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Abstract: Carbon dots (CDs) have attracted significant research attention worldwide due to their
unique properties and advantageous attributes, such as superior optical properties, biocompatibility,
easy surface functionalization, and more. Moreover, biomass-derived CDs have attracted much
attention because of their additional advantages related to more environmentally friendly and lower-
cost synthesis. In this respect, chitosan has been recently explored for the preparation of CDs, which
in comparison to other natural precursors exhibited additional advantages. Beyond the benefits
related to the eco-friendly and abundant nature of chitosan, using it as a nanomaterial precursor
offers additional benefits in terms of structure, morphology, and dopant elements. Furthermore, the
high content of nitrogen in chitosan allows it to be used as a single carbon and nitrogen precursor for
the preparation of N-doped CDs, significantly improving their fluorescent properties and, therefore,
their performances. This review addresses the most recent advances in chitosan-based CDs with a
special focus on synthesis methods, enhanced properties, and their applications in different fields,
including biomedicine, the environment, and food packaging. Finally, this work also addresses the
key challenges to be overcome to propose future perspectives and research to unlock their great
potential for practical applications.

Keywords: nanomaterials; waste valorization; N-doped carbon dots; hydrothermal synthesis;
microwave; polysaccharide

1. Introduction

Carbon dots (CDs) have attracted extensive attention due to their unique properties in
UV fluorescence and their outstanding performances in uses such as cell-labeling materials
and heavy metal sensors. CDs are described as zero-dimensional carbon nanoparticles
with a particle size below 10 nm, quasi-spherical shaped, and optically active [1,2]. Fur-
thermore, CDs stand out among most nanomaterials due to their unique properties. These
are: biocompatibility, photoluminescence, chemical stability, enzyme mimicking, surface
functionality, hydrophilicity, and simple synthesis methods, among others.

The development and understanding of CDs have significantly increased in recent
times due to the research efforts of the scientific community, reflected by the increasing
number of publications and growing interest in this type of nanomaterial [3]. Concurrently,
their potential applications have been extended to different areas. For example, much
literature has been published on the employment of CDs to detect toxic elements [4,5],
remove emerging pollutants from water bodies [3], prepare energy storage devices [6],
and act as artificial nanozymes for different catalytic applications [7], among other in-
novative applications. However, their synthesis through sustainable, cost-effective, and
eco-friendly protocols remains challenging, as hydrothermal and microwave methods
are the most common approaches [8,9]. Accordingly, natural, renewable, and economical
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carbon precursors play a crucial role since their utilization might increase the viability and
competitiveness of the process providing sustainable alternatives and economical materials
for the large-scale production of CDs [10]. In this manner, an inexpensive material can be
converted into a precious product with great potential for biomedical and biotechnological
applications. Recent studies have explored the synthesis of CDs from different natural and
waste materials, including chitosan, an amino polysaccharide recovered from marine waste
with remarkable advantages as a carbon precursor. Chitosan is extracted from chitin, an
abundant nitrogenous biopolymer found in crustaceans or insects. It is the second most
abundant natural polymer after cellulose; approximately 1010-1011 t of chitin are recovered
annually and produced into chitosan [11,12].

In addition to its abundant, economical, and renewable nature, chitosan has additional
benefits. For instance, it possesses high amounts of nitrogen [13], and multiple functional
groups, including acetamido, amino, and hydroxyl groups [12]. This is highly relevant since
chitosan can act as single carbon and nitrogen precursor to easily obtain N-doped carbon
nanomaterials, which are advantageous for multiple applications [13]. The outstanding
properties of chitosan have been documented in different studies reporting the synthesis
of chitosan-based materials, including carbon spheres, porous carbon, nanoparticles, and,
more recently, CDs [14-17]. A few reviews provide a broader perspective of carbon materi-
als derived from chitosan [12,18,19]; however, none summarizes the most recent advances
in chitosan-based CDs. Figure 1 shows a schematic representation of the preparation of
chitosan-based CDs for several applications. This review addresses the structure and prop-
erties of chitosan-based CDs, their synthesis methods, and their applications in different
fields, including biomedicine, the environment, and energy. Finally, current challenges are
identified to propose further research directions to reach practical applicability.
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Figure 1. Schematic representation of the synthesis of chitosan-based carbon dots for applications
such as the detection of pollutants, active food packaging, biosensing, and bioimaging. Created with
BioRender.com and extracted under premium membership.

2. Chitosan as a Carbon Source for Nanomaterials

Chitin is a polymer derived from the exoskeleton of arthropods and mainly recovered
for commercialization from shrimp, crabs, and other crustaceans (Figure 2). It is a linear
polysaccharide built from beta-1,4 linked N-acetylglucosamine units, and it is highly insol-
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uble in common solvents [20]. Chitosan is the biopolymer obtained from the deacetylation
of chitin, and it can also be seen as a copolymer of d-glucosamine N-acetylglucosamine.
Compared to chitin, chitosan is soluble in an acidic medium such as water acidified with
acetic acid, with only low concentrations needed (commonly 1% v/v acetic acid is used). Its
biocompatibility, biodegradability, and gel-forming properties make it easy to handle and
manage as a polymeric matrix. However, chitin and chitosan have been used in tissue engi-
neering for different applications, such as wound healing and cellular growth [21]. Chitin
has shown highly hydrophobic properties caused by the N-acetylglucosamine polymeric
structure, making it a rigid material. Still, it also has good electric properties when modified
with maleic anhydride or reinforced with carbon nanotubes. This may be viable in biomed-
ical applications requiring electrical conductivity [22]. These properties can be used for
engineering scaffolds for neuron growth, nerves, and the treatment of neurodegenerative
diseases [23]. Additionally, no reports of anti-inflammatory or allergic responses were
observed in human subjects” ingestion, injection, implantation, and topical application [24].
Amongst other important properties of chitosan, its degradation rate is influenced by the
degree of deacetylation (d-glucosamine/N-acetylglucosamine ratio), which may be an
essential factor for different biomedical and biotechnological applications [25].

The chemical structure of chitosan helps achieve cell adhesion and proliferation proper-
ties. Additionally, due to the highly hydrophilic surface it has, it promotes cell growth [24].
In addition, chitosan has shown antibacterial properties and can generate scaffolds with
high porosity [26]. Although it has many advantages due to its properties, chitosan
has poor mechanical strength, making it challenging to maintain a predefined shape for
transplantation. However, this has been improved by cross-linking and copolymeriz-
ing this biomaterial with other polymers. Some attempts focused on reinforcement with
nanoparticles [27], or incorporating hydroxyl-apatite, beta-tricalcium phosphate, alginate,
and gelatin as copolymers. The cross-linkage of these polymers may result in better scaf-
folds that allow the construction of high mechanical strength tissues. In this manner,
chitosan has prepared different nanomaterials, providing them with superior chemical,
mechanical, and physical properties, including tensile strength, porosity, surface area,
electrical conductivity, and thermal stability. The outstanding properties of chitosan-based
nanoformulations have shown great potential in different research areas, such as drug deliv-
ery, bioimaging, sensing, gene delivery, diagnosis, and treatment of several diseases [28,29].
Different nanoformulations derived from chitosan can be found; however, the most com-
monly prepared are chitosan nanoparticles. Chitosan nanoparticles present low toxicity
when studied in vivo and in vitro. Thus, it has been employed for biomedicine applica-
tions. Moreover, the surface of chitosan-based nanoparticles is typically positively charged,
which, combined with their mucoadhesive properties, can adhere to mucus membranes for
a sustained release of drugs [29].

Another attractive property of chitosan-based nanoparticles is their antibacterial ac-
tivity. Thus, antimicrobial wound dressing applications have also been explored [30]. For
instance, Babaee et al. [31] evaluated the effect of adding chitosan nanoparticles into a plasti-
cized starch film for active packaging applications. Chitosan particles acted as a reinforcing
and antimicrobial agent. Chitosan-based films presented excellent antibacterial activity
against Gram-positive and Gram-negative bacteria; they exhibited inhibition zones against
S. aureus and E. coli with a complete reduction (100%) of S. aureus. Moreover, mechanical and
barrier properties were enhanced at higher concentrations (4 wt.%) of chitosan nanoparticles [31].
Similarly, some research groups have enhanced antimicrobial activity by incorporating
antibiotics, metallic particles, or other compounds with antimicrobial effects. For example,
Yeamsuksawat et al. [32] prepared and characterized Fe;O,@Chitosan@Ag nanoparticles.
Nanoparticles showed superior antibacterial performance against E. coli and S. cerevisiae,
exhibiting a 100% inhibition rate. The authors concluded that the synthesized nanomaterial
could be used in different applications, including food packaging, biological, textile, and
medical applications [32]. Similar developments have been reported in which chitosan has
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played a key role in the antimicrobial performance of various hybrid materials for applica-
tions such as inhibiting bacterial growth in a food or preserving paper documents [33,34].
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Figure 2. Sources of chitosan for the preparation of chitosan-based nanomaterials with enhanced
properties. Created with BioRender.com and extracted under premium membership.

Chitosan nanospheres have also been recently developed. As a representative example,
Zhao et al. [35] prepared nanospheres from N,N,N-Trimethyl chitosan to encapsulate
hydrophobic curcumin and thus overcome the tissue barriers due to the positive charge of
the surface. It reported an excellent encapsulation efficiency, higher than 90%, with no toxic
effect on cells. Interestingly, at higher concentrations of chitosan, an extended release of
curcumin was observed; therefore, adjusting the concentration of chitosan could represent
a suitable strategy to achieve an extended release of drugs [35].

Among the carbon-based nanomaterials, CDs are outstanding due to their multiple
advantageous features, such as chemical stability, biocompatibility, easy surface function-
alization, fluorescence, and economical synthesis. In order to propose more sustainable
synthesis protocols, natural and waste precursors have been explored to prepare such
novel nanomaterials [2,4]. In this respect, the carbon atoms in the glucosamine chains of
chitosan serve as a source for the preparation of CDs for applications in the biomedical and
environmental fields [36,37].

3. Methods for the Synthesis of Chitosan-Based Carbon Dots

Chitosan is an excellent precursor for preparing carbon nanoparticles, as it is an abun-
dant and inexpensive renewable biomass source with high nitrogen content [12,38]. In
the literature can be found many studies of CDs prepared through different processes
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and using a vast variety of precursors, in which citric acid stands out as a popular
selection [39,40]. However, citric acid-based CDs usually require the simultaneous ad-
dition of nitrogen-rich co-precursors such as urea, ethylenediamine, and phenylalanine,
among others, to provide nitrogen elements to the CDs’ structures and thus enhance their
overall properties and performances [41-43].

In this context, the employment of chitosan as a precursor for CDs represents addi-
tional advantages since it is a single carbon and nitrogen source; thus, chitosan provides
amino functional groups in addition to hydroxyl groups on the CDs’ surface. Several meth-
ods of chitosan-based CDs are summarized in Table 1 [44-70], for different applications in
the biomedical and environmental fields. Generally, the presence of nitrogen elements on
the CDs’ surface is highly desired, since nitrogen plays a fundamental role in maximizing
the quantum yield [38]. In this manner, chitosan-based CDs present self-doped nitrogen
elements that increase the surface-state defects resulting in enhanced optical and electronic
properties, including photoluminescence and tailored electron properties due to the strong
electron-donating capacity of nitrogen [17]. The most common functional groups on the
surface of chitosan-based CDs include -NH,, -OH, and COOH [12,64].

Table 1. Overview of chitosan-based carbon dots: synthesis methods and applications.

Medium Method Application Analyte Reference
Water Hydrothermal Water remediation Heavy metal ions [44]
Water Hydrothermal Imaging Endothelial cells [45]

Epoxy resin Hydrothermal WLED; 3D Printing None [46]
Water Hydrothermal Algal growth Astaxanthine [47]
Ethanol Hydrothermal Bioimaging A549 Cells [48]
Water Hydrothermal Biosensing Cr(VI) and H,O, [49]
Agarose Hydrogel Microwave Water remediation Heavy metal ions [50]
Dry Hydrothermal Drug detection Isoniazid [51]

Water Hydrothermal Imaging Nitrite; E. coli and B. subtilis [52]
Water Microwave Detection 4-(pyridine-2-yl)-3H-pyrrolo|[2,3-c]quinoline (PPQ) [53]
Dansyl chloride Hydrothermal Sensing Heavy metal ions [54]
Hydrogen peroxide Chemical reaction Biosensing S. aureus [55]
Cadmium sulfide Chemical reaction Drug delivery Sesamol [56]
Water Hydrothermal Detection Iodine ions [57]
Water Hydrothermal Bioimaging A549 cells [58]
Ethanol Hydrothermal Detection Heavy metal ions [59]
Water Hydrothermal Sensing Cu? [60]
Water Hydrothermal Remediation CO, [61]

Water and alcohol Hydrothermal Imaging and sensing Electron transfer [62]
Glassy carbon electrode Hydrothermal Corrosion inhibitor BIS 2062 carbon steel [63]
Water Microwave Cslljizbgéil?vgei;d Human dermal fibroblasts [64]

Dry Microwave Cellular imaging Human liver cancer HepG 2 cells [65]

Water Hydrothermal Detection ClO~ [66]

Dry Microwave Labeling and biosensors None tested [67]

Water Microwave Bioimaging S. aureus [68]
Water Hydrothermal Detection Fe3* [69]
Photocross-linked Microwave Tissue engineering None [70]

chitosan matrix
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Chitosan has been widely used to prepare novel CDs with excellent properties and
great potential in different applications. The transformation of chitosan into such CDs can
be achieved through different synthetic procedures, including hydrothermal, microwave-
assisted, and pyrolysis, among others (Figure 3a). The relevance of the synthesis method is
widely demonstrated in the literature; preparation methods have considerable effects on
the electronic and optical properties of the CDs. For instance, Zattar et al. [38] compared
chitosan CDs prepared by two methods: hydrothermal and acid dehydration. Interestingly,
several differences were reported, including particle size distribution, nitrogen content,
and quantum yield. Regarding particle size distribution, hydrothermally prepared CDs
presented an average diameter of 2.4 nm. In comparison, CDs from acid dehydration
showed a smaller average size of 1.5 nm with a narrower distribution attributed to the
stronger acid attack during that method. This difference in diameter can be impactful
depending on the type of application, as long as there is a consistent size average, which
indicates a good synthesis protocol. Moreover, CDs prepared by the hydrothermal method
exhibited a greater content of nitrogen-containing functional groups and, thus, a higher
quantum yield (9.3%) than CDs prepared by acid dehydration with a quantum yield of
3.3% [38]. In this manner, synthesis methods directly impact the properties of the obtained
CDs and their further applications.
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Figure 3. Synthesis methods for the preparation of chitosan-based carbon dots. (a) Chitosan ex-
traction and most common synthesis methods to obtain carbon dots. (b) Typical methodology for
the preparation of chitosan-based carbon dots through the hydrothermal method. Abbreviations:
CS (chitosan); AA (acetic acid); CDs (carbon dots). Created with BioRender.com and extracted under
premium membership.
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The hydrothermal method is considered one of the most applied methods to ob-
tain CDs due to its low cost, eco-friendliness, and facile control of parameters such as
temperature and time of reaction [71-74]. Chitosan—alone or combined with other co-
precursors—is typically dissolved in water or acetic acid solution and transferred into a
Teflon-lined stainless-steel autoclave. Subsequently, the stainless-steel reactor must be
adequately sealed and heated at moderate temperatures (below 220 °C) under autogenous
pressure. After reactions occur and room temperature is reached, the obtained product is
collected and separated /purified. Researchers have reported different purification meth-
ods, including filtration, centrifugation, and dialysis, among others, or a combination of
some [64,75]. Then, CDs in solution are stored in refrigeration or freeze-dried to obtain
solid samples for further applications or to meet requirements for some characterization
techniques (Figure 3b) [76].

In this context, chitosan-based CDs reported by Ni et al. [17] were prepared from an
ultrasonically dispersed suspension of chitosan in water, which was transferred into an
autoclave and heated at 200 °C for 10 h. After room temperature was reached, the collected
solution was centrifuged and filtered to remove larger particles. Finally, the supernatant
was dialyzed and freeze-dried to obtain CDs in powder form [17].

A similar approach was followed by Xu et al. [77]; however, they used chitosan in
combination with p-phenylenediamine as the source of carbon and nitrogen, which were
dispersed in acetic acid. Moreover, higher temperatures and longer reaction times were
used (220 °C for 18 h); in contrast, purification required only centrifugation and filtration
to finally obtain CDs in suspension [77].

Hydrothermal synthesis is a very convenient method for preparing CDs derived from
chitosan since the mild operating conditions in combination with water and the composition
of the precursor lead to CDs with oxygen-containing and nitrogen-containing functional
groups. Moreover, some molecules can be produced during the decomposition of the
chitosan, such as CH3COOH and NHj3, which persist in the reaction medium and cause the
addition of heteroatoms into the structure of CDs through different chemical reactions. The
introduction of heteroatoms in the structure of CDs represents significant improvements
in quantum yield; in addition, the presence of nitrogen- and oxygen-containing surface
functional groups improve the solubility and photoluminescence of the hydrothermally
synthesized CDs [38].

The hydrothermally synthesized CDs derived from chitosan are obtained due to
different transformation pathways; however, they might present significant variations in
their properties, particle size, structure, and yields. The notable variability is due to the
many factors involved, such as operational conditions (e.g., temperature, reaction time,
heating rate), composition, properties, and structures of precursors. Further efforts should
be directed to fully understand the formation mechanisms to optimize CDs’ yields and
properties. Other methods have been employed for preparing chitosan-based CDs, such as
the microwave-assisted method. This approach uses chitosan under microwave irradiation,
receiving homogeneous heating directly to the target molecules. This is a notable difference
since other synthesis methods heat the precursors convectively or conductively. One of
the main advantages of this method is the reaction time, which is significantly shorter
compared to the hydrothermal methods, which require a longer reaction time, usually
around 5 h to 24 h. For instance, Pawar et al. [53] prepared passivated CDs using chitosan
gel as the carbon precursor and poly(ethylene glycol) as the passivating agent. Their
methodology consisted of microwave heating at 600 W at 100 °C within 3 min. Their CDs
presented a particle size of 2.3-7.6 nm and a quantum yield of 25%, showing great potential
for detecting trace amounts of water in organic solvents [53]. However, this synthesis
method has challenges, such as low synthetic yield. In this manner, Liu et al. [78] proposed
a microwave-hydrothermal carbonization method to reduce the reaction time and increase
the synthesis yield; chitosan-based CDs were prepared within 30 min of the reaction with
a high synthetic yield of 45.9%. Their method has the advantage of better controlling
parameters, including temperature and pressure, which avoids side reactions and improves
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the overall synthetic yield. Moreover, CDs exhibited a quantum yield of 12.17% and the
capacity to sensitively detect Fe?* [78].

Pyrolysis, as a classical and simple thermal method, has also been employed for the
preparation of CDs, including chitosan-based ones. This approach converts the carbon
precursor into CDs via degradation and carbonization under an inert atmosphere and
high temperatures. Typically, carbon precursors are placed inside the reactor, which is
heated at a certain temperature with a controlled heating rate. The inert atmosphere is
usually achieved by the introduction of nitrogen or argon gas. Inert gases should be
introduced before heating to remove the oxygen in the system and avoid the combustion
of the precursors. The main advantage of the pyrolysis method relies on its simplicity;
however, it might require high temperatures and the obtained CDs can present broad
particle size distribution and low values of quantum yield [73,79].

In addition, some properties of the CDs obtained by this method can be tuned by
modifying the parameters of the process, such as the temperature, reaction time, heat-
ing rate, etc. [74]. As a representative example, Horo et al. [80] prepared CDs from low
molecular weight chitosan and silk-fibroin blends under an inert atmosphere by introduc-
ing nitrogen flow. The pyrolysis was performed at 230 °C for 3 h. Then, a fine powder
product was obtained after grinding, which was later dissolved in water. After filtra-
tion, CD samples were freeze-dried and stored for further analyses and applications [80].
Similarly, other research groups have applied pyrolysis under an inert atmosphere to
prepare chitosan-based CDs [81,82]. The tailored photoluminescent properties of chitosan-
based CDs prepared by the hydrothermal method have led researchers to employ them
mainly for the sensitive and selective detection of several emerging pollutants in water
samples (Table 2) [17,52,68,72,75,77,83-87].

Table 2. Overview of hydrothermally prepared carbon dots derived from chitosan: synthesis,
properties, and applications.

, Hydrothermal o -

CDs’ Type Precursors Parameters PS (nm) QY (%) Application Reference
CDs Chitosan and urea 190°C,15h 7.1 16.81 Detection of Cr (VI) in water [75]
CDs Chitosan a'nd . 220°C, 18 h 3 19 Detection o'f n.1tr1te and 7]

p-phenylenediamine enrofloxacin in water

CQDs Chitosan 180°C,12h 7.8 NR Active food packaging [72]

Feroidse e saneyme o maraging
Fe-CDs FeSO,.7H,0 and 180°C, 6 h 15.69 28.09 . . uling [83]

. in environmental protection
ethylenediamine
and food safety
CDs Chitosan 200°C,10h 2.13 38 Detection of trace water [17]
in organic solvents
N-CQDs Chitosan 180°C,24 h 2 NR Detection of Fe3* in water [68]
N,S-CDs Chitosan and k-carrageenan 220°C,18 h 8 59.31 Detection of Fe>* and ascorbic acid [84]
CDs Chitosan 180°C,5h 2.36-3.65 189 Ratiometric fluorescent determmatlon of 85]
pH and enzyme reactions

CDs Chitosan and tartaric acid 200°C,5h 20 5.2 Detection of Fe3* and ascorbic acid [86]
N-CDs Chitosan 180°C,12h 2.8 35 Detection of nitrite and bacteria imaging [52]
CDs Chitosan 180°C,12h 294 NR Direct reduction of Ag* to Ag’ [87]

Abbreviations: PS (Particle size); QY (quantum yield); CDs (Carbon dots); Fe-CDs (iron-doped carbon dots); N-CQDs
(nitrogen doped-carbon quantum dots); N,S5-CDs (nitrogen and sulfur co-doped carbon dots); NR (not reported).

4. Applications
4.1. Biomedicine

Being zero-dimensional (0D), quantum dots (QDs) are a nanomaterial from the carbon
family. QDs have shown promising biomedical applications due to their size on the
nanoscale. Carbon quantum dots are particularly useful in applications of the biomedical
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field, such as bioimaging, cell labeling, and biosensing. Chitosan-based CDs were applied
for imaging human umbilical vein endothelial cells (HUVAC), which were exposed to
low concentrations (50 pg/mL) of water-dispersed CDs. These CDs were synthesized
through a simple one-pot hydrothermal method from a mixture of gum tragacanth and
chitosan, which showed good detection of the cells by fluorescence microscopy due to the
luminescence of the CDs intracellularly [45].

The same hydrothermal approach was used for synthesizing CDs from chitosan and
applied for the bioimaging of A549 epithelial cells, which showed low cytotoxicity and
good biocompatibility [58]. While CDs are commonly synthesized using the hydrothermal
autoclave, another technique often used is pyrolysis through microwaves. The common
one-pot method has the dissolved chitosan put under a microwave for several minutes until
carbonized, as explained in the previous section. This technique has been used to synthesize
CDs implemented in cellular labeling, bioimaging, and drug delivery [64,88]. Not only are
the biocompatibility and non-toxicity of CDs properties relevant for the application of this
nanomaterial in the biomedical field for bioimaging, biosensing, and drug delivery, but
also the surface area to volume ratio which allows these materials to enter the extracellular
matrix. The most important aspect is the photoluminescence, which provides for tunability
of the color reflected by such material and the functionalization of the surface, depending
on what type of application will be given to the final product.

4.2. Environmental

In terms of environmental applications of chitosan-based CDs, there have been many
studies showing the capability of such nanomaterial for the detection of heavy metals in
water such as Fe (III), Cu (II), and Cr (VI) [49,60,76], and some other specific applications
as antibacterial agents in food packaging [72], detection of nitrite and enrofloxacin in
water [76,81], algal growth enhancement, etc., [47]. In a recent study done by Wu et al. [71]
CDs were obtained from the carbonization of chitosan and doped with nitrogen and
phosphorus, using phosphoric acid as a medium. The carbon quantum dots showed
luminescence from blue to green and orange, allowing for the tunability of the colors
emitted from the material at different wavelengths depending on the type of application
required and the desired emission. It was shown through this study that the addition
of phosphoric acid as a solvent allowed for faster reaction times in the synthesis process,
which, in this case, was a parallel hydrothermal microwave reaction.

The application scope of CDs in visible-light photocatalysis at longer wavelengths can
be extended through this approach while allowing multi-color-emissive. The synthesis
reaction can be shortened to only 5 min, and the fluorescence of the nanomaterial from
blue to green to orange can be tailored by adjusting the acid concentrations. This can
open up new possibilities in environmental and biotechnological applications for detecting
microorganisms, heavy metal ions, microalgal growth, and many more [71].

4.3. Food Packaging

Antimicrobial properties are an important aspect of coating materials for applications
such as food packaging to increase the shelf life of foods. With the help of nanotechnology,
nanoparticles and nanocomposites can be synthesized to open a broader scope of novel
options to tackle this problem in the global market. Thus, incorporating carbon quantum
dots and other nanoparticles into these materials, particularly those obtained from natural
sources such as chitosan, have been demonstrated to have antibacterial properties. These
are mainly attributed to its polycationic nature, which interacts with the negatively charged
surface of bacteria, altering cell permeability [89].

The incorporation of chitosan-based carbon quantum dots on carboxymethyl cellulose
films for food packaging applications was performed by Riahi et al. [72], with average sizes
around 7.2 nm, demonstrated not only an improvement in the mechanical properties of
the film, but also a strong antibacterial effect on E. coli and L. monocytogenes, as well as
considerable antioxidant activity, and antifungal activity on A. niger and P. chrysogenum.
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Additionally, the films showed almost null cytotoxicity against 1.929 cells at concentrations
up to 500 pg/mL. Furthermore, mechanically, the addition of the chitosan-based quantum
dots increased the tensile strength of the carboxymethyl cellulose film by up to 27.6% and
its elastic modulus by approximately 61.5% [72]. Another approach is not using chitosan
directly as the carbon source for quantum dots, but instead using it as the polymeric matrix
in the form of thin films or fibers reinforced with CDs from other sources, such as kelp,
allowing the CDs to do their antibacterial activity combined with that of the chitosan-
based matrix and their respective biocompatibility /biodegradability properties [90]. In this
context, CDs are good candidates for antibacterial and antifungal functions, whether using
chitosan as the carbon source or as the polymeric matrix.

5. Current Challenges and Recommendations

Research on CDs has shown great progress in recent times, thus providing useful infor-
mation and data for a better understanding of CDs’ properties, structures, and applications.
However, there are still many key issues to be addressed. For instance, many synthesis
methods have been reported for preparing chitosan-based CDs; however, scalable synthesis
methodologies to produce high-quality CDs at high production yields remain unreported.
In addition, the unclear effects of parameters, reaction conditions, and characteristics of the
initial precursor make it difficult to control precisely the properties obtained in the CDs. In
this respect, further efforts should be directed to understand the formation mechanisms in
detail to get higher yields of CDs with controllable and enhanced properties.

Chitosan-based CDs have been employed for multiple applications, such as detecting
toxic elements, active food packaging, and nanozymes for catalytic applications. Despite
the efforts and progress in such applications, there is still investigation work to be done
to achieve practical application in real scenarios. For example, the precise exploration of
the role of CDs in each reaction and their interaction with other components or media is
highly required. In addition, further examination of their toxicity and metabolic pathways
on different organisms is extremely relevant for some applications such as biomedicine.

6. Conclusions

Chitosan-based CDs have demonstrated great potential in many research fields, in-
cluding biomedicine, the environment, and energy. They possess enhanced fluorescence
and optical properties owing to their precursor’s characteristics and benefits due to the eco-
friendly and abundant nature of chitosan. In this review, we have discussed the enhanced
properties of chitosan-based CDs directly associated with the precursor. Moreover, we have
analyzed the most recent applications, highlighting the detection of different pollutants
in environmental samples as the most common. However, other novel applications have
been reported, such as the fabrication of active food packaging and their use as nanozymes.
Current challenges that need to be addressed and some key insights regarding synthesis
protocols, properties, and applications of chitosan-based CDs for future guidance have also
been identified. The optimized synthesis methods capable of producing chitosan-based
CDs on a large scale with precise control of their properties will considerably expand the
spectrum of applications for chitosan-based CDs.
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