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Abstract
In this paper, a �uorescent aptamer sensor was constructed based on the carbon dots and graphene
oxide. This sensor combines the excellent �uorescence performance of carbon dots with the high
speci�city of aptamers to detect progesterone with high sensitivity and selectivity. In the absence of
progesterone, the carbon dots-aptamer system and graphene oxide form a �uorescence resonance energy
transfer process(FRET), which quenches the �uorescence of the carbon dots. When progesterone is
added, the aptamer speci�cally binds to progesterone, resulting the �uorescence of the carbon dots is
recovered. At optimal conditions, the �uorescence intensity recovered by the carbon dots has a linear
relationship with the concentration of progesterone in the range of 0.1-120 nM, and the detection limit is
3.3×10 -11 M. Besides, the sensor has satisfactory detection results of progesterone in milk, indicating
that this method has a enormous potential for application in food safety.

1. Introduction
Progesterone (P4) is a kind of natural steroid, which is mostly secreted by corpus luteum[1, 2]. It plays an
important role in reproductive tissue, menstrual cycle regulation, fetal growth and early pregnancy[2].
Nowadays, many clinical studies use the amount of P4 to measure the hormone level in the body[3].
However, when the amount of P4 is too high, it will cause weight gain, breast discomfort[4], mental
depression, acne and other side effect[5]. Epidemiological studies have con�rmed that the imbalance of
progesterone levels has an impact on the incidence of breast and cervical cancer[6]. As many scholars
have studied progesterone and other hormones, they have found that not only the hormones in the body,
but also the female hormones in food can also have an impact on human health. Long-term
consumption of foods containing progesterone, even low-concentration foods, will interfere with the
normal function of human body secretion and immune system[7]. Especially milk, milk contains a
considerable amount of estrogen, and progesterone is concentrated in fat[8]. When the amount of P4 in
milk is too high, it will lead to breast cancer and other diseases[9]. Therefore, the detection of P4 content
is of great practical signi�cance. At present, the main detection methods of P4 are high performance
liquid chromatography[10], �uorescence spectrophotometry[11], electrochemical method and so on[12,
13]. Most of these methods need expensive instruments, complex pretreatment process, cumbersome
analysis process and time-consuming, so they are not suitable for large-scale �eld detection. However,
because of the advantages of simple operation, high sensitivity and low cost, �uorescence
spectrophotometry has caught the attention of researchers.

On the basis of �uorescence spectrophotometry, �uorescent sensors based on CDs have attracted more
and more attention due to their fast and simple operation, excellent �uorescence performance, less harsh
storage conditions and low toxicity. Carbon dots (CDs) are carbon nanoparticles with particle size less
than 10 nm, which can stably emit light[14]. At present, CDs have been used in the �elds of biological
imaging[15], biosensor[16], ion molecule detection[17], information anti-counterfeiting storage and so
on[18]. Trapiella et al. prepared CdSe/ZnS quantum dots as a �uorescent probe to detect progesterone in
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milk[19]. Based on the toxicity of semiconductor quantum dots, and the relatively complex synthesis
method. Cao et al. developed an "on-off" �uorescence sensor based on CDs to detect progesterone, which
re�ects the advantages of carbon dots[20], but the sensitivity and selectivity of this method are not high
enough. Therefore, how to design a high-sensitivity and high-selectivity �uorescence sensor based on
carbon dots to detect progesterone needs further exploration.

According to the literature, aptamers have the advantages of high speci�city, high a�nity, wide target
range, easy modi�cation, short preparation time, high stability and low toxicity[21, 22]. Therefore, we tried
to combine carbon dots with aptamers to improve the sensitivity and selectivity of the sensor. Aptamer is
a small oligonucleotide sequence or short polypeptide that can speci�cally recognize the target obtained
by systematic evolution of ligands by exponential enrichment (SELEX) technology[23–25]. As a new type
of biosensor identi�cation element, it can be applied to the detection of food[26], drugs[27], viruses and
other aspects[28], and also have a broad application in the �eld of biological imaging[29]. This work
combines carbon dots with aptamers, that is, combines the excellent �uorescence performance and low
toxicity of carbon dots with the advantages of aptamers for speci�c detection of the detection substance,
and constructs a simple and convenient �uorescence aptamer sensor.

Therefore, this paper constructed a �uorescent aptamer sensor based on carbon dots and graphene oxide
to detect P4. Among them, graphene oxide acts as a quencher to form an excellent donor-acceptor pair in
the �uorescence resonance energy transfer (FRET) process with carbon dots. Energy transfers from the
surface of the carbon dots to graphene oxide, resulting in �uorescence quenching of the carbon dots.
When P4 is present, it speci�cally binds to the aptamer on the surface of the carbon dots, and the carbon
dots fall off from the surface of graphene oxide, causing the �uorescence of the carbon dots to recover.
Experiments show that the sensor has many advantages such as easy operation, high selectivity, high
sensitivity, wide detection range, and low detection limit.

2. Experimental Section

2.1. Materials and Apparatus
Apparatus: RF-5301PC Fluorescence Spectrophotometer (Shimadzu, Japan), UV-2501PC UV Visible
Spectrophotometer (Shimadzu, Japan), electronic analytical balance (Shanghai Precision Instrument
Factory), ultrasonic cleaning instrument (Kunshan Ultrasonic Instrument Co., Ltd.), pH meter (Shanghai
Leici instrument factory), beaker (25 mL, 50 mL, 100 mL), 25 ml brown volumetric �ask, stirrer, pipette (10
µL, 200 µL, 1000 µL), JEOLJEM-200CX Transmission Electron Microscope(Hitachi, Japan), AVATAR 370
Fourier Transform Infrared Spectrometer Nicoli, USA , vacuum drying oven (Shanghai Yiheng Technology
Co., Ltd.), autoclave.

Materials: Citric acid was purchased from Jiangsu Qiangsheng functional Chemistry Co., Ltd,
ethylenediamine, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide(EDC), N-hydroxysuccinimide (NHS),
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potassium dihydrogen phosphate, potassium dihydrogen phosphate and ascorbic acid were purchased
from Sinopharm Chemical Reagent Co., Ltd, progesterone aptamers:

GATTAACATTAGCCCACCGCCCACC was purchased from Shanghai Qingke biological, L-cysteine was
purchased from Shanghai Blue season biological Co., Ltd, graphene oxide, progesterone, l-epinephrine,
glutathione, KCl, NaCl, MnCl2·4H2O, CdCl2, dopamine, estrone, estradiol, acetonitrile and anhydrous
sodium sulfate were purchased from Aladdin Reagent Co., Ltd, ultra pure water.

2.2. Synthesis of the CDs
The carbon dots was prepared by one-step hydrothermal method according to the reports in the
literature[30], ultrapure water was used as the reaction solvent. First, 1.2 g citric acid was weighed and
poured into 20 mL ultra pure water, then 600 µL ethylenediamine was transferred into the beaker with a
pipette gun. The mixed solution was ultrasonically stirred for 30 minutes until citric acid was dissolved
and the solution was evenly mixed. The mixed solution was transferred to 30 mL PTFE autoclave, heated
at 200 ℃ for 4 hours and cooled down to ambient temperature. Finally, the carbon dots solution was
centrifuged and �ltered to remove impurities, and the puri�ed carbon dots was stored at 4 ℃ for further
use.

2.3. Synthesis of CDs and progesterone aptamer conjugates
The synthesis of the conjugates of carbon dots and progesterone aptamers is through covalent coupling,
that is, the process of aptamers binding to the surface of carbon dots through covalent bonds[31].First,
weigh 30 µL, 1 mg / µL EDC powder and 30 µL, 0.25 mg / µL NHS particles in a beaker, add 1 mL PBS
buffer solution with pH = 7.4, and then add 100 µL CDs solution. The mixed solution is ultrasonically
stirred for 30 min until the solution is evenly mixed. Next, 20 µL, 10 µM progesterone aptamer was added
to 10 µL mixed solution, and ultrasonic stirring was performed for 2 hours.

2.4. Detection of progesterone
Fluorescence quenching: 50 µL, 100 µg / mL graphene oxide solution was added into the mixed solution
of carbon dots and progesterone aptamer to quench the �uorescence of carbon dots. After stirring and
ultrasonic for 1 h, the mixture was diluted to 25 mL with PBS solution of pH = 7.4 and transferred to a
brown volumetric �ask for �uorescence detection. The �uorescence intensity measured was F0.

Fluorescence recovery: 50 µL progesterone with different concentrations was added into the solution of
carbon dots - aptamer - graphene oxide to recover the �uorescence. After stirring and ultrasonic treatment
for 1 h, the mixture was diluted to 25 mL with PBS solution of pH = 7.4 and transferred to a brown
volumetric �ask for �uorescence detection. The measured �uorescence intensity was F.

2.5. Pretreatment of actual sample milk
According to the previous literature, the actual sample pretreatment process is as follow[32]: weigh 2 mL
fresh milk purchased from a supermarket in Shanghai and put it into test tube. Add 4 mL of acetonitrile to
the test tube and sonicate for 10 min. Then, add 5 g of anhydrous sodium sulfate and stir for 30 s. Let it
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stand for 10 min, the mixed solution was quickly centrifuged at 10000 rpm for 5 min, and the liquid
supernatant was gathered for detection of actual samples.

3. Results And Disscussion

3.1. Characteristics of CDs
Firstly, the morphology of CDs was characterized by transmission electron microscope(TEM). As shown
in Fig. 1, the carbon dots are nearly spherical particles, and they are uniformly dispersed in ultrapure
water, the diameters of CDs were centered at 2.5-4.5 nm.

Then, the optical properties of CDs were studied. As shown in Fig. 2a, CDs has an obvious symmetrical
strong UV absorption peak at 350 nm, which represents the π – π * transition of C=C. There is a weak UV
absorption peak at 240 nm, which represents the n – π * transition of C=O[33]. Under the excitation of
355 nm, there is a strong emission peak at 450 nm. Both UV absorption and �uorescence emission
spectra show that the prepared carbon dots have excellent optical properties. It can be seen from Fig. 2b,
the �uorescence emission spectra of the carbon dots does not change with the change of the excitation
wavelength. When the excitation wavelength is increased from 350 nm to 410 nm, the emission
wavelength is kept at 450 nm, only the emission intensity decreases, and there is no red shift. When the
excitation wavelength is 355 nm, the emission intensity of carbon dots is the strongest.

Next, the surface functional groups were characterized by FT-IR. We can see from Fig. 3, the broad
absorption peak near 3480 cm−1 corresponds to the stretching vibration of O-H functional group; the
absorption peak near 1643 cm−1 corresponds to the stretching vibration of C=O functional group; and the
absorption peak near 1556 cm−1 corresponds to the in-plane bending vibration of N-H functional group.

3.2. Discussion on detection mechanism
We compared the effect of �uorescence quenching and �uorescence recovery with and without aptamer.
As shown in Figure 4a, when CDs and GO exist, the �uorescence of CDS can be effectively quenched with
or without the addition of aptamers, because aptamers do not work in the quenching process, but the
FRET process between CDs and GO. In the process of �uorescence resonance energy transfer, CDs is the
donator and GO is the receptor. The basic condition to realize the FRET process is that the emission
spectrum of the donator overlaps the absorption spectrum of the acceptor[34]. As shown in Figure 5, the
emission spectra of CDs overlaps with the excitation spectra of GO in a large area, and the �uorescence
emission spectra of CDs overlaps with the UV absorption spectra of GO in a small area. This
phenomenon �ts the conditions for the formation of FRET. In order to further prove the role of GO in the
experiment, we also compared the effects of �uorescence quenching and �uorescence recovery with and
without GO. As shown in Figure 4c, when GO is not added, the aptamer cannot quench the �uorescence of
CDs, so progesterone cannot be analyzed and detected effectively.
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However, when progesterone is present, the difference between the detection effect of adding and not
adding aptamer is very obvious. When the aptamer was added, the speci�c binding of aptamer to the
target led to the release of CDs and the recovery of �uorescence; When aptamer was not added, CDs
could not be separated from GO, and CDs could not be released, resulting in the �uorescence could not be
recovered. It shows that aptamers are very important in the whole experiment. Figure 4d can visually
show the detection mechanism of the experiment: (a) the blue �uorescence of CDs-aptamer under UV
light; (b) the blue �uorescence of CDs-aptamer-GO under UV light is almost absent; (c) the blue
�uorescence of CDs-aptamer-GO-P4 under UV light.

3.3. Optimization of experimental conditions
We studied the pH value of the reaction, the amount of GO, the volume of CDs and the volume of aptamer
to explore the optimal reaction conditions. Because carbon dots is sensitive to pH value, we chose pH
value between 5.5 and 8.5 to study the in�uence of progesterone on �uorescence intensity. As shown in
Fig. 6a, F-F0 increases when pH increases from 5.5 to 7.4. This is because the carbon dots will self
assemble into larger particles rapidly under too acidic conditions, the oxygen-containing groups on the
surface of the CDs will be oxidized slowly, and the �uorescence intensity of the CDs will be quenched,
resulting in the decrease of F. F-F0 decreases when the pH value increases from 7.4 to 8.5. The reason is
that when the CDs is too alkaline, the structural tautomerism of the CDs occurs rapidly, the speed of
deoxidation reaction slows down, and the �uorescence intensity of the CDs will be quenched, resulting in
the decrease of F[35]. Therefore, we chose a neutral environment, that is, PBS buffer solution with pH 7.4.

Next, we studied the in�uence of the amount of GO on the �uorescence intensity F0 of CDs after
�uorescence quenching. It can be seen from Fig. 6b that when the amount of GO increases from 20 to
100 µg / mL, the quenching degree increases greatly; When the amount of GO increases from 100 µg /
mL to 200 µg / ml, the quenching degree �rst decreases and then tends to be stable. This is because
when the amount of GO is too small, the distance between GO and CDs is too far, and it is not easy to
carry FRET process. Therefore, we choose the amount of GO when the quenching degree is the largest,
that is 100 µg / mL.

Then, we studied the in�uence of the volume of CDs on the �uorescence intensity difference value (F-F0)
before and after adding progesterone. As shown in Fig. 6c that when the volume of CDs increases from 5
to 18 µL, the �uorescence intensity �rst increases and then decreases, and reaches the peak at 10 µL. The
reason is that when the volume of CDs is too small, the �uorescence intensity of CDs-aptamer conjugate
is low, which leads to the low �uorescence intensity after adding progesterone. When the volume of CDs
exceeds the optimal value, excessive CDs will entangle or fold with the aptamer, and it is not easy to
covalently couple with the aptamer. After the release of CDs, less progesterone can speci�cally bind with
the aptamer, resulting in the reduction of the recovered �uorescence intensity. Therefore, we choose 10 µL
as the optimal volume of CDs.
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Finally, we studied the in�uence of the volume of aptamer on the �uorescence intensity difference value
(F-F0) before and after adding progesterone. It can be seen from Fig. 6d that when the volume of aptamer
5 increases to 35 µL, the �uorescence intensity �rst increases and then decreases, and reaches the peak
at 20 µL. This is due to the fact that when the volume of aptamer is too small, CDs are covalently coupled
with too few aptamers, and less progesterone can speci�cally bind with aptamers after the release of
CDs, resulting in lower �uorescence intensity of recovery. When the volume of the aptamer is too large,
the long chain structure of the aptamer may intercept the �uorescence site of the �uorescence sensor,
resulting in the low �uorescence intensity of the system. Consequently, we choose 20 µL as the optimal
volume of aptamer.

3.4. Detection of progesterone
Under the optimal experimental conditions, different concentrations of progesterone (0.1-120 nM) were
added into CDs-aptamer-GO solution and diluted to 25 mL in brown volumetric �ask for detection. As
shown in Fig. 7a, when the concentration of progesterone increased from 0.1 to 120 nM, the �uorescence
intensity of CDs aptamer recovered, and the degree of recovery gradually increased. Fig. 7b shows the
linear relationship between the recovered �uorescence intensity F and progesterone concentration C in the
range of 0.1-120 nM. The linear equation is F= 1.36728 [Cprogesterone] + 217.48259 nM, the correlation

coe�cient R2 is 0.99768, and the detection limit LOD is 3.3×10−11 M. Table 1 compares the �uorescence
sensor constructed for this work with other reported sensors for progesterone detection. The linear range
of progesterone detection was 0.1-120 nM, and the detection limit was 3.3×10−11 M. Compared with other
work, our �uorescent sensor has a wider detection range and lower detection limit. Moreover, the simple
synthesis method of carbon dots was combined with the characteristic that aptamers could speci�cally
bind to the analytes. The sensor has the merits of convenience, high sensitivity, and can be used for the
detection of progesterone.

 
Table 1

Comparison with other reported methods for the detection of
progesterone

Methods Linear range(nM) LOD(nM) Ref.

Electrochemical 0.5 - 180 0.17 [36]

Fluorescence 0 - 2 × 105 10.25 [20]

Fluorescence 0.95 - 46.11 0.32 [19]

FO-SPR 3.18 - 31.8 1.59 [37]

SWV 0.25 - 22.26 0.25 [38]

Fluorescence 0.1-120 0.033 This work
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3.5. Interference Analysis
Selectivity is a vital criterion to measure the performance of sensors. The most important characteristic
of aptamers is that they can speci�cally identify with the detected substance. Therefore, in this work, we
choose to use aptamer and carbon dots covalent coupling to detect progesterone, for the purpose of
improve the selectivity of the sensor. With the purpose of evaluating the anti-interference ability of the
constructed �uorescent sensor, we measured the interference of many potential substances to the sensor.
We measured the difference F-F0 between the �uorescence intensity of the system quenched and
recovered before and after the addition of 120 nM progesterone and 3×120 nM potential interfering
substances. Interfering substances include amino acids and peptides (L-cysteine, glutathione), hormones
(L-adrenaline, estrone, estradiol) and other substances (ascorbic acid, KCl, NaCl, MnCl2, CdCl2, dopamine).
As shown in the Fig. 8, the value of F-F0 is very small after adding the interfering substance, which means
that the interfering substance hardly interferes with the sensor, indicating that our sensor has good
selectivity.

3.6. Detection of progesterone in real samples
With the purpose of verifying the practicability of the constructed �uorescence sensor, we used standard
addition method to detect the concentration of progesterone in real milk samples. Under the best
experimental conditions, we added the known concentration of progesterone standard solution into the
milk. As shown in Table 2, the actual concentration, recovery and relative standard deviation of
progesterone can be obtained. The recovery was in the range of 97.2-101.2%, and the relative standard
deviation was 1.81%. It can be concluded that our �uorescent sensor has a more accurate detection of
progesterone in practical application.

 
Table 2

Determination of different amounts of progesterone in Real Samples
Sample Added(mol·L−1) Found(mol·L−1) Recovery(%) M(%)

99.8

RSD(%)

1.81Milk 1 5.0×10−9 4.86×10−9 97.2

2 6.0×10−8 6.05×10−9 100.8

3 8.0×10−8 8.02×10−9 100.2

4 1.0×10−7 1.02×10−7 101.2

4. Conclusion
In conclusion, we synthesized CDs by a simple hydrothermal method, covalently coupled CDs with
progesterone aptamer, and constructed a �uorescent aptamer sensor. The sensor combines the low
toxicity of carbon dots and the excellent a�nity of aptamers to achieve high sensitivity and high
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selectivity for the detection of progesterone. The construction method is simple and convenient, and
conforms to the concept of environmental friendliness in green chemistry. Under the best experimental
conditions, the detection range is 0.1-120 nM, and the detection limit is 3.3×10−11 M. The �uorescence
aptamer sensor also has good accuracy and recovery (97.2-101.2%) in the detection of actual mik
samples, which veri�es its potential in practical application.
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Figures

Figure 1

TEM image of CDs
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Figure 2

a UV-vis spectra and �uoresence emission spectra of CDs b Fluorescence spectra of the CDs at different
excitation wavelengths.
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Figure 3

FT-IR of the CDs

Figure 4

a Fluorescence emission spectra of CDs CDs+GO and CDs+GO+P4 b Fluorescence emission spectra of
CDs+aptamer CDs+aptamer+GO and CDs+aptamer+GO+P4 c Fluorescence emission spectra of CDs
CDs+aptamer and CDs+aptamer+P4 d The color change of (a) CDs-aptamer (b) CDs-aptamer-GO (c)
CDs-aptamer-GO-P4 under UV light.
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Figure 5

a Excitation spectra of GO and emission spectra of CDs b UV-vis spectra of GO and emission spectra of
CDs.
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Figure 6

a the in�uence of pH on the �uorescence intensity difference value (F-F0) b the in�uence of the amount
of GO on the �uorescence intensity F0 c the in�uence of the volume of CDs on the �uorescence intensity
difference value (F-F0) d the in�uence of the volume of aptamer on the �uorescence intensity difference
value (F-F0).
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Figure 7

a Emission spectrum of the CDs-aptamer-GO in the addition of different concentration of progesterone
from 0.1 nM to 120 nM(0.1, 5, 8, 10, 20, 40, 60, 80, 100 and 120 nM) b linear calibration curve of the
aptasensor for progesterone.

Figure 8

Selective determination of 120 nM progesterone and 3×120 nM other potential interfering substances.
(Other potential interfering substances include (a) progesterone, (b) L-cysteine, (c) L-adrenaline, (d)
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ascorbic acid, (e) glutathione, (f) KCl, (g) NaCl, (h) MnCl2, (i) CdCl2, (j) dopamine, (k) estrone, (l) estradiol.)


