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ABSTRACT: Natural enzymes are highly efficient catalysts with strong substrate e
specificity, making them ideal for biomedical applications. However, they often g o
face issues such as variability, high costs, challenging preparation processes, S < N
and difficulties in large-scale production. This has led to significant efforts in /’j/——"’*\\ 6*\ - &%
developing effective nanoenzymes and exploring their application potential. In £ \”g\,_ ;’o St
recent years, carbon dots (CDs) have gained attention due to their strong ,j/l \\3@ . @
fluorescence, excellent biocompatibility, and low cytotoxicity. Cationic CDs, .’;‘ -3 J /_ J ‘,% o f—
which possess a positively charged surface, have shown the ability to mimic '\\\\ Ty i f/‘, ’./'g | v
natural enzyme applications. The positive charge on the surfaces of these \ T “;/Qb°"‘,,, - '
nanomaterials significantly influences their fluorescence, biological activity, and \‘;\ /,;’9\, e
interactions with other biomolecules. Therefore, understanding how surface e 2 Carbonzsts nanozyine
charge affects the performance of CDs is crucial for enhancing their usability. é . —
. . . A ot o -_ O 5 .«_l—l
Considerable progress has been made in the design, synthesis, and mechanistic == & o 3
research of enzyme-like cationic CDs, as well as their advanced applications. XY el
This article reviews the latest research on the design structure, catalytic ‘ * Cationic CDs nanozyme

mechanisms, biosensing capabilities, and biomedical applications of enzyme-like cationic CDs. First, we review the
synthesis strategies for cationic CDs and how surface charge influences their physical and chemical properties. Next, we
highlight various applications of these cationic CDs, demonstrating their use in areas such as detection, biomedical
applications (including antibacterial agents, gene carriers, and therapeutic agents), catalysis, and more. Finally, we discuss
the challenges and obstacles faced in the development of cationic CDs and look forward to exploring new applications in

the future.

KEYWORDS: cationic carbon dots, enzyme-like, catalysis, applications, nanomaterials

1 Introduction

Natural enzymes are proteins or RNAs functioning as highly
efficient biological catalysts in multiple physiological processes
within living organisms. However, they possess certain drawbacks,
including high costs associated with their isolation, purification and
storage, lack of recyclability, and extreme susceptibility to
environmental conditions, all of which impair their catalytic
effectiveness and hinder their practical applications. Nanozymes, as
emerging nanomaterials with enzyme-like activities, have overcome
some of the shortcomings of natural enzymes and are favored with
easy preparation, high catalytic efficiency, low cost, and high
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stability. However, the catalytic efficiency of nanozymes can’t match
that of natural enzymes. Besides, comprehension of the precise
catalytic mechanisms underlying nanozymes is still in the initial
stages, limiting the precision in designing targeted therapies and
anticipating prolonged biological consequences [1-3]. Single atom
nanozymes are a novel type of nanozyme with active sites
composed of individual metal atoms, similar to the active sites of
natural metalloenzymes. They can catalyze the reaction of enzyme
substrates under physiological conditions and possess catalytic
efficiency and enzyme-promoted reaction kinetic properties similar
to natural enzymes. However, both nanozymes and single-atom
nanozymes face challenges in balancing good physicochemical
properties and enzymatic activity [4-7].

Carbon dots (CDs), a well-known luminescent carbon-based
nanomaterial, have received growing attention from the time of
their discovery. They are usually sphere-shaped nano-crystals
smaller than 10 nm [8]. In contrast to conventional semi-
conducting quantum dots (QDs), the CDs have a number of oxy-
functional groups, like carboxyl, hydroxyl, or epoxy functional
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groups, which offer a high degree of selectivity and the ability to
chemically interact with additional chemical as well as biological
entities [9-12], and also have many extraordinary properties,
including abundant photoluminescence properties [13, 14], easy
surface functionalization, chemical stability [15], photostability,
excellent biocompatibility [16], low cytotoxicity [17], and excellent
water solubility [18]. These special properties have been widely used
in biomedical and chemical applications [19, 20].

Owing to the presence of some oxygen functional groups on the
surface, normal CDs show a negative surface potential. While
doped and surface-modified CDs usually exhibit positive surface
potentials from nitrogen-containing organic precursors [21, 22].
These CDs with a large number of positively charged surface
functional groups are called cationic CDs. Cationic CDs, due to
their unique physicochemical properties and surface functional
groups, can exhibit enzyme-like catalytic activity. Therefore, they
can be regarded as a special kind of nanoenzymes. Furthermore,
cationic CDs with surface defects and unpaired electrons have more
active sites, which can provide rapid electron transport effects. This
leads to improved catalytic performance, allowing them to mimic
the catalytic action of natural enzymes. As a result, these modified
CDs show promise as substitutes for natural enzymes in biomedical
applications.

The surface positive charge of nanomaterials significantly affects
fluorescence, bioreactivity, and interaction with biomolecules. For
instance, in the application of CDs as an antibacterial agent, cationic
CDs are more easily attracted to bacterial cell membranes, which
typically carry a net negative charge, through electrostatic
interactions [22]. This attraction enhances their antibacterial
activity, making cationic CDs suitable for use as biomedical
materials. Additionally, these cationic CDs exhibit enzyme-like
activities, such as catalase-like activity, which enables their use in
biosensors, including those for glucose monitoring. Although
various review articles summarize the preparation and applications
of CDs [23, 24], only one review is focused on cationic CDs.
Mohammadinejad et al. described the precursors, structures, and
properties of cationic CDs in detail, demonstrated various
applications of these materials in gene delivery, and also discussed
the potential of CDs as traceable gene delivery systems [25].
However, recent researches on cationic CDs have reported
numerous different synthesis methods and applications. Hence,
some organization and in-depth analysis thereof are necessary.

In this review, we present a summary of the synthesis methods
for cationic CDs, the influence of surface charge on CDs
performances, as well as the applications for cationic CDs in recent
years. The influence of surface charge on the performances of CDs,
which include optical, chemical, biological, and physical
characteristics, is comprehensively described. Applications of
cationic CDs are categorized and summarized thoroughly, covering
fluorescent sensors, biomedicine (imaging, antibiosis, therapy, non-
viral gene vectors), catalysis (including photocatalysis and
electrocatalysis), physical adsorption and separation (Fig. 1). We
also conclude with a comprehensive summary of some of
challenges and barriers faced during the development of cationic
CDs, as well as an outlook regarding further exploration for new
applications.

2 Synthetic methods and the properties of
cationic CDs

Cationic CDs have garnered significant attention due to their
adjustable enzyme activity, microbial adhesion, and excellent
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Figure1 Development of nanomaterials with enzyme-like properties.

biocompatibility across a broad spectral range [26]. In particular,
CDs with an sp® hybrid structure have demonstrated a strong
ability to generate reactive oxygen species. Nitrogen doping in these
CDs enhances their peroxidase activity, making them more effective
as nanomaterials. Furthermore, the intrinsic activity of carbon
nanomaterials can be further improved by using thiourea as a
source of sulfur.

The synthesis methods for cationic CDs are similar to those used
for traditional CDs and are typically categorized into two
approaches: top-down and bottom-up methods. For the synthesis
and surface passivation of cationic CDs, positively charged
compounds or polycations are commonly employed. There has
been significant focus on synthetic polymers that contain amines,
such as polyethylene imine (PEI), chitosan, poly-L-lysine (PLL),
and poly(amidoamine) (PAMAM). The top-down methods include
techniques such as laser ablation, ultrasonication, electrochemical
oxidation, and chemical oxidation. On the other hand, bottom-up
methods consist of microwave-assisted pyrolysis, solvothermal
methods, and hydrothermal carbonization. The size of cationic CDs
synthesized by microwave is easily controllable, with a relatively
uniform size distribution and short reaction time. Although the size
distribution of CDs obtained through thermolysis is wide, the
preparation is low in cost and easy to operate. The synthesis of CDs
using solvothermal method is cost-effective and has high quantum
efficiency. Therefore, these three methods are mostly used methods
for preparing cationic CDs [25]. Here, we discuss in detail the
characteristics of different CDs obtained by these three methods
and the impact of surface charge on the characteristics of different
CD:s obtained by different preparation methods.

2.1 Microwave synthesis

Microwave technology has emerged as a process of great
importance in synthetic chemistry. Cationic CDs prepared by
microwave heating is to rely on microwave to make polar
molecules vibrate rapidly to generate heat, so that the reaction
system heating, accelerate the shrinkage of the carbon source,
carbonisation and surface modification to form CDs, the cationic
CDs prepared in this way are small and homogeneous in size, with
a lot of oxygen-containing functional groups on the surface, and

) 442w | Sci@pen
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have a good fluorescence performance. Ma et al. proposed a simple
method of microwave heating for the synthesis of peptide dendritic
CD-based ternary nanoparticles (pCBMA (CD-D/DOX)) [27]. In
the synthesis process, glucose and varying amounts polyethylene
glycol 200 (PEG200) were dissolved into distilled water forming a
clear solution. Then the beaker was heated in an 800 W microwave
oven for 3 min. As reaction time increased, solution changed color
from colorless into deep brown, implying CDs formed.

Chowdhury et al. reported for the first time that CDs were
obtained from chitosan gels by microwave heating, and the gels
were stable and non-degradable, so that the raw material for the
preparation of CDs had a longer shelf life [28]. The CD Zeta
potential is +27 mV and has good photoluminescence (PL)
properties. Its particle size ranges from 0.6 to 8.7 nm. Sahiner et al.
synthesized nitrogen-doped (N-) and sulfur-doped (S-)CDs using
arginine (A), lysine (L), histidine (H), cysteine (C) and methionine
(M) as source materials by simple 1-4 min micro-wave procedure
(Fig. 2), all four amino acid carbon dots showed positive charges,
except for cysteine-derived CD (C-CD) which exhibited negative
surface charges [29]. They have higher quantum yield (QY) values
compared to undoped materials. These amino acid-based CDs are
non-toxic and biocompatible due to their -COOH, -NH, and -SH

groups.
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2.2 Thermolysis

Pyrolysis is widely used as a method of cationic CDs synthesis
because of the lower cost and simplicity of operation. Guo et al.
used citric acid along with l-glutathione (GSH) as a source of
carbon and dopant elements and added polyene-polyamines
(PEPA) [30]. The p-CD with positively charged amine-rich surface
was prepared by simple pyrolysis (Fig. 3(a)), and the resulting
cationic CDs retained their intrinsic luminescent properties while
exhibiting strong quenching ability against fluorophore-modified
DNA. The most prevalent and possessing important physiological
functions polyamine include putrescine, cadaverine, spermidine,
and spermine, which consist of small aliphatic hydrocarbon
molecules bearing primary and secondary amines with a net
positive charge at physiological pH. Jian et al. synthesized
polyamine-modified carbon quantum dots (CQDgq,) by pyrolysis
of solid spermidine (Spd), which exhibited higher solubility and
yield than other biopolyamines [31]. However, Chen et al. recently
showed that CQDygyq, causes histopathological damage, including
hepatic steatosis and mild mixed inflammatory cell infiltration; it
showed significant cytotoxicity in human embryonic kidney
(HEK293) cells, inducing oxidative stress but not activating NOD-
like receptor family pyrin domain containing 3 (NLRP3)
inflammasome; reduced liver function was observed in CQDgpq
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Figure2 (a) Molecular structure of prepared amino acids, (b) schematic representation of N-, S-doped CDs preparation with citric acid as a carbon source and cysteine
asan S and N doping source, (c) TEM images of amino acid derived CDs. Reproduced with permission from Ref. [29], © Springer Science Business Media, LLC, part of

Springer Nature 2019.
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Figure3 Schematic synthesis of (a) P-CDs [30]. Reproduced with permission from Ref. [30], © Elsevier B.V. All rights reserved 2018. (b) CQDs modified by PEI [36].
Reproduced with permission from Ref. [36], © Elsevier Ltd. All rights reserved 2015. (c) Carboxy CQD (CCQD), amino CQD (NCQD) and sulfonated CQD (SCQD)
[37]. Reproduced with permission from Ref. [37], © Elsevier B.V. All rights reserved 2018. (d) Amine-modified CDs [40]. Reproduced with permission from Ref. [40], ©

Elsevier B.V. All rights reserved 2017.

treated mice. Therefore, it is important to consider the risk of
toxicity in the subsequent preparation and application of this type
of cationic CQDs [32, 33].

Compared to other methods, the pyrolysis method for the
formulation of cationic CDs is somewhat demanding in terms of
carbon source, requiring organic molecules with a low melting
temperature as the carbon source. Moreover, it is typically carried
out at elevated temperatures [34, 35]. However, Shi et al. prepared
CQDs by low-temperature pyrolysis using CA and
polyethyleneimine (PEI) as carbon sources and co-reactants, where
citric acid (CA) was often used as a carbon source due to the ability
of carboxyl groups to promote dehydration and carbonization (Fig.
3(b)) [36]. Sun et al. prepared three CQDs with different functional
groups by pyrolysis, namely carboxy CQD (CCQD), amino CQD
(NCQD) and sulfonated CQD (SCQD) [37], CCQD was prepared
by direct pyrolysis of CA, SCQD was prepared by using CA and
poly(sodium 4-styrenesulfonate) (PSS) as precursors via a one-step
pyrolysis method, while NCQD was synthesized in the existence of
branched polyethyleneimine (BPEI) through low-temperature
thermolysis of CA (Fig. 3(c)). The addition of BPEI gives NCQD an
-NH, group, making the CDs positively charged, while CCQD
with the presence of abundant -COOH groups and SCQD with the
introduction of multivalent —-SO5> had more negative Zeta potential
values.

The size distribution of CQDs prepared by conventional
pyrolysis is wide, while the PL properties of quantum dots depend
on the size of QDs [38], so the microwave-assisted pyrolysis
method is becoming more and more popular. This preparation
method has short reaction time and makes the size of CQDs easily
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controllable and uniform in size distribution. In addition,
microwave-assisted pyrolysis of cationic CDs were prepared in the
general anoxic or oxygen-free environment, using of microwave
heating to cause the decomposition of the carbon source, which will
make its structure more graphitised, with high surface charge
density and better stability. Zhang et al. synthesized amine-
terminated CDs  (CDs-NH,) from l-asparagine and
ethylenediamine (EDA) by microwave-assisted pyrolysis [39]. EDA
makes most of the carboxyl amidation of l-asparagine, and the final
CDs are wrapped by amino group to be positively charged, and this
method had enough time for thorough pyrolysis so that no further
purification was required, and the fluorescence QY at 360 nm was
11.4%. Jiri et al. chose diethylenetriamine (DETA) as the surface
passivation agent, and synthesized amine-modified CDs by one-
step microwave pyrolysis using CA as the carbon source [40]. The
stable mediation by amine groups on the CDs surface at neutral pH
allowed the CDs to have a positive surface charge, and they
exhibited good water solubility. The aqueous solution of the CDs
showed blue fluorescence with a QY value of 4% (Fig. 3(d)). Rohan
et al. also used CA as a carbon precursor, but synthesized N-doped
cationic CDs using PEI as a capping agent and fluorescence
enhancer, whose aqueous solution showed a higher QY of 46%
[41].

Usually the use of N-doping or N-containing passivators
increases the QY of the CDs, but the reason for why CDs prepared
by CA and specific amines has such a high QY is not yet clarified.
Since CD formation, passivation of the surface as well as the
development of nanoparticles occur at the same time without clear
boundaries, the pyrolysis time is also considered to be an important
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factor affecting the QY of CDs [42, 43]. The CDs with a relatively
low QY may be the result of frequent dialysis time extension of
water changes leading to smaller CDs and loss of fluorescent
molecules [44].

2.3 Solvothermal method

The solvothermal method is another common method for the
synthesis of cationic CDs. The QY of the prepared N-CQDs tends
to be relatively low due to the small proportion of nitrogen in
common biomass materials. In contrast, N-CQDs prepared by the
bottom-up solvothermal method have higher yields due to the high
nitrogen content from the use of a molecular nitrogen source. Qian
et al. synthesized N-CQDs by solvothermal using different diamine
carbon chains as nitrogen precursors and adding carbon
tetrachloride, while comparing the effects of nitrogen percentage
and nitrogen type on the fluorescence of N-CQDs [45]. The doping
of nitrogen atoms as active sites significantly improved the
fluorescence of N-CQDs. They also optimized the solvothermal
conditions and reaction time in order to obtain the best quantum
yield and good monochromatic dispersion.

Lin et al. used a solvent thermal method to synthesize CDs using
anhydrous citric acid and PEG 1500 as the carbon source and
passivation agent, and the quantum yield of CDs obtained by this
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method (21%) was higher than that of quantum nanodots
synthesized by the reflux route (17%) [46]. Wu et al. synthesized
CDs of ultra-small dimensions (ca. 3.3 + 0.4 nm) with long alkyne-
linked quaternary ammonium groups on their surfaces and strong
positive charges (Zeta potential: ca. +33.1 + 25 mV) by
solvothermal using a 1:2 volume ratio of dimethyloctadecyl
(trimethoxysilyl) propylammonium chloride (Si-QAC) and glycerol
[47].

Nevertheless, the majority of organic solvents are both toxic and
costly, as well as potentially causing serious harm to the health of
the human body. Compared to that, the use of water is a kind of
green and inexpensive solution, therefore the water-thermal
methods are more used in the preparation of cationic CDs. In 2016,
Zhou et al. synthesized multifunctional CDs using hydrothermal
carbonization of alginate, in which alginate acts as both a carbon
source and a cationic agent, and the prepared CDs are positively
charged, have aqueous dispersion, and exhibit a strong and stable
fluorescence [48]. Yang et al. synthesized cationic CDs using folic
acid (FA) and PEI by simple, low-cost hydrothermal carbonization
(Fig. 4(a)). The CDs exhibit stable and strong PL properties and
relatively high QY (42%). The presence of CDs reduced the toxicity
of PEI and allowed its direct use for cell imaging [49].

In general, heteroatom doping can improve and modify the
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of FNCDs [56]. Reproduced with permission from Ref. [56], © Elsevier B.V. All rights reserved 2020. (c) Schematic representation of the strategy employed for the
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performance of CDs. Doping with N can create defective sites that
eventually enhance the fluorescence performance on CDs [50-52].
Elemental fluorine (F) exhibits the greatest electrical negativity
among any element and is prone to hydrogen bond formation,
which improves luminescence stability [53—55], preparation of N
and F co-doped CDs can further improve its emission wavelength,
surface charge and yield. Li et al. prepared such F and N co-doped
CDs (FNCDs) using hydrothermal method (Fig. 4(b)). ENCD has a
maximum photoluminescence emitting wavelength at 502 nm and
an optimal excitation wavelength at 466 nm, respectively. Especially,
their quantum yields in aqueous solutions are as high as 57%. They
exhibit good fluorescence stability under different pH, temperature,
ionic strength and guest molecule conditions [56].

Sun et al used hydrothermal synthesis of chlorhexidine
gluconate CDs using carbonated chlorhexidine gluconate (CG), CG
provided the carbon and nitrogen source [57], they also used a
separation membrane method to separate the CDs into different
particle sizes, including ~ 2.0 nm small particle size CGCDs (s-
CGCDs), ~ 3.9 nm intermediate particle size CGCDs (m-CGCDs)
and ~ 5.3 nm large particle size CGCDs (I-CGCDs) (Figs. 4(c) and
4(d)). Due to the similarity of the precursors, these three types of
CGCDs have similar characteristics, however, there are variations in
PL properties and bacteriostatic effects.

In addition, microwave-assisted hydrothermal approaches use
high temperatures generated rapidly by microwave radiation,
enabling dehydration and carbonization of the carbon source
within a few minutes. Geng et al. synthesized CDs with good
photothermal  effects using  ultrafast  microwave-assisted
hydrothermal methods within the second near-infrared window
(Fig. 4(e)). Its surface is positively charged, which allows it to be
electrostatically assembled on each side of the negativity charged
WS, nanosheets [58].

Different synthesis methods lead to variations in the carbon core
and functional group structures of CDs. High crystallinity CDs are
primarily derived from larger carbon structures such as graphite
rods, graphene, and carbon nanotubes through processes like acid
oxidation, electrochemical stripping, laser ablation, and microwave
stripping. The diverse surface functional groups (mainly nitrogen-
containing functional groups found in cationic CDs), and the
presence of heteroatom doping sites in CDs are largely attributed to
the variety of precursor elements used. By optimizing factors such
as the reaction precursor, duration, solvent, and temperature, it is
possible to control the chemical structure, composition, and size of
cationic CDs.

3 Applications of cationic carbon dots

The positive surface charge of nanomaterials greatly influences
fluorescence, bioreactivity, and interactions with biomolecules
[59—-66]. These characteristics enable cationic CDs to be utilized in
sensors, biomedicine, and catalysis [67, 68].

3.1 Sensor

Cationic CDs have received extensive attention for their excellent
optical properties and enzyme-like activity, especially catalase-like
activity, in the sensing field [69-75]. Based on the high affinity of
Co-CDs to H,0,, Lu et al. constructed a colorimetric sensor for
detecting glucose by combining Co-CDs with glucose oxidase. Due
to the high catalytic activity and the cascade strategy, it has a good
linear relationship in the range of 0.500-200 pM, and the detection
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limit is 0.145 puM. The biosensor achieves accurate detection of
glucose in human serum samples [76].

Yang et al. reported that cationic CDs and neutral red (NR)
aggregated with negatively charged hyaluronic acid (HA) along
linear chains by electrostatic adsorption, establishing an
electrostatically controlled ratiometric fluorescence analysis method
for hyaluronidase (HAase) detection (Fig. 5(a)). The shortening of
the distance separating the cationic CDs from the NR results in a
significant fluorescence resonance energy transfer (FRET) between
the cationic CDs and the NR. Under this condition, there will be a
red fluorescence which is considered to detect the initial state of
HAase. Linear HA is degraded by HAase into low molecular weight
fragments, and insufficient inhibition of small HA fragments to
counteract hydrostatic repulsion forces between cationic CDs and
NR, and absorption of fluorescent components progressively
segregates from nanoclusters. Therefore, between cationic CDs and
NR, FRET becomes weaker, with an increase in fluorescence
emission around 525 nm and a decrease towards 630 nm, and a
change in fluorescence color is observed from red to yellowish-
green, with the naked eye, even in the presence of UV irradiation,
which facilitates semi-quantitative measurements with limited
instrumentation [77]. Pushap et al. developed a simpler, more
sensitive ratiometric fluorescent sensor to detect the HAase, and
established a FRET mechanism by adsorbing cationic CDs and
naphthalimides onto negatively charged HA (Fig. 5(b)). It has a
detectable limit of 0.09 U/mL, below the level of HAase in normal
human body fluids and can be used to diagnose HAase-related
diseases [78].

In addition, cationic CDs have been used to detect copper ions.
The presence of excess copper ions in blood often harms our DNA
which may even contribute to a variety of diseases including
Alzheimer's disease [79, 80], amyotrophic lateral sclerosis [81] and
Parkinson's disease [82—84]. Therefore, the adoption of effective
ways to monitor copper ion levels is very important to keep our
bodies safe. A simple and green approach to synthesize N-doped
cationic CDs was used by Feng et al [85]. The CDs have
biocompatible and pH-sensitive luminescence properties. Cu** will
coordinate to functional groups on the surface of P-CDs, and their
combining interactions lead to a constant shape as well as a
statically quenched behavior of the cationic CDs (Fig. 5(c)). The
linear range of the response of cationic CDs to Cu* selectivity and
sensitivity is 0.05-8 (M, and the detection limit is 0.035 puM. At the
same time, assay results showed that Cu* was well detected in
complex matrices from serum samples. In addition to monitoring
Cu* in living organisms, N-doped cationic CDs have also been
applied to the detection and extraction of Cu** in industrial mineral
processing. Thomas et al. prepared positively charged N-CQDs
adsorbed onto graphene oxide (GO) via charge interactions to form
surface-active complexes (GO/CQDs), with the surface charge of
GO was shielded by the N-CQDs, thereby enhancing their group
affinity to the toluene-water interface [86]. As soon as the sample is
attached to the oil-water interface, the N-CQDs are able to measure
the copper ion concentration in the aqueous subphase by
quantifying the extent of their fluorescence quench. And the
validity of the copper ion concentration is not affected by the
presence of stable GO.

Wang et al. fabricated a new type of FRET-ratio fluorescent
probe via electrostatic attraction from positively charged amino
CDs to negatively charged Au nanoclusters (Au NCs) for the
detection of Cu** and Pb* (Fig. 5(d)) [87]. The fabricated probe
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Figure5 (a) Schematic illustration for the electrostatic-controlled ratiometric fluorescence assay in response to HAase [77]. Reproduced with permission from Ref. [77],
© American Chemical Society 2017. (b) Graphical representation of the FRET mechanism for the sensing of hyaluronidase [78]. Reproduced with permission from Ref.
[78], © Raj, P. et al. Licensee MDPI, Basel, Switzerland 2021. (c) The detection of Cu* based on the prepared P-CDs using one-pot melting step [85]. Reproduced with
permission from Ref. [85], © Korean Chemical Society, Seoul & Wiley-VCH GmbH 2020. (d) Schematic diagrams showing the preparation of N-CDots/AuNCs probe
and ratiometric fluorescent detection of Pb** and Cu** by the prepared probe [87]. Reproduced with permission from Ref. [87], © Elsevier B.V. All rights reserved 2018. (e)
Schematic illustration of the detection of Ag* and L-cysteine with a dual-emissive nanosystem of CQDs and Au NCs [88]. Reproduced with permission from Ref. [88], ©

The Royal Society of Chemistry 2018.

showed double-emission peaks observed at 440 and 565 nm, and
effective FRET could be produced at a single 380 nm excitation
wavelength (Fig. 5(e)). For CDs, the blue fluorescence remains
stable, while for the Au nanoclusters, the red fluorescence is
enhanced with Pb* and extinguished by Cu*, resulting in a change
in the fluorescence ratio that can be used to detect copper and lead
ions in real water samples. This same FRET fluorescent probe
designed by compounding cationic CDs with Au NCs was also
used for the visual detection of Ag* and cysteine (Cys) in paper by
Han et al. Ag" enhances the orange emission of Au NCs, which is
gradually quenched in the presence of Cys (Fig. 5(f)). In addition,
some research groups have synthesized composites of CQDs/Au
nanoparticles (AuNPs), which are also compounded by electrostatic
forces [88].
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Wu et al. developed a simple, convenient and sensitive sensor
platform to detect organophosphorus pesticides (OPs) on the basis
of FRET analysis between CQDs and AuNPs [89]. The principle of
FRET-based sensing platform for OPs determination, as shown in
Fig. 6(a). Using n-acetyl 1-cysteine-cap AuNPs (NAC-AuNPs) and
highly fluorescent cationic CDs, Dong et al. proposed a new far-red
for 1-cysteine (L-Cys) ratio FRET fluorescent probe (Fig. 6(b)). The
emission intensity exhibited well linear correlation with L-Cys
concentration at 539 and 630 nm over the range from 1.0 to
110 puM, and the limitation of detection was 0.16 pM [90]. Li et al.
modified AuNPs (-CD@AuNPs) with S-cyclodextrin to be
negatively charged and then complexed with positively charged
CQDs by electrostatic interaction, and the prepared CQDs/f-
CD@AuNPs nanosensor can be used to detect cholesterol in pig
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Figure6 (a) The principle of FRET-based sensing platform for OPs determination [89]. Reproduced with permission from Ref. [89], © Published by Elsevier B.V 2017.
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permission from Ref. [90], © Published by Elsevier B.V. 2019. (c) The FRET occurred between CQDs and f-CD@AuNPs under the role of static electricity. And CQDs
was replaced by cholesterol, based on the specific host-guest recognition between the inner cavity of f-CD and cholesterol, the FRET could be interrupted, and then the
fluorescence of CQDs was turned on [91]. Reproduced with permission from Ref. [91], © Published by Elsevier B.V. 2019. (d) AFB1 assay strategy [92]. Reproduced with

permission from Ref. [92], © Elsevier B.V. All rights reserved 2015.

serum (Fig. 6(c)) [91]. In the field of food safety control, an
ultrasensitive biosensor with aptamers for detecting aflatoxin Bl
was successfully carried out by Wang et al [92]. Positively charged
N-doped CDs are mounted on aptamer-modified Au nanoparticles
(aptamer/AuNPs). The specific interaction between AFBI and
aptamer leads to the release and fluorescence recovery of N-doped
CDs, with recovered fluorescence intensity directly proportional to
added aflatoxin B1 (AFB1) concentration (Fig. 6(d)), which allows
the sensor to be highly sensitive and selective for the detection in
true samples of AFB1. A summary of recently reported cationic
CDs based sensors is given in Table 1.

In sensing applications, the positively charged surface of cationic
CDs can specifically bind to negatively charged substances through
electrostatic interaction, resulting in high selectivity for specific
analytes [93]. In addition, they have fluorescent properties, and the
fluorescence intensity and wavelength change when affected by the
environment, and the signal is easy to detect, making them valuable
biosensing materials. The sensing principle is usually based on
specific interactions between the surface functional group or
targeting moiety and the analyte, which leads to a change in the
photoemission properties of the cationic CDs, thus achieving high
sensitivity and selectivity for the detection of specific molecules.
Cationic CDs can be used for the detection of metal ions, such as
mercury ions, which bind to cationic carbon dots and cause
fluorescence bursts, enabling highly sensitive detection of mercury
ions; and for the detection of biomolecules, such as adenosine
triphosphate (ATP), which is negatively charged and binds to
cationic CDs to change fluorescence, enabling the determination of
ATP concentration. This is of great importance in biological
analysis and clinical diagnosis.

3.2 Biomedicine

Most natural enzymes are proteins, which can lead to certain
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inherent drawbacks, such as variability, susceptibility to loss of
activity, cumbersome purification processes, and challenges in
storage and recycling [94-99]. In contrast, cation CDs enzyme-like
materials offer enhanced physical and chemical stability, versatility,
and recyclability [100, 101]. Researchers have discovered that CDs
possess good enzyme activity, effective hydroxyl radical scavenging
capabilities, and superior fluorescence properties, making them
suitable for biomedicine applications. This section explores the use
of CDs in biomedicine across four key areas: imaging, antibiosis,
therapy, and non-viral gene carrier.

3.2.1 Imaging

Imaging nanoenzyme refers to nanoenzyme applied in the field of
imaging, which has both the nanoenzyme activity and imaging
function. It not only catalyzes specific biochemical reactions, but
also enables real-time monitoring and localization through imaging
technologie. CDs have received lots of attention in building imaging
probe frameworks due to their high biocompatibility, green
synthesis, low toxicity, luminescence properties, and easy surface
functionalization [102-105]. Through specific excitation light
irradiation, the CDs nanoenzyme can emit fluorescence to realize
the imaging of biomolecules, cells or tissues, and provide
visualization means for disease diagnosis, biological process
monitoring and so on [56]. We describe here in three parts:
enhancement of imaging signals, targeted imaging, and imaging-
guided therapy monitoring.

(1) Enhanced imaging signal: In general, variations in the
morphology of chromosomes may indicate the cell division process.
To understand every phase of that cell cycle is crucial to determine
the mechanisms that regulate the process, whereby unusually
divided cells are often a sign of many diseases (e.g., cancer) [106].
Therefore, using probes for live cell imaging can help us visualize
the process of cell division more intuitively. Cell cycle assays are
based on positively charged fluorescent dyes which are
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Table 1 The application of cationic CDs in sensing

L Synthesis Zeta potential FLQY Sensing
Cationic CDs approach Precursors (mV) (%) Ex/Em (nm) Analytes mode LOD (nM) Ref.
N, C-dots Hydrothermal Pancreatin / / 370/445 Aflatoxin Bl Fluorescence  0.016 [52]
CDs Hydrothermal 4-Aminobenzoic acid, m- . , 59.6% 414/539 630 L-Cysteine Ratio 160 [50]
phenylenediamine
CQDs Sonication  Cetylpyridinium chloride / / 390/528 Cholesterol Fluorescence  343.48  [51]
N.§ ct:l—;iri)gggtscarbon Hydrothermal  Citric acid, thiourea +18.8 / 400/420-610 Living cancer cells Fluorescence 5 cellsymL [46]
N-CDots Microwave  Arg, ethylenediamine ~ +17.7 + 1.03 / 380/440 565 Pb**/Cu* Ratio 20,000  [47]
C-CDs Sonication  Cetylpyridinium chloride +39.2 / 390/525 HAase Ratio 50 [39]
CQDs Hydrothermal Branche.d . +3.73 / 375/605 Silver ions and L- Fluorescence 2 [48]
polyethyleneimine cysteine
CQDs Hydrothermal Chlorophyll +11.6 /360 460/440 Orga;‘:gﬁ?;g?"ms Fluorescence 50 [89]
NCQDs Solvothermal  1,2-Ethylenediamine +27.6 36.3%  332/406 Ag'and Fe" Fluorescence / [25]
P-CDs Pyrolysis  Citric acid, glutathione +15.4 7.59%  350/460 Copper ion Fluorescence 35 [45]
C-dots Pyrolysis  Citric acid, glutathione +20.3 12.6%  345/488 Heparin Fluorescence  9.04 [54]
. Spermidine -
CQDs Pyrolysis trihydrochloride +19.5 / 430/542 Hyaluronic acid ~ Fluorescence 0.09 U/mL [78]
N-CQDs Hydrothermal Dried grass +30.2 22.8%  360/435 Todide Fluorescence 10,000 [55]

electrostatically concentrated in the cell nucleus. Cationic CDs
nanoenzymes can interact electrostatically with negatively charged
biomolecules or cell surfaces to achieve specific or non-specific
binding because of their positive charges on the surface. This
combination can enrich the cationic CDs nanoenzyme in the target
area, thereby enhancing the imaging signal and improving the
sensitivity and resolution of imaging. For example, in fluorescence
imaging, it can make the fluorescence signal of the target site
stronger and easier to observe and analyze. Li et al. prepared high-
QY, long excitation wavelength and good optical stability FNCDs
with positive surface charges allowing them to bind to negatively
charged nucleoli and chromosomes [56], with an optical excitation
wavelength of 466 nm, the FNCD enables non-destructive, long-
duration imaging of living cells for monitoring the cell cycle in real
time and displaying complete cell divisions (Fig. 7(a)).

Wang et al. investigated PEI-functionalized quantum dots
(CDs@PEI) possessing high quantum yield in red fluorescence
region, and after PEI modification, at 550 nm excitation, the 2%
photo-quantum yield (PLQY) of aqueous CDs solution was
increased to 25% in aqueous CDs@PEI solution, as seen in Fig.
7(b), where the center of the red emission was clearly enhanced.
Compared to the negative surface charge of pure CDs, the surface
of CDs@PEI shows positive, which significantly enhances cellular
uptake and improves biofluorescence imaging and makes it possible
to have clear cell imaging in the red fluorescent region (Fig. 7(b)). It
possesses better photostability than commercial red-emitting dyes
[107]. Sun et al. investigated the development of red-emitting CDs
for rapid nuclear staining of cells by targeting nuclear proteins. The
mechanism for efficient staining is based on the fact that they are
small and positively charged, accumulate rapidly in the nucleus, and
interact strongly with nuclear proteins at histidine and arginine
amino acid residues, resulting in tens of fold enhancement of
fluorescence. Moreover, red-emitting CDs do not bind to DNA and
do not cause genetic damage [108].

Rohan et al. used the multi fluorescence characteristics of
cationic CDs to carry out research on fingerprint data acquisition
and analysis (Fig. 8(a)). They used FTIR imaging of cationic CDs in
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fingerprints to understand the lipid interactions and found that the
intensity of fingerprints increased in the presence of cationic CDs.
Since CDs are fluoroscopic imaging probes, there is no any reaction
or contamination of crime scene evidence, this imaging probe has
potential applications in forensics. Also, the cationic CDs do not
produce active oxygen, so they can be used safely. Moreover, they
can obtain patterned fingerprints with relatively good resolution in
a short time, with the ability to study them using a mobile camera,
and the fingerprints can be visualized up to the third level, allowing
very fast fingerprint detection [41].

In biomedicine, it is desirable to utilize green resources for
synthesizing long-wavelength emitting CDs via environment-
friendly reactive routes. Zhu et al. prepared green fluorescent N
doped CDs (N-CDs) from lotus leaf juice along with
ethylenediamine for carbon as well as N sources [109]. With a
positive charge, N-CD has two distinctive fluorescence emission
peaks and form aggregates with negatively charged (NaPOs),
through electrostatic interactions. The fluorescence at 509 nm is
burst by (NaPO;) via aggregation-induced burst (AIQ) in the
presence of acid phosphatase (ACP), which can hydrolyze
(NaPOs)s into phosphate fragments and thus disrupt the
aggregation of (NaPO;), with carbon dots, as shown in Fig. 8(b). As
a result, the burst fluorescence at 509 nm was recovered. Based on
this, an efficient ratiometric fluorescent probe can be established to
enable intracellular ACP imaging. Hoan et al. hydrothermally
synthesized green emitting CDs from lemon juice (Fig. 8(c)), and
the PL intensity of CDs increased with increasing hydrothermal
time and temperature. Moreover, the CDs diluted with polar
solvents are able to induce enhanced luminescence compared to
pure CDs. Its strong and stable luminescence properties are
especially significant in terms of potential applications in biological
imaging [110].

Fang et al. synthesized cationic CDs/Ag composite nanomaterials
using arginine as the carbon source and silver ions as the reducing
agent, which are more useful in biological imaging because they
exhibit fluorescence with emission spacing and red-shift excitation
compared to pure CDs. They not only have fluorescence imaging
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Figure7 (a) After adding FNCDs, the FLIM and CLSM images of 4T1 cells under different times, and dynamic monitoring of nucleoli and chromosomes by FNCDs
during the cell cycle process (prophase, metaphase, anaphase, telophase and interphase) [56]. Reproduced with permission from Ref. [56], © Elsevier B.V. All rights
reserved 2020. (b) PL spectra of CDs, CDs@PEI and CDs + PEI dilute aqueous solutions under excitation at 550 nm, and the fluorescence confocal microscope images of
stained Hepal-6 cells upon laser irradiation (543 nm) [107]. Reproduced with permission from Ref. [107], © Published by Elsevier B.V. on behalf of Chinese Chemical

Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

effect on E. coli (Fig. 8(d)), but also have stronger bactericidal ability
than pure CDs [111]. Here, we summarise the use of cationic CDs
in imaging in Table 2.

(2) Targeted imaging: Through reasonable design, cationic CDs
nanoenzymes can be combined with specific targeting molecules to
construct targeted imaging probes. The positive charge of the
electropositive CDs nanoenzyme is helpful for the stable
combination of the electropositive CDs nanoenzyme and a target
molecule, and the electropositive carbon-dot nanoenzyme can
actively target specific pathological cells or tissues, such as tumor
cells, in vivo. After reaching the target site, the imaging function,
such as photoacoustic imaging and magnetic resonance imaging,
can be used to achieve accurate imaging of the lesion site, providing
strong support for early diagnosis and localization of the disease
[112].

(3) Imaging-guided therapy monitoring: In the course of
therapy, cationic CDs nanoenzymes can be used as both imaging
agents and therapeutic agents or therapeutic adjuvants. Its imaging
function can be used to monitor the distribution and metabolism of
drugs and the changes of diseased tissues in real time during
treatment. For example, in photothermal therapy or photodynamic
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therapy, the imaging characteristics of cationic CDs nanoenzyme
can help doctors accurately judge the therapeutic effect and adjust
the treatment plan in time [113].

CDs nanoenzyme combines the catalytic ability of nanoenzyme
and imaging technology, which is expected to realize the integration
of diagnosis and treatment, and has a wide application prospect in
the biomedical field.

3.2.2 Antibiosis

Among various antimicrobial nanomaterials, CDs can cause
interaction with bacterial cells due to their structure and surface
molecular design, and CDs with positively charged surfaces through
macromolecular modifications can have a strong antimicrobial
ability against bacteria. The antimicrobial mechanism of CDs is
generally the gene busting effect of CDs or oxidative stress
associated to reactive oxygen species (ROS) formed by means of the
introduction of hydrogen peroxide [114, 115] or light irradiation
[116-119]. Travlou et al. demonstrated that the antimicrobial
activity of N-doped CDs would be far above that of S-doped CDs
(Fig. 9(a)). The advantage of general nitrogen functional groups is
reflected in an amine and amide protonated form, where they can
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Figure 8 Schematic illustration of (a) cationic CDs for solid-state fingerprinting [41]. Reproduced with permission from Ref. [41], © Published by Elsevier B.V. 2018. (b)
The preparation of N-CDs from lotus leaf and the design and principle for ACP detection based on the AIQ and enzymolysis approach [109]. Reproduced with
permission from Ref. [109], © Springer-Verlag GmbH Austria, part of Springer Nature 2019. (c) Hydrothermal process of lemon juice for synthesis of C-dots and
characters building from CDs [110]. Reproduced with permission from Ref. [110], © Bui Thi Hoan et al. 2019. (d) Confocal images of E. coli in the presence of CDs/Ag
composite nanoparticles under the irradiation of 405 nm laser and white light as well as the merged image [111]. Reproduced with permission from Ref. [111], © IOP
Publishing Ltd 2019.

Table2 The application of cationic CDs in imaging

Cationic CDs Synthesis approach Precursors Zeta potential (mV)  Ex/Em (nm) Analytes Imaging mode Ref.
cCDs Microwave Citric acid +6.64 + 0.53 375/605 Fingerprint Fluorescence [41]
FNCDs Hydrothermal Glycine +6 488/640 Probes Fluorescence [56]
CDs@PEI Microwave Citric acid, urea +8.936 450/550 Bioimaging Fluorescence [107]
N-CDs Hydrothermal  Lotus leaf juice, ethylenediamine +2.93 £ 0.30 415/509 Acid phosphatase Fluorescence [109]
C-dots Hydrothermal Lemon juice +18.8 400-480/500-550 Bioimaging Fluorescence [110]
C-dot/Ag Hydrothermal L-arginine +3.22 370/455 Gram-negative bacteria Fluorescence [111]

react with bacteria cell membranes that are negatively charged. In
contrast, although sulfur-containing CDs may depend on
mercaptans to exert antimicrobial effects, their antimicrobial effect
is relatively weak because dissociation of carboxyl, sulfonic acid and

sulfate groups can make them negatively charged [120].

(EZE L

Tsinghua University
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Zhao et al. reported an N-doped CQDs (NCQDs) with GSH as
an antioxidant, and the reduction of sulthydryl groups by GSH
enhanced the antibacterial effect of NCQDs (Fig. 9(b)). It was also
shown no ROS was produced by NCQD or mixtures between

NCQD and GSH in the fight against bacteria. NCQDs with a
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Figure9 (a) Diffusion discs assay showing the antibacterial activity of the S-CQDs and N-CQDs against E. coli (Gram-negative) and B. subtilis (Gram-positive) bacteria
[120]. Reproduced with permission from Ref. [120], © Elsevier Ltd. All rights reserved 2018. (b) Synthesis and antibacterial properties of NCQDs and their therapeutic
effect on wounds infected with MRSA [121]. Reproduced with permission from Ref. [121], © Published by Elsevier B.V. 2019. (c) The schematic diagram of the cell wall
structure of S. aureus and E. coli, Zeta-potential and resistance acquisition of S. aureus, E. coli, and MRSA during continuous exposure to PC-CQDs [122]. Reproduced
with permission from Ref. [122], © Elsevier B.V. All rights reserved 2021. (d) Inhibition zone photos of the control group, gentamicin (40 lg/mL), CG (400 lg/mL), s-
CGCDs (400 lg/mL), m-CGCDs (400 lg/mL), and I-CGCDs (400 lg/mL) against E. coli and S. aureus (3 x 107 CFU/mL) on MHA medium for 24 h and schematic
diagram of the inhibition zone area [57]. (e) Zeta potentials and Gel electrophoretic images of plasmid DNA (from E. coli) treated with s-CGCDs, m-CGCDs, and 1-
CGCDs [57, 115]. Reproduced with permission from Ref. [57], © Elsevier Inc. All rights reserved 2020.
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positive charge have a special antimicrobial activity against
staphylococci, where it first engages in interaction with negatively
charged bacteria before being anchored to certain specialized sites
on the staphylococcal surface. The plasma membrane of S. aureus
and its related bacteria is distributed with a thick layer of interlinked
peptidoglycan, so cell walls are porous. And the porous cell wall can
facilitate the interaction between NCQDs and S. aureus and
methicillin-resistant S. aureus MRSA, and thus exert bactericidal
effects. They also investigated the in vivo therapeutic effects of
NCQDs on infected wounds and their cytotoxicity to mammals.
The results showed that NCQDs were as effective as vancomycin in
the treatment of MRSA-infected wounds, NCQDs were no toxic
side effects to the organism [121].

Hao et al. designed N-doped CQDs (PC-CQDs) with positive
charge based on citric acid carbon source [122]. PC-CQDs are
enriched by electrostatically interacting with negatively charged
bacteria and then interfering with their genes and producing
reactive oxygen species, which can lead to bacterial rupture.
Moreover, PC-CQDs interacted with S. aureus, E. coli and MRSA
for thirty days without inducing the evolution of drug resistance,
while it showed identical therapeutic efficacy with levofloxacin
hydrochloride in a wound model of mixed Staphylococcus aureus
and Escherichia coli infections. They also found that PC-CQDs were
more efficient in inhibiting Gram-positive bacteria than Gram-
negative bacteria. Although PC-CQDs can attach to bacteria cells
through electrostatic interaction, compared with Gram-negative
bacteria, which have a dense yet thinner cell wall structure, Gram-
positive bacteria have a lax and thicker membrane structure that is
better suited for the uptake of PC-CQDs (Fig. 9(c)).

Shen et al. investigated the effect of different particle sizes of
CQDs ie. ~ 2.0 nm small particle size (s-CGCDs), ~ 3.9 nm
medium particle size (nCGCDs) and ~ 5.3 nm large particle size (I-
CGCDs) on antibacterial activity. They have the same precursors
and therefore have the same properties, but they show differences
in terms of bacterial inhibition (Fig. 9(d)) [57]. -CGCDs are
extremely stable in physiological environments by inheriting the
highly positively charged properties of their precursors. There is no
generation of intracellular ROS in the antimicrobial process. They
evaluated the three CGCDs using Gram-negative E. coli and Gram-
positive S. aureus. s-CGCDs inhibited Escherichia coli with a
diameter of ~ 25.88 mm and Staphylococcus aureus with a diameter
of ~ 30.68 mm, which is significantly larger than the inhibition
diameter of the other two particle sizes of CGCDs, indicating it has
the highest antibacterial activity. As shown in the Fig. 9(e), after
treatment with s-CGCDs, the ratio of SC conformers dropped
whereas the ratios of L and OC conformers increased, indicating s-
CGCDs can unravel double-helical structures. After 1H nuclear
magnetic resonance (NMR) spectroscopy, small-sized DNA
showed a greater degree of deuterization and lower spatial site
resistance, which enabled the official group full access to the DNA
molecule, and thus relaxed its structure.

Yu et al synthesised antibacterial and anti-inflammatory
bifunctional carbon dots, AAB-CD, with ultra-small size (2.3 nm),
abundant surface functional groups, high Zeta potential (30.9 mV)
and excellent biocompatibility. The carbon dots have excellent
antimicrobial properties to reduce the risk of bacterial resistance,
while the rich surface functional groups impart stable antioxidant
properties for sustained wound anti-inflammation. It can be used as
the main active material in the manufacture of hydrogel wound
dressings to promote wound healing [35].
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3.2.3 Therapy

Currently, cationic CDs have promising applications mainly in
cancer, infections and gene therapy.

Pan et al. studied the design of positively charged CD/WS2
heterojunctions. Compared with pure CD or WS2, CD/WS2
heterojunctions exhibit collaboratively increased light absorbance as
well as higher overall photothermal transfer efficiencies in the near-
infrared second window (NIR-II). The heterogeneous junction and
the significantly larger size considerably enhance the targeted ability
within the tumorous tissue of the NIR-II responsive CD
component via IV injection, resulting in total tumoral regression
with fairly low intensity of laser irradiation (0.6 W/cm® at 1064 nm)
(Fig. 10(a)). Meanwhile, the heterogeneous ligation greatly
increased the physiologic stabilities and did not show any clumping
in PBS and blood. Moreover, its mild photothermal effect
significantly enhanced osteogenic differentiation (Fig. 10(b)) and
significantly upregulated the expression of bone-related genes,
especially heat shock proteins, which make it possible to use it for
the treatment of osteosarcoma [58].

Feng et al. investigated a carrier containing charge-convertible
CDs on the basis of cisplatin(IV) prodrug loading, which was
prepared by the covalent functionalization of CDs (CDs-Pt(IV))
complexes with PEG-(PAH/DMMA) and cisplatin(IV) prodrugs
via electrostatic interactions (Fig. 10(c)). Due to the presence of
charge conversion properties in the extracellular microenvironment
of tumor cells, this carbon dot carrier enhances the internalization
of tumor cells compared to carriers without charge conversion
properties [123]. Under normal physiological conditions, it has
fewer side effects and cisplatin(IV) prodrugs in the reducing cellular
fluid of cancer cells can control the release of toxic anticancer drugs
(Fig. 10(d)).

Barras et al. showed that positively charged CQDs can disrupt
ocular vitreous collagen fibrillation and prevent type I collagen
fibrillation, and at low energy levels this can successfully disrupt
vitreous turbidity in ocular patient samples (Fig. 10(e)). The
mechanisms by which CQDs inhibit collagen fibrillation include
electrostatic and hydrophobic interactions between neighbouring
molecules and heat absorption reactions. Usually, hydrogen
bonding is considered to be the most stable force in these proteins.
So, they speculated that the CQDs they prepared with carbon and
carboxyl groups on the surface might form hydrogen bonds with
amino and hydrogen groups in the collagen type I protein. It may
change interaction force among collagen molecules. Among other
things, size and surface charge have been suggested to be key factors
in their anti-fibrotic properties. Negatively charged CQD decreases
the interaction with collagen fibers. They tested the effect of
destruction after orthoelectric CQD treatment and pulsed laser
irradiation in terms of the true clouding of the vitreous in patients
after vitrectomy. A significant reduction in turbidity was noted
following 50 pulses (561 nm; 4.5 J/cm?) while the glassy samples
mixed together with the CQD (Fig. 10(f)). This dual effect could
allow further exploration of CQD in the context of fibrotic diseases,
even those involving protein aggregation [124].

Lei et al. developed an intranasal vaccine comprising cationic
crosslinked carbon dots (CCD) and the SARS-CoV-2 antigen RBD-
HR, which spontaneously forms antigenic particles. Administration
of this CCD/RBD-HR vaccine through the nose stimulates the
production of high levels of antibodies capable of broadly
neutralizing authentic viruses and pseudoviruses, including
Omicron and its variants. The findings suggest that CCD holds
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Chemistry 2021.

promise as an intranasal vaccine adjuvant for enhancing mucosal
immunity and could potentially serve as an adjuvant candidate for
the development of intranasal vaccines against various infectious
diseases, such as COVID-19 [125].

3.24 Non-viral gene carriers

Although bioimaging and gene therapy are promising, there are still
many challenges. It is the major difficulty to search for appropriate
materials to image or deliver the genetical material (DNA, RNA,
small interfering RNA, microRNA) into targeted cells [126—130].
To realize the goal for gene treatment, efforts have been made to
development of gene vectors, and these vectors can be roughly
classified in two categories: viral vectors and non-viral vectors [131,
132]. Non-viral gene vectors are expected to be efficient vectors for
transfection, but problems of immunogenicity, carcinogenicity as
well as inflammation have raised severe worries about their clinical
application. The main requirements for the clinical application of
these materials include low toxicity, cellular targeting and high
transfection efficiency [133].
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Since conventional quantum dots are made of heavy elements
including Pb, Se, cadmium sulfide and cadmium selenide, they have
relatively poor biocompatibility and high toxicity [134-136].
Moreover, most non-viral gene carriers (e.g., calcium phosphate
nanoparticles [137] and cationic polymers [138]) have not been
characterized as self-imaging properties so far. Thus, using CQDs
may replace conventional semiconductor quantum dots with
noxious heavy metals. They can also be developed with appropriate
modifications to have positive surface charge and become self-
tracking drug/gene carriers.

Zhou et al. synthesized cationic CDs by a green and low-cost
process using sodium alginate as a carbon source [48]. The average
fluorescence quantum yield (FLQY) of the prepared CQDs was
12.7%. Aqueous solutions of CQDs emitted blue fluorescence.
Meanwhile, CQDs have strong plasmid DNA concentration ability,
low toxicity, high transfection efficiency and good biocompatibility,
they can be used to transport plasmid transforming growth factor-
B1 (TGF-f1) to 3T6 cells by gene carriers or to detect protein
delivery process as probes to elucidate the mechanism of cytosolic
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Publishing Ltd 2020. (c) TEPA-C dots preparation, TEPA-C dots/siRNA complexes formation and its gene silencing effect [141]. Reproduced with permission from Ref.
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uptake for CQDs and pDNA complex. Enzyme blotting
immunosorbent assay (ELISA) coupled with laser confocal
scanning microscopy were utilized to assess the effects of genetic
transfection as well as inhibition of cellular uptake (Fig. 11(a)). This
findings showed that the cation CDs could play roles as both non-
viral gene vectors and bioimaging probes.

PEL one of the most studied non-viral gene vectors, can
efficiently transfect to mediate gene delivery without causing
enzymatic degradation, but it has strong cytotoxicity. While Shu et
al. investigated a PEI functionalized N-doped CDs (BP-CDs), the
presence of which effectively reduced cytotoxicity and could
successfully deliver enhanced green fluorescent protein genes into
Cos-7 cells, and further investigated the BP-CDs/HER3 siRNA
complex (Fig. 11(b)). BP-CD's stable interaction with human
epidermal growth factor receptor 3 (HER3) siRNA protects HER3
siRNA against biodegradation as well as improves its transfection
efficiency. Treatments with BP-CD/HER3siRNA compounds alone
or combined with trastuzumab showed excellent therapeutic effects
in suppressing the cell reproduction of BT-474 cells [139]. Manuel
et al. used a combination of PEI-coated CDs to easily generate
cationic CDs by electrostatic binding, enabling sophisticated
transfection protocols to generate retroviral vectors by co-
transfecting three different plasmids into packaging cells,
demonstrating not only high efficiency but also functionality for
gene delivery and testing the ability to generate infectious retroviral
particles [140].

Wang et al. synthesized a novel CDs (TEPA-CDs) by a bottom-
up approach using glucose and tetraethylene pentamine (Fig.
11(c)). TEPA-CDs have a Zeta potential of 19.17 + 1.33 mV and
can concentrate siRNA into stable complexes, and they assessed
cellular uptake of TEPA-CD/siRNA complexes using cy3-labeled
siRNAs. HeLa cell fluorescence was examined via the confocal laser
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scanning microscope (CLSM) method, with red fluorescence
located primarily in the vicinity of the nucleus in a diffuse
distribution. This result indicates that cy3-labeled siRNA was
successfully transfected into TEPA-CDs-mediated HeLa cells. The
TEPA-CDs/siRNA complex significantly inhibited the expression
of green fluorescent protein (GFP) in HeLa-EGFP cells [141]. This
indicated that these TEPA-CDs could be used as a siRNA
nanocarrier to tumor cells.

Chen et al. demonstrated that conjugating cationic carbon dots
with a lipid structure like oleic acid (OA) significantly enhanced
gene transfection efficiency. In their study, they created a type of
cationic carbon dot, termed APCDs, using arginine (Arg) and
pentaethylenehexamine (PEHA) as precursors, and subsequently
conjugated them with OA. By adjusting the mass ratio of APCDs to
OA, they synthesized three conjugates: APCDs-0.50A, APCDs-
1.00A, and APCDs-1.50A. Upon internalization by HEK 293 and
osteosarcoma (U20S) cells, the conjugates distributed within both
the cytoplasm and the nucleus. When utilized as gene delivery
vehicles, the APCDs-OA conjugates successfully transported
plasmid DNA (pDNA) encoding the green fluorescence protein
(GFP) gene into both HEK 293 and U20S cells. Notably, the GFP
expression levels facilitated by APCDs-0.50A and APCDs-1.00A
were ten times higher than those achieved with PEI in HEK
293 cells. Additionally, APCDs-0.50A showed remarkable siRNA
transfection efficiency, evidenced by the significant downregulation
of recombinant human Fanconi anemia group A protein (FANCA)
and Fanconi anemia group D2 protein (FANCD2) expression after
delivery of FANCA siRNA and FANCD2 siRNA into U20S cells
[142].

In addition to these applications, CDs can also interact with
human serum albumin (HSA) in biomedical applications. HSA is
one of the most important serum proteins and its main
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physiological function is to maintain blood osmolarity homeostasis
and to be involved in transportation and metabolization of various
drugs including even exterior nanomaterials. It has unique
functions and medicinal significance in the circulatory system, so it
is considered as one of the most significant model proteins [143,
144]. A comprehensive study of the effect of CDs size, surface
functional groups and core structure on the interaction with HSA is
more important and necessary. Li et al. used polyethylene glycol
(PEG) and PEI for surface modification of pure CDs to obtain
negatively charged PEG CDs and positively charged PEI CDs. They
were investigated by various photophysical, electrochemical and
calorimetric measurements that both CDs can effectively bind HSA,
and HSA and PEI CDs are associated with each other by
electrostatic forces, while PEG CDs are associated with HSA by
hydrophobic and van der Waals forces. Both carbons quench the
strong fluorescence from the Trp residue in HSA in a charge-
independent way. They used Hill's equation and electrochemical
impedance spectroscopy (EIS) to demonstrate how the binding
constants of CD and HSA to each other are minimally influenced
by varying surface charges. Three-dimensional fluorescence spectra
show that negatively charged CDs do not perturb the secondary
structure of HSA, whereas higher concentrations of CDs
significantly alter the secondary structure of HSA when compared
to low concentrations of PEI CDs [145].

In the biomedical field, the small size and easy functionalization
of cationic CDs enable them to cross natural biological barriers in
the body, such as the blood-brain barrier and the glomerular
barrier. Meanwhile, their high fluorescence quantum yield and long
emission lifetime give cationic CDs great potential for bioimaging,
which can be used for cellular fluorescence imaging, in vivo
fluorescence imaging in animals and tumour diagnosis. They can
interact with negatively charged biomolecules (such as DNA and
proteins) through electrostatic interaction, and can be used as drug
carriers for drug delivery to achieve localization and targeted
delivery to specific cells or tissues, improving the therapeutic effect
of drugs and reducing side effects. In addition to their use as drug
carriers, cationic CDs can also be used in photodynamic therapy by
absorbing specific wavelengths of light and generating excited
states, which has a better therapeutic effect on tumors and other
diseases.

3.3 Catalysis

Natural enzymes are powerful biocatalysts that have found
applications in various fields, including industry, medicine, and
biology. However, their practical use is often hindered by inherent
drawbacks such as low stability and high costs associated with their
preparation and purification. To address these issues, various
nanomaterials have garnered considerable attention due to their
stable structures, lower costs, and adjustable activity [146-148]. A
large amount of research has focused on the development of
advanced carbon nanomaterials as green and sustainable catalysts
for energy conversion [149-154]. Among these, CDs have emerged
as a significant research focus in the biomedical field, thanks to their
excellent water solubility, biocompatibility, and diverse functional
groups. Commonly regarded as an ideal substitute for molecular
dyes and semiconducting particles [155, 156], cation CDs enzyme-
like materials can be used as photosensitizers in photocatalytic
processes. Bonding of CDs to semiconductors (TiO,, CoO, Cu,O,
Fe,0;,...) can enhance their photocatalytic activity and electrical
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conductivity [157, 158]. Antonino et al. showed spontaneous
electrostatic coupling between cationic CDs with Dawson type
polyoxymethylene (POM) ([P,W40¢,]*). The presence of efficient
electron transfer in CDs-POM mixtures was demonstrated using
ultrafast transient spectroscopy, which leads to the formation of
charge-separated states within 120 fs of light absorption. In
addition, they investigated the photoreduction of silver ions by CDs-
POM. The reduction of silver ions all appeared as a plasma band at
around 420 nm, and its intensity increased with time. In
comparison to (P,W ), blueshift of the plasma band indicates that
it forms smaller nanoparticles. They also demonstrated the way in
which CDs serve as electronic repeaters to improve the catalytic
performance for several POM, while summarizing the mechanisms
of the different steps of silver ion reduction from CDs/(P,W )
under visible light illumination (Fig. 12(a)). This new CDs-POM
mixture can reduce and recover precious heavy metals and reduce
protons into hydrogen for use in water pollution processes.
Moreover, reactions involving metal reduction can be coupled with
organic pollutant degradation as an alternative to sacrifice electron
donors [159-161].

Mateusz et al. reported the electrocatalytic properties of positively
charged carbon nanomaterials for the electrooxidation of flowing
ascorbic acid. The presence of positively charged nanomaterials
enhances the signal generated by electrooxidation and the
magnitude of the signal is related to the collective effect of positively
charged carbon nanomaterials and their adsorption, and the
adsorption of the important fraction is irreversible. The electrostatic
interaction between positively charged carbon nanomaterials and
ascorbic acid anion also affects the electrochemical signal, this signal
is dependent on the concentration of positively charged carbon
nanomaterials and multiplication injections can increase the
sensitivity [162]. Gan et al. prepared chain-like Au/CDs (GCDs)
nanocomposites by electrostatic self-assembly of cationic CDs and
negatively charged Au nanoparticles. Cross-linking reactions occur
between amino and carboxyl groups on the CDs surface resulting
in the formation of chained Au aggregates enclosed in carbon
shells. The Au aggregates can boost the electromagnetic field and
thus enhance the signal of surface-enhanced Raman scattering
(SERS), and the electron transfer between CDs and Au makes the
nanocomposites highly catalytic. GCDs can be used for catalyzing
colorless 3,3',5,5-tetramethylbenzidine (TMB) oxidation into blue
oxTMB when hydrogen peroxide is present, which shows stronger
peroxidase-like activities than Au nanomaterials or CDs alone (Fig.
12(b)). Also, GCDs can be further used for enzyme mimics to
detect glucose [163].

In addition, numerous studies have reported that CDs exhibit
peroxidase, catalase, superoxide dismutase, and glutathione
peroxidase activities. CDs can be doped with metal elements to
adjust the surface chemical properties and electronic structure, and
then obtain excellent peroxidase-like activity. For example, Cu-
doped CDs can effectively catalyze the decomposition of H,0, to
produce hydroxyl radicals with strong oxidizing properties,
showing peroxidase-like activity [164]. O/N-CDs prepared from
polyaniline precursor have peroxidase-like activity and can be
converted to catalase-like activity under illumination, and both
activities can be accurately controlled by light intensity. CDs
exhibiting catalase activity are able to scavenge H,O, from the body,
thereby protecting cells from oxidative damage. This property
makes CDs potentially useful in antioxidant therapy [165]. Some
studies have shown that CDs can scavenge superoxide anion free
radicals to a certain extent, play a role similar to superoxide
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for the synthesis of GCDs nanocomposites and the colorimetric detection of glucose based their peroxidase mimetic properties [163]. Reproduced with permission from

Ref. [163], © Elsevier B.V. All rights reserved 2021.

dismutase, help to maintain the stability of cellular homeostasis and
reduce oxidative stress damage. The nano-enzyme has the
advantages of high stability, easy preparation, low cost, easy large-
scale production and the like [166]. Some surface-modified CDs
can participate in the reduction reaction of glutathione and play a
role in catalyzing the decomposition of H,O, and organic
peroxides, similar to the function of glutathione peroxidase, which
helps to protect cells from oxidative damage and maintain the
balance of redox state in cells.

In catalytic applications, cationic CDs show good catalytic
activity. Their large specific surface area and abundant surface
functional groups provide more catalytically active sites.
Additionally, the tunable functional properties of cationic CDs
make them excellent nanocatalysts or catalyst supports, suitable for
developing new catalytic processes, such as organic transformations
and artificial photosynthesis. Their catalytic activity in peroxidase,
catalase and other species highlights their potential applications in
the field of detection and treatment of bacterial infections.

4 Summary and perspectives

The emergence and flourishing development of cationic CDs as
enzyme-like materials have addressed several limitations of natural
enzymes, including low operational stability, high costs, extended
purification times, and difficult storage. In this review, we provide
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an overview of the synthesis strategies and the physical and
chemical properties of enzyme-like cationic CDs. Furthermore, we
detail their applications in sensing, biomedicine, and catalysis.
Despite the significant progress made in the design, synthesis, and
application of mimetic enzymes using cationic CDs, there are still
challenges and obstacles that need to be addressed in future
research.

(1) Recent reports suggest that cationic CDs can serve as effective
imaging nano-enzymes. However, there are limited studies on how
altering the surface charge of CDs can significantly enhance their
red emission when dispersed in aqueous solutions. Developing CDs
with optimal cellular uptake that also exhibit efficient red emission
in water presents a significant challenge for improving bioimaging
techniques and therapeutic applications. Systematic studies on the
interaction, localization and antagonism of cationic CDs against
bacteria, as well as the assessment of the potential for further
antimicrobial evolutions to take place in antimicrobial CD is still
lacking. Therefore, it is a challenging and necessary task to
understand interactions and inhibition mechanisms of CDs that
possess wide-spectrum antimicrobial ability with reduced minimal
inhibitory concentrations that do not induce resistances. Cationic
CDs have good photostability and can be used as photosensitizers
in photocatalytic processes, but their applications in photocatalysis
have not been explored in depth yet. The photosensitization effect
resulting from the transfer of electrons by the excited CDs with the
photocatalyst have not been demonstrated.
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(2) The challenges facing nanoenzyme-mimicking cationic CDs
in applications include insufficient catalytic activity and incomplete
understanding of the catalytic mechanism. Firstly, catalytic activity
is one of the key indicators for evaluating the performance of
nanoenzymes. However, the catalytic activity of many current
cationic carbon dot nanoenzymes is still lower than that of natural
enzymes, which limits their application in certain high-precision
catalytic reactions. To improve catalytic activity, researchers can
dope the carbon dots by trying different doping strategies, such as
introducing metal ions and non-metallic elements, to change their
electronic structure and chemical activity and increase the number
and activity of active sites. Composite structures can also be
constructed by combining cationic carbon dots with other
catalytically active materials or enzymes to create synergistic effects
and improve catalytic efficiency. In addition, the incomplete
understanding of the catalytic mechanism is also a factor limiting
the application of cationic carbon dot nanoenzymes. Since the
catalytic behaviour of nanoenzymes is often more complex than
that of natural enzymes, it is difficult to accurately identify their
active sites and catalytic pathways. To investigate the catalytic
mechanism of nanoenzymes in depth, researchers can use
advanced characterisation techniques and computational methods,
such as in situ spectroscopy and molecular dynamics simulation, to
reveal the structural and kinetic changes of nanoenzymes during
the catalytic process.

According to the abstract of information from recent reports, we
make the below recommendations for future research perspectives
in cationic CDs field. We believe that PEI surface modification
strategies are potentially applicable to additional long-wavelength
emissions, thus facilitating their widespread application in
biological imaging and biomedically relevant fields. Biomass-
derived CDs are environmentally friendly and easy to recover,
usually rich in functional groups, and can easily bind to metal ions.
Developing the use of biomass CDs to detect metal ions can solve
the problems of complicated operation and expensive equipment of
traditional detection methods. Meanwhile, metal nanoparticles can
be assembled into composite nanomaterials by cross-linking
reaction or electrostatic interaction on the surface of cationic CDs,
which can offer additional active sites, increase electronic transport
efficiencies, and can be further improved for catalytic applications.

In summary, this review aims to analyze recent progress of
cationic CDs, both in terms of diverse synthetic strategies and
application areas. Particularly, heteroatom doping and surface
functionalization have been shown to be one of the prospective
methods in improving the surface charges of CDs by tuning their
surface functional groups, dimensions, etc. Hence, we have
discussed the excellent properties of cationic CD in fluorescence
sensing, biomedicine, catalysis, physisorption and separation in
detail. We are convinced that with constant endeavors, cationic CD
is going to play an even more significant role in our lives very soon.
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