Chinese Chemical Letters 35 (2024) 108423

ELSEVIER

Contents lists available at ScienceDirect CC

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

L pd

4
SE Chemical Letters (RS

State-of-the-art of biomass-derived carbon dots: Preparation, )

properties, and applications

Check for
updates

Mengyuan Fang®!, Boyang Wang®!, Xiaoli Qu*, Senrui Li?, Jinsheng Huang?,

Jiangnan Li?, Siyu LuP*, Nan Zhou®*

3The First Affiliated Hospital of Zhengzhou University, Zhengzhou 450001, China

b Green Catalysis Center, and College of Chemistry, Zhengzhou University, Zhengzhou 450001, China
¢ Erythrocyte Biology Laboratory, School of Life Sciences, Zhengzhou University, Zhengzhou 450001, China

ARTICLE INFO ABSTRACT

Article history:

Received 9 February 2023
Revised 29 March 2023
Accepted 3 April 2023
Available online 5 April 2023

Keywords:
Carbon dots
Biomass
Properties
Modification
Applications

Carbon dots (CDs) have attracted considerable attention as a new type of fluorescent carbon nanomaterial
because of their excellent optical properties, biocompatibility, and high electrical conductivity. Research
on CDs has been conducted for nearly two decades and has focused on numerous precursors, various
synthesis conditions and properties and applications of CDs. Biomass is critical in the green development
of CDs because of its low cost, environmental friendliness, and sustainable properties. This review focuses
on the advantages and applications of biomass-derived CDs. In addition, the challenges of photobleaching,
toxicity, and stability of biomass-based CDs are discussed in detail. Lastly, the prospects and challenges
of biomass-derived CDs are highlighted.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Biomass, which is a natural, abundant, and renewable high-
carbon resource, includes animals, plants, and microorganisms [1-
5]. Biomass is ubiquitous, and a large amount of waste biomass
should be recycled to prevent pollution. In most countries, waste
biomass is typically disposed of via incineration. Only a few coun-
tries use high-tech waste processing methods to diminish carbon
emissions; however, high-tech processing methods are costly. Re-
cently, with the goals of carbon neutrality and peaking, reducing
the pollution caused by waste biomass and converting biomass
into inexpensive high-value-added products with high efficiency
has attracted considerable attention [6-9].

As a new class of fluorescent nanocarbon materials, carbon dots
(CDs) have become critical materials in nanomedicine [10,11], en-
ergy conversion and storage [12,13], and optoelectronic devices
[14,15] because of their high stability, simple preparation meth-
ods, and excellent optical and electrical properties [16-18]. Unlike
traditional carbon-based nanomaterials, CDs are diverse and are
primarily regulated by their precursors and preparation methods
[19-21]. Recently, biomass has become increasingly valuable as a
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precursor for CDs because its rich heteroatoms can easily achieve
self-doping and the properties of the fabricated CDs are excellent
[22-24]. Compared with artificial carbon sources, biomass is less
toxic, which is crucial for bioapplications. Additionally, the low cost
of biomass renders it useful for the large-scale preparation of CDs
[25-27]. Therefore, conversion of biomass into CDs can reduce en-
vironmental pollution and expand the development and applica-
tions of CDs.

In the past three years, numerous reviews on the synthesis
and chemical and physical properties of biomass-derived CDs have
been published. However, most reviews focused only on the ap-
plication fields of CDs (energy or biological applications) rather
than providing comprehensive overviews. Therefore, summarizing
the recent advances in biomass-derived CDs is critical for deter-
mining the future direction of this popular research field.

This review critically comments on the recent advances in
biomass-derived CDs. We analyze and compare various prepara-
tion methods, particularly concerning the carbonation transition
reaction. With this in mind, we highlight the latest achievements
in controlling reactivity, tailoring optical properties, and introduc-
ing new functionalities. Furthermore, we describe several emerging
applications, such as nanomedicine, energy, and optoelectronic de-
vices. Lastly, we provide insight into the future direction and fore-
seeable challenges of biomass-derived CDs.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Methods used to synthesize biomass-derived CDs.

2. Preparation

Currently, many methods can be used to convert biomass pre-
cursors into fluorescent CDs. According to the formation mecha-
nism and reaction conditions, the methods can be divided into
top-down (hydrothermal, solvothermal, and microwave-assisted)
and bottom-up methods (pyrolysis) (Fig. 1). In addition, syn-
ergistic preparation methods, such as the microwave-assisted-
hydrothermal and pyrolysis-oxidation methods, are commonly
used to increase the yield and improve the optical properties of
CDs. In this section, we summarize the most recently developed
preparation methods and analyze their advantages and disadvan-
tages. Moreover, several large-scale methods used to accelerate the
industrialization of CDs are described [28-30].

2.1. Hydrothermal method

The hydrothermal method is the most commonly used method
for synthesizing biomass-derived CDs. This is primarily because
biomass contains abundant water; therefore, the organic molecules
and polymers comprising biomass present excellent water solubil-
ity [31-33]. Under high-temperature and high-pressure conditions,
the organic molecules in biomass self-polymerize or polymerize
with each other to form various crosslinked structures [34-36].
CDs are subsequently formed via carbonization. For example, we
used avocado peel and sarcocarp as raw materials, adjusted the
reaction temperature and time, and prepared CDs with quantum
yields (QYs) of 9.56% and 8.97%, respectively [37]. The emission
wavelengths of the avocado-peel- and sarcocarp-derived CDs are
located in the blue-green spectral region, which was attributed
to the primary components of the avocado peel and sarcocarp
being different. Light-emitting CDs with emission wavelengths in
the blue-green region has also been prepared using a hydrother-
mal method and beef as the carbon source [38-40]. Moreover, CDs
have been fabricated using microorganisms as carbon sources [41-
43]. We analyzed the reason for the blue-green emission and de-
termined that the amino acids, proteins, and polysaccharides in
biomass participate in hydrothermal reactions [44-46]. The hy-
drothermal products of the precursors typically present blue emis-
sion; therefore, the CDs fabricated using the hydrothermal meth-
ods will always emit light in the blue-green spectral region.

2.2. Solvothermal method

The solvothermal method is similar to the hydrothermal
method; however, the reaction solvent is organic (e.g., ethanol,
ethyl acetate, and acetone) to dissolve the water-insoluble
molecules in biomass and promote CDs synthesis [47-49]. For ex-
ample, curcumin, an active ingredient in ginger, exhibits poor solu-

bility in water [50]. Therefore, a solvothermal method can be used
to accelerate the conversion of curcumin into CDs. The as-prepared
CDs exhibited blue-green emission and a QY of 8.6%. Currently, the
solvothermal method is the only method used to convert biomass
(green plants) into red-emitting CDs. This is because green plants
are rich in chlorophyll. During CDs synthesis, the chlorophyll em-
bedded into the carbon core or connected to the surface of CDs can
induce a chlorophyll-like emission behavior. Chlorophyll is highly
soluble in alcohol, acetone, and dimethyl sulfoxide; therefore, these
solvents can be used to fabricate CDs using solvothermal reactions.
CDs fabricated using Taxus leaves and acetone as the carbon source
and solvent, respectively, exhibited a half-peak width of 20 nm.
Furthermore, the QYs of the CDs with excitation wavelengths of
413 and 660 nm were 59% and 31%, respectively [51]. The CDs fab-
ricated using Wedelia trilobata and ethanol as the carbon source
and solvent, respectively, emitted red light at 645 nm, and their
QY was 18.16% [52]. The water solubility of the CDs prepared us-
ing solvothermal methods is typically poor; moreover, their emis-
sion wavelengths change in aqueous media. To increase the water
solubility of CDs, a small amount of water can be added to the
reaction mixture during the solvothermal process. This does not
change the red emission of the CDs fabricated using green plants.
For example, the CDs fabricated using Spermatophyta, Pteridophyta,
Bryophytes, and Algae exhibited excellent red emission in a mixture
of ethanol and water (70:30, v/v) [53]. It should be emphasized
that biomass-derived CDs prepared by the hydrothermal method
cannot appear red emission after being dispersed in the organic
solvent. After the CDs are successfully prepared, they will be pu-
rified by a filter membrane (0.22 pm). The CDs with red light-
emitting molecules in the shell are water-insoluble and will be re-
moved in this step. The contents of other preparation methods of
biomass-derived CDs were summarized in Supporting information,
and outlines their large-scale preparation

3. Properties

Biomass-derived CDs are widely used nanomaterials. Therefore,
an in-depth understanding of their properties would allow re-
searchers to develop CDs with tailored properties for specific ap-
plications. The optical properties of biomass-derived CDs are criti-
cal because almost all biomass-derived CDs exhibit photolumines-
cence, stability promotes application expansion, and negligible tox-
icity, which is crucial for bioapplications. Therefore, an in-depth
understanding of the properties of biomass-derived CDs is neces-
sary for the development of efficient synthesis methods and ex-
pansion of the applicability of CDs. The properties including opti-
cal properties, stability, and toxicity are summarized in Supporting
information.
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Fig. 2. Modification methods for biomass-derived CDs: (a) heteroatom doping of
the surface and carbon core and (b) surface passivation using polymers, ions, and
molecules.

4. Modification methods

The excellent physical and chemical properties of biomass-
derived CDs are related to the structure of CDs, such as ele-
ment and shell types. Judicious regulation strategies can be used
to adjust the properties and promote the efficient application of
biomass-derived CDs.

4.1. Doping

Heteroatom doping is commonly used to adjust the optical
properties of biomass-derived CDs. This is necessary because, typi-
cally, unmodified CDs present shortcomings, such as low QY and
single surface shell structure, which considerably limit their ap-
plication value [54-56]. Addition of other precursors during syn-
thesis is the most effective strategy for fabricating heteroatom-
doped CDs (Fig. 2a). The most common dopants are non-metals,
such as N, S, B, and P, and metals, such as Mg and Fe [57-59].
Biomass-derived CDs doped with non-metals, and in particular N,
present stronger light absorption and better QYs than unmodified
CDs. N easily forms bonds with C. The energy required for elec-
trons to transition from the 7 orbitals of C=N to the n orbitals
is low; therefore, new radiative recombination pathways can eas-
ily form [60]. Dopamine hydrochloride and melamine were used
as N sources to prepare N-doped biomass-derived CDs. Melamine
promoted the formation of pyridinic- and amine-N, thereby de-
creasing the band gap of the CDs and promoting a red shift of the
emission wavelength. In addition, the N content and QY (35.39%) of
the N-doped biomass-derived CDs fabricated using melamine were
higher than the N content and QY (2.95%) of the N-doped biomass-
derived CDs fabricated using dopamine hydrochloride [61]. Wang
et al. used S-rich durian as the carbon source to fabricate S-doped
biomass-derived CDs. The as-prepared CDs comprised thiophene
moieties, which improved the optical and chemical stability of the
CDs and increased their QY [62]. CDs prepared using empty fruit
bunches and sodium thiosulfate were also highly stable, and their
fluorescence properties remained unchanged after more than eight
months of storage [63]. Shen et al. used 3-aminophenylboronic
acid and alkali lignin as carbon sources to prepare CDs with three
emission wavelengths [64]. Theoretical calculations demonstrated
that the bandgap of the CDs increased gradually with increas-
ing number of C-B bonds. Moreover, the emission wavelength of
the CDs was modulated via B-doping. The charge density of CDs
can be changed via metal doping; moreover, the CDs can be en-
dowed with new functions. Pure bougainvillea plant leaves and
FeCl, were used as the C and Fe sources, respectively, to synthe-
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size Fe-doped CDs. Structure characterization revealed that single
Fe atoms were loaded onto CDs, and they exhibited nanozyme-like
effect. Fe-doped CDs regulated tumor microenvironments through
reactive oxygen species (ROS) regulation and lysosome-mediated
autophagy, thereby effectively inhibiting tumor growth in a mouse
model of drug-resistant glioblastoma [65]. CDs prepared using Ly-
cium ruthenicum and MgCl,-6H,0 as the carbon and Mg sources,
respectively, were highly biocompatible with the pre-osteoblast
cell line MC3T3-E1 (subclone 4). The experimental results demon-
strated that an appropriate concentration of Mg-doped CDs was
suitable for long-term cell growth, and that the Mg-doped CDs
promoted cell growth, proliferation, and osteogenic differentiation
capabilities [66].

4.2. Surface passivation

In addition to heteroatom doping, CDs can be modified through
surface passivation by changing the chemical state of the surface
of CDs without changing the intrinsic properties of the carbon
cores. Owing to the abundant functional groups on the surface of
CDs, the optical properties and solubility of CDs can be changed
via modification with metal ions, organic molecules, and polymers
(Fig. 2b) [67-69]. Modification of CDs with metal ions and organic
molecules induces quenching of their optical properties, which lays
the foundation for developing CDs as sensors. CD fluorescence was
quenched and CDs were used to develop dual-function detectors
for detecting sunset yellow dye and Mn2* ions [70]. Moreover, the
surface of CDs can be modified with organic molecules to confer
CDs tumor-targeting or anticancer functions. For example, lycorine-
adjusted CDs derived from mulberry leaves presented remarkable
anticancer activity and were used for targeted drug delivery to tu-
mor sites [71]. Biomass-derived CDs prepared using water as the
solvent typically emit blue light. Organic solvents should be used
to extend the emission wavelengths of CDs. However, the bioap-
plications of CDs in the organic phase are limited; therefore, hy-
drophilic polymers should be used to modify CDs to improve their
water dispersibility. Honeysuckle, turmeric, and perilla were used
as carbon sources to fabricate CDs with blue, green, and red fluo-
rescence, respectively. Poly(ethylene glycol) (PEG) was added to a
dispersion of CDs in dichloromethane to achieve surface modifica-
tion, and the modified CDs were used as stains for bacterial imag-
ing. PEG, which was used to increase the hydrophilicity of CDs,
is an environmentally friendly and degradable lubricant [72]. PEG-
modified ginkgo-biloba-derived CDs exhibited remarkable lubricity,
good load-carrying capacity, and long service life under boundary
lubrication [73]. The antiwear and antifriction properties of PEG
added with 0.20 wt% CDs were 70.5% and 34.7% higher, respec-
tively, than those of pure PEG.

5. Applications

Biomass-derived CDs present unique applications in
biomedicine because of their high biocompatibility and low
toxicity. Therefore, they are widely used in bioimaging, sensing,
tumor therapy, and as drug carriers. Moreover, owing to their
good electrical conductivity, large surface area, and high mobility,
biomass-derived CDs present remarkable prospects in catalysis,
energy conversion, and storage [74-76]. This section describes the
numerous applications of biomass-derived CDs. The most widely
used field of biomass-derived CDs is optical applications including,
optical imaging, sensors, and phototherapy. The application in the
drug delivery and energy fields are summarized in the supporting
information
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Fig. 3. Biomass-derived CDs used in optical imaging. (a) Cell imaging using excitation dependence (Reproduced with permission [86]. Copyright 2020, Elsevier). (b) CD
metabolism and imaging of major organs in mice (Reproduced with permission [87]. Copyright 2019, MDPI).

5.1. Optical imaging

Optical imaging plays a critical role in basic research and clin-
ical settings because it allows researchers and clinicians to com-
prehensively monitor biological processes to analyze cell morphol-
ogy and physiological processes. The most attractive feature of CDs
is their outstanding fluorescence. Biomass-derived CDs exhibit sta-
ble and tunable emission wavelengths, rendering them promising
candidates for optical imaging agents. CDs enter cells through en-
docytosis during the co-incubation of cells and biomass-derived
CDs. To eliminate the interference of excess CDs in the medium,
remove the excess CDs by centrifugation and washing, then dis-
perse the cells in a new medium for imaging [77,78]. Recently,
researchers have developed numerous methods to tailor the flu-
orescence properties of biomass-derived CDs to meet the increas-
ing demands of optical imaging [79-82]. CDs derived from corn
stalk shells emitted blue light with a QY of 16% [83]. A549 lung
cancer cells were co-incubated with CDs, and the cells exhibited
strong blue fluorescence under excitation at 405 nm. PC12 cells in-
cubated in a medium containing 500 pg/mL cyanobacteria-derived
CDs for 24 h emitted green fluorescence after excitation at 405 nm
[84]. However, almost no fluorescence was observed in the cen-
ter of the cells, indicating that the CDs were quickly taken up by
the cells and mainly located in the cytoplasm. Spinach-derived red-
emission CDs co-incubated with A459 lung cancer cells emitted
intense red fluorescence under excitation at 543 nm. The emis-
sion was localized in the cytoplasm, and a transparent nuclear re-
gion originated in the cell [85]. In addition to single-color imaging,
multi-channel imaging can be achieved owing to the excitation-
dependent properties of biomass-derived CDs. Upon red-shifting
the excitation wavelength of CDs derived from the dwarf banana
peel from 395 nm to 505 nm, the emission wavelength extended
from the blue-violet to the yellow-green spectral region. After in-
cubating CDs with clone 9 hepatocyte cells, the cells emitted blue,
green, and red light upon excitation at 405, 488, and 555 nm, re-
spectively. After 12 h of incubation, weak and strong fluorescent
signals were emitted by the cytoplasm and nucleus, respectively.
Furthermore, after a longer incubation time of 36 h, strong fluores-
cent signals were emitted by the nucleus and cytoplasm (Fig. 3a)
[86]. Yong et al. used biorefining by-products as the carbon source
to fabricate blue-emission CDs for in vivo imaging, and the QY of
the CDs was 13%. The as-fabricated CDs were injected into tumor-
bearing mice, and fluorescent imaging revealed that 5 min after
CDs injection, fluorescent signals were emitted from the mouse
head. The CDs were almost exclusively located at the tumor sites
12 h after injection, demonstrating that they can be used for long-
term in vivo tumor imaging (Fig. 3b) [87]. Biomass-derived CDs
have also been used for analyzing in vivo metabolic processes. Ding

et al. fabricated red-emission CDs using pulp-free lemon juice and
utilized them as an imaging agent [88]. They intravenously injected
a CD aqueous dispersion into nude mice through the tail vein, and
observed bright fluorescence in the bladder 15 min after injection.
Their results indicate that the CDs were primarily excreted through
urine.

5.2. Sensors

Biomass-derived CDs can coordinate and detect specific ana-
lytes because of their rich surface structures. In the presence of a
target analyte, the initial CDs system is destroyed via adsorption or
chemical reactions. This changes the fluorescence emission of CDs,
promoting the detection of the target analyte. To date, biomass-
derived CDs have been used as sensors for various materials, such
as metal ions [89-93] and molecules [94-98], based on fluores-
cence enhancement or quenching (Fig. 4a). To detect metal ions,
due to the coordination of CDs to metals, the coordination between
CDs and metal ions triggers the transfer of non-radiative electrons
from excited CDs to the unfilled d orbitals of metal ions, resulting
in fluorescence quenching. The detection mechanism has been con-
firmed using several metal ions (i.e., Fe3+, Cu?*, Hg?t, and Pb2t)
[99-103]. Poa pratensis-derived CDs exhibited good hydrophilic flu-
orescence and strong cyan-blue emission and were used for highly
selective detection of Mn?* ions in aqueous media. The fluores-
cence of the CDs was quenched in the presence of Mn2*t ions,
and the detection limit was 1.2 pmol/L [104]. The CD-based sensor
constructed using banana stems detected Cr°* in the linear detec-
tion range of 10-30 pmol/L with a detection limit of 2.4 pmol/L.
Density functional theory calculations and lifetime decay analysis
demonstrated that the fluorescence quenching mechanism of CDs
was photoinduced electron transfer (Fig. 4b) [105]. Added metal
ions typically quench the fluorescence of CDs. Upon adding other
analytes to replace the metal ions on the surface of CDs, fluores-
cence can be restored or enhanced. The utilization rate of CDs
was considerably improved by the ability of CDs to detect vari-
ous substances [106]. The fluorescence of grape-seed-derived CDs
was quenched in the presence of Cu?* ions, and it gradually re-
covered upon the addition of ascorbic acid to the system. Under
optimal conditions, the linear detection ranges for Cu?t ions and
ascorbic acid were 150-500 pmol/L and 0.1-400 pmol/L, respec-
tively and the limits of detection were 0.048 and 0.036 mmol/L,
respectively [107]. The detection of organic molecules by biomass-
derived CDs is based on the adsorption of organic molecules on
the surface shell, using hydrogen bonding or w-m stacking. When
the emission spectrum of CDs overlaps with the absorption spec-
trum of organic molecules, fluorescence resonance energy trans-
fer occurs between the CDs in the excited state and the organic
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Fig. 4. Use of biomass-derived CDs for sensing applications. (a) Sensing mechanism of CDs. (b) Cr%* ion detection (Reproduced with permission [105]. Copyright 2022,
Elsevier). (c) Array detector based on biomass-derived CDs (Reproduced with permission [53]. Copyright 2022, Elsevier). (d) Smartphone-based portable detection platform

(Reproduced with permission [53]. Copyright 2020, American Chemical Society).

molecules in the ground state, which quenches the fluorescence of
CDs. In addition, fluorescence quenching occurs when interactions
between CDs and organic molecules form non-fluorescent ground-
state complexes, or when there is charge transfer [108,109]. Kang
et al. used tobacco leaves as the carbon source to fabricate CDs
that were then used to detect organic molecules [110]. They re-
ported that the as-synthesized CDs were selectively quenched by
tetracycline. This was attributed to tetracycline reacting with the
hydroxyl and carboxyl groups on the surface of the CDs leading
to static quenching. CDs derived from waste tobacco stems were
used to detect other tetracycline antibiotics in real water samples
using the internal filtering effect. Biomass-derived-CD-based array
detectors with good detection efficiency were developed. Molecu-
larly imprinted polymers were formed on the surface of catalpa-
walnut-shell-derived CDs using a sol-gel method, and the as-
fabricated CDs precisely captured 5-nitroimidazole antibiotics. Us-
ing the changes in fluorescence to construct fingerprints, CDs were
used to distinguish secnidazole, ornidazole, metronidazole, and
tinidazole [111]. This fluorescent sensor array sensitively identified
5-nitroimidazole antibiotics over a wide concentration range. Niu
et al. demonstrated that CDs fabricated using various raw materials
(e.g., sheep, bovine, and pork bones) interacted with heavy metal
ions to varying degrees and could be used as probes to distinguish
Pb%*, Ag*, Fe3*, Hg?*, and Cu?* ions (Fig. 4c) [112]. According to
the fingerprints, Ag* ions exhibited the strongest quenching effect
on the sheep-bone-derived CDs, whereas Fe3* ions presented the
strongest quenching effect on all three types of CDs. Using hierar-
chical cluster and linear discriminant analyses, it was determined
that array detection was effective for single ions and binary and
ternary mixtures. Moreover, the accuracy of the array for binary
and ternary mixtures was 100%. In addition to array detection,
smartphone-based portable detection platforms can be developed
for efficient real-time detection of analytes. A fluorescent sens-
ing system and detection platform based on cinnamon-leaf-derived
CDs exhibited excellent performance for analysis of tap water and
wine samples. Light and color signals were collected using a smart-
phone, and the standard response curves of AI3* ions in solutions
at various concentrations were obtained through color recognition
using specialized applications and equipment (Fig. 4d) [53].

5.3. Phototherapy

Phototherapy is a highly selective and minimally invasive treat-
ment that involves focusing light beams on target areas to min-
imize side effects [113-115]. Typically, phototherapy requires a
light source and a phototherapeutic agent that can be converted
into thermal energy [photothermal therapy (PTT)] (Fig. 5a), chem-
ical energy [photodynamic therapy (PDT)] (Fig. 5b), or both (Fig.
5c) [116]. Recently, researchers have demonstrated that biomass-
derived CDs can be used as effective photosensitizers to gener-
ate ROS upon light excitation and as photothermal agents to con-
vert light energy into heat. This promoted their application in PTT
and PDT. Photothermal therapy can be divided into diathermia,
hyperthermia and thermal ablation according to the temperature,
among which the temperature of diathermia is the lowest (<41 °C),
and the temperature of thermal ablation is the highest (>46 °C)
[117-119]. Watermelon-derived CDs exhibited near-infrared emis-
sion with a QY of 0.4% [120]. The survival rate of cells co-incubated
with CDs (20 mg/mL) was high. Upon irradiating the cells with an
808 nm laser light under the same conditions, cell survival rate
was considerably lower (>10%). This demonstrated that the CDs
efficiently ablated cancer cells via a photothermal process. Further-
more, upon injecting tumor-bearing mice with CDs, the tumor sites
heated rapidly under 808 nm light irradiation, and after 10 min of
daily irradiation for 6 d, the tumors almost disappeared. CDs de-
rived from Camellia japonica flowers exhibited efficient PTT perfor-
mance and a high photothermal conversion efficiency of 55.4% at a
moderate laser power (808 nm, 1.1 W/cm?2). After 5 min of contin-
uous irradiation, the temperature of the CD-treated tumor sites in-
creased considerably to ~58 °C, which was sufficient to kill cancer
cells without damaging surrounding healthy tissue (Fig. 5d) [121].
In vivo experiments demonstrated that CDs and laser irradiation
presented an excellent PTT effect in a group of mice, with com-
plete tumor ablation and no significant recurrence within 10 d. A
microwave-assisted method and pheophytin as the carbon source
were used to synthesize hydrophobic CDs that emitted light at 680
nm and produced abundant singlet oxygen (10,) species with a
QY of 0.62. Subsequently, PEGylated derivative of 1,2-distearoyl-sn-
glycero-3-PE (DSPE)-mPEG2000 was used to modify the CDs. The
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modified CDs presented higher hydrophilicity and retained their
high 10, generation efficiency (Fig. 5e) [122]. The PDT efficacy
of CDs was examined using 4T1 tumor-bearing mice, and tumor
growth was completely inhibited after laser irradiation. This in-
dicated that the CDs successfully accumulated at the tumor sites
and produced '0, species under 671 nm laser irradiation. More-
over, the mice survived 40 d after treatment. In addition to using
the abundant functional groups on the surface of pure CDs, pho-
tosensitizers can be grafted onto the surface of CDs. This increases
the photosensitizer concentration per unit of volume and promotes
the phototherapeutic effect. CDs fabricated using osmanthus leaves
as the raw material were modified with polyoxyethylene diamine
and photosensitized with folic acid. The as-produced CDs targeted
tumor cells and mitochondria and generated 10, species in mito-
chondria under near-infrared laser irradiation [123]. Flow cytom-
etry was used to analyze the photodynamic therapeutic effect of
CDs on T24 cancer cells and 7702 healthy cells. The apoptosis rate
of 7702 cells incubated with CDs (11.56%) was lower than that of
T24 cells (41.8%). These findings suggest that CDs can be used for
targeting cancer cells via PDT. Cancerous cells produce high levels
of biothiols, which reduces the efficacy of PDT. To mitigate these
challenges, Zhao et al. developed Cu?*-modified spinach-derived
CDs for effective PDT. They demonstrated that binding chlorophyll
and Cu?* ions onto the surface of CDs decreased the difference be-
tween the energy levels of chlorophyll molecules. This led to an in-
crease in number of generated 10, species, thereby enhancing PDT
efficacy. Conversely, the Cu?*t jons on the surface of CDs can com-
bine with biothiols to decrease the concentration of free biothiols
in tumor cells and further enhance PDT efficacy [124]. In addition,
Wang et al. used Hypocrella bambusae as the precursor to fabricate
CDs and used the CDs in dual-functional PDT-PTT [125]. The tu-
mors in the control and PDT groups were not eliminated after 14
d of treatment. In contrast, the tumors in the PDT-PTT group were
entirely suppressed after 14 d of treatment (Fig. 5f).

5.4. Advantages and limitations

From the above description, we can see that biomass-derived
CDs play a huge role in the fields of biology, sensing, energy con-

version and storage, which mainly depends on the special charac-
teristics of the precursors and structures. Biomass itself has low
toxicity, so the prepared CDs also have low toxicity, which is
very beneficial to its imaging, treatment and other bioapplications.
Meanwhile, the abundant organic precursors in biomass make the
derived CDs have more abundant surface states. The rich polymer
structure makes it easier to be passivated for loading drugs and
improving drug loading. In tumor therapy, biomass-derived CDs
still play an indispensable role. Biomass is rich in heteroatoms. The
introduction of heteroatoms, especially N, S, and P, can expand the
absorption range and improve the photothermal conversion effi-
ciency.

Compared with organic compound-derived CDs, the main dis-
advantages of biomass-derived CDs focus on the emission wave-
length and low quantum yield, which will affect their heir range
of application. The low quantum yield makes it difficult to local-
ize in cells and in vivo. There are few studies on biomass-derived
CDs two-photon/upconversion luminescence, which makes it only
possible to use blue-violet light sources for localization in vivo, and
there will inevitably be interference from background fluorescence.
In phototherapy, it is easy to develop CDs with high photothermal
conversion efficiency or high reactive oxygen species from organic
compound precursors, because the precursors are rich in choice
and can achieve directional design. Although biomass-derived CDs
are also rich in precursors, the molecules contained in them are
single, so it is difficult to break through.

6. Conclusions and future perspectives

The diversity of precursors used to prepare CDs has led to the
development of various types of CDs. The use of biomass as a car-
bon source has promoted the inexpensive and large-scale prepara-
tion of CDs. Owing to the abundance and sustainability of biomass,
the commercialization prospects of biomass-derived CDs have re-
cently improved. However, because of the diversity of precursors
and their highly variable structures, small changes in reaction con-
ditions can yield different results. Therefore, to increase the ap-
plication value of biomass-derived CDs, their optical properties
should be thoroughly analyzed and stabilized.
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In this review, we describe the preparation and applications of
biomass-derived CDs by correlating their regulation and physic-
ochemical properties. CDs prepared using different methods and
solvent environments exhibit various characteristics, and their ex-
cellent optical stability, anti-drifting properties, and high ionic
strength promote their applications. We describe doping and sur-
face passivation methods for regulating the properties of biomass-
derived CDs. Lastly, the latest progress in biomass-derived CDs for
biology, sensing, and energy applications is summarized. Herein,
we suggest several promising directions for future research.

1. Increasing yield: Biomass is the most affordable and extensively
used precursor for CDs fabrication. Several researchers have
reported kilogram-scale preparation of biomass-derived CDs.
However, the large-scale fabrication of CDs still requires indus-
trialization. Therefore, suitable carbonization methods should
be selected and adequate reactors should be designed for the
large-scale preparation of biomass-derived CDs.

2. Regulation of optical properties: The CDs derived from or-
ganic molecules exhibit high QY emission in the violet-to-near-
infrared spectral range. The CDs derived from biomass should
be further studied and methods for expanding the emission
wavelength and QY should be developed. Introduction of N
precursors through doping can improve QY; however, this ef-
fect can be further improved. Development of violet- and near-
infrared-emitting CDs should expand the application value of
CDs.

3. Mechanism of formation: CDs synthesis involves dehydration,
crosslinking, and carbonization of precursors with polyconden-
sation sites. However, biomass is rich in amino acids, polysac-
charides, vitamins, and other components, which hinder the
formation of biomass-derived CDs. The temperature and reac-
tion time should be judiciously controlled because the precipi-
tation of each molecule that participates in the reaction is reg-
ulated by temperature.

4. Diversification of applications: Owing to the limitations of their
self-generated optical properties, biomass-derived CDs present
limited applications in optical imaging. CDs are critical for
imaging specific organelles or subcellular structures; moreover,
displays and lighting are critical parts of application transfor-
mation. Increasing attention has been dedicated to, and the
rapid development of biomass-derived CDs will expand their
applications.

In summary, the remarkable number of recent reports on the
fabrication, properties, and applications of CDs has led to the de-
velopment of biomass-derived CDs. Researchers should continue to
develop biomass-derived CDs with excellent selectivity, efficiency,
and applicability. Furthermore, scholars should gain a deeper un-
derstanding of biomass conversion processes, identify more favor-
able reactions and combinations, and establish a feasible plan.
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