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Heparin (HEP) is one of the oldest anticoagulant drugs, widely used in clinical settings, particularly in surgery
and dialysis machines. Despite its long history, it remains extensively employed in medical practice. This
study introduces a selective and cost-effective method for the rapid detection of HEP using red-
emission carbon dots (R-CDs). These R-CDs were synthesized through a one-pot hydrothermal method,
utilizing neutral red and thiourea for photostability, biocompatibility, and low cytotoxicity. Key
parameters affecting the sensing process, including nanoprobe volume, pH, buffer type, and incubation
time, were optimized to achieve potential assay conditions. The fluorescence intensity of the nanoprobe

at 625 nm gradually decreased as the concentration of HEP increased from 60 to 240 nM. These

Received 14th September 2024 . . ) ) ) ) . . . .
Accepted 21st November 2024 changes in fluorescence intensity showed a linear relationship with HEP concentration within this range,
achieving a limit of detection (LOD) of 5 nM. The proposed nanoprobes facilitate both quantitative and

DOI: 10.1035/d4ra06655¢ qualitative non-invasive analysis of HEP in various human biofluids, suggesting their potential for broader
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1. Introduction

Heparin (HEP) is a linear polysaccharide with high sulfation,
characterized by a primary disaccharide repeating unit
composed of linked iduronic acid and glucosamine residues.*
With its abundance of sulfo and carboxyl groups, HEP
possesses the highest negative charge density among known
biomolecules.»* This biomolecule uniquely binds to anti-
thrombin, accelerating the interaction between antithrombin
and thrombin, leading to thrombin-inactivation blood coagu-
lation.* Consequently, HEP is extensively applied in clinical
settings as an anticoagulant. However, the improper use of HEP
can lead to adverse effects, such as heparin-induced thrombo-
cytopenia (HIT).> Moreover, the precise monitoring of HEP
dosage is critical during treatment, as overdosing can result in
severe complications, including hemorrhage and osteoporosis.®
For cardiovascular surgery, a dosage range of 2-8 U mL ™" is
considered appropriate, while for postoperative and long-term
treatment, a range of 0.2-1.2 U mL ™' is recommended.
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Currently, HEP dosage in clinical settings is typically moni-
tored using activated clotting time (ACT), activated partial
thromboplastin time (aPTT), or anti-factor Xa assays.”®
Although these methods are well established, they have
inherent limitations, such as indirect measurement and lack of
precision, underscoring the need for novel analytical methods
to measure HEP concentrations in blood samples.®*

HEP injections prevent the formation of harmful blood clots
in blood vessels, the heart, and the lungs, playing a vital role
during surgery, such as open-heart and bypass procedures. They
are also crucial for kidney dialysis and blood transfusions.
Although commonly referred to as a “blood thinner”, HEP does
not dissolve clots, but prevents their growth. HEP is also used in
diagnosing and treating severe blood disorders." Recent
studies suggest that HEP also exhibits anti-tumor properties
and hypolipidemic effects. Given the varying dosages required
for surgical cardiovascular treatment and long-term therapy,
the accurate and sensitive measurement of HEP levels is
essential.”

Several sensors for HEP detection have been reported
(Table 1), including HPLC/resonance light scattering detec-
tion," fluorometry"*™® and colorimetry.">*" While effective,
these methods have limitations such as high cost, complexity,
time consumption, environmental hazards, and the need for
rare reagents, emphasizing the necessity for simpler analytical
methods for HEP determination.?” HEP detection could benefit
from newly developed sensing probes capable of measuring
various non-fluorescent compounds.>*™’
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Table 1 A comparison of the applicability of the proposed sensor with other reported sensors for HEP detection

Method LOD LDR Time (min) Sample Ref.
HPLC 02mgL™" 0.5-10 mg L — Serum 13
Spectrofluorimetry 8.2 nM 10-100 nM — Injection form 18
Spectrofluorimetry 1.41 pg mL ™" 6-20 pg mL ™" 3.5 Injection form 17
Spectrofluorimetry 10 pg mL ! 14.4-72 pg mL™" Serum 16
Spectrofluorimetry 0.01 mg mL ™" 0.01-4 mg mL ™" — Urine 15
Spectrofluorimetry 0.4 uM 0-16 M — Injection form 14
Colorimetry 90 nM 0-60 uM — Water 21
Colorimetry 5ng mL " 0.02-0.28 pg mL™* — Water 20
Colorimetry 30 ng mL™" 0.09-3.12 pg mL ™" 15 Serum 19
Spectrofluorimetry 5 nM 60-240 nM 4 Urine, serum, injection form This study

Carbon dots (CDs), a novel class of quantum dots (QDs), are
fluorescent, zero-dimensional carbon nanoparticles less than
10 nm in size. They show significant potential in various fields due
to their excellent properties, such as low or non-toxicity,” optical
and chemical stability,” biocompatibility, environmental friend-
liness,* and high water solubility.*** CDs are especially valuable
in sensing research, as their engineered surface functional groups
provide specific molecular recognition capabilities. However, most
reported CDs emit blue fluorescence, and their fluorescence is
often quenched in the solid state due to aggregation. Red-
emission carbon dots (R-CDs) offer advantages for various appli-
cations, but pure R-CDs with red emission in both solid state and
aqueous solution have rarely been reported. Addressing these
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challenges, this study synthesizes R-CDs and applies them as
nanoprobes for detecting and quantifying HEP in human bio-
fluids such as serum and urine, as well as in injection samples.

2. Experimental
2.1. Materials and apparatus

Details of the materials and apparatus are provided in the ESL.}

2.2. Synthesis of R-CDs

R-CDs were synthesized using a hydrothermal method.
Briefly, a solution containing 0.1 g of thiourea and 0.1 g of

I
RASTAK LAB

(@ and b) TEM, (c) histogram (d) EDX and elemental mapping of the synthesized R-CDs.
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neutral red (NR) dissolved in 20 mL of ultrapure water was
prepared in a 50 mL Teflon-lined autoclave. The reaction
mixture was heated at 180 °C for 3 hours. After the reaction,
the crude product was centrifuged at 10000 rpm for 20
minutes to remove impurities. The resulting clear superna-
tant was purified using dialysis bags (1000 Da) with ultrapure
water for 48 hours. Finally, the R-CD solution was stored at 4 °©
C for further use.*®

2.3. HEP detection procedure

Fluorescence analysis was conducted as follows: 800 L of R-
CDs was dissolved in phosphate buffer (PB) solution (10 mM,
pH 6.0). Different aliquots (12-48 pL) of HEP stock solution
(1000 nM) were added to the prepared solution, and the final
volume was adjusted to 2 mL with Milli-Q grade DI water. Four
minutes after the final addition of HEP, the solution was
transferred to a cell, and the fluorescence spectrum was recor-
ded under excitation at 530 nm.

View Article Online
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2.4. The measurement of interference

To evaluate the selectivity of the developed sensor for HEP,
various substrates, including adenosine triphosphate (ATP),
NaCl, Na,HPO,, Na,COj3, NaAc, glucose and sucrose, ascorbic
acid, dopamine and cysteine (each at a concentration of 1200
nM), were mixed with 800 puL of R-CDs and 200 pL of phosphate
buffer (PB) solution (pH 6.0, 10 mM). The final volume was
adjusted to 2 mL with DI water. Under optimal conditions, the
fluorescence spectrum was recorded with excitation at 530 nm.

2.5. Preparation of real samples

Urine and serum samples were collected from healthy, fasting
30 year-old female participants in accordance with ethical
guidelines. The samples were separately centrifuged at
4000 rpm for 15 minutes. Then, 100 pL of each centrifuged
sample was diluted with deionized (DI) water in 10 mL volu-
metric flasks. HEP was added to these diluted samples to ach-
ieve final concentrations of 60, 160, and 240 nM. Additionally,
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(a) FT-IR spectra of NR and R-CDs, (b) UV-vis and (c) emission spectra of synthesized R-CDs.
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a HEP sodium injection was diluted with deionized (DI) water to
a final concentration of 1000 nM. All prepared samples were
tested using the developed sensor, with each measurement
performed in triplicate.

3. Results and discussion

3.1. Characteristics of the R-CDs

Various analyses were conducted to characterize the structural
and morphological features of the synthesized nanoprobes.
TEM images of R-CDs at different magnifications (Fig. 1a and b)
show that the R-CDs are uniformly dispersed in spherical
shapes without significant aggregation. This uniform distribu-
tion confirms the successful synthesis of the nanostructures.
The average nanoparticle size was estimated to be 2.7 +
0.06 nm, as depicted in the histogram of the R-CDs (Fig. 1c).
EDX mapping (Fig. 1d) revealed the presence of carbon (C),
oxygen (O), nitrogen (N), and sulfur (S) in the synthesized
nanoprobes.

To further investigate the functional groups in the synthe-
sized product compared to the primary substances, FTIR
spectra of natural red (NR) and the synthesized R-CDs were
recorded and are shown in Fig. 2a. Peaks around 3496 cm *,
1720 cm ™', and 1210 cm ™' correspond to the stretching vibra-
tions of O-H, C=0, and C-O-C, respectively.** The peak at
3296 cm~' represents the stretching vibrations of N-H.
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Fig. 3 PL spectra of the different solutions: R-CDs, HEP (100 nM),
a mixture of R-CDs and PB (20 mM) with pH of 6.0 in the absence and
the presence of HEP.
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Additionally, peaks at 1551 cm™ ' and 1412 cm ' indicate the
presence of C=C and C-N bonds.** Absorption peaks around
618 cm ', 1106 cm ', and 2918 cm ' correspond to the
stretching vibrations of C-S, C-O, and C-H, respectively.’*3¢

The optical properties of the R-CDs were examined using UV-
vis absorption (Fig. 2b) and emission spectra (Fig. 3b). As shown
in Fig. 2b, the UV-vis absorption spectrum of the R-CDs displays
a broad absorption band spanning from 400 to 600 nm, with
a maximal absorption peak at 530 nm. This peak is attributed to
the n-7* transitions of surface states containing C=0, C-O/C-
N, and C-S structures,’”*® The R-CDs display optimal emission
at 625 nm when excited at 530 nm (Fig. 3b). Therefore, 530 nm
was chosen as the excitation wavelength for all experiments to
ensure high sensitivity.

3.2. HEP detection using R-CDs

The primary objective of this study is to develop a novel strategy
for HEP measurement using R-CDs as the nanoprobe. To eval-
uate the role of R-CDs in this approach, photoluminescence
(PL) spectra for each substrate and their mixtures were recorded
within the range of 500 nm to 800 nm. As shown in Fig. 3,
a solution containing 100 nM of HEP does not exhibit emission
spectra under 530 nm excitation, whereas a solution of R-CDs
shows a peak at 625 nm under the same excitation. A mixture
of R-CDs and phosphate buffer (PB, 20 mM, pH 6.0) exhibits
a peak at 620 nm. The addition of 180 nM of HEP to this mixture
results in a decrease in the intensity of the emission spectra,
likely due to the interaction between buffer ions and the surface
states of R-CDs, indicating the aggregation of R-CDs upon the
introduction of HEP. A schematic illustration suggesting the
selective detection mechanism of HEP by R-CDs is shown in
Scheme 1.

3.3. Optimization of HEP detection using R-CDs

To achieve a stable maximum response, various analytical
parameters, including excitation wavelength, pH, buffer type,
nanoprobe volume, and incubation time for HEP detection,
were optimized. Fig. 4a illustrates the fluorescence emission of
the R-CD solution under different excitation wavelengths (Aey)-
Increasing Aexw from 440 to 530 nm enhances the fluorescence
emission intensity (iem around 625 nm); thus 530 nm was
selected for maximum sensitivity. According to a recent study,*®
PH significantly influences the fluorescence intensity of R-CDs
(Fig. 4b). Fluorescence intensity increases from pH 2.0, peaks
at pH 6.0, and then decreases up to pH 9. Therefore,

R-CDS

2,=530 )\,cm: 625 Ae=1530 )"em= 625
~ x
5 L
e

R-CDS

Scheme 1 A schematic presentation for the selective detection of HEP by R-CDs.
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measurements for HEP were performed at pH 6.0. Different
20 mM buffers (phosphate (PB), citrate (CB), and acetate (AB)
buffers), at pH 6.0 were tested in a mixture of R-CDs (800 uL)
and HEP (12 pL, 60 nM). The fluorescence emission spectra

Intensity
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indicated that PB provided the best medium for HEP detection
(Fig. 4c). The effect of R-CD volume on sensor response in
20 mM PB (pH 6.0) containing HEP (60 nM) was examined,
showing a decrease in intensity with the volume increasing
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(a) The fluorescence emission spectra of R-CD aqueous solution under different excitation wavelengths ranging from 440 to 550 nm. (b)

Effect of different pH from 4.0 to 6.0. (c) Effect of different buffers including 20 mM of CB, PB and CA at pH of 6.0. (d) Effect of R-CD volume from
200 pl to 1000 plL in 20 mM PB (pH: 6.0) containing HEP (60 nM). (e) Effect of incubation time from O min to 6 min for 20 mM PB (pH: 6.0)

containing HEP (140 nM) and 800 pL of R-CDs.
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(a) The recorded absorbance spectra and (b) linear calibration curve for different concentrations of HEP ranging from 60 nM to 240 nM in

the presence of the nanoprobes under the optimum conditions. (c) The response of the developed sensor towards HEP compared to ATP, NaCl,
Na,HPO,4, Na,COs3, NaAc, glucose, sucrose, ascorbic acid, dopamine and cysteine with 10-fold greater concentration than HEP (100 nm).

from 200 pL to 800 pL, followed by an increase from 800 pL to
1000 pL. Since 800 pL of R-CDs provided a stable minimum
signal and demonstrated good interaction with HEP, this
volume was chosen for further experiments (Fig. 4d). The effect
of reaction time on 20 mM PB (pH 6.0) containing HEP (140 nM)
and 800 pL of R-CDs showed that the intensity decreased upon
HEP addition up to 2 minutes, after which it remained
unchanged. Thus, 4 minutes was deemed sufficient for HEP
detection (Fig. 4e).

3.4. HEP detection

One notable advantage of this study lies in its utilization of
simple, cost-effective, and environmentally friendly materials
for HEP assays. The detection process involved the straight-
forward addition of R-CDs as the nanoprobe under mildly
acidic conditions. To assess the impact of increasing HEP
concentration, varying concentrations of HEP were introduced
to 800 pL of the buffered nanoprobe under optimized condi-
tions. Fluorescence spectra were then recorded from 500 to
800 nm (Fig. 5a). As depicted in Fig. 5b, in the absence of HEP,
the fluorescence intensity of the R-CDs remains robust in
aqueous solution. However, the fluorescence intensity at
620 nm gradually diminishes with HEP concentration
increasing from 60 nM to 240 nM, fitting the regression
equation I (intensity in the presence of analyte)/I, (intensity in
the absence of analyte) = —0.0017 [HEP] + 1.1084, with a high
correlation coefficient (R*) of 0.9927. The limit of detection
(LOD) was determined to be 5 nM based on S/N = 3. These
calculated linear dynamic range (LDR) and LOD values are
comparable to or exceed those reported for several sensors
used in HEP detection across various real samples. The intense
fluorescence of R-CDs in aqueous solution could be attributed
to surface groups, such as hydroxyl, carboxyl, sulfur, or
nitrogen. These groups likely interact with the negative sulfate
and carboxylate groups present in HEP via electrostatic inter-
actions, resulting in R-CD aggregation and fluorescence
quenching.'®%

2222 | RSC Adv,, 2025, 15, 2217-2223

3.5. Interference study

To evaluate selectivity, potential interfering substrates,
including adenosine triphosphate (ATP), ATP, NaCl, Na,HPO,,
Na,CO;, NaAc, glucose, sucrose, ascorbic acid, dopamine and
cysteine, were prepared and tested using the proposed sensor.
The results presented in Fig. 5c indicate that no species, at
higher concentrations than HEP (60 nM), show any significant
interference. Thus, the sensor is acceptably selective for HEP.

3.6. Detection of HEP in actual samples

To assess the practicality of the sensor in authentic samples,
urine, human serum, and tablet specimens were prepared as
outlined. Subsequently, 200 pL of each prepared sample was
introduced to the R-CDs under optimized conditions, and the
corresponding fluorescence spectra were captured using the
standard addition technique. As detailed in Table 2, the deter-
mined concentrations of HEP in all samples closely matched
the actual concentrations. The calculated recovery rates ranged
from 95.41% to 106.71%, with RSD values below 3.00%, con-
firming the satisfactory feasibility of the developed sensor for
HEP detection in real-world samples.

Table 2 Detection of HEP in human urine, serum samples and
injection sample using the proposed sensor

Real sample Spiked (nM) Found (nM) Recovery (%)
Urine 0.00 0.00 0.00
100.0 99.78 99.78
160.0 152.0 95.41
240.0 244.0 102.0
Serum 0.00 0.00 0.00
100.0 99.47 99.47
160.0 159.0 99.39
240.0 240.9 100.4
HEP injection form 0.00 6.10 —
100.0 106.7 106.7
160.0 166.4 104.0
240.0 232.9 97.00

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In summary, R-CDs were created as nanoscale probes, and their
physical and chemical characteristics were examined using
various methods. Multiple factors influencing the detection
were optimized. These economical probes, which perform well
in slightly acidic environments, were employed for the swift and
easy identification of HEP over a wide concentration range. The
straightforward and immediate monitoring of HEP in real
human and drug samples showcases the promising analytical
capabilities of the developed sensor.
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