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Forster resonance energy transfer (FRET) paired
carbon dot-based complex nanoprobes: versatile
platforms for sensing and imaging applications
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As one of the most promising carbon-based photoluminescent materials, carbon dots (CDots) have
recently attracted great attention for many potential applications owing to their excellent optical,
electrical, and chemical properties. Forster Resonance Energy Transfer (FRET) is a highly sensitive

spectroscopic technique that has been widely utilized for all applications of fluorescence. In this review,
we provide an updated roadmap of CDot-based FRET systems for nanoprobes. Several CDot-based
FRET systems obtained by co-assembling different fluorescent molecules are surveyed. Furthermore, the
synthesis strategies for CDot-based FRET systems and their applications in nanoprobes, bioimaging, and
biomedicine are reviewed. We further provide an outlook toward the future development of CDot-based

FRET systems. This article summarizes the latest progress in CDot-based FRET systems and looks

forward to further developments in these exciting nanocomposites.
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1. Introduction

Forster resonance energy transfer (FRET) is the mechanism by
which non-radiative energy is transferred between a lumines-
cent donor and an energy acceptor within a close range of
approximately 10 to 100 A."® FRET can be easily measured in
standard bulk fluorescence experiments. FRET can also be
monitored using fluorescence microscopy techniques, including

single-molecule fluorescence spectroscopy. FRET serves as a
highly sensitive spectroscopic technique that has been widely
utilized in all applications of fluorescence, including medical
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diagnosis, biological analysis, and optical imaging.*” FRET-
based dual-emission nanoprobes for ratiometric fluorescence
sensing are achieved by synthesizing nanoparticles from two or
more fluorescent molecules with different emission bands. One
fluorophore serves as the reference, while the other acts as a
response molecule, allowing the FRET system to be used as a
ratiometric fluorescence nanoprobe. To date, many excellent
studies and reviews of FRET have been conducted. In 2013,
Chen et al. reviewed fluorescent nanosensors based on FRET.
This review introduced the design and applications of sensitive
and selective FRET-based ratiometric nanoprobes in detail.
This review also classified nanosensors based on the type of
nanoparticle and demonstrated the design and application of
FRET-based fluorescent nanosensors for the detection of metal
ions, small molecules, DNA, and other analytes."” In 2014,
Prevo et al. reviewed FRET and kinesin motor proteins. The
physical basis of FRET and how to apply FRET to biological
molecules was systematically introduced. Prevo et al. focused
on the application of different FRET methods in motor
protein drivers that had undergone several conformational
changes under the action of enzymes. This FRET system moves
unidirectionally along the microtubule filament, driving active
intracellular transport.'® In 2014, Algar et al examined
the applications of FRET systems based on semi-conductor
quantum dots. They reviewed the characterization of non-
traditional structures of quantum dot-based FRET systems
and their applications in biosensors, energy conversion, and
optoelectronic device manufacturing in recent years." Although
many applications of FRET have been reported, it is still an
analytical tool that must continue to be developed. For example,
the study of new energy-transfer donor and receptor pairs in the
FRET system is important to improve FRET efficiency and analytical
performance.

Carbon dots (CDots) are newly emerging carbon-based
fluorescent nanomaterials that have received considerable
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attention in recent years. Owing to their high optical stability,
ease of synthesis and surface functionalization, good bio-
compatibility, and adjustable composition, CDots exhibit great
potential in various applications such as catalysis, nanoprobes,
optoelectronic devices, bioimaging, and biomedicine.>*">
The first discovery of carbon-based fluorescent nanomaterials
was in 2004, when Xu et al. synthesized single-walled carbon
nanotubes via an electrophoretic and purification process
using arc soot as a raw material. Surprisingly, fluorescent
carbon was found separate from the mixture of reactants.”®
The first report of CDots as a carbon-based fluorescent nano-
material was in 2006, when Sun et al. synthesized quantum-sized
CDots through the laser ablation of a carbon target in the
presence of water vapor using argon as a carrier gas. As the
excitation wavelength increased, the emission wavelength of
the CDots showed a continuous red shift.?” Since then, CDot
research and reports have expanded rapidly. In 2012, Wei et al.
showed the possibility and importance of CDots as energy
donors to build FRET systems for the first time. The fluores-
cence of CDots can be quenched by graphene via the FRET
process and then restored upon the introduction of K*.*® In
2013, Tang et al. reported an efficient CDot-based FRET system
for the real-time monitoring of drug delivery and bioimaging.
In this system, CDots served as both a FRET donor and a drug
carrier, and doxorubicin served as an acceptor.” In 2016,
Yu et al. reported FRET between CDots and rhodamine B based
on an up-conversion process spanning three components,
resulting in the efficient utilization of the apparently wasted
portion of sunlight (200-800 nm).>® In 2019, Su et al. described
a straightforward strategy for preparing nanocomposites via the
co-assembly of CDots and boron dipyrromethene based on
FRET. The nanocomposite exhibited high water solubility, good
biocompatibility, and photodynamic therapy efficiency.*®

Many research efforts have attempted to build Cdot-based
FRET systems as nanoprobes. Fig. 1 shows a timeline high-
lighting recent research efforts on Cdot-based FRET systems.®°
Many fluorescent molecules can be employed to construct FRET
systems with CDots. Generally, a FRET system contains two kinds
of fluorescent molecules with different emission wavelengths.
When CDots act as donors, they transfer energy to another
molecule to construct the FRET system. Conversely, when the
CDots act as receptors, they accept energy from other molecules,
achieving ratiometric luminescence via FRET. Previous reports
demonstrate that paired CDot-based FRET systems exhibit high
sensitivity and have been widely utilized in all fluorescence-based
applications, including medical diagnosis, biological analysis,
and optical imaging. As CDots and FRET have been detailed in
many excellent reviews, this review focuses on Cdot-based FRET
systems with respect to their construction strategies, beneficial
properties, and potential in a variety of applications.

In this review, we present details on several Cdot-based
FRET systems co-assembled from different classes of fluorescent
materials, including organic fluorescent molecules, drug mole-
cules, metal complexes, and nanomaterials. Based on the different
fluorescent molecules, different combinations can be used to
construct hetero-interfaces with CDots. These hetero-interfaces
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Fig. 1 Timeline showing recent studies on CDot-based FRET systems.®~1° Reprinted with permission ref. 9—17. Copyright 2012 Wiley, Copyright 2013
Wiley, Copyright 2014 Wiley, Copyright 2015 The Royal Society of Chemistry, Copyright 2016 John Wiley and Sons Ltd, Copyright 2016 American
Chemical Society, Copyright 2017 American Chemical Society, Copyright 2018 Elsevier, Copyright 2019 Elsevier.

are mainly based on covalent binding and surface functionaliza-
tion/coupling, thus resulting in different FRET effects. We also
review the synthetic strategies for Cdot-based FRET systems and
the applications of these systems in nanoprobes, bioimaging,
and biomedicine.

2. Nanoprobes based on CDots
and fluorescent molecules
2.1 CDots & fluorescent molecules

Fluorescent molecules exhibit characteristic fluorescence in the
ultraviolet-visible-near-infrared region, and their fluorescence
properties (excitation and emission wavelengths, intensity, life-
time, polarization, etc.) can be sensitively changed based on the
properties of the environment (e.g., polarity, refractive index,
and viscosity). Based on the excellent and diverse properties of
fluorescent molecules, many promising applications have been
demonstrated. Unsurprisingly, many studies have focused
on FRET between CDots and fluorescent molecules. Table 1
presents a survey of recent works on FRET systems based on
fluorescent molecules and CDots along with their applications.

In 2012, Huang et al. reported a CDot-chlorin e6 FRET
system based on a theranostic platform. Fig. 2a shows the FRET
process between the CDots and chlorin Ce6, which combined
through covalent binding. FRET occurs from the CDots to chlorin
e6, and the CDots and CDots—chlorin e6 displayed green and red
fluorescence, respectively. The CDots-Ce6 FRET system shows
promise for applications in near-infrared fluorescence imaging-
guided photodynamic therapy due to its excellent imaging and
tumor-homing properties.® In 2013, Du et al synthesized a
ratiometric fluorescent nanoprobe with low cytotoxicity and
high reversibility based on FRET for pH sensing (Fig. 2b).

130 | Mater. Chem. Front., 2020, 4, 128-139

In this nanoprobe, fluorescein isothiocyanate was assembled
onto the CDots, which acted as the energy-transfer donor and
carrier. The nanoprobe was successfully used to image live cells
and reveal intracellular pH gradients.*® In 2014, Du et al
reported a FRET-based ratiometric nanoprobe for mitochondrial
H,0, in living cells (Fig. 2c). The FRET from the CDots (donor) to
boronate-protected fluorescein (PF1; acceptor), which is covalently
linked to the CDots, results the blue emission of the CDots. As
H,0, is added, FRET occurs between the CDots and PF1, resulting
in green fluorescence. The, the ratiometric detection of H,O, is
realized.” In 2018, Chatzimarkou et al. synthesized a sensitive
and selective FRET-based nanoprobe for 4-nitrophenol (Fig. 2d).
The synthesized N-CDots exhibited blue fluorescence, which
can effectively be quenched by 4-nitrophenol through the FRET
process from CDots to 4-nitrophenol. The CDots/4-nitrophenol
showed bright luminescence and low toxicity, demonstrating
promise for cell imaging and other biosensing applications."

2.2 CDots & drug molecules

Drug molecules play a vital role in processes related to human
health, such as nucleic acid repair, cell apoptosis, and tumor
suppression. When coupled with CDots, certain drugs can be
utilized to construct CDot-drug FRET systems, which show
promising applications in nanoprobes, bioimaging, and bio-
medicine. Drug molecules commonly used in FRET include
doxorubicin,”***” porphyrins,*®>° vitamins,>*>>°°
rhodizonate,®® and cisplatin(iv) prodrug.®*

In 2013, Tang et al. reported an efficient CDot-based FRET
system for the real-time monitoring of drug delivery and
bioimaging. Fig. 3a shows the assembly process of a FRET-

curcumin,®*

CDots drug delivery system (DDS) via direct surface coupling
and the proposed mechanism of the FRET-CDots DDS for drug
delivery. In this system, the CDots serve as both a donor and a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Table 1 Representative examples of FRET systems based on fluorescent molecules and CDots along with their applications

Coupling molecule Application Ref. Coupling molecule Application Ref.
Chlorin e6 Bioimaging, biomedicine 8 Naphthalimide H,S nanoprobe 31
Naphthalimide NO nanoprobe 32 Isothiocyanate PH nanoprobe 33
NBD-PE; BODIPY-PH Bioimaging 34 Rhodamine B Fe** nanoprobe 35
Boronate protected fluorescein (PFl)  H,O, nanoprobe, bioimaging 10 Trinitrophenol Bioimaging 36
Nitroaromatics Nanosensor 13 NBD-PE Nanoprobe, bioimaging 37
Rhodamine B Up-conversion properties 29 Chlorin e6 Bioimaging 38
Rhodamine 6G Fe** nanoprobe 39 TNB™ DDVP nanoprobe 40
Naphthalimide Nanoprobe, bioimaging 41 Ethidium bromide DNA nanosensor 42
Glyphosate Gly nanoprobe 43 2,3-Diaminophenazine I nanoprobe 44
Fluorescein NH; nanoprobe 45 Isothiocyanate PH nanoprobe 46
Acridone derivate RNA nanoprobe 47 Naphthalimide Tyrosinase nanoprobe 48
Rhodamine123 Bioimaging 49 Nitrophenol Nanoprobe, bioimaging 15
Acriflavine SEB nanoprobe 50 Fluorescein (FAM) Zn' nanoprobe, bioimaging 51
Boron dipyrromethene Bioimaging 30 Naphthalimide Cys nanoprobe, bioimaging 52
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Fig. 2 (a) FRET process between CDots and chlorin e6.8 Reprinted with permission ref. 8. Copyright 2012 Wiley. (b) Schematic illustration of a

Cdot-based FRET nanoprobe for pH sensing.®* Reprinted with permission
H,0, ratiometric sensing in a living cell*®

ref. 33. Copyright 2013 IOP Publishing Ltd. (c) Nanoprobe using FRET-based

Reprinted with permission ref. 10. Copyright 2014 Wiley-VCH Verlag. (d) Schematic illustration of the synthetic

process of CDots and the FRET process between CDots and 4-nitrophenol.'® Reprinted with permission ref. 15. Copyright 2018 Elsevier.

drug carrier, and doxorubicin serves as an acceptor. As doxo-
rubicin is released from the surfaces of the CDots, the FRET
between doxorubicin and the CDots is terminated, restoring the
fluorescence of the CDots.” In 2015, Wang et al. reported a
Cdot-based FRET system with high quantum yield (QY) for the
detection of biologically significant vitamin B,,. Fig. 3b shows
the thermal reduction process of the high-QY CDots and the
FRET process between the CDots and vitamin B,,. The low-QY
CDots exhibited emission wavelengths at 445 nm; after thermal
treatment, the CDots showed high QY with an emission wave-
length of 431 nm. The CDots were used to detect vitamin By,
based on the FRET between the CDots and vitamin B;,.”* In 2017,
Feng et al. reported a CDot-based system for the real-time ratio-
metric monitoring of anticancer prodrug activation in living cells.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

Fig. 3c shows the FRET process between the CDots and
cisplatin(v) prodrug. The quencher unit attached to the CDot
surfaces through amide condensation. The CDots showed blue,
green, and red emission under different excitation conditions
as a drug nanocarrier. Based on the FRET between the CDots
and cisplatin(iv) prodrug, the blue emission of the CDots
was quenched. Under reductive conditions, the nanocarrier
released the dabsyl unit and active Pt(u), causing the blue
emission of the CDots to recover with time; meanwhile, the
intensity of green and red fluorescence remained almost
unchanged.”® In 2015, Wang et al. reported a ratiometric
fluorescent nanoprobe based on a N,S-CDots FRET system that
was used for the determination of eriboflavin in aqueous
solutions (Fig. 3d). The N,S-CDots exhibited blue emission at
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Fig. 3 (a) Assembly process of FRET-CDots—DDS and the proposed mechanism of FRET-CDots—DDS for drug delivery.® Reprinted with permission
ref. 9. Copyright 2013 Wiley. (b) Thermal reduction of high-QY CDots and the FRET process between CDots and vitamin By,.>* Reprinted with permission
ref. 53. Copyright 2015 The Royal Society of Chemistry. (c) FRET process between CDots and cisplatin(iv) prodrug.>* Reprinted with permission ref. 54.
Copyright 2017 American Chemical Society. (d) Schematic diagram of a riboflavin probe based on N,S-CDots and the FRET process.>® Reprinted with

permission ref. 55. Copyright 2015 Elsevier.

465 nm; through the FRET process from N,S-CDots to riboflavin,
the blue emission intensity decreased monotonically, while the
green emission intensity increased.>

2.3 CDots & metal complexes

The monitoring of metal ions is meaningful in the fields of
human health and environmental protection. FRET systems
based on CDot-metal complexes can act as efficient and
sensitive nanoprobes for the detection of certain metal ions.
The most investigated metal complexes include rhodamine-Al**,%
cobalt oxyhydroxide,®*®® quercetin-Zn>*,°® cyclam-Cu*",*’
p-phenylenediamine-Cu®*,"* ruthenium complex,*® and
HCM-Cu*".*

In 2015, Kim et al. designed a CDot-rhodamine-AlI** FRET-
based nanoprobe for AI** detection in aqueous solution. Fig. 4a
schematically illustrates the FRET process between the CDots
and rhodamine-Al**, which are covalently combined. The
CDots act as an energy donor, while rhodamine-AI** serves as
an energy acceptor in the presence of AI** ions. The emission of
the CDots can be tuned from blue to green based on the FRET
process from the CDots to thodamine-AI**.%* In 2017, Liu et al.
synthesized dual optical CDots-based ratiometric fluorescent
nanoprobe for Cu®". Fig. 4b schematically illustrates the FRET
process from the blue CDots to the p-phenylenediamine-Cu®*
complex. As Cu®* can coordinate with -COOH and p-phenylene-
diamine, this led to blue CDots joining to the surface of red CDots.
FRET occurred from the blue CDots to p-phenylenediamine-Cu®*
on the surfaces of the red CDots, leading to the fluorescence
quenching of the blue CDots. The emission color could be tuned
from blue to red based on the FRET process by adjusting the Cu®*
doping content.™ In 2015, Yang et al. reported fluorescent CDots
as a sensitive nanoprobe for Zn>'. Fig. 4c schematically illustrates
the detection of Zn>" based on a FRET system comprising CDots

132 | Mater. Chem. Front., 2020, 4, 128-139

and pentahydroxyflavone-Zn*" complex. Upon excitation at 360 nm,
FRET occurred from the CDots to pentahydroxyflavone-Zn>*, while
pentahydroxyflavone-Zn>" accepted the energy and exhibited
fluorescence emission at 480 nm.°® In 2018, Yan et al. reported
a FRET-based ratiometric fluorescent nanoprobe for Cu®* using
7-diethylaminocoumarin-3-carbohydrazide (CMH)-functionalized
CDots (Fig. 4d). In this system, CMH is covalently bound to the
surfaces of the CDots, and FRET occurs from the CDots to CMH.
However, the FRET process was inhibited by adding Cu®
while, the fluorescence intensity increased at 400 nm and
decreased at 458 nm. The emission can be tuned from blue to
blue-green in the presence and absence of Cu** under UV light.*®

. mean-

2.4 CDots & biomolecules

Biomolecules are an important part of higher flora and fauna
due to their indispensable functions, such as helping cells
transmit signals and controlling physiological and pathological
processes. The biomolecules commonly applied in FRET
include nucleic acids,”® tryptophan,” and dopamine.”

In 2017, Khakbaz et al. reported a nanoprobe for micro-RNA
sensing based on a FRET system. The FRET occurs between
CDots and carboxyfluorescein-labeled DNA, and the CDot
fluorescence is quenched. The nanoprobe can be used for
micro-RNA detection and the early detection of breast cancer.”® In
2017, Dang et al. synthesized a Cdot-based FRET system via a one-
step method using tryptophan and f-cyclodextrin as precursors.
FRET was found to occur between tryptophan and the CDots, and
this system could be used as a sensitive probe for Fe** detection.”
In 2017, Zhang et al. reported a FRET system based on polymer-
ized dopamine (PDA) and CDots for bioimaging (Fig. 5). The FRET
effect occurs between the CDots and PDA, resulting in highly
efficient and tunable emission. The cell imaging ability and
cytotoxicity of the CDot-PDA system were also explored, indicating

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 5 (a) Schematic illustration of a nanoprobe based on FRET between
CDots and PDA. (b) Confocal fluorescence images of MCF-7 cells under
405 nm laser excitation. Reprinted with permission ref. 76. Copyright 2017
The Royal Society of Chemistry.

good biocompatibility and strong prospects for biotechnological
applications.”

3. Nanoprobes based on CDots
and nanomaterials
3.1 CDots & MnO,/MoS,

Layered transition-metal disulphides or dioxides (e.g., MnO,,
WS,, and MoS,) are a class of two-dimensional nanomaterials
that show excellent properties, including large surface areas
along with semiconducting and energy-harvesting characteristics,
giving them widespread applications. Because of their excellent
optical absorption capability and fast electron transfer rate,
these materials are promising fluorescence quenchers and
have attracted considerable attention in the construction of
FRET-based sensing platforms.

MnO, is one of the most stable manganese oxides and possesses
excellent chemical and physical properties. As a transition metal

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 4 (a) Schematic illustration of the FRET process between CDots and rhodamine—Al**.%% Reprinted with permission ref. 63. Copyright 2015 American
Chemical Society. (b) Schematic illustration of the FRET process from blue CDots to p-phenylenediamine—Cu?*.** Reprinted with permission ref. 14.
Copyright 2017 American Chemical Society. (c) Schematic illustration of the detection of Zn?* based on a CDots/pentahydroxyflavone—Zn?* FRET
system.®® Reprinted with permission ref. 64. Copyright 2015 Springer-Verlag Wien. (d) Schematic illustration of a FRET system based on CDots and
CMH-Cu?*.%° Reprinted with permission ref. 65. Copyright 2018 Elsevier.

oxide, it attracts considerable attention in batteries, supercapacitors,
and even catalysis driven by visible light. MnO, shows broad
absorption in the range of 250-550 nm, which overlaps with the
fluorescence excitation of CDots. This phenomenon allows the
occurrence of FRET between CDots and MnO,.*”>”° The transition
metal oxide MoS, has a sandwich structure that is bonded by weak
van der Waals forces and can be regarded as S-Mo-S. MoS,
possesses a large intrinsic band gap that depends largely on the
number of layers. In addition, most transition metal ions have
inherent fluorescence quenching characteristics. Therefore, many
FRET systems based on CDots and MoS, have been reported.****

In 2015, Wang et al. reported a FRET system between CDots
and MnO, for glutathione (GSH) sensing in human whole
blood samples (Fig. 6a). Due to the FRET from the CDots to
MnO, through MnO,-surface functionalization with CDots, the
fluorescence emission of the CDots was quenched. After the
introduction of GSH, the fluorescence of the CDots was
restored.’ In 2018, Yan et al. synthesized a CDots-MnO, FRET
platform and applied it in the sensitive detection of organo-
phosphorus pesticides (Fig. 6b). The fluorescence intensity of
the CDots can be tuned off via FRET from CDots to the energy
acceptor MnO,. Moreover, the quenching effect induced by
MnO, nanosheets can be restored by adding acetylthiocholine
and butyrylcholinesterase to the FRET system.”* In 2015,
Yang et al. reported a turn-on fluorescence nanoprobe for GSH
in aqueous solutions based on a CDots-MnO, FRET system
(Fig. 6¢). The CDots-MnO, complex is easily synthesized via
surface functionalization and exhibits a stable FRET process.
The MnO can be reduced in the presence of GSH introduced into
the system, thereby inhibiting the FRET process between the
CDots and MnO, and restoring the fluorescence intensity.””> In
2017, Jana et al. reported a CDots-MnO, FRET system for
molecular logic operations using N-acetyl-L-cysteine (NAC) and
H' as inputs (Fig. 6d). The FRET process occurs from the CDots to

Mater. Chem. Front, 2020, 4, 128-139 | 133
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MnO,, resulting in fluorescence quenching; the fluorescence
can be restored by adding NAC.”” In 2017, Wang et al. synthe-
sized a CDots-MoS, FRET platform and used it for the sensitive
detection of the antibiotic kanamycin (Fig. 6e). Through van der
Waals forces, the CDots can be assembled onto the MoS,
surface, thus quenching the fluorescence due to the FRET from
the CDots to MoS,.5*

3.2 CDots & Au/Ag

Metal nanoparticles and particularly Ag and Au have attracted
great research interest due to their physicochemical and photo-
electric properties. Therefore, they are widely used in catalytic,
photovoltaic, and biological applications. Au and Ag nano-
particles (AuNPs and AgNPs) can also be used as efficient
acceptors for most fluorescent groups due to their high extinction
coefficients and absorption bandwidths. Therefore, AuNPs®**®
and AgNPs**'% are ideal nano-quenching agents to establish
FRET-based nanoprobes due to their large extinction coefficients
and wide absorption spectra, which overlap with the fluorescent
emission of CDots.

In 2017, Shen et al. synthesized a fluorescent nanoprobe for
the sensitive detection of adenosine based on FRET. Fig. 7a
schematically illustrates the nanoprobe for adenosine based on
FRET between CDots and AuNPs. Through the hybridization
between single-strand DNA (ssDNA)-functionalized CDots and
aptamer-functionalized AuNPs, fluorescence quenching was
observed due to FRET from the CDots to the AuNPs. When
adenosine was present, the binding between adenosine and
aptamer released the ssDNA-functionalized CDots from the
AuNP surfaces, resulting in fluorescence recovery.* In 2017,
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Li et al. reported a CDots-Au nanocluster FRET system
combined via a carbodiimide-activated coupling reaction as a
ratiometric fluorescence nanoprobe for the bioimaging of H,0,
(Fig. 7b). The synthesized CDots-Au system showed a dual-
emission fluorescent property with 40% FRET efficiency
from the CDots to Au. Furthermore, the red emission of the
CDots-Au system could be quenched by H,0,, while the blue
emission was used as a reference signal to provide built-in
correction.®> In 2018, Ge et al. synthesized a selective and
sensitive nanoprobe for the antibiotic p-penicillamine (p-PA)
based on a FRET system between CDots and AuNPs combined
via electrostatic interaction (Fig. 7c). In this system, AuNPs act
as a colorimetric indicator and a fluorescence quencher. The
CDot fluorescence can be quenched through the FRET process
from the CDots to the AuNPs. Moreover, the quenching effect
induced by the AuNPs can be restored by adding acetylthio-
choline and p-PA to the FRET system.®® In 2019, Wang et al.
synthesized a CDots-AuNCs FRET-based ratiometric fluores-
cent nanoprobe for Pb**/Cu®" (Fig. 7d). The probe was simply
prepared by mixing AuNCs and N-CDots in aqueous solution.
The probe can interact selectively with Pb** and Cu**, leading to
a shift in the fluorescent signal. The system showed good
detection sensitivity at 0.5 and 0.15 pM for Pb*>" and Cu*,
respectively.'® In 2018, He et al. reported a CDots-AuNCs FRET-
based dual-emission ratiometric fluorescence nanoprobe for
dopamine sensing (Fig. 7e). The FRET-based nanoprobe consists of
two fluorophores (AuNCs as the acceptor and CDots as the energy
donor) and exhibits dual emission wavelengths of 610 and 420 nm
under excitation at 380 nm. The AuNCs were subsequently
conjugated to the CDots via simple surface functionalization.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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The fluorescence of the AuNCs can be quenched by dopamine,
inhibiting the FRET process from the CDots to Au.®” In 2019,
Dong et al. reported a nanoprobe for the ratiometric detection
of L-cysteine based on FRET between CDots and AuNPs (Fig. 7f).
FRET was established from the energy donor (CDots) to
the acceptor (AuNPs), which were combined via electrostatic
interaction, effectively inhibiting the fluorescence emission of
the CDots. After the addition of r-cysteine to the system, the
fluorescence of the NAC-AuNPs was quenched, while the emission
intensity of the CDots remained almost constant.*®

3.3 CDots & graphene oxide

Graphene oxide (GO) is a two-dimensional graphitic carbon
system with monoatomic thickness and oxygen-containing
functional groups. Due to its good water solubility, large specific
surface area, high electronic conductivity, and long-range nano-
scale energy transfer characteristics, GO has attracted significant
research attention. Recently, it has been used as a good energy
acceptor to quench the fluorescence of CDots based on the FRET
prOCeSS.12’28’101_104

In 2012, Wei et al. reported a metal-ion nanoprobe with high
selectivity and tunable dynamic range based on FRET from
CDots to GO. Fig. 8a shows a schematic illustration of the
nanoprobe for K' sensing based on the CDots-GO FRET
system, in which the CDots and GO are combined via a specific
cation-ligand complexation reaction. The fluorescence of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

CDots can be quenched by GO based on the FRET process;
however, after the introduction of K', which competes with
ammonium functionalized on GO, the fluorescence of the
CDots was restored.”® In 2016, Wu et al. synthesized a photo-
luminescent nanoprobe for the detection of lysozyme based on
FRET from CDots to GO (Fig. 8b). Upon the addition of GO,
the photoluminescence of the aptamer-conjugated CDots was
effectively quenched because of the FRET from CDots to GO.
However, in the presence of the target lysozyme, the CDots
bound strongly to lysozyme via the aptamer-lysozyme inter-
action and desorbed from the GO surface, causing the photo-
luminescence of the CDots to recover.'? In 2015, Cui et al.
synthesized a fluorescent nanoprobe for Hg>" detection based
on FRET between CDots and graphene oxide (Fig. 8c). The
fluorescent signal of the CDots was quenched upon binding
to GO based on the FERT process. However, when Hg>"
was present, oligodeoxyribonucleotide-functionalized CDots
selectively bound to Hg>" ions in solution and initiated the
adsorption of CDots from GO, causing the CDot fluorescence to
recover.”®’ In 2018, Cheng et al. synthesized a fluorometric
nanoprobe for adenosine triphosphate (ATP) sensing based on
FRET between CDots and GO (Fig. 8d). The CDots and GO were
combined through =n stacking and hydrophobic interactions.
CDots and GO acted as the energy donor and acceptor, respec-
tively, resulting the quenching of the CDot fluorescence. When
ATP was present, the aptamer bound strongly to ATP, causing

Mater. Chem. Front,, 2020, 4,128-139 | 135
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the CDots to unbind from GO and the CDot fluorescence to

recover.'??

3.4 CDots & quantum dots

Fluorescence resonance energy transfer between CDots and quantum
dots has also been widely studied. The main studied quantum dots
include CdTe,'” CDots,'* graphene quantum dots.'”” In 2014,
Tao et al. reported a nanoprobe for chlortoluron detection in water

based on a FRET system between CDots and CdTe quantum dots.
The FRET occurs from the CDots (donor) to CdTe (acceptor), greatly
enhancing the fluorescence intensity of CdTe. After the addition of
chlortoluron, the strong interaction between CdTe and chlortoluron
leads to the quenching of CdTe fluorescence by the formation of the
chlortoluron-CdTe ground state complex.'” In 2016, Wang et al.
reported a nanoprobe for volatile organic compounds based
on intra-particle FRET in Mn-CDots. The FRET occurs from the

Fig. 9 Perspectives for potential future applications of Cdot-based FRET systems.
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surface-related energy donor to the metal-related energy acceptor in
the Mn-CDots. The FRET is not sensitive to proximity; instead, it is
sensitive to polarity resulting from the inherent fixed position of the
two fluorescent groups on the CDot backbone. Therefore, based on
the sensitivity of the FRET, the Mn-CDots have extraordinary sensing
ability for some small molecules.'® In 2019, Chini et al. reported a
nanoprobe for sensing heavy metal ions based on a FRET system
between CDots and graphene quantum dots. In this FRET system,
the graphene quantum dots serve as the energy donor, while the
CDots are the acceptor. After the addition of heavy metals such as
mercury (Hg>") and arsenic (As®) into this nanoprobe system, the
FRET signal was significantly reduced.'””

4. Conclusions & perspectives

CDots have recently emerged as a new class of fluorescent
carbon nanomaterials and gained tremendous attention due to
their excellent physicochemical properties, which distinguish
them from traditional fluorescent materials. The major advant-
ages of Cdot-based FRET systems include high sensitivity,
adjustable composition, and good biocompatibility, which
make them promising materials for nanoprobes, bioimaging,
and biomedicine. In comparison with conventional FRET
systems, CDot-based FRET systems overcome drawbacks such
as spectral crosstalk, photobleaching, and direct acceptor
excitation. CDot-based FRET systems also provide increased
sensitivity, for single function and multifunction use. As a new
type of nanomaterial with excellent optical properties, CDots
can serve as an energy donor and receptor, greatly improving
the application range and efficacy of CDot-based FRET systems.
Perspectives for potential future applications of CDot-based
FRET systems are summarized in Fig. 9.

Research on the design and fabrication of CDot-based FRET
systems has become of great interest in chemical and biological
sciences along with engineering fields. With the development
of FRET-based nanoprobes, the functional units of FRET have
been expanded from simple molecules to macromolecule
and nanoparticles, and the research focus has shifted from
single measurements to multifunctional and interdisciplinary
applications. CDot-based FRET nanoprobes show promise
for achieving high sensitivity, high selectivity, portability, fast
response, and biocompatibility, which are important in appli-
cations in biotechnology, the environment, and medicine.
For example, all-in-one diagnostic platforms for recognition,
imaging, and therapy have received increasing attention. How-
ever, a great number of challenges and opportunities remain.'%®
For example, while numerous optical light-emitting diode devices
have been reported, further research in the field of biological
devices is needed. This review summarized recent progress in the
research and development of CDot-based FRET systems with a
focus on the different classifications of fluorescent molecules
and potential applications in nanoprobes. We reviewed several
fluorescent molecules in detail, including organic fluorescent
molecules, drug molecules, metal complexes, biomolecules,
MnO,/MoS,, Au/Ag, graphene/GO, and quantum dots. We also

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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presented extensive applications of CDot-based FRET systems as
highly sensitive nanoprobes for diverse analytes.

Although many applications of CDot-based FRET systems
have been reported, challenges remain. First, for CDots acting
as the energy donor, new energy receptors are needed to
facilitate efficient energy transfer and increase detection sensi-
tivity. Second, for CDots acting as the energy receptor, new
energy donors should be explored. Thus, CDots can be enabled
to exhibit superior optical performance for nanoprobe and
biological applications. Third, novel CDots based on heteroa-
tom doping and surface functionalization should be explored
to allow the FRET process to be modulated by preparing CDots
with different properties. In summary, exploring new energy
transfer donor and receptor pairs for FRET systems is important
to improve FRET efficiency and analytical performance. CDot-
based FRET systems will undoubtedly overcome the limitations of
traditional luminescent materials and have a bright future in
nanoprobes, bioimaging, biomedicine and other applications.
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