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Carbon quantum dot preparation and application
to detecting active ingredients in traditional
Chinese medicine
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Abstract

Carbon quantum dots (CQDs) are fluorescent carbon nanomaterials that have been applied to biology, medicine, Q
optoelectronics, owing to their significant advantages such as simple synthesis methods, low cost, and widely available sources of
raw synthesis materials. This review summarizes CQD preparation methods, which include hydrothermal and microwave-assisted
synthesis methods, as well as separation methods such as centrifugation, dialysis, and filtration. Additionally, we review the
application of CQDs in the detection of active ingredients, primarily phenolic compounds, in traditional Chinese medicine. We also
discuss the quenching mechanism of CQD fluorescence using the active ingredients of traditional Chinese medicine. Limitations
such as insufficient test selectivity, weak fluorescence intensity, and an unclear quantitative relationship between preparation
methods and properties should be resolved for the efficient use of CQDs to detect active ingredients in Chinese medicine.

Keywords: Carbon quantum dots, Flavonoids, Fluorescence quenching, Phenolic compounds, Quality control, Traditional

Chinese medicine

1 Introduction

Carbon nanomaterials such as carbon nanotubes, nano-
diamonds, fullerenes, and carbon quantum dots (CQDs)
have recently undergone rapid development. Among these
materials, CQDs have received widespread attention
globally. The annual number of research papers on
CQDs has increased since 2010 (Figure 1), reaching more
than 2,000 per year after 2015.

CQDs are zero-dimensional nanomaterials with a size of
less than 10nm, and they typically have photolumines-
cence capabilities. The fluorescence emission behavior
of CQDs may be affected by many properties such as
excitation wavelength, ion concentration, pH value, and
solution temperature. CQDs have been used in applica-
tions such as bioimaging!'~*!, nanomedicine!**!, and drug
delivery!®®l, owing to their significant advantage of low
toxicity' .

In addition to the attractive properties of CQDs, the
preparation of CQDs also presents the advantages of synthesis
methods that are both simple and low cost as well as the wide
availability of synthetic raw materials. The following materials
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can be used to prepare CQDs: compounds such as ethanol,
citric acid, and ethylenediamine; foods such as starch, fruit
juice, and vegetables!'®?; natural products such as leaves
and grass!">"™); and human waste such as waste residue and
sludge! 5171,

Recently, the quality detection technology for traditional
Chinese medicine has developed rapidly. Chromatographic
methods are widely used in pharmacopoeia to quantita-
tively determine the chemical components of traditional
Chinese medicine, which provides strong support to control
their quality. However, limitations, such as the high cost of
detection and long analysis time, still exist. CQDs have
already demonstrated good application prospects in food
and drug safety and environmental quality monitoring,
which provide new pathways for the quality testing of
traditional Chinese medicines.

A literature review was conducted to find published papers
on CQDs detecting active ingredients in traditional Chinese
medicine. A comprehensive systematic literature search was
conducted in the Web of Science and CNKI. The literature
search covered the period from October 2004 to June 2020. In
this review, the recent synthesis and separation methods of
CQDs and their application in traditional Chinese medicine
quality testing are summarized.

2 CQD synthesis and separation methods

Many methods to synthesize CQDs have been reported.
These materials can be prepared via laser ablation and
hydrothermal methods using macromolecular and small
molecular compounds as raw materials, respectively.
Table 1 presents the synthesis methods and characteristics
of CQDs.

Seventyfour articles were statistically analyzed, and the
ratio of the various preparation methods used is shown in
Figure 2. Generally, small-molecule compounds have been
commonly reported for the synthesis of CQDs, owing
to their simple and environmentally friendly synthesis
methods and their advantageous properties of uniform
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Figure 1. Number of papers on the Web of Science website related to the
topic of “carbon quantum dots” for the past 11 years.

size and stability. The hydrothermal method is currently
the most widely used synthesis method for the preparation
of CQDs. The arc discharge method and laser ablation
method are rarely used, owing to their cumbersome
processes. Citric acid, ethylenediamine, sugars, and amino
acids are the most commonly used raw materials!'®2%, In
addition to the hydrothermal method, the microwave-
assisted synthesis method is also simple to operate and has
been widely used in recent years.

At present, separation and purification methods for
CQDs consist of centrifugation, filtration, dialysis,
precipitation, extraction, and column chromatography.

www.ahmedjournal.com

Table 2 lists the CQD separation and purification methods
in the existing literature. Table 2 shows that the individual
purification methods that are most frequently used are
centrifugation and dialysis. The combinations of centrifu-
gation and filtration with dialysis are the most commonly
used separation processes. Ion-exchange resins can often
provide better separation effects since CQDs typically
have acid/base groups on their surfaces. There are also a

few studies in which CQDs are not separated and
puriﬁed[30’42].

3 Application of CQDs in the detection of active
ingredients in traditional Chinese medicine

Currently, CQDs are primarily used to detect flavonoids
and phenolic compounds in the field of traditional Chinese
medicine. Many phenolic compounds have a linear
relationship with the fluorescence quenching of CQDs
within a particular concentration range, they can be used
for quantitative detection.

Studies on the detection of flavonoids and phenolic
compounds using CQDs are listed in Table 3. It can be
observed from the table that citric acid is one of the most
frequently used synthetic raw materials. Synthesis methods
consist of microwave, hydrothermal, and chemical oxida-
tion methods. The most commonly used separation
methods are dialysis and dialysis after filtration. The limits
of flavonoid detection are lower than 0.3 uM, and those of
other phenolic compounds are lower than 5§ WM. Detections

Synthesis methods and characteristics of CQDs.

Synthesis method Procedure Characteristic Reference
Arc discharge method First, single-walled carbon nanotubes are The operation and purification process are 23]
extracted from arc discharge soot via the complicated, and the quantum vyield is low.
preparation electrophoretic method.
Second, fluorescent nanoparticles are
obtained after purification.
Laser ablation method A carbon precursor is irradiated with a The preparation process requires the use of [24-28]
laser, and the surface of the carbon organic solvents or strong acids. The
nanoparticles is modified by different modification process is relatively complicated
methods to obtain CQDs. and time-consuming. It is also convenient to
perform the synthesis and surface
modification of fluorescent carbon
nanoparticles simultaneously.
Electrochemical method CQDs are obtained via the electrolysis of The method is simple, fast, and low-cost; (29-32]
graphite anodes or other electrolytes. however, the device is relatively complicated. o1 st

Microwave method A carbon precursor is heated rapidly under
microwave conditions to synthesize
CQDs.

A carbon precursor is placed in a high-
temperature and high-pressure sealed
container for a long period of time for
the reaction to synthesize CQDs.

A carbon precursor is carbonized using

external heating to synthesize CQDs.

Hydrothermal method

Pyrolytic method

Chemical oxidation method A strong oxidant is used to oxidize the
carbon precursor, and the reaction

generates heat to drive further reactions.

The method is simple, environmentally friendly,
efficient, low-cost, and has a high quantum
yield.

The synthetic materials are simple. CQDs have
the advantages of high water solubility,
uniform size. and high quantum vyield.

[1-4,6,10-14,16,20-22,46-72]

The method is simple, low-cost, and does not [19.73-76]
require solvents; however, it presents the
disadvantage of requiring long-term high-
temperature heating.
[15,77-78]

The method is simple, fast, and efficient.
However, it is not suitable for the large-scale
preparation of CQDs, owing to the large
consumption of the oxidant.

CQDs: Carbon quantum dots.
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Figure 2. Percentage distribution of various preparation methods.

do not typically experience interference from common ions,
sugars, and other compounds. However, the fluorescence of
CQDs may be quenched by some heavy metals1-5 164721,
He et al.!®* prepared CQDs via a one-step hydrothermal
synthetlc route; these CQDs can specifically interact with
Hg”* in an aqueous medium to form aggregates, Wthh
facilitated electron transfer from the CQDs to Hg**. As
a result, the fluorescence of the CQDs was efﬁc1ently
quenched which made the detection of Hg** highly

Separation and purification of CQDs.
Separation and purification methods

Reference

Preparative electrophoresis (23]

Centl’ifugation [3,12,19,24-25,27-28,43,66]
Extraction (261
DialySiS [1,4,22,29,37,39,41,44-46,61-65,71,74,77]
Column chromatography [21,53-54]
Washing with water (14
34,36,40,50,69]

Filtration

Dialysis after centrifugation

Dialysis after filtration

Dialysis after extraction

Filtration and centrifugation

Dialysis after centrifugation
and filtration

Precipitation after centrifugation
and filtration

Dialysis after alcohol precipitation
and centrifugation

Centrifuge, filter, adjust pH,
and then centrifuge

Dialysis after filtration, centrifugation,
and extraction

[2,11,13,17,20,35,38,55,59,78]
[10,47,51,57-58,60,76]

[49,67]

[7,32,61,72]
[6,15,16,48,52,56,68,73]

[75]

[B1]

[33]

[70]

CQDs: Carbon quantum dots.
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sensitive with a quantitation limit of 2.2nM. Thus, the
fluorescence probe established was successfully applied to
the quantitative detection of Hg?* in Fufang Shuanghua
pills and Changyanmng pills.

Liu et al.!** prepared CQDs via the microwave method
using aspartic acid and urea. Hydroxyl (-OH), carboxyl
(-COOH), and amino (-NH,) functional groups existed
on the surface of the CQDs with an average diameter of
2.8nm. Results showed that chlorogenic acid had no
quenching effect on the CQDs. Additionally, Zhu et al.[*!
prepared CQDs via the hydrothermal method using citric
acid and L-histidine. Carboxyl and amino functional
groups existed on the surface of CQDs with an average
diameter of 3.9nm. In this case, chlorogenic acid had
a clear fluorescence quenching effect on the CQDs.
Although some CQD functional groups were the same,
a considerable difference in the quenching effect was
observed, which indicated that the influences of the
preparation methods and raw materials on CQD perfor-
mance were complex.

The structural formulas of the detected compounds
are listed in Table 4. All the compounds contain a benzene
ring structure and a conjugated system composed of two or
more hydroxyl groups or other groups on the same benzene
ring. This also indicates that ingredients with a similar
chemical structure may be analyzed with CQDs.

4 Fluorescence quenching mechanism of CQDs

There are many mechanisms by which phenolic chemical
components quench CQD fluorescence, including the
inner filter effect (IFE), static quenching effect, and
photoinduced electron transfer.

IFE refers to the absorption of light at both the
excitation and emission wavelengths by phosphors or
other coexisting substances!””. The CQDs absorb the
excitation or emission light in the detection system when
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Structural formulas of the detected compounds.

Compounds Category Structural formulas Reference
Kaempferol Flavonoids )
Hyperin Flavonoids (78]
Rutin Flavonoids [19.40]
OH o
Baicalein Flavonoids O | 22)
Morin Flavonoids O | o [41]
Quercetin Flavonoids [42-43]
Phillyrin Flavonoids [71]
Isorhamnetin Flavonoids [44]
Myricetin Flavonoids [4s]
Chlorogenic acid Phenolic compounds [57]
HO ‘ty,
"oH
HO
(continued)
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| Table 4|

(continued).

Compounds Category

Structural formulas Reference

Curcumin Phenolic compounds

Pyrogallic acid Phenolic compounds

Caffeic acid Phenolic compounds

[58-59]
HO.

\O

OH
; OH
OH

HO.

[61]

[60]

OH

HO

the absorption spectra of the quencher in the detection
system overlap with the excitation or emission spectra of
the CQDs; this produces the IFE®?!, Wu et al.*® observed
that CQD fluorescence was almost completely quenched
within 1min after adding curcumin to the system. The
CQD emission spectra exhibited a precise overlap with the
absorption band of curcum1n§ thus, curcumin could
absorb the CQD emission light! 1. No clear excited-state
interaction or electrostatic interaction between curcumin
and the CQDs was identified. Consequently, IFE was the
only possible dominant reason for CQD fluorescence
quenching induced by curcumin®®). IFE was also identi-
fied as the quenching mechanism of chlorogenic acid on
CQDs!57

Static quenching occurs when a non-fluorescent ground-
state complex is formed via the i 1nteract10n between CQDs
and a quencher!®!! - Huang et al.’®?! confirmed the static
quenching mechanism using the quenching effect of heme
on CQDs. The average CQD fluorescence lifetime was
approximately constant in the absence or presence of
heme, and an ultraviolet absorption peak confirmed that
heme and CQDs form a complex, which indicated that the

(%D fluorescence quenching mechanism is static quench—
ing'®~!. The quenching constants increase with increasing
temperature for dynamic quenching; however, static
quenching does not have this effect. Therefore, the
fluorescence quenching mechanism can be analyzed using
the Stern—Volmer equation'®?). Li et al.'" investigated the
quenching effect of pyrogallic acid on CQDs at different
temperatures. The use of the Stern-Volmer equation
confirmed that the fluorescence quenching mechanism of
pyrogallic acid on CQDs is static quenching. Similarly, the
mechanism by which baicalein quenches CQD fluores-
cence is also static quenching!

Photoinduced electron transfer can be explained as the
electron transfer between the CQDs (electron donor or
electron receptor) and quencher (electron receptor or
electron donor), which forms cation radicals and anion
radicals, respectively®!. Ahmed et al.”®! proposed a
possible mechanism for CQD quenching using tannic acid
that may be attributed to an electron transfer process from
the photoexcited CQDs to the aromatic groups in tannic

86

acid. The CQDs may be wrapped by tannic acid-
mimicking dendrimers, which allows an effective non.
radiative energy transfer process. Similarly, Liu et al.l”
also confirmed this photoinduced electron transfer via
the fluorescence quenching effect of hyperoside on the
prepared CQDs.

5 Summary and outlook

Compared with conventional methods for the quantitative
detection of flavonoids and other phenolic compounds,
methods based on CQD fluorescence quenching sensors
provide many analytical advantages, such as simple
operation, environmentally friendly synthesis, rapid
detection, and low cost. However, there are still several
limitations regarding these methods that need to be
mitigated.

First, the detection selectivity requires improvement.

The complex components of Chinese medicinal material
extracts and Chinese medicine preparations interfere with
the specific detection of CQDs, owing to their similar
chemical structures and physical and chemical properties.
Addltlonally, there may be substances, such as heavy
metal ions (Hg**, Cu?*, and Fe>*) and pesticide residues,
in Chinese medicinal materials that also quench CQD
fluorescence® "%, These factors may lead to false-positive
test results. Therefore, low selectivity limits the applica-
tion of CQDs to the detection of active ingredients in
traditional Chinese medicine. Surface passivation and
doping with heteroatoms and nitrogen have a s1gn1ﬁcant
influence on the fluorescence performance of CQDs!®*
We intend to improve the synthesis method and dopmg
with different heteroatoms to increase the fluorescence
properties and detection selectivity of CQDs.

Second, the fluorescence intensity of CQDs is low.

Although the methods to detect phenolic compounds
based on CQDs have been applied to the detection of
active ingredients in traditional Chinese medicine, their
sensitivity is still lower than that of high-performance
liquid chromatography (using both ultraviolet and mass
spectrometry). Future research efforts should be directed
toward significantly enhancing the fluorescence yield and
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fluorescence intensity of CQDs to improve the sensitivity
of CQD detection. Therefore, the optical properties and
luminescence mechanism of CQDs should be thoroughly
studied to optimize the synthesis and modification
methods of CQDs.

Third, the quantitative relationship between the prepa-
ration methods and the performance of CQDs is unclear.

The structure and properties of the obtained CQDs are
significantly different, owing to the variety of raw
materials and preparation methods used. However, the
relationship between the structure and properties of
CQDs is rarely discussed. A possible reason is that the
prepared CQDs comprised a mixture, and their structure
was not completely identified in most published studies.
To the best of our knowledge, there is no study that
compares the performance of CQDs prepared with the
same raw materials but using different methods. Presently,
it is still difficult to design a synthesis route according to
the nature of the detection object. We recommend the
systematic study and identification of the quantitative
relationship between the synthesis conditions and CQD
performance so that suitable raw materials and reasonable
synthetic routes can be selected as required.
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