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Abstract Carbon dots (CDs) possess unique optical properties
such as tunable photoluminescence (PL) and excitation depen-
dent multicolor emission. The quenching and recovery of the
fluorescence of CDs can be utilized for detecting analytes. The
PLmechanisms of CDs have been discussed in previous articles,
but the quenching mechanisms of CDs have not been summa-
rized so far. Quenching mechanisms include static quenching,
dynamic quenching, Förster resonance energy transfer (FRET),
photoinduced electron transfer (PET), surface energy transfer
(SET), Dexter energy transfer (DET) and inner filter effect
(IFE). Following an introduction, the review (with 88 refs.) first
summarizes the various kinds of quenching mechanisms of CDs
(including static quenching, dynamic quenching, FRET, PET
and IFE), the principles of these quenching mechanisms, and
the methods of distinguishing these quenching mechanisms.
This is followed by an overview on applications of the various
quenching mechanisms in detection and imaging.
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Introduction

Carbon dots (CDs) are a kind of quasi-spherical particles
with a diameter of less than 10 nm [1–4]. CDs possess
u n i q u e o p t i c a l p r o p e r t i e s s u c h a s t u n a b l e
photoluminescence (PL) and excitation dependent multi-
color emission [5–7]. These properties result from the
quantum confinement effect or conjugated π-domains
[8–10]. Compared with the organic probes and the quan-
tum dots (QDs) of the CdSe type, the CDs had unique
merits such as excellent water dispersibility, good
photostability, biocompatibility, cell permeability and
low toxicity [11–15]. CDs have been applied to detecting
analytes, bioimaging and drug delivery [16, 17]. These
applications were based on the principle that the interac-
tions between analytes and CDs either decrease the fluo-
rescence by quenching, or increase fluorescence by sup-
pressing the quenching effect. Quenching mechanisms of
CDs include static quenching, dynamic quenching, energy
transfer, photoinduced electron transfer (PET) and inner
filter effect (IFE) [18]. The energy transfer is divided into
Förster resonance energy transfer (FRET), Dexter energy
transfer (DET) and Surface energy transfer (SET). Static
quenching occurs when a nonfluorescent ground-state
complex is formed through the interaction between CDs
and quencher. Dynamic quenching can be explained as an
effect where the excited state returns to the ground state
by the collision between the quencher and CDs due to en-
ergy transfer or charge transfer [19]. The term FRET is
the acronym for Foerster resonance energy transfer,
named after a German scientist who discovered it in
1948. In FRET, photonic energy of a first fluorophore
(the donor) is acquired by a second fluorophore (the
Bacceptor^), and then emitted by the second fluorophore.
DET is an effect which is based on electron transfer, not
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photon transfer and therefore requires a match between
the redox potentials of donor and acceptor. SET is a rather
Bnew^ process. It is most often observed with (metal)
nanoparticles and involves a metallic surface (such as on
gold NPs) and a molecular (organic) dipole. The IFE oc-
curs when the absorption spectrum of the Bquencher^ in
the detection system overlaps the excitation or emission
spectra of CDs. The IFE mechanism of CDs is different
from static and dynamic quenching mechanism of CDs. It
does not require to modify the CDs. In this work, we
summarize that the features of static quenching, dynamic
quenching, FRET, PET, DET, SET and IFE, the methods
of distinguishing these quenching mechanisms in

CDs, and the applications involving such quenching
mechanisms.

Quenching mechanisms of CDs

Static quenching mechanism of CDs

Static quenching occurs when a nonfluorescent ground-state
complex is formed through the interaction between CDs and
quencher. The complex immediately returns to the ground
state without emission of a photon when the complex absorbs
light [19]. For static quenching (a) τ0/τ = 1; (b) The formation

Fig. 1 Quenching mechanisms of fluorescent CDs which is used in the process of detecting analytes
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of the ground-state complex can result in the change of the
absorption spectrum of the CDs; (c) A rise of temperature can
cause the decline of the stability of the ground-state complex,
so reduces the effect of static quenching [18–20], as showed in
Fig. 1(b).

There are the CDs which can be quenched by hemoglobin
(HGB) [21], this process can verify the theory of static
quenching mechanism well. The CDs can react with HGB to
form the ground state complex, which led to the fluorescence
quenching of CDs. In order to prove that the quenching mech-
anism of CDs was static quenching, the average fluorescence
lifetime of CDs was measured to be 6.46 ns. When HGB was
added into the solution of CDs, the average fluorescence life-
time of CDs was measured to be 6.51 ns. The average fluo-
rescence lifetime of CDswas almost unchanged in the absence
or presence of HGB, this phenomenon met (a). UV–vis ab-
sorption spectra of CDs, HGB, and CDs-HGB system were
measured. The absorbance peak of HGB was at 403 nm, The
CDs-HGB system also showed the absorbance peak at
403 nm, it implied the formation of CDs-HGB complex, it
met (b). The quenching mechanism of CDs was static
quenching.

Dynamic quenching mechanism of CDs

Dynamic quenching can be explained that the excited state of
CDs return to the ground state by the collision between the
quencher and CDs with the mechanism of energy transfer or
the mechanism of charge transfer [19], this process can be
represented by a simple equation:

A* þ Q→Aþ Q or A* þ Q→Aþ Q ð1Þ
where A is CDs, Q is a quencher and * designates an excited
state.

The kinetics of this process follows the Stern–Volmer rela-
tionship [18–20]:

F0
.
F ¼ 1þ kqτ0 Q½ � ð2Þ

Where F0 and F are the fluorescence intensities in the ab-
sence and presence of quencher, kq is the quencher rate
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Fig. 2 The CDs are quenched by Fe2+ or Fe3+ through the static
quenching mechanism of CDs

Microchim Acta (2017) 184:1899–1914 1901



coefficient, τ0 is the lifetime of the emissive excited state of
CDs, without a quencher present, [Q] is the concentration of
the quencher.

There are some different characteristics compared to static
quenching. (a) The lifetime of CDs would change in the ab-
sence and presence of quencher. (b) Dynamic quenching only
affected the excited states of the CDs, so no changes in the
absorption spectra CDs were observed. (c) A rise of tempera-
ture can lead to the increase of the effect of dynamic
quenching, as showed in Fig. 1(a).

FRET mechanism of CDs

FRET is an electrodynamic phenomenon that can be ex-
plained by using classical physics. FRET occurs between
CDs in the excited state and quencher in the ground state when
the emission spectrum of CDs overlaps with the absorption
spectrum of the quencher. FRET occurs without the appear-
ance of a photon due to long range dipole–dipole interactions
between CDs and quencher. The distance between the CDs
and quencher was in the range of 10 Å–100 Å [19, 22–24].
The energy transfer efficiency (E) is calculated by following
eq. 3. From that the CDs—quencher distance (r) and Förster
distance (R0) between the CDs and the quencher can be esti-
mated by eq. 4–6: [22, 23]

E ¼ 1−τ0=τ ð3Þ
R0 ¼ 0:211 κ2n−4ϕ Jð Þ� �1=6

in Å unit
� �

ð4Þ

E ¼ 1= 1þ r=R0ð Þ6
h i

in Å unit
� �

ð5Þ

∫∞0 FDð ÞɛAð Þ 4d ð6Þ

τ0 and τ were the lifetimes in the absence and presence of
quencher. ĸ was the orientation factor of CDs and the quench-
er transition dipoles and was assumed to be 2/3, Φ was the
quantum yield of the CDs, n was the refractive index of the
medium, and J(λ) was the integral of overlap values. FD(λ)
was the corrected fluorescence intensity of the CDs in the
range of λ to λ + Δλ with the total intensity normalized to
unity, and ɛA(λ) was the extinction coefficient of the quencher
at λ in M−1 cm−1 .

So, (a) the fluorescence spectral of CDs and the absor-
bance spectral of the quencher overlapped, (b) the fluo-
rescence lifetime of CDs would decrease and (c)
CDs − quencher distance would be in the range of
10 Å–100 Å can demonstrate that the mechanism for
CDs-quenching was FRET. There were the CDs can be
quenched by 2,4-dinitrophenol(2,4-DNP) [23], this pro-
cess can demonstrate the theory of FRET mechanism
well. The emission spectral of the prepared CDs over-
lapped with the absorption spectral of 2,4-DNP which
can quench the fluorescence of CDs, it met (a). The life-
times of CDs in the absence and presence of 2,4-DNP
were 4.50 ns and 2.46 ns, it met (b). And then the dis-
tance between the CDs and 2,4-DNP was calculated to be
26.62 Å by the eq. 3–6, it met (c), this process met the
theory of well, so the fluorescence quenching of CDs was
attributed to FRET.

Fig. 3 The aptamer-CDs are
quenched by NG through static
quenching mechanism of CDs
and the fluorescence is recovered
after adding the DA

Table 2 An overview on CD based assays using static quenching

Types Particle Size(nm) Ex/Em(nm) QY(%) Analyte Linear Range LOD Ref

N-doped 5.7 360/440 10 Fe2+ 0–32 μM 20 nM [18]

Fe3+ 0–50 μM 35 nM [18]

N-doped 9.41 360/435 19 Hg2+ 0.1–60 μM 18.7 nM [33]

N, S-doped 2.3 360/437 32 Cu2+ 0.2–25 μM 50 nM [38]

N-doped 1.5–3.0 355/437 - DA 0.1–5 nM 55 μM [39]

CDs 1.7–3.9 360/452 - NA 0.5–10.5 μM 12.6 nM [41]
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DET mechanism of CDs

The effect of DET is based on electron transfer, not photon
transfer and therefore requires a match between the redox
potentials of donor and acceptor.

SET mechanism of CDs

SET is a rather Bnew^ process. It is most often observed with
(metal) nanoparticles and involves a metallic surface (such as
on gold NPs) and a molecular (organic) dipole. SET was the-
oretically predicted in 1978 by R. Chance et al. and experi-
mentally proven in the 2000s [25, 26].

PET quenching mechanism of CDs

PETcan be explained that between the CDs (electron donor or
electron receptor) and the quencher (electron receptor or elec-
tron donor) occurred the electron transfer, formed the cation
radical and the anion radical respectively. In this process, a
complex that can return to the ground state without emission
of a photon was formed between the electron donor and the
electron receptor. PET contained reductive PET and oxidative
PET. Reductive PETwas that CDs as an electron receptor got
electron from the electron donor. Oxidative PETwas contrary
to reductive PET. The driving force for reductive electron
transfer was the energy gap between the lowest unoccupied
molecular orbitals (LUMO) of quencher and the highest oc-
cupied molecular orbitals(HOMO) CDs. The driving force for
oxidative electron transfer was the energy gap between the
LUMO of the CDs and the LUMO of the quencher [19, 27].
So, (a) the lifetimes of CDs decreased, (b) the energy gap of
the LUMO and HOMO or the LUMO and LUMO between
the CDs and the quencher existed, it would demonstrate that
the quenching mechanisms was PET. There were the CDs
which can be quenched by picric acid (PA) [27], the process
can prove the theory of PET quenching mechanism of CDs
well. In order to investigate the quenchingmechanism of CDs,

the cyclic voltammetry (CV) was used. The Ered which was
the onset of reduction potential for CDs was measured to be
−0.56 V, the Eg which was the energy band gap resulting from
the absorption edge in the absorption spectrum of CDs was
estimated to be 3.29 eV. The values of the HOMO and LUMO
of CDs were calculated to be −7.13 and −3.84 eVaccording to
the empirical formula eq. 7 and eq. 8.

EHOMO ¼ −e Eox þ 4:4ð Þ ð7Þ
ELUMO ¼ −e Ered þ 4:4ð Þ ð8Þ

The EHOMO and ELUMO of PA can be calculated to be
−8.70 and −5.82 eV, by the B3LYP method in Dmol3
mode. Due to the LUMO of CDs was larger than the
LUMO of PA, so the electron can transfer from CDs to
PA, it met (b), this process met the oxidative PET.

IFE mechanism of CDs

IFE occurs when the absorption spectrum of quencher in the
detection system overlapped with the excitation or emission
spectra of CDs. IFE sometimes can be called apparent
quenching, it is not a quenching process at all but is rather
due to an attenuation of the excitation beam or absorption of
emitted radiation by an excess concentration of CDs or by the
quencher in solution. [28] This effect also leads to a reduction
of intensity (but not decay time), but this effect should not be
termed Bquenching^. Rather, a second absorber is simply
filtering off the emission of a particle. This also occurs if
distances between emitted and re-absorber exceed 10 nm.
Because the process of IFE does not belong to the static or
dynamic quenching process, so the absorption peaks of the
CDs would not change, it also indicates that there is not new
substance to form. So, the fluorescence lifetime of CDs will
not be changed. In addition, the Parker equation can further
investigate the IFE process [24, 28, 29].

Fcor

Fobsd
¼ 2:3dAex

1−10−dAex
10gAem

2:3sAem

1−10−sAem
ð9Þ

Table 3 An overview on CD
based assays using dynamic
quenching

Types Particle Size(nm) Ex/Em(nm) QY(%) Analyte Linear Range LOD Ref

B-doped 3.5–4.5 359/437 - Fe3+ 0–16 μM 242 nM [42]

Fig. 4 The CDs are quenched by
Pb2+ through the PET quenching
mechanism of CDs
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Where Fobsd is the observed fluorescence intensity, Fcor is
the corrected fluorescence intensity after removing IFE from
Fobsd. Aem and Aex are the absorbances at the maximum exci-
tation wavelength (ƛem) and maximum emission wavelength
(ƛex). Bs^ is the thickness of the excitation beam. Bg^ is the
distance between the edge of the excitation beam and the edge
of cuvette, Bd^ is the width of the cuvette. So, the effect of IFE
increases with the increasing of the value of Fcor/Fobsd. There
are CDs which can be quenched by MnO2 [29], the demon-
stration process of IFE is well fit in the theory of IFE. The CDs
can be quenched by MnO2, in order to investigate the
quenching mechanism of CDs, the absorption spectra of
MnO2 and fluorescence spectra of CDs was measured then
the value of Fcor/Fobsd was calculated. It can be observed that
the absorption spectra of MnO2 overlapped the excitation and
emission of CDs.With the concentrations of MnO2 increasing
from 0 to 40,000 nM, the value of Fcor/Fobsd increasing from
1.03–1.98, this figure met the Parker equation, so the
quenching mechanism of CDs was IFE. The most character-
istic differences of these mechanisms are showed in Table 1.

Applications of the quenching mechanisms of CDs
in detecting analytes

The fluorescence of CDs can be quenched by analytes which
included inorganics and organics. Based on this phenomenon,
the CDs can be used as a senor to detect these analytes. In the
process of detecting these analytes, the quenching mecha-
nisms of CDs included the static quenching, dynamic
quenching, FRET, PET and IFE.

Applications of static quenching mechanism of CDs
in detecting analytes

Static quenching mechanism of CDs occurred when a nonflu-
orescent ground-state complex was formed through the inter-
action between CDs and quencher [19]. It was facile that the
process of verifying the static quenching mechanism of CDs,
but it needed the reaction between the CDs and quencher, so
the procedures of modifying the CDs were essential, it can
lead to the increasing of cost. Due to the easy process of

Fig. 5 The CDs are quenched by Cu2+ through the PET quenching mechanism of CDs and then the fluorescence is recovered after adding the thiamine

Fig. 6 The CDs are quenched by Fe3+ through the PET quenching mechanism of CDs and then the fluorescence is recovered after adding the PA
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verifying the static quenching mechanism of CDs, it had been
applied for detecting inorganics and organics.

Applications of static quenching mechanism of CDs
in detecting inorganics

The inorganics which were detected through static quenching
mechanism of CDs included Fe2+, Fe3+, Hg2+ and Cu2+. Iron
played as a crucial role in human body and iron deficiency
was the first one in three global micronutrient deficiencies [30,
31]. Iron can be detected through static quenching mechanism
of CDs. Iqbal et al. [18] prepared the CDs with l1,10-
phenanthroline (Phen) and anhydrous citric acid (CA) via
one step synthetic route. The CDs can be quenched by Fe2+

or Fe3+ through static quenching mechanism of CDs as
showed in Fig. 2. The CDs had been successfully applied
for the determination of Fe in real sample of milk.

Mercury (II) ion (Hg2+) was one of the most ubiquitous and
dangerous pollutants which can lead environmental and health
concerns [32–35]. Hg2+ can be detected through static
quenching mechanism of CDs. Gu et al. [33] prepared the
fluorescent nitrogen-doped carbon dots (CDs) with lotus root
(LR) through one-pot microwave method and then formed the
LR-CDs. The fluorescent of the LR-CDs can be quenched by
Hg2+ through static quenching mechanism of CDs. The LR-
CDs can be applied for multicolor A549 cell imaging.

Copper (Cu2+) was essential in our life, but excessive Cu2+

can cause potential risk to animals and plants [36, 37].
Through the static quenching mechanism of CDs, Cu2+ can
be detected. Wang et al. [38] prepared the CDs with thiourea
and diethylene glycol via microwave irradiation. The fluores-
cence of the CDs can be quenched by Cu2+ through the static
quenching mechanism.

Applications of static quenching mechanism of CDs
in detecting organics

The organics which were detected through the static
quenching mechanism of CDs included dopamine(DA) and
nicotinic acid.

Dopamine (DA) as the most important neurotransmitter in
the central nervous system was a precursor of norepinephrine
in the biological pathway and played an important role in
cardiovascular, central nervous system and endocrine system
[39, 40], it can be detected through the static quenching mech-
anism of CDs. Zhu et al. [39] structured a strategy based on
dopamine(DA) aptamer labeled CDs, aptamer-CDs. The CDs
were prepared with citric acid monohydrate and diethylene
triamine via hydrothermal method. The aptamer-CDs can be
quenched by nano-graphite (NG) through static quenching
mechanism of CDs. When DA was added into this system,
due to the higher affinity of DA for its aptamer, DA aptamer
can be removed from the CDs and then the fluorescence was
recovered as showed in Fig. 3. This method can be applied to
detect the determination of DA in human urine samples.

Zuo et al. [41] fabricated the CDs with citric acid via hy-
drothermal method, then the CDs were functionalized by 3-
aminopropyl triethoxysilane (APTES), the functionalized
CDs were coated with a shell of molecularly imprinted sol-
gel, nicotinic acid (NA) was then removed by extraction and
spherical silica nanoparticles (SiNPs). The SiNPs can be
quenched by NA through static quenching mechanism. The
composite was successfully utilized as a fluorescent probe for
the determination of NA in spiked human urine samples.

The static quenching mechanism of CDs occurs when a
nonfluorescent ground-state complex is formed through the
interaction between CDs and quencher. It needs the reaction
between the CDs and the quencher. So it is convenient to

Fig. 7 The CDs are quenched by
CEA-aptamer through PET
quenching mechanism of CDs
and then the fluorescence is re-
covered after adding the CEA

Fig. 8 The BPMA-CDs are
quenched by Cu2+ through PET
quenching mechanism of CDs
and then the fluorescence is re-
covered after adding the GSH

Microchim Acta (2017) 184:1899–1914 1905



design the on-off type probe, the substance with a stronger
affinity can recovery the fluorescent of CDs (Table 2).

Applications of dynamic quenching mechanisms of CDs
in detecting analytes

Different from the static quenching mechanism of CDs, the
quencher in dynamic quenching mechanisms of CDs cannot
react with CDs. The dynamic quenching mechanism of CDs
can be used for detecting inorganics. Wang et al. [42] prepared
the B-CDs with glucose and boric acid via hydrothermal
method. The B-CDs can be quenched by Fe3+ in water
through dynamic quenching mechanism.

In the design of the dynamic quenching mechanism, the
absorption spectrum of the quencher and the excitation and
emission spectra of CD are not necessarily required. This
mechanism is susceptible to temperature influences. At pres-
ent, it is simple to judge the occurrence of dynamic quenching
by changing the fluorescence lifetime before and after the
action of the quencher (Table 3).

Applications of PET quenching mechanisms of CDs
in detecting analytes

The analytes which were detected through PET quenching
mechanisms of CDs included inorganics and organics.
Inorganics included Pb2+. Organics included thiamine, phytic
acid (PA), carcinoembryonic antigen (CEA) and glutathione
(GSH).

Applications of PET quenching mechanisms of CDs
in detecting inorganics

Lead as one of the most common toxic heavy metals can be
accumulated in human nervous and cardiovascular systems
when exposed to contaminated air and water sources owing
to its non-biodegradability [43–46], detecting for it can be
realized through the PET quenching mechanism of CDs. Liu
et al. [46] prepared a kind of CDs with chocolate through a
one-step hydrothermal method. The CDs can be quenched by
Pb2+ through PET quenchingmechanism of CDs as showed in
Fig. 4. This method can be used to detect Pb2+ in real water
samples.

Applications of PET quenching mechanisms of CDs
in detecting organics

Thiamine was important to prevent the diseases such as beri-
beri, neurological disorders [47, 48], detecting for it can be
realized through the PET quenching mechanism of CDs.
Purbia et al. [47]. prepared luminescent CDs with tender co-
conut water via microwave-assisted hydrothermal method.
The CDs can be quenched by Cu2+ through PET quenching
mechanism of CDs and then recovered after adding the thia-
mine as show in Fig. 5. The method can be applied to the
detecting thiamine in blood serum and urine.

Phytic acid (PA) was the principal storage form of phos-
phorus in plant tissues and played a positive role in normal
physiological processes [49–51], detecting for it can utilize the
PET quenching mechanism of CDs. Gao et al. [49] prepared
the CDs using citric acid and lysine via one-step pyrolysis.
The prepared CDs was found that it can be effectively
quenched by Fe3+ through PET quenching mechanism of
CDs, when phytic acid (PA) was added to the CDs/Fe3+ sys-
tem, due to PA had a stronger affinity for Fe3+ ions compared
to CDs, so Fe3+ were released from the CDs/Fe3+ system and
then the fluorescence of the CDs was significantly recovered
as showed in Fig. 6. This method can be used the standard and
real PA samples.

Carcinoembryonic antigen (CEA) as a tumor-associated
antigen, was expressed in lung cancer, ovarian carcinoma,

Fig. 9 TheCDs are quenched by FA through PET quenchingmechanism
of CDs and then the fluorescence is recovered after FA reacting with FR

Table 4 An overview on CD based assays using PET

Types Particle Size(nm) Ex/Em(nm) QY(%) Analyte Linear Range LOD Ref

CDs 6.41 280/354 - Pb2+ 33–1670 nM 12.7 nM [46]

N-doped 2–6 390/450 2.8 Thiamine 1–50 μM 280 nM [47]

N-doped 3.2 350/450 - PA 0.68–18.69 μM 360 nM [49]

CDs 3 367/440 13.9 CEA 0.1–5 ng•mL−1 0.3 ng•mL−1 [52]

BPMA functionalized 2–5 332/414 - GSH 0–13.3 nM 42 nM [55]

CDs 3.5 410/520 5.4 FR 0.2 to 1.3 mg•mL−1 - [59]
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breast cancer, and cystadenocarcinoma and was critical for
clinical purposes [52, 53], CEA can be detected through the
PET quenching mechanism of CDs. Miao et al. [52] prepared
the carbon dots (CDs) with tomato juice via hydrothermal
method. The prepared CDs can be quenched by CEA-
aptamer (carcinoembryonic antigen-aptamer) through PET
quenching mechanism of CDs. When CEA was added into
this system, the stronger binding affinity between CEA and
CEA-aptamer would remove the CEA-aptamer from CDs and
then the fluorescent of CDs was recovered as showed in
Fig. 7. This method can be used for detecting the CEA in real
blood samples and human lung cancer cell imaging.

Glutathione (GSH) as a thiolcontaining tripeptide played a
vital role in defending cellular components against reactive
oxygen species (ROS) and toxins [54–58], the CDs which
was used to detect GSH can be designed via the PET
quenching mechanism of CDs. Huang et al. [55] prepared
the CDs with oxidized activated carbon, then the CDs were
functionalized by bis(3-pyridylmethyl) amine and then
BPMA-CDs which can be quenched by Cu2+ through PET
quenching mechanism of CDs. When GSH was added into
the system, GSH can reduce Cu2+ to Cu+, made the process of
PET was prohibited. So, the fluorescent of the BPMA-CDs
was recovered as showed in Fig. 8. This method can be uti-
lized to monitor GSH level in live cells.

Folate receptor (FR) as a tumor marker, it played an impor-
tant role in cancer diagnosis and therapy [59, 60], the method

can be designed through the PET quenching mechanism of
CDs. Liu et al. [59] prepared the CDs with Glu and a passiv-
ating agent – poly (acrylate sodium) (PAAS) via microwave
assisted hydrothermal method. Using the prepared CDs to
react with folic acid(FA) via hydrogen-bond form the FA-
CDs, it leaded the quenching of CDs through PET quenching
mechanism of CDs. When the FA-CDs met the folate receptor
(FR), the FA can combine with FR, it made the fluorescence of
CDs recover as showed in Fig. 9. On this basis, the FA-CDs
can accurately distinguish the FR on the surface of cancer cells
and then the CDs permeated into the tumor cells. On this basis,
the FA-CDs can distinguish the tumor cells. The FA-CDs can
be used for imaging of HeLa and HepG2 cells.

In the design of the photoinduced electron transfer mecha-
nism, the CD surface is usually rich in electron donor groups,
and the quencher is an organic small molecule with an electron
withdrawing group on its surface. This mechanism may be
extensively developed for organic small molecule detection
(Table 4).

Applications of FRET quenching mechanisms of CDs
in detecting analytes

The analytes which were detected through FRET mechanisms
of CDs included inorganics and organics. Inorganics included
Co2+, Sulfide ions, Cu2+ and ammonia. Organics included

Fig. 10 The N, S-CDs are
quenched by Co2+ in the present
of cysteamine through the FRET
mechanism of CDs

Fig. 11 The CCDs are quenched
by Cu2+ through FRET
mechanism of CDs and then the
fluorescence of CCDs is
recovered after adding sulfide
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GSH, tetracyclines, 2,4,6-Trinitrophenol (TNP), glyphosate
(Gly), kanamycin and adenosine 5′-triphosphate (ATP).

Applications of FRET mechanisms of CDs in detecting
inorganics

The uptake of Cobalt (Co) was an essential element, but ex-
cessive uptake of Co can cause various diseases, such as asth-
ma, decreased pulmonary function and thyroid damage
[61–63], the FRET mechanisms of CDs can be applied for
detecting Co2+. Chen et al. [61] prepared a highly luminescent
nitrogen and sulfur co-doped carbon dots (N, S-CDs). The
CDs were prepared with citric acid and l-cysteine via hydro-
thermal method. Co2+ can react with cysteamine to form a
complex (Co(cys)3

2+). The absorption spectrum of the
complex(Co(cys)3

2+) covered completely the emission spec-
trum of N, S-CDs. The N, S-CDs can be quenched by Co2+ in
the presence of cysteamine through FRET mechanism of CDs
as showed in Fig. 10. On this basis, the N, S-CDs acted as the
energy donor and Co(cys)3

2+ acted as the energy acceptor.
Sulfide existed in the environment through wide ways,

such as it can be from biological metabolism and industrial
processes [64]. Copper ion (Cu2+) as the abundant transition
metal ion in the human body, is essential in biological reac-
tions, however, abnormal concentration of Cu2+ can cause
adverse effects to biological system. They can be detected
via the FRETmechanism of CDs. Chen et al. [65] synthesized
the CDswith citric acid monohydrate and ethylenediamine via
a modified microwave-assisted method. Then using 1,4,8,11-
tetraazacyclotetradecane (cyclam) to functionalize the CDs
formed the CCDs. Cu2+ can reacted with cyclam and formed

Cu2+-cyclam complex, FRET process can be effectively taken
place between the CDs and the surface Cu2+-cyclam complex,
so the CDs can be quenched by Cu2+ through FRET mecha-
nism of CDs. Sulfide ions can remove Cu2+ from the CCDs-
Cu2+ complex and recover the fluorescence of CDs as showed
in Fig. 11. This method can be used for HeLa cell imaging.

It was crucial for environment, industrial and biomedical
purposes to detect ammonia [66, 67], it can be detected
through the FRET mechanism of CDs. Ganiga et al. [66]
designed a detecting platform with CDs and sodium
rhodizonate. When ammonia was present in this system,
FRET between CDs and sodium rhodizonate would occur
and led the fluorescence quenching of CDs as showed in
Fig. 12. So, this method can be used for detecting ammonia
through FRET mechanism of CDs.

Applications of FRET mechanisms of CDs in detecting
organics

GSH can also be detected through the FRET quenching mech-
anism of CDs. Yang et al. [68] designed the strategy based on
CDs–MnO2 nanocomposites which were obtained by the re-
action between the CDs andMnO2 nanocomposites. The fluo-
rescence of CDs can be quenched by MnO2 through FRET
quenching mechanism of CDs. When GSH was added into
this system, MnO2 can be reduced to Mn2+ by GSH and then
FRETwas prohibited. So, the fluorescence of CDs was recov-
ered. This method had been used to monitor intracellular GSH
level in living cells. Qu.et al. [69] prepared the CDs with
ascorbic acid and ethylene glycol through one-pot hydrother-
mal method. The CDs have blue fluorescent with the

Fig. 12 The CDs are quenched
by ammonia through FRET
quenching mechanism of CDs

Table 5 An overview on CD based assays using FRET

Types Particle Size(nm) Exc /Em(nm) QY (%) Analyte Linear Range LOD Ref

N, S-doped 4–8 345/420 - Co2+ 0.08–100 μM 80 nM [61]

N-doped - 370/460 - Cu2+/sulfide 0.7–4 μM/0–15 μM 100 nM/130 nM [65]

CDs 3–4 400/490 5.28 ammonia 0–150 ppm 3 ppm [66]

CDs - 325/458 - GSH 0.03–974.1 μM 15 nM [68]

CDs 1.81 315/385 - tetracyclines - - [69]

N-doped - 380/440 - kanamycin 4–25 μM 1.1 μM [73]

N-doped 6 340/410 52 glyphosate 0.02–2 μM 0.6 μM [72]

CDs 3.2 310/358 21.8 TNP 0.2–17 μM 16.9 nM [70]

CDs 2 295–547 - ATP 0.04–4 μM 8.5 nM [74]
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excitation wavelength at 315 nm. The CDs can be quenched
by tetracyclines through FRET mechanism of CDs.

2,4,6-Trinitrophenol (TNP) causes adverse effects on the
environment and on health [70, 71]. It can be detected through
FRET quenching mechanism of CDs. Shi et al. [70] prepared
the CDs with sucrose phosphate solution via hydrothermal
treatment method. The fluorescence of CDs can be signifi-
cantly quenched by 2,4,6-trinitrophenol (TNP) through
FRET quenching mechanism of CDs. The prepared CDs so-
lution can replace traditional colorings and had been success-
fully applied for Escherichia coli labeling and intracellular
imaging.

Expect the static quenchingmechanism of CDs, glyphosate
(Gly) can also be detected through FRET quenching mecha-
nism of CDs. Yuan et al. [72] synthesized CDs using citric
acid and Tris via one-step hydrothermal method. The fluores-
cence intensity of the CDs can be effectively quenched by Gly
through FRET quenching mechanism of CDs. This system
can also enable the design of an BAND^ logic gate and be
used for rapid screening of glyphosate in real water samples.

Wang et al. [73] synthesized the CDs with sodium citrate
and NH4HCO3 through one-step hydrothermal method.
Amino-modified aptamer was labeled on carbon dots by
amidation reaction between the carboxyl group of carbon dots
and side amino group of DNA probes. The aptamer-CDs can
be quenched by MoS2 nanosheets through FRET mechanism,
when kanamycin was added into this system, kanamycin can
combine with the aptamer, it leads to the recovery of the fluo-
rescent of CDs, through this phenomenon, this method dis-
plays good specificity and can be applied to the determination
of kanamycin in spiked milk.

Adenosine 5′-triphosphate (ATP) which was the mediator
of energy exchanges in metabolic processes acted as an im-
portant character for biological determination to disease diag-
nosis [74–76], it can be detected through the FRET quenching
mechanism of CDs. Xu et al. [74] prepared the terbium ion-
coordinated CDs (Tb-CDs) with Tb3+ via the microwave

method. The strategy consisted of ATP aptamer, gold nano-
particles (AuNP) and Tb-CD. In absence of ATP, AuNP
tended to aggregate and then the FRET between Tb-CDs
and AuNP were prohibited, so the Tb-CDs had fluorescent.
When ATP was added, the FRET between Tb-CDs and AuNP
occurred, so the Tb-CDs were quenched by FRET quenching
mechanism of CDs. This method had been applied for detect-
ing ATP in human serum.

CDs-based FRET probe can realize big changes in Stokes.
This mechanism can provide a simple and effective method
for the visual detection (Table 5).

Applications of IFE mechanism of CDs in detecting
analytes

IFE occurs when the absorption spectrum of quencher in the
detection system overlapped with the excitation or emission
spectra of CDs. IFE mechanism of CDs occurred when the
absorption spectrum of quencher in the detection system over-
lapped with the excitation or emission spectra of CDs. IFE
mechanism of CDs was different from static and dynamic
quenching mechanism of CDs, it did not require the modifi-
cations of CDs, the complicated instruments or vast calcula-
tions, so it was less costly and complicated. Inorganics and
organics also can be detected through IFE quenching mecha-
nism of CDs. Inorganics included Cr(VI) and sulfide.
Organics included ascorbic acid (AA), fluazinam, picric
acid(PA), hemoglobin(HGB), β-glucuronidase (GLU) and al-
kaline phosphatase(ALP).

Applications of IFE mechanism of CDs in detecting
inorganics

Chromium as the major water pollutants because of its wide-
spread use in modern industries [77, 78], it can be detected
through IFE mechanism of CDs. Zhang et al. [77] fabricated
the cobalt(II)-doped carbon dots (CCDs) with PAN and cobalt
chloride via hydrothermal method. The CCDs can be
quenched by Cr(VI) through IFE quenching mechanism of
CDs. This CCDs can be used to rapidly detecting Cr(VI) ions
in tap water and fish samples. In order to get lower limit of
detecting, Chen et al. [79] prepared nitrogen and sulfur co-
doped carbon dots (N, S-CDs) with citric acid and cystamine
dihydrochloride through one-pot hydrothermal method. The
emission spectrum of N, S-CDs overlapped with the

Fig. 13 The CDs are quenched by sulfide in the present of Ag+ through
IFE quenching mechanism of CDs

Fig. 14 The CDs are quenched
by MnO2 nanosheets through IFE
quenching mechanism of CDs
and then the fluorescence is
recovered after adding the AA
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absorption spectrum of Cr(VI). The fluorescence of N, S/C-
dots can be quenched by Cr(VI) based on IFE mechanism of
CDs. The N, S-CDs can be applied to the cell imaging.

Expect the FRET quenching mechanism of CDs, sulfide
can also be detected through IFE quenching mechanism of
CDs. Barati et al. [64] synthesized the CDs with lime juice
through a one-pot hydrothermal method. The fluorescence of
the CDs had little change in the present of Ag+, when sulfide
was added into this system, sulfide can react with A+ form
Ag2S particles which absorbed both the excitation wavelength
and emission spectrum of CDs, so Ag2S particles can quench
the CDs through IFE quenching mechanism of CDs as
showed in Fig. 13. This method had been applied for determi-
nation of sulfide ion concentration in tap and mineral waters.

Applications of IFE mechanism of CDs in detecting organics

Ascorbic acid (AA) which was vitamin C was a strong anti-
oxidant that can reduce oxidative stress in body and the defi-
ciency of AA would lead to the scurvy [80–82], it can be
detected through IFE quenching mechanism of CDs. Liu
et al. [29] prepared the CDs with sodium citrate and
NH4HCO3 through a one-step hydrothermal method. The pre-
pared CDs can be first quenched by addition of MnO2 nano-
sheets through IFE quenching mechanism of CDs and then
formed a CQDs-MnO2 probe. When ascorbic acid(AA) was
added into the quenched CQDs solution, the MnO2 was

destroyed due to the redox reaction between AA and MnO2

nanosheets, and the fluorescence of the CDs was recovered as
showed in Fig. 14. The method had benn successfully applied
to the analysis of AA in fresh fruits, vegetables, and commer-
cial fruit juices samples.

Fluazinam can target liver, lung, brain uterus and cause
dermatitis asthma in human [83, 84], it can be detected
through IFE quenching mechanism of CDs. Zou et al. [83]
prepared the carbon dots doped with nitrogen and
sulfur(NSCDs) with L-cysteine via a hydrothermal method.
The fluorescence of the NSCDs can be quenched by
fluazinam through strong IFE quenching mechanism of
CDs. On this basis, the NSCDs can be used to detect
fluazinam. The NSCDs can be used to detect the fungicide
in soil and apple samples, it can also be used for fabricating
visual paper-based testing stripes under a portable UV lamp.

Expect the FRET quenching mechanism, picric acid(PA)
can be also detected through IFE mechanism of CDs. Fan
et al. [27] synthesized the CDs using malonic acid and urea
via one-pot hydrothermal method. The fluorescence of CDs
can be selectively quenched by PA through IFE mechanism of
CDs with 10s as showed in Fig. 15. This method had been
successfully applied for detecting of PA in real water samples.

Expect the static quenching mechanism, hemoglobin(HGB)
can also be detected through the IFE mechanism of CDs. Barati
et al. [85] utilized the CDs which were synthesized with citric
acid and ethylenediamine via a one-step hydrothermal method

Fig. 15 The CDs are quenched
by PA through IFE quenching
mechanism of CDs

Fig. 16 The CDs are quenched
by HGB through IFE quenching
mechanism of CDs and the CDs
can be strongly quenched by
HGB in the present of H2O2
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according to a previous method. Although the fluorescence of
CDs can be quenched by HGB through IFE mechanism of CDs,
the presence of H2O2 resulted in high fluorescence quenching of
CDs due to the reaction of HGB with H2O2 that generated reac-
tive oxygen species including hydroxyl (•OH) and superoxide
(O•2

−) radicals under heme degradation and/or iron release from
HGBand the subsequent reaction of hydroxyl radicals as showed
in Fig. 16. The method had been applied for the detection of
HGB in human blood samples.

Alkaline phosphatase (ALP) was an important biomarker
for diagnostics, the level of ALP in serum was related to
breast, prostatic cancer and bone disease [86–88], Li et al.
[86] prepared the N-doped CDs(N-CDs) with ethanediamine
and catechol via hydrothermal method. The system of N-CDs
and p-Nitrophenylphosphate (PNPP) was structed. PNPP can-
not quench the fluorescence of CDs, when alkaline phospha-
tase (ALP) was added in this system, ALP can catalyze PNPP
to product p-nitrophenol (PNP). It was found that PNP can
quench the fluorescence of CDs through the IFE quenching
mechanism of CDs as showed in Fig. 17. The method had
been successfully applied to ALP sensing in serum samples.

The process of the IFE quenching of CDs did not require
the modifications of CDs and the process of verifying the IFE
quenching of CDs didn’t need vast calculations, so it was less

costly and complicated that utilizing the IFE quenching of
CDs to design strategy (Table 6).

Conclusion

The fluorescence of CDs can be quenched by quenchers
through static quenching, dynamic quenching, Förster reso-
nance energy transfer(FRET), photoinduced electron
transfer(PET), surface energy transfer (SET), dexter energy
transfer (DET) and inner filter effect(IFE). The static
quenching mechanism of CDs was facile to verify, but the
process of the static quenching of CDs needed the reaction
between the CDs and quencher, so the procedures of modify-
ing the CDs were essential, it can lead to increasing the com-
plexity of the operation, through the static quenching mecha-
nism of CDs, Hg2+, Fe2+, Fe3+, Cu2+, glyphosate, dopamine,
tartrazine and hemoglobin can be detected. Different from the
static quenching mechanism of CDs, the quenchers which
were used in the process of dynamic quenching of CDs didn’t
need to react with CDs, but the process of verifying FRETand
PET mechanism of CDs is complicated, which needed to cal-
culate the values of HOMO, LUMO, energy transfer efficien-
cy and Förster distance etc. Through the FRET and PET

Fig. 17 The N-CDs are quenched by ALP in present of PNPP through IFE quenching mechanism of CDs.

Table 6 An overview on CD based assays using IFE

Types Particle Size(nm) Ex/Em(nm) QY(%) Analyte Linear Range LOD Ref

N, S-doped 1.7 350/443 2.6 Cr(VI) 1–80 μM 860 nM [79]

Co (II) -doped 2.93 485/564 6.2 Cr(VI) 5–125 μM 1.17 μM [77]

N-doped 7.6 345/443 - sulfide 1–10 μM 430 nM [64]

N-doped 1.4 360/441 - AA 0.18–90 μM 42 nM [29]

N, S-doped 4.7 350/440 15.2 fluazinam 0.05–4 μM 10 nM [83]

N-doped 2.5 320/395 12.6 PA 0.1–26.5 μM 51 nM [27]

N-doped 5 345/442 - HGB 1–100 nM 0.4 nM [85]

N-doped 5–7 405/510 49 ALP 0.01 to 25 U•L−1 0.001 U•L−1 [86]
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mechanism of CDs, Hg2+, Co2+, Cu2+, Sulfide ions, Pb2+,
thiamine, phytic acid, adenosine 5′-triphosphate, glyphosate,
carcinoembryonic antigen, glutathione and folate receptor
(FR) can be detected. In contrary to the other mechanisms,
the process of the IFE quenching of CDs did not require the
modifications of CDs and the process of verifying the IFE
quenching of CDs didn’t need vast calculations, so it was less
costly and complicated that utilizing the IFE quenching of
CDs to design strategy. Cr6+, Sulfide ions, ascorbic acid,
fluazinam, picric acid, hemoglobin, β-glucuronidase and al-
kaline phosphatase can be detected through the IFE quenching
mechanism of CDs. Although all of these quenching mecha-
nisms can be used for detecting ions, small molecules and
biomacromolecules, but the process of utilizing the IFE
quenching of CDs to design method was facile, it would be
expected to apply to the further fields in the future.
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