.”” The
peak at 1706 cm ! is attributed to the stretch vibration of C=0
carboxylic groups and C=N bonds,"® and the two peaks at 1646
and 1516 cm ' are characteristic to the vibration of amide
group stretching C=O0 (amide I) and the in-plane bending of
N-H bond (amide II),'®*° respectively. The peak at 1072 cm ™" is
attributed to C-O stretching vibrations.?® Then, the peaks at
1595 and 1695/1741 cm™ " are attributed to C=C and C=0
stretching vibrations, respectively.”**> The peaks at 1427 and
1395 cm™ ' can be assigned to the vibrations of C-S and C-N,
respectively,?® and the peak at 1184 cm ™" further confirm the
existence of C-O bond.'"*

3.2. TEM, XRD and XPS measurements

To reveal the size and morphology of the N/S-doped CQDs,
HRTEM was employed, and the result is presented in Fig. 2B.
HR-TEM images showed spherical N/S-doped CQDs with
a narrow size distribution (1.6-3.7 nm) and an average size of
2.8 nm. The XRD pattern (Fig. 2C) displayed a broad peak (26
= 26.100°), which corresponded to the (002) plane. The result
is similar to that of graphite and indicated the presence of
highly disordered carbon atoms.>**® Although XRD measure-
ment is the best technique to evaluate the structure of N/S-
doped CQDs, results from FT-IR spectroscopy, XPS, and UV-

respectively. The peak at 3444 cm™ ' in 3000-3744 cm™ ' range Vis measurements are also very helpful. In general,
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Fig. 2 (A) TEM image, (B) FT-IR spectrum, and (C) XRD patterns.
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Fig. 3 XPS (a) full survey, (b) S 2p, (c) O 1s, (d) N 1s, and (e) C 1s spectra.

amorphous N/S-doped CQDs are mainly composed of sp®
carbons, whereas crystalline CDs have sp> hybridized carbon
domains.?”*® As will be discussed in the next few sections, the
results from XPS, FT-IR spectroscopy, and UV-Vis measure-
ments showed the presence of sp® and sp” carbon structures.
Hence, these results could demonstrate the coexistence of
crystalline and disordered (amorphous) carbon domains in
the N/S-doped CQD structure. In addition, from the XPS survey
spectrum (Fig. 3a), the peaks at 531.08, 398.08, 284.08, and
162.08 eV could be related to O 1s, N 1s, C 1s, and S 2p,
respectively.* The two peaks presented in the high-resolution
XPS of S2P (Fig. 3b) at 162.38 and 166.78 eV could be assigned

© 2023 The Author(s). Published by the Royal Society of Chemistry

to 2pz/, (-C-S-C- covalent bond) and S-O bonding, respec-
tively.**** Also, high-resolution XPS of O 1s (Fig. 3c) showed
the presence of covalent O and ketonic O atoms (peaks at 534
and 530 eV).*> N 1s (Fig. 3d) showed the presence of pyridinic N
atoms (peak at 398.50 eV).*> However, the deconvoluted peak
of C 1s showed the presence of three peaks, which can be
attributed to the sp* C in graphene (283.68 eV), sp® C from C-
N/C-S and C-O (285.25 eV), and carboxyl groups (288.4 eV)
(Fig. 2E).*® More interestingly, XPS and FT-IR spectroscopy
results are in agreement with each other and proved the
presence of various surface functional groups and effective
doping of S and N atoms into CQDs.

RSC Adv, 2023, 13, 21318-21326 | 21321
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3.3. Absorption spectra

Depending on the solvent's polarity, the aprotic solvent used in
UV-Vis absorption and the emission fluorescence spectra of the
C-dots influenced the positions and intensity. The absorption
spectra of the N/S-doped CQD sensor in different solvents are
shown in Fig. 4, indicating a high absorption in DMSO solvent.

The absorption spectra of N/S-doped CQD sensor in DMSO
with different concentrations of f-hCG are illustrated in Fig. 5.
Spectrum’ represents the absorption spectrum of free N/S-
doped CQDs exhibiting a prominent peak at 260 nm and
a tail extending into the visible range. This is attributed to the
n-rt* transition of C=0 bond and m-m* transition of C=C
bond electronic transitions in N/S-doped CQD rings.'**** While
spectra 2, 3, and 4 indicate higher absorption after the addition
of 5.4, 45.9, and 72.9 mU mL " of B-hCG, respectively.

3.4. Emission spectra

The emission spectra of N/S-doped CQDs in different concen-
trations of B-hCG show that the intensity of the characteristic
peak at Ay, = 345 nm of N/S-doped CQDs is enhanced due to
energy transfer from the optical sensor to B-hCG, Fig. 6. The
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Fig. 4 Absorption spectra of CD sensor in different solvents.
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Fig. 5 Absorption spectra of CD sensor in DMSO with different
concentrations of B-hCG.
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Fig. 6 Luminescence emission spectra of N/S-doped CQDs in the
presence of different concentrations of B-hCG in DMSO at Ao =
288 nm.

mechanism of the energy transfer is taken place by electron
transfer from the N-linked protein glycosylation (N-glycosyla-
tion of N-glycans) at Asn residues (Asn-x-Ser/Thr motifs) in the
glycoproteins of f-hCG to the N/S-doped CQDs. The N-linked
protein glycosylation is a post-translational modification that
occurs in many glycoproteins, including B-hCG. In this modi-
fication, a sugar molecule is attached to the Asn residue of the
protein. The sugar molecule has a negative charge, which
attracts the positively charged N/S-doped CQDs. This attraction
brings the N/S-doped CQDs close to the protein, and allows for
the electron transfer to occur. The electron transfer from the
protein to the N/S-doped CQDs causes an increase in the energy
of the CQDs. This increase in the energy is released as light,
which enhanced the intensity of the characteristic peak at Aep, =
345 nm of the N/S-doped CQDs. The energy transfer from the N/
S-doped CQDs to B-hCG can be used to detect B-hCG in
a sample. The intensity of the characteristic peak at Ae;,, =
345 nm of the N/S-doped CQDs is directly proportional to the
concentration of B-hCG in the sample. This means that the
intensity of the peak can be used to quantify the concentration
of B-hCG in the sample, Fig. 7.

3.5. Effect of experimental variables

3.5.1. Effect of solvent. The influence of the solvent on the
luminescence intensities of the solutions containing N/S-doped
CQDs was studied under the above-mentioned conditions. The
results show the enhanced emission of N/S-doped CQDs in
DMSO with pH = 7.8, as shown in Fig. 8. Also, the luminescence
intensity for the N/S-doped CQDs in the DMSO solution is
stronger than in DMF, acetonitrile, water, and ethanol. This can
be attributed to the interactions between the solvent and N/S-
doped CQDs, which affects the energy difference between the
ground and the excited states, and the orientation polarizability
of solvents. The dipole moment represents the electron distri-
bution in a molecule with a specific structure. In combination
with the reactive field around it, the dipole moment plays an
essential role in the transition of a molecule because a molecule
can absorb light when its dipole moment changes.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mechanism of the energy transfer between B-hCG to the N/S-doped CQD.
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Fig. 8 Luminescence emission spectra of N/S-doped CQDs in the
presence of different solvents at Aex = 288 nm.

4. Analytical performance
4.1. Method validation

4.1.1. Analytical parameters of optical sensor method. A
linear correlation was found between the luminescence inten-
sity of the optical sensor at A.;, = 345 nm and the concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry

of B-hCG in the range of 1.35-22.95 mIU mL ", as shown in
Fig. 9, and a calibration curve was obtained by plotting the peak
intensity of the N/S-doped CQDs versus the concentration of B-
hCG at Ay, = 345 nm. The limit of detection (LOD) and quan-
titation (LOQ) calculated according to the ICH guidelines®
using the formula: LOD = 3.3S/b (equals to 0.234 mIU mL™")
and LOQ = 10S/b (equals to 0.67 mIU mL ') (where § is the

8x10°
7x10°
6x10°
5x10°

4x10°

Luminescence Intensity a. u.

3x10°

2x10°

5 10 15 20 25
Concentration of HCG miU/mL

Fig. 9 Linear relationship between the luminescence intensity of N/S-
doped CQDs and different concentrations of B-hCG at Aery = 345 nm.
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Table 1 Sensitivity and regression parameters for photo probe®

Parameter Value

Aem (NM) 345

Liner range, (mIU mL ") 1.35-22.95
Limit of detection (LOD), (mIU mL ™) 0.670

Limit of quantitation (LOQ) (mIU mL ") 0.236
Regression equation, Y* Y=a+bX
Intercept (a) 2.27 x 10°
Slope (b) 3.37 x 10°
Standard deviation 6.86 x 107°
Variance (Sa*) 4.70 x 107°
Regression coefficient (r) 0.98

“ Where Y = fluorescence intensity, X = B-hCG concentration in mIU
mL™", a = intercept, b = slope.

standard deviation of blank luminescence intensity value, and
b is the slope of the calibration plot) are also given in
Table 1.%7°%

4.1.2. Selectivity. The method selectivity and validity was
investigated by studying the effect of possible interfering
substances on the luminescence spectra of the N/S-doped CQDs
after the addition of 24 mIU mL~". The interfering substances
included bilirubin (40 mg dL '), hemoglobin (1 mg dL %),
ascorbic acid (20 mg dL™'), glucose (2000 mg dL™ '), and
triglycerides (1200 mg dL™"). It was shown that all interfering
substances have no significant influence on the luminescence
intensity of the N/S-doped CQD sensor.

4.1.3. Application to formulations. For testing the appli-
cability of the proposed method, it was applied for the
determination of B-hCG concentration for 11 serum samples
of the health state human. The results in Table 2 show that
the method is successful for the determination of B-hCG in
serum samples. It is clear that the average value of the B-hCG

Table 2 Evaluation of intra-day an inter-day accuracy and precision®
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concentration for patients obtained by the proposed method
is 30003 + 3.91 mIU mL™" and that obtained by the standard
method is 30 000 mIU mL~", highlighting excellent accuracy
and precision. The average recovery and RSD for the serum
samples in our method found to be 100.35 + 1.96% and were
also presented for comparison and show a good correlation
with those of the reference method and with the label
claimed.

4.1.4. Recovery study. To further evaluate the accuracy of
the method recovery experiments was assessed by determining
the agreement between the measured standard concentration
and the added known concentration to the sample. In all
cases, the values of the recovery percentage ranged between
98.95 and 101.76% with a relative standard deviation in the
range of 0.0047-3.92% for serum samples. The closeness of
the results to 100% showed the fairly good accuracy of the
method.

4.1.5. Accuracy and precision study. For precision
computation, the assays were performed in triplicates within
the same day and on three different days to determine the
repeatability of the method and intermediate precision,
respectively. The average percentage relative standard devi-
ation (% RSD) values were calculated and found to be
=0.0047-1.57% and =0.0047-3.92% for intra-day and inter-
day precisions, respectively, for the serum samples, indi-
cating the high precision of the proposed method. The inter-
day values indicate high precision of the method. Accuracy
was assessed as percentage relative error (%RE) between the
measured mean concentrations and the known B-hCG
concentrations and was determined at each concentration. %
RE results are summarized in Table 2 having values =0.009-
1.76% for intra-day and =0.007-1% for inter-day for the
serum samples, demonstrating the high accuracy of the
proposed method.

Propose method

Intra-day accuracy and precision (n = 3)

Inter-day accuracy and precision (n = 3)

Average found
Standard method ————

Average found

Sample average mIU mL™" mIUmL™"' #+CL % RE Average recovery % RSD mIU mL™' +CL % RE Average recovery % RSD
Patient (1) 30 000 30003 £3.91 0.010 100.01 0.005 29998 £3.92  0.007 99.99 0.005
Patient (2) 21000 21002 +2.48 0.009 100 0.0047 21001 +2.48 0.03 100 0.0047
Patient (3) 920 921.3 +1.29 0.14 100.14 0.056  920.67 +1.88 0.29  100.07 0.08
Patient (4) 863 862.66 +1.41 0.039 99.96 0.066 862 +1.86 0.12 99.88 0.087
Patient (5) 370 370.66 +1.41 0.178 100.18 0.15 370.33 +1.88 0.089 100.09 0.016
Patient (6) 226 225.67 +1.88 0.55 99.85 0.33 226.17 +1.41  0.075 100.07 0.25
Patient (7) 179 178 +2.13 0.56  99.44 0.48 179.77 +0.62 0.43  100.43 0.13
Patient (8) 100 99.90 +0.71 0.10  99.90 0.29 99.98 +0.868 0.02  99.68 0.35
Patient (9) 80 79.16 +1.06 0.625 98.95 0.96 80.63 +1 0.78  100.79 0.54
Patient (10) 48 48.33 +1.88 0.68 100.69 1.57 47.82 +2.20 0.375 99.63 1.80
Patient (11) 17 17.30 +0.63 1.76 101.76 1.44 16.83 +1.6 1 99 3.92

“ % RE, percent relative error. % RE = [(concentration proposed — concentration known)/concentration known] x 100, % RSD, relative standard
3 prop

deviation. % RSD = [S/(average measurements)] x 100, and +CL, confidence limits: CL = tS/n?). (The tabulated value of ¢ is 4.303, at the 95%

confidence level; S = standard deviation and n = number of measurements).
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5. Conclusion

The N/S-doped CQDs exhibited characteristic peaks, which are
significantly enhanced in the presence of B-hCG at Aex/Aem =
288/345 nm owing to the energy transfer from the N/S-doped
CQDs. The proposed method was found to be simple, reliable,
and applicable for the determination of f-hCG with a wide
range of analysis and high accuracy and precision.
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