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Abstract: The development of sensitive and specific methods for the high-quality analysis
of hemin-related drugs is significant in the pharmaceutical field. In this work, a simple and
rapid method based on the fluorescent properties of carbon dots (CDs) was established
for the determination of hemin in drugs. By taking melamine and ethylenediamine as
the reaction materials, the fluorescent CDs were synthesized by a one-step solvothermal
method, which can be used for the determination of hemin in drugs by the fluorescent inner
filter effect. The as-prepared fluorescent CDs with rich functional groups on the surface dis-
played good water solubility, strong salt resistance, robust pH stability, and photobleaching
resistance. Most importantly, the fluorescent excitation wavelength of fluorescent CDs was
very close to the absorption wavelength of hemin, providing the evidence for the fluores-
cent inner filter effect. When the hemin concentration was in the range of 0.01–1 µM, there
was a good linear relationship between the hemin content with the fluorescence intensity of
CDs. The linear regression equation was (1 − F/F0) = 0.0897c + 0.0124, with a correlation
coefficient (R2) of 0.9982 and a detection limit of 9 nM. This assay was successfully used to
determine the content of hemin in the tablet, which displayed 97.9–105.5% of the labelled
amount, with a relative standard deviation of less than 3%. The developed fluorescence
method for the detection of hemin content displays the advantages of accurate, rapid, and
high sensitivity, which could prove to be a useful tool for the determination of hemin
supplement tablets.

Keywords: carbon dots; hemin; solvothermal method; fluorescent inner filter effect

1. Introduction
Hemin, a natural complex of protoporphyrin IX with an iron ion, is usually derived

from degraded blood proteins. In vivo, hemin not only carries oxygen through the blood
to maintain normal physiological functions, but also acts as an oxidation reduction catalyst
to achieve the electron transfer process of Fe (III)/Fe (II) reversible oxidation reduction
reactions [1]. Based on its oxidation reduction property, hemin is widely applied in natural
iron supplements to cure iron deficiency anemia in the pharmaceutical field [2]. Back
in the 1970s, hemin was approved by the Food and Drug Administration (FDA) for the
treatment of acute porphyria [3]. In recent years, a combination of hemin and metformin
has been investigated for the treatment of triple-negative breast cancer [4]. In addition to
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the pharmaceutical field, hemin and its derivatives have been extensively used in food [5],
chemistry [6], biological science [7], and many other fields. As a consequence, the detection
of hemin is exceedingly crucial for the high-quality evaluation of relative products.

At present, hemin analysis methods include electrochemistry [8], chemilumines-
cence [9], surface-enhanced Raman scattering [10], spectrophotometry [11], fluores-
cence [12], high-performance liquid chromatography [13], and mass spectrometry [14],
etc. However, most of them are limited by some respective drawbacks, such as laborious
operation, expensive equipment, and poor sensitivity. Relatively speaking, benefiting from
simple operation, low cost, and high sensitivity, the fluorescence assay acts a pivotal part
in constructing a fast, simple, economical, and sensitive detection method. For example,
Zhang et al. constructed a fluorescent sensor assisted by human serum albumin for the
rapid detection of hemin [15]. However, this method was restricted to the stability of
human serum albumin. Therefore, it is still necessary to develop a simple, stable, and
sensitive fluorescent sensor for the analysis of hemin.

Recently, fluorescent nanomaterials have been extensively investigated, such as or-
ganic fluorophores (OFs) [16], carbon dots (CDs) [17], quantum dots (QDs) [18], metal
organic frames (MOF) [19], and metal nanoclusters (MNCs) [20]. However, some inherent
defects restrict their further application. For example, OFs are prone to photobleaching [21],
QDs and MNCs are potentially polluting the environment [22], and the fluorescence proper-
ties of MOFs are easily affected by the environment [23]. As a monodispersive carbon-based
fluorescent nanomaterial, CDs have drawn tremendous attention due to their excellent
fluorescence [24], outstanding catalytic performance [25], robust stability [26], favorable
biocompatibility [27], simple preparation [28], and easy availability of materials [29]. By
virtue of these distinct advantages, CDs have been widely applied in various fields such
as chemical analysis [30], environmental monitoring [31], catalyst preparation [32], and
medical imaging [33]. Notably, heteroatom-doped CDs enable pH-responsive biointerfaces
for real-time cellular tracking via Förster resonance energy transfer mechanisms [34]. Addi-
tionally, their tunable red/near-infrared emission with two-photon absorption properties
expands applications in deep-tissue imaging and photodynamic therapy [35]. For example,
Qu et al. developed a CD-based ratiometric fluorescence method for the rapid on-site
detection of phosgene [36]. Wu et al. prepared lysosome-targeted green fluorescent CDs
for the intracellular detection and imaging of glutathione [37].

Until now, many synthesis methods have been developed to fabricate CDs, includ-
ing top-down and bottom-up approaches [38]. Arc discharge [39], the laser ablation
method [40], and electrochemical oxidation [41] are common top-down approaches, while
combustion [42], solvothermal synthesis [43], chemical oxidation [44], template method [45],
and microwave synthesis [46] are bottom-up approaches. However, the tough synthesis
conditions and the requirement of laboratory apparatus with high energy consumption are
the most crucial challenges to the employment of these methods. Therein, the solvothermal
method is a kind of synthesis method with a simply controllable process, low cost, and
green environmental protection, which is extensively used to prepare CDs with excellent
optical properties, uniform particle size, and great water solubility [47]. For instance,
Huang et al. prepared mitochondria-targeting CDs with homogeneous size, excellent
photostability, and favorable biocompatibility via a one-step solvothermal treatment for
peroxynitrite imaging in live cells [48]. Wu et al. obtained ultrabright CDs with photolumi-
nescence quantum yields of 78% for rapid and accurate discrimination between live and
dead cells [49].

The sensing principle is very important for the development of CD sensors. In general,
the detection mechanism of fluorescence CDs mainly includes fluorescence resonance
energy transfer (FRET) [50], the inner filter effect (IFE) [51], photoinduced electron transfer
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(PET) [52], static quenching [53], dynamic quenching [54], aggregation-induced emis-
sion [55], intramolecular charge transfer [56], hydrogen-bonding-induced emission [57], etc.
By comparison, IFE requires neither a covalent connection between the receptor and the
fluorophore nor the surface modification of fluorescent nanomaterials, which brings con-
siderable flexibility and simplicity to analytical sensing. In the past, IFE was thought to be
the source of errors in fluorescence analysis, which negatively influenced the fluorescence
responses of analytes [58]. Later, it was found that the absorption signal of the analytes
could be converted into a fluorescence signal by IFE, thus greatly improving the sensitivity
of the analytical method. In light of its distinct performance, IFE has become an effective
tool for developing simple, economical, and sensitive fluorescent sensors. For example,
Dai et al. developed dual-emissive CDs for the determination of acid red 18 in drinks and
candy using IFE [59]. Additionally, Li et al. quantified uric acid based on co-doped CDs via
IFE [51].

Herein, we synthesized blue fluorescent CDs with excellent optical properties under
a UV lamp via the one-step solvothermal method with ethylenediamine and melamine
as carbon sources at 220 ◦C for 6 h. The prepared CDs had uniform particle size, good
dispersion, and strong hydrophilicity with hydrophilic groups such as hydroxyl and
carboxyl groups on the surface. In this experiment, the fluorescence excitation spectrum of
CDs overlapped with the absorption spectrum of hemin to a large extent, which met the
conditions of fluorescent IFE (Scheme 1). In the absence of hemin, the CDs emitted blue
fluorescence under 360 nm excitation. In the presence of hemin, the hemin induced the
fluorescence quenching of the CDs via IFE. Compared with the traditional analysis methods
based on PET, FRET, and other strategies, our method based on fluorescent IFE has the
advantages of being simple and fast without complex modifications to the fluorescence
donor or covalent connection between the fluorescence donor and the absorption receptor.
Therefore, a simple and rapid fluorescence analysis method was established based on the
IFE for the detection of hemin.
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2. Results and Discussion
2.1. Characterization of CDs

Melamine and ethylenediamine were mixed in a high-pressure reactor under different
temperatures and times to prepare blue-emitting CDs. As a result, the CDs that synthesized
at 220 ◦C for 6 h displayed the highest fluorescence intensity (Figure S1). According to the
optimized conditions, the CDs were characterized by varieties of techniques to acquire
the properties. First, the morphology of CDs was investigated by a transmission electron
microscope (TEM), which revealed that the CDs were uniformly distributed with a quasi-
spherical shape in the aqueous solution (Figure 1A). Through the random statistics of
100 particles, the average particle size of the CDs was about 3.44 nm. Moreover, the CDs
had an obvious lattice spacing of 0.22 nm agreed with the (100) facet of graphite [60,61].
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Then, the Raman spectrum exhibited the sp3 configuration (D band) at 1371 cm−1 and
the sp2 configuration (G band) at 1557 cm−1, which were in line with the disordered and
graphitic structures, respectively (Figure 1B) [62,63]. In addition, the surface functional
groups were characterized by Fourier transform infrared (FTIR) spectroscopy (Figure 1C).
The results showed that a broad peak at 3446 cm−1 corresponded to N-H or O-H stretching
vibrations, and peaks around 2921 cm−1 and 2853 cm−1 correspond to C-H stretching
vibrations. The characteristic peaks at 1640 cm−1 and 1083 cm−1 suggested the existence of
the C=O and C-O stretching vibrations. The X-ray photoelectron spectroscopy (XPS) was
used to further analyze the surface chemical structure of CDs. The results indicated that the
CDs consisted of carbon, nitrogen, and oxygen, which was consistent with the constituent
elements in the materials. The relative atomic percentages on the surface were 56.23%,
24.21%, and 19.55%, respectively (Figure 1D). The high-resolution XPS spectrum of C 1s
showed three kinds of bands: C-C/C=C (284.4 eV), C-O/C-N (285.2 eV), and C=O/C-N
(287.3 eV). The O 1s spectrum revealed the presence of a C=O (530.4 eV) bond. The peak of
N 1s was deconvoluted into two main peaks at 398.5 eV and 399.9 eV, which correspond to
C-N and C=N. These XPS data revealed that the surface of CDs contained C-C, C-N, C=O,
and C=N bonds (Figure S2), which was consistent with the FTIR experimental result.
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Furthermore, the UV-vis and fluorescence spectrum studies were performed to explore
the optical properties of CDs (Figure 2A). Fluorescence spectra showed a maximum excita-
tion peak at 378 nm and a maximum emission peak at 453 nm. Thus, the CDs exhibited
blue fluorescence under a 365 nm UV lamp (Figure 2A inset). When the fluorescence
excitation wavelength was increased from 320 nm to 400 nm, the emission showed an
excitation-dependent behavior (Figure 2B). There are two mainly accepted fluorescence
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mechanisms to explain the excitation-dependent emission phenomenon of CDs: one is the
size-dependent quantum confinement effect and the other is the surface state emission
effect [64,65]. As shown in the inset of Figure 1A, the prepared CDs with a small distribu-
tion range of 2.5 to 5.5 nm were homogeneous enough, revealing that the size-dependent
quantum confinement effect was not the primary reason for this excitation-dependent
emission behavior [66]. In addition, the surface functional groups of CDs (such as hydroxyl
and amino) probably acted as capture centers for excitons to form multiple emission sites
or defect sites, resulting in the surface-state-dependent fluorescence of CDs [67]. As a
consequence, the excitation-dependent behavior of CDs was mainly due to the influence
of different surface states. In a word, using low-cost and easily available materials, we
successfully synthesize CDs with rich water-soluble functional groups and excellent optical
properties by using a simple solvothermal method.
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Figure 2. Optical properties of CDs. (A) UV-vis absorption and fluorescence spectra of the CDs.
The yellow line is the UV-vis absorption of the CDs. The pink and blue lines are the excitation and
emission spectra of CDs, respectively. The inset is the picture of CDs under a daylight lamp (left)
and a 365 nm UV lamp (right). (B) Fluorescence emission spectra of CDs with increasing excitation
wavelengths from 320 to 400 nm. Experimental conditions: CD concentration of 0.01 mg/mL, 10 mM
PBS buffer (pH 7.4).

2.2. Stability of CDs

When CDs are applied to analytical sensing in practical samples, it is essential to
consider the optical stability in terms of salt resistance, pH stability, and photobleaching
resistance. Therefore, the optical stability of the CDs was tested under assorted conditions.
The fluorescence intensity remained almost constant when the NaCl concentrations were
varied between 0 and 4 M, demonstrating the exceptional salt stability of CDs (Figure 3A).
When the pH increased from 2 to 7, the fluorescence intensity of CDs remained relatively
stable. However, it slightly decreased as the solution of CDs became alkaline (Figure 3B).
This may be due to the fact that the surface of CDs was rich in hydroxyl, carboxyl, and
other groups. When the pH increased, the surface of CDs could remove hydrogen ions
and be negatively charged, which affected the fluorescence intensity [68]. As a whole, the
pH stability could meet the requirements of the ordinary analytical environment. Lastly,
the photobleaching resistance of CDs was examined under 360 nm excitation for 2 h. The
fluorescence intensity hardly changed with the increase in time, which can be considered as
the prepared CDs possessing fine photobleaching resistance (Figure 3C). The three stability
tests manifested that the prepared CDs held robust stability and could be applied to the
analysis and detection of complex environments.
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Figure 3. Stability test of CDs. (A) Salt resistance assay of CDs in different NaCl concentrations
(0, 1, 2, 3, 4 M). (B) pH stability assay of CDs in different pH solutions (pH 2, 4, 6, 8, 12). (C) Photo-
bleaching resistance assay of CDs for 2 h. Experimental conditions: CD concentration of 0.01 mg/mL,
10 mM PBS buffer (pH 7.4), 4 mM Britton–Robinson buffer (used to adjust pH).

2.3. Detection of Hemin by the CDs

The CDs were allowed to be used as a probe for the analysis of hemin because of
their excellent optical properties, good water solubility, and robust stability. Various levels
of hemin from 0.01 to 100 µM were added to the sensing system (0.01 mg/mL CDs, PBS
buffer, pH 7.4), and the responding fluorescence spectra were then recorded (Figure 4).
With increasing concentrations of hemin, a decrease in fluorescence intensities at 453 nm
was observed, indicating the quenching effect of hemin on the fluorescence emitted by
the CDs. The quenching efficiency (1 − F/F0) displayed a good linear relationship in the
linear range of 0.01–1 µM, with a correlation coefficient (R2) value of 0.9982. The obtained
regression equation was 1 − F/F0 = 0.0897c + 0.0124. Meanwhile, the limit of detection
(LOD = 3 σ/k) was calculated as 9 nM, indicating that the CDs could successfully provide a
reliable platform for the quantification and analysis of hemin. In addition, our work shows
comparative sensitivity towards hemin as compared to alternative methodologies that have
been proposed (Table 1). All in all, these results attest to the sensitivity of our sensing
system in detecting and quantifying hemin, foreseeing its potential utility in complex
analytical applications.
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Table 1. Comparison of the IFE-based CDs with other reported strategies for hemin detection.

Methods Detection System Linear Range Detection
Limit Reference

Fluorescence fluorescent signal
reporter molecule 0.31–2.5 µM 9.84 nM [15]

Fluorescence AO-PS2.M/rGO 2.81–4.37 µM 50 nM [69]
Fluorescence Si-NPs 0.05–125 µM 29.5 nM [70]

Chemiluminescence artemisinin-
luminol 0.2–10 µM 200 nM [71]

Spectrophotometry extraction 1.15–9.2 µM 72 nM [72]
Fluorescence CDs 0.01–1 µM 9 nM This work

2.4. Specificity of CDs

Given that many metal cations and anions may affect the fluorescence intensity of
fluorescent nanomaterials to some extent, the specificity study of CDs including selectivity
and anti-interference ability was investigated in the environment of the different ions to
check out the applicability of CDs for the detection of hemin. Sixteen common metal
cations and anions were, respectively, selected to compare their effects on the fluorescence
intensity of CDs in the experiments. As shown in Figure 5A,B, the fluorescence intensity
ratio (F/F0) of CDs only decreased when hemin was added, while the fluorescence intensity
ratio provided by other ions was consistent with that of the blank group, confirming
the excellent selectivity of this detection method. The results of the anti-interference
experiment clearly displayed that the response of the biosensor presented almost no change
after the addition of the various interference analytes compared with the situation of only
adding hemin, indicating that the CDs had high anti-interference to the detection of hemin
(Figure 5C,D). This shows that the detection method had the desired selectivity and a robust
anti-interference ability. In consequence, the method could monitor and analyze hemin in
the complex system.
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2.5. Mechanism Investigation of the Fluorescence Quenching of CDs by Hemin

We further studied the mechanism for the fluorescence quenching of CD by hemin.
The ultraviolet–visible absorption spectrum of hemin displayed a maximum absorption
peak at 358 nm, which almost overlapped with the fluorescence excitation spectrum of CDs.
This resulted in the weakened fluorescence emission intensity of CDs in the presence of
hemin (Figure 6A). Therefore, we supposed that the detection mechanism may be IFE or
FRET. The fluorescence lifetime of a fluorescent substance is related to its structure, the
polarity and viscosity of its microenvironment, and other conditions [73–75]. Thus, the
differences in the system can be directly inferred from fluorescence lifetime. That is to say,
IFE does not change the fluorescence lifetime of the nanomaterial, while FRET will shorten
the fluorescence lifetime, so the fluorescence lifetime of CDs before and after the addition
of hemin were further measured. The results showed that the fluorescence lifetime of CDs
was 5.75 ns and 5.74 ns in the absence and presence of hemin, respectively (Figure 6B and
Table S1). It can be considered that hemin has no impact on the fluorescence lifetime of the
CDs. According to the above results, it was confirmed that the quenching mechanism was
the IFE rather than FRET [76].
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fluorescence excitation spectrum of CDs (purple line), and the fluorescence emission spectrum of
CDs in the absence (blue solid line) and presence (blue dotted line) of hemin. (B) The fluorescence
lifetime of CDs in the absence (blue line) and presence (red line) of hemin. Experimental conditions:
CD concentration of 0.01 mg/mL, hemin concentration of 0.1 µM, 10 mM PBS buffer (pH 7.4).

2.6. Determination of Hemin in Real Samples

In the end, the proposed CDs were applied to assess the content of hemin in Changxing-
brand hemin iron-supplement tablets. The reproducibility and accuracy of the method
were evaluated by examining the results of the method and the recovery of the labeled
amount. The recoveries of hemin in drugs were estimated to be 97.9–105.5%, with a relative
standard deviation (RSD) of less than 3% (Table 2). The results showed that the sensor
could detect hemin in the spiked samples with high precision and excellent reproducibility,
indicating that it had improved practical applications.

Table 2. Detection of hemin content in drugs.

Group
Labeled
Amount
(g/Piece)

Determined
Amount
(g/Piece)

Recovery (%) RSD (n = 3, %)

1 0.6 0.587 97.9 1.6
2 0.6 0.592 98.7 2.8
3 0.6 0.633 105.5 2.0

Experimental conditions: CD concentration of 0.01 mg/mL, PBS buffer (pH 7.4). Three parallel groups were
measured three times each.
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3. Materials and Methods
3.1. Apparatus

The heat source during the synthesis of CDs was provided by an electric thermostatic
drying oven (Shanghai Yiheng, Shanghai, China). The ultraviolet–visible spectra were
carried out on a UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan). The element
composition of CDs was analyzed by an ESCALAB250 X-ray photoelectron spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The morphology, particle size, and lattice of
CDs were characterized using a Tec-naiG2F20STWIN high-resolution transmission electron
microscope (FEI Company, Portland, OR, USA). The infrared spectra were obtained using
an FTIR-8400S Fourier transform infrared spectroscopy spectrometer (Shimadzu, Japan).
Fluorescence spectra were recorded by an F-2500 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan). The fluorescence lifetime was performed by an FS-TCSPC Time-resolved
Transient Fluorescence spectrometer (Horiba Jobin Yvon, Paris, France). Raman spectra of
CDs in the solution of silver nanoparticle were scanned by a LabRAMHR800 laser confocal
Raman spectrometer (Horiba Jobin Yvon, Paris, France).

3.2. Materials

Melamine and ethylenediamine were purchased from the Aladdin reagent company
(Shanghai, China). Dimethyl sulfoxide was purchased from Chongqing Chuandong Chem-
ical Co., Ltd. (Chongqing, China) as a solvent to dissolve the hemin. NaCl was purchased
from Chuandong Chemical Co., Ltd. (Chongqing, China) and used for controlling the ionic
strength. The water used in the experiments was ultrapure (18.2 MΩ·cm−1, Mili-Q, Merck
KgaA, Darmstadt, Germany).

3.3. Synthesis of CDs

CDs were synthesized via a one-step solvothermal method. In total, 50 mg melamine,
200 µL ethylenediamine, and 5 mL ultrapure water were added to the polytetrafluoroethy-
lene reactor, covered with a stainless steel jacket, and placed in an air blast drying oven.
After the reaction at 220 ◦C for 6 h, the reactor was naturally cooled to room temperature
to obtain a pale yellow liquid. The liquid was dialyzed against ultrapure water through
a dialysis membrane (500–1000 DA) for 24 h. The purified CD solution was lyophilized,
yielding light-brown solid products. The lyophilized CDs were weighed precisely and
redispersed in ultrapure water to prepare a stock solution (1.0 mg/mL). Then, the stock
solution was precisely diluted to 0.01 mg/mL, which was stored at 4 ◦C in the dark for
further use.

3.4. Fluorescence Property and Stability Test

The excitation and emission spectra of CDs (0.01 mg/mL) were scanned on an F-
2500 fluorescence spectrophotometer to determine their maximum excitation and emission
wavelength (slit 10 nm, voltage 700 V). The salt stability of CDs was tested by recording
the fluorescence intensity of CDs (0.01 mg/mL) in different concentrations of sodium
chloride (NaCl) (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 M). The pH stability was assessed by
measuring the fluorescence intensity of CDs (0.01 mg/mL) in different pH solutions (2.21,
3.29, 4.10, 5.02, 6.09, 7.0, 7.96, 8.95, 9.91, and 10.88). In addition, photobleaching resistance
was evaluated by detecting the fluorescence intensity of CDs (0.01 mg/mL) at different
times (0, 15, 30, 60, 90, and 120 min).

3.5. Quantification of Hemin

The hemin was first dissolved with a small amount of dimethyl sulfoxide (DMSO) to
prepare different concentrations of solution (0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, 2.5,
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5, 7.5, 10, 25, 50, and 100 µM). After mixing 50 µL CDs (0.01 mg/mL), 50 µL PBS, 50 µL
hemin, and 350 µL pure water, the fluorescence intensity of CDs was detected. According to
the relationship between the fluorescence intensity of CDs and the concentrations of hemin,
the curve was fitted to establish the linear equation between the fluorescence intensity ratio
(1 − F/F0) and the concentrations of hemin (c) (F and F0 were the fluorescence intensity
with and without hemin, respectively).

3.6. Specificity of CDs

The selectivity experiment was investigated by comparing the fluorescence intensity
of CDs (0.01 mg/mL) in the presence of different interfering ions (1 mM) and the hemin
(0.5 µM). The anti-interference experiments were studied by measuring the fluorescence
intensity of CDs (0.01 mg/mL) under different interfering ion conditions (1 mM) in the
presence of hemin.

3.7. Fluorescence Lifetime of CDs

The fluorescence lifetime of CDs before and after the response to hemin was measured
at room temperature by time-correlated single-photon counting (TCSPC) with the excitation
and emission wavelength of 360 nm and 453 nm, respectively.

3.8. Detection of Hemin in Drugs

Three pieces of Changxing-brand hemin iron-supplemented tablets (0.6 g/piece) were
comminuted and accurately weighed. Then, the powder was dissolved with DMSO
and gradually diluted with water until the final concentration of hemin was 0.5 µM.
Subsequently, the fluorescence spectra of mixtures (50 µL CDs, 50 µL PBS, 50 µL hemin,
and 350 µL pure water) were recorded under the excitation of 360 nm. The blank group
was an unmediated solution. Three parallel groups were measured three times each.

4. Conclusions
In summary, we developed blue fluorescent CDs via a simple one-step solvother-

mal method by reasonably using melamine and ethylenediamine as carbon sources. The
as-prepared CDs presented good optical properties and water solubility and high stabil-
ity, which contributed to analytical applications as excellent fluorescent probes. TEM,
FTIR, XPS, Raman, and other characterizations proved that the CDs were quasi-spherical
nanoparticles with massive water-soluble groups such as amino and carboxyl groups on
the surface. Since the fluorescence excitation spectrum of CDs almost overlapped with the
UV-vis absorption spectrum of hemin, a label-free fluorescence analysis method based on
the IFE was successfully established for the determination of hemin with a detection limit of
9 nM. Furthermore, our methods had favorable selectivity and anti-interference, which was
also applied in the determination of hemin content in drugs. This method is simple, fast,
and highly selective, which provides a powerful tool for the detection of hemin, indicating
a prospective application in drug quality analysis and biological sample analysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30061343/s1, Figure S1: Optimization of synthesis
parameters of CDs; Figure S2: The high-resolution XPS spectrum of CDs; Table S1: The influence of
hemin on the fluorescence lifetime of CDs.
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