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Abstract
CdTe quantum dots (QDs) were integratedwith polyethyleneimine-coated carbon dots (PEI-CDs) to form a dually emitting probe
for heparin. The red fluorescence of the CdTe QDs is quenched by the PEI-CDs due to electrostatic interactions. In the presence
of heparin, the blue fluorescence of PEI-CDs remains unaffected, while its quenching effect on the fluorescence of CdTe QDs is
strongly reduced. A ratiometric fluorometric assay was worked out. The ratio of the fluorescences at 595 and 436 nm serves as the
analytical signal. Response is linear in the concentration range of 50–600 ng·mL−1 (0.1–1.2 U·mL−1) of heparin. The limit of
detection is 20 ng·mL−1 (0.04 U·mL−1). This makes the method a valuable tool for heparin monitoring during postoperative and
long-term care. This assay is relatively free from the interference by other analogues which commonly co-exist with heparin in
samples, and it is more robust than single-wavelength based assays.
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Introduction

Heparin, a chain of polysaccharide sulfate, is produced and
stored in mast cells in animal tissues. As a naturally occurring
biomolecule, it has the widemedical applications. Heparin can
accelerate the interaction between antithrombin and protease
factor Xa, so it is used as an anticoagulant drug in open-heart

surgery and emergency deep venous thrombosis treatment [1].
Heparin also can inhibit the growth and replication of the
human immunodeficiency virus and inhibit angiogenesis and
tumor growth [2]. The recommended heparin therapeutic stan-
dard is 2–8 U·mL−1 for cardiovascular surgery and 0.2–1.2 U·
mL−1 for postoperative and long-term care [3]. The higher
dosage and prolonged use often induce adverse effects, such
as hemorrhage, heparin-induced thrombocytopenia, and oste-
oporosis [4]. Based on the clinical importance, it is essential to
develop a rapid and accurate method for the monitoring of
heparin level [5, 6].

Up to now, numerous methods have been developed for the
detection of heparin. Activated coagulation time [7], activated
clotting time [8], surface-enhanced Raman scattering (SERS)
[9], and electrochemical methods [10] were reported.
Although colorimetric approaches based on conjugated
oligoelectrolyte/graphene oxide [11], supermolecule [12] and
aniline dye [13] have been applied to the heparin assay, the
sensitivities are not very good.

Fluorescence analysis is widely applied in the detection
of heparin due to its advantages of high sensitivity, low
cost and rapid. A heparin assay using a complex of
multiple-adenosine (A20) and coralyne was developed
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[3]. Likely, an adenosine-based molecular beacon (MB)
was reported for heparin assay [14]. Based on the inter-
action between heparin and CuInS2, a turn off nanosensor
was established [15]. Carbon dots [16, 17] and water-
soluble silicon nanoparticles [18] were also successfully
applied to heparin detection. These methods offer reason-
able sensitivities, but heparin quantification based on
single-wavelength fluorescence signal may be affected
by various factors, probe concentration, instrumental effi-
ciency, excitation intensity, and measurement condition,
for example. On the contrary, ratiometric fluorescence as-
say uses the intensity ratio of two different emission
wavelengths instead of the absolute intensity of one wave-
length to measure, and provides a self-calibration, thus
makes the analysis more accurate [5, 19–21].

Polyethyleneimine (PEI), containing primary, secondary, and
tertiary amino groups, has been used in various researches be-
cause of the high positive charge, good water solubility and
biocompatibility [22]. It, including its complexes functionalized
as templating, stabilizing and filming with other organic or inor-
ganic materials, exhibits outstanding adsorption capacity on
CO2, heavy metals or dyes [23–25] and interacts with biomole-
cules [26, 27]. Some other researchers also reported the methods
of heparin detection using PEI modified materials [28, 29].

Semiconductor quantum dots and carbon dots (CDs)
are the most widely used fluorescent nanoparticles in
biochemical analysis due to their adjustable surficial
groups, excellent water solubility, high photostability
and tunable excitation wavelength [30, 31]. Based on
CdTe QDs quantum dots and polyethyleneimine-coated
carbon dots (PEI-CDs), this paper proposes a novel
ratiometric fluorescence method for the detection of
heparin (Scheme 1). As a fluorescence switch, the pos-
itive charge PEI-CDs can quench the fluorescence of
CdTe QDs through electrostatic attraction, while itself
fluorescence remains unchanged. In the presence of hep-
arin, PEI-CDs interact with anionic heparin, leading its

desorption from CdTe QDs surface and recovering the
fluorescence of CdTe QDs. Taking the constant fluores-
cence intensity of PEI-CDs as reference, heparin can be
detected through measuring the fluorescence turn-on
process of CdTe QDs.

Experimental

Materials and chemicals

Heparin (185 U/mg), bovine serum albumin (BSA) and aden-
osine triphosphate (ATP) were purchased from Sangon bio-
tech Co., Ltd. (Shanghai, China, https://www.sangon.com/).
PEI (Mw 10,000, 99%), chondroitin 4-sulfate (Chs) and
hyaluronic acid (HA) were supplied by Aladdin Reagent Co.
, Ltd. (Shanghai, China, http://www.aladdin-e.com/).
Cadmium chloride (CdCl2), tellurium (Te) powder, melamine,
sodium citrate, dextran (Dex), 3-mercaptopropionic acid (3-
MPA), sodium borohydride, NaHCO3, NaHPO4, NaAc and
Na2SO4 were obtained from Sinopharm Chemical Reagent
Co. (Shanghai, China, http://www.sinoreagent.com/). All
chemicals and reagents were analytical grade. The water was
purified using a Millipore Milli-Q system and has a resistivity
greater than 18 MΩ·cm.

Instruments

Fluorescence measurement was performed on a LS-55 lumi-
nescence spectrometer (Perkin-Elmer, USA, http://www.
perkinelmer.com.cn/). Fourier-transform infrared (FT-IR)
spectra were recorded using a FT-IR spectrophotometer
(Perkin Elmer, USA). Transmission electron microscopy im-
ages were obtained using a Tecnai G2 F20 microscope (FEI,
USA, https://www.fei.com/home/). Zeta potential was
measured using a Malvern Zetasizer Nano ZS90 (Malvern,

Scheme 1 Schematic illustration
of the ratiometric fluorescence
heparin assay based on PEI-CDs
and CdTe QDs for detection
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UK, http://malvern.cnpowder.com.cn/). All the experiments
were carried out at room temperature.

Preparation of PEI-CDs and CdTe QDs

PEI-CDs were obtained by the modified method of prepara-
tion of PEI–GO composite [32]. Firstly, a microwave-assisted
hydrothermal treatment was applied to prepare CDs according
to the reported method [33]. In a typical synthesis, 0.58 g of
trisodium citrate dihydrate and 0.12 g of melamine were
added into 25 mL of H2O. The mixture solution was placed
in microwave reactor at 180 °C and kept for 6 h. Then, 80 μL
of 25% (wt) PEI aqueous solution was added to above solu-
tion under sonicating and continued stirring at 60 °C for 12 h
to form a PEI-CDs homogeneous solution. The obtained PEI-
CDs solution was cooled and stored at 4 °C.

According to the reported method [34], CdTe QDs were
prepared. Briefly, 126 mL of 3-MPA and 0.228 g of CdCl2·2.5
H2O were added into 40 mL of water, and NaOH solution of
2.0 mol·mL−1 was dropwise added with stirring to adjust the
pH to 10.5. The mixture was heated under N2 atmosphere to
100 °C, and 10 mL of the NaHTe solution was added to
prepare stable, water-soluble 3-MPA-capped CdTe QDs.

Fig. 1 The fluorescence spectra of different systems. a PEI-CDs, b CDs,
c PEI-CDs + CdTe QDs, d CdTe QDs, e CDs + CdTe QDs, f PEI-CDs +
CdTe QDs + heparin, (g) CdTe QDs + heparin

Fig. 2 a The influence of pH values on fluorescence intensities of PEI-
CDs (436 nm) and CdTe QDs (595 nm); b The fluorescence intensity
difference (595 nm) of PEI-CD/CdTe CD system in the absence and
presence of heparin (0.15 μg·mL−1) at different pH solutions; c The

fluorescence intensities of PEI-CDs and CdTe QDs at different time after
mixing; d The fluorescence intensity of PEI-CD/CdTe CD system at
different time after addition heparin (1 μg·mL−1)
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After three absolute ethyl alcohol precipitation and drying in
vacuum oven, the purified CdTe QDs were obtained.

Fluorescence experiment

Fluorescence measurement was performed at an excitation
wavelength of 360 nm and both 10 nm of excitation and emis-
sion slit widths. The stock solutions of CdTe QDs (0.2 mg·
mL−1) and PEI-CDs (22.5 nmol·L−1) were prepared with the
dilution of Tris buffer solution (pH 7.5, 20 mmol·L−1), and
various concentration of heparin solutions were prepared in
Tris buffer solution. The different amounts of PEI-CDs and
10 μL of CdTe QDs stock solution were transferred into a
centrifuge tube, diluted to 200 μL with Tris buffer solution
and cultivated for 2 min to investigate the fluorescent
quenching effect. For the heparin assay, both 10 μL of PEI-
CDs and CdTe QDs stock solutions and 20 μL of heparin or
sample solution were transferred into a centrifuge tube, diluted
to 200 μL with Tris buffer solution and cultivated for 5 min.
Fluorescence spectra were recorded from 380 to 700 nm.
Fluorescence intensities of PEI-CDs at 436 nm and CdTe
QDs at 595 nm were adopted for heparin assay.

Results and discussion

Characterization of PEI-CDs and CdTe QDs

The transmission electron microscopy (TEM) images show that
PEI-CDs keep well dispersed and have a diameter around 20 nm
(Fig. S1), and the sizes of CdTeQDs have an average diameter of
4 nm roughly (Fig. S2). The light yellow solution of CDs turned
into brown solution after reacting with PEI (Fig.S3A). In the FT-
IR spectrum of PEI-CDs (Fig.S3B), the reduced carboxylic

group bands at 3256, 1260 and 1089 cm−1 and enhanced N–H
band at 3453 cm−1 compared with that of CDs confirmed the
covalent attachment of PEI onto the CDs surface.

Detection mechanism of the PEI-CD/CdTe CD system
for heparin

As illustrated in Fig. 1, the fluorescence of CDs at 436 nm
remains almost constant in the presence of PEI, CdTe QDs
and heparin. The fluorescence of CdTe QDs at 595 nm is
quenched by PEI-CDs, but hardly quenched by CDs not mod-
ified with PEI. In the presence of heparin, the fluorescence
intensity of PEI-CDs remains almost constant, but the
quenched fluorescence of CdTe QDs is recovered. These phe-
nomena may be explained from electrostatic interaction and
hydrogen bonding action. The zeta potentials of the CDs,
CdTe QDs, heparin and PEI-CDs were − 31.7, −27.7, −20.7
and 1.83 mV, respectively (Fig. S4). All with negative charge,
CDs, CdTe QDs and heparin did not interact, while PEI-CDs
with positive charge have electrostatic interaction with CdTe

Fig. 3 a The fluorescence spectra of PEI-CD/CdTe CD system containing various concentration of heparin; b The linear relationship for heparin
detection (n = 3)

Table 1 Comparison of detection limit with literature data for heparin
detection

Material Detection limit Reference

Coralyne 0.06 μg ·mL−1 [3]

TFP-GO 0.046 U·mL−1 [11]

Molecular beacon 0.075 μg ·mL−1 [14]

CuInS2 0.057 μg ·mL-1 [15]

Carbon dots 8.2 nmol· L−1 [17]

Silicon nanoparticles 0.018 μg·mL−1 [18]

PEI-Mn-dope ZnS 0.16 μg·mL−1 [28]

PEI-CD/CdTe 0.02 μg·mL−1 (0.04 U·mL−1) This work
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QDs to quench fluorescence, and banding affinity with hepa-
rin leading to itself desorption from the CdTe QDs surface and
recovery of the quenched fluorescence. Apart from that,
polyethyleneimine is rich in amino groups and heparin is a
kind of polysaccharides which are rich in hydroxyl groups.
The hydrogen bonding actions between polyethyleneimine
modified carbon dots (PEI-CDs) and heparin may also con-
tribute to the fluorescence recovery of CdTe. These results
suggested that a novel Bturn-off/on^ dual-wavelength fluores-
cence method based on PEI-CD/CdTe CD system can be con-
structed for heparin detection.

The impact of cultivating pH and time

The cultivating pH and time were optimized to establish a
sensitive heparin assay. Tris buffer solution was chosen and
the pH value was adjusted with HCl or NaOH solution to avoid
the possible perturbation of ionic strength. It can be seen from
Fig. 2a that the fluorescence intensity is weak at low pH (pH <
5) for both CdTe QDs and PEI-CDs. The fluorescence intensity
at 595 nm has greater recovery (ΔF) at the pH range of 7–11 in
the presence of 0.15 μg·mL−1 heparin (Fig. 2b). Therefore,
pH 7.5 was chosen as the heparin detection condition.

When PEI-CDs are added to the CdTe QDs solution, the
fluorescence intensity of CdTe QDs at 595 nm decreases rap-
idly and reaches the bottom for about 2 min, while PEI-CDs
fluorescence intensity at 436 nm remains stable (Fig. 2c).

When heparin is added to the PEI-CD/CdTe CD system, the
fluorescence intensity of CdTe QDs is recovered and main-
tains constant at least 15 min (Fig. 2d), and PEI-CDs fluores-
cence intensity at 436 nm remains stable. So, heparin incuba-
tion time can be chosen 5 min. These results indicate a prom-
ising application in fast heparin assay.

Fluorescence quenching study

The fluorescence spectra of PEI-CD/CdTe QDs system were
measured in the presence of different concentrations of PEI-
CDs. A remarkable fluorescence decrease was observed with
the addition of PEI-CDs (Fig. S5A). The quenching constant
(Ksv) was calculated according to following equation [35]:

F0

ΔF
¼ 1

f a

1

Ksv

1

Q½ � þ
1

f a
ð1Þ

In this equation, ΔF is the difference of emission in-
tensities of CdTe QDs at 595 nm in the absence (F0) and
presence of PEI-CDs, fa is the fraction of maximum ac-
cessible fluorescence, [Q] is the concentration of PEI-
CDs, and KSV is the Stern-Volmer constant, which char-
acterizes the quenching efficiency of the quencher.
Results show that F0/ΔF is linearly proportional to
PEI-CDs concentration from 0 to 1.13 nmol·L−1 (Fig.
S4B), and KSV was calculated to be 1.549 × 106.

Table 2 Detection of heparin in
human serum samples Sample Average

(μg·mL−1)
Added
(μg·mL−1)

Found
(μg·mL−1)

RSD
(n = 5, %)

Recovery
(n = 5, %)

Serum 1 – 0.15 0.1481 2.7 98.75

Serum 2 – 0.3 0.3202 3.9 106.7

Serum 3 – 0.5 0.5467 2.4 109.3

Fig. 4 a The signal (fluorescence ratio of I595/I436) response of PEI-CD/
CdTe QDs system toward heparin or other interferents; b The signal
response of PEI-CDs/CdTe QDs system toward heparin in the presence

of various interferents (Heparin, 0.6 μg·mL−1; Dex、Chs、HA、BSA
and ATP, each of 6 μg·mL−1; other irons, each of 10 mmol·L−1)
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Ratiometric fluorometric assay for heparin

Figure 3a shows that the fluorescence intensity at 595 nm is
gradually recovered with the increase of heparin concentration.
Taking the fluorescence intensity at 436 nm as reference, the
ratio value of I595/I436 fluorescence intensities displays a good
linear relationship with the heparin concentration from 50 to
600 ng·mL−1 (around equal to 0.1–1.2 U·mL−1) (Fig. 3b). The
regression equation is Y = 0.4117 + 0.7499X, with a correla-
tion coefficient of 0.9974. The limit of detection (LOD) is
0.02 μg·mL−1 (0.04 U·mL−1) heparin, which is comparable to
other methods (Table 1) and much lower than the heparin ther-
apeutic level for cardiovascular surgery (2–8 U·mL−1) and
postoperation and long-term therapy (0.2–1.2 U·mL−1).
Therefore, the sensitivity of this method can meet the needs
of the clinical detection. More importantly, the ratiometric fluo-
rescence assay can provide a self-calibration and more reliable
measuring result than single-wavelength assays.

Selectivity

The influence of three heparin analogues commonly existing
in heparin samples, dextran (Dex), chondroitin sulfate (Chs)
and hyaluronic acid (HA)was investigated. Other investigated
relevant compounds and ions include BSA, ATP (each of
0.6 μg·mL−1), and Cl−, SO4

2−, HPO4
−、HCO3

−, Ac− and cit-
rate (each of 10 mM). As shown in Fig. 4a, Dex, Chs and HA
hardly produce obvious difference in signal of I595/I436 from
blank even at 10-fold concentration of heparin. Similarly, the
influences of other species also can be neglected. Further re-
search demonstrates that coexisted interfering substances have
little influences on detecting heparin (Fig. 4b). These results
reveal that the ratiometric assay presents good selectivity.

Detection of heparin in human serum samples

The feasibility of this system for the detection of heparin in
human serum was validated. The human serum samples were
collected from healthy volunteers, centrifuged at 13000 rpm
for 3 min, then the supernatant liquor was diluted 10-fold with
Tris buffer solution (pH 7.5, 20 mmol·L−1) to obtain the sam-
ple solution. None of heparin was found in sample solution.
The average recoveries of spiked heparin in human serum
samples reach 98.7–109.3% with a relative standard deviation
(RSD) of less than 5% (Table 2), which is acceptable for
quantitative assays performed in biological samples.

Conclusion

The PEI-CDs, CDs modified with PEI, possess strong fluo-
rescent and contain positively charged amine groups, which
provide effective quenching effect towards CdTe QDs due to

electrostatic absorption and aggregating effect. The fluores-
cence of CdTe QDs being quenched contributes a relatively
low background signal and further sensing toward heparin.
The detection limit of constructed ratiometric assay based on
PEI-CD/CdTe QDs for heparin is as low as 0.02 μg·mL−1

(0.04 U·mL−1). It is much lower than the clinical recommend-
ed heparin concentration. The selective can meet the require-
ment of biological sample assay. In sum, this method provides
numerous advantages, such as simple operation process, high
selectivity, rapid detection and reliable analytical result.
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