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Abstract

Carbon quantum dots (CQDs) are a diverse group of carbon nanomaterials that have
emerged as promising fluorescent nanomaterials owing to their excellent water solubility,
photostability, tunable optical properties, and broad applicability in bioimaging, biosensing,
drug delivery, and biomedical applications. Several studies have produced and character-
ized CQDs using biomass through green chemistry. Despite their widespread application,
knowledge regarding their in vivo biosafety remains limited, and most statements regard-
ing good their biocompatibility and low toxicity are based on cell bioassays. To address
the limited evidence available on this topic, a systematic literature search was conducted
in the Web of Science, Scopus, and PubMed databases, identifying 102 eligible studies
published between 2014 and 2026. Hydrothermal synthesis is the predominant production
method, with purified water (ultrapure, deionized, double-distilled, or distilled) being
the most commonly used solvents. Medicinal plants, fruits, vegetables, agro-industrial
residues, and algae are the principal carbon precursors. In vivo results show that different
animal models (terrestrial vertebrates, fish, and invertebrate species) generally exhibit
excellent biocompatibility, with minimal effects on survival, development, morphology,
histopathology, and physiological function after exposure to CQDs. The experimental re-
sults also showed biodistribution, persistent fluorescence, and remarkable in vivo imaging
performances. Other studies have shown the beneficial effects of CQDs, including wound
healing, anti-inflammatory activity, tissue regeneration, neuroprotection, and protection
against oxidative stress. Studies on the mechanisms of action induced by CQDs are scarce;
however, some studies have analyzed the modulation of oxidative stress, antioxidant ac-
tivity, and inflammatory responses of CQDs. Even when the evidence collected to date
seems to indicate very low toxicity or beneficial effects, the question of how green the green
synthesis of CQDs remains open and requires not only more toxicological evidence but
also life-cycle analyses.
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1. Introduction
1.1. General Introduction

In recent decades, nanotechnology has driven the development of a wide variety of
materials at the nanoscale (1–100 nm) with unique physicochemical and electronic prop-
erties, offering broad application potential across diverse fields, including biotechnology,
diagnostics, and environmental monitoring [1,2]. Within this realm of nanomaterials,
fluorescent nanoparticles have garnered significant scientific interest because of their util-
ity in bioimaging [3], biosensing [4], and real-time monitoring of cellular and biological
processes [5].

Carbon quantum dots (CQDs) are nanomaterials that were discovered serendipitously
during the separation of single-walled carbon nanotubes [6,7]. CQDs often consist of a
small carbon framework exhibiting crystalline and/or amorphous characteristics, which
confers excellent water solubility. The carbon structures within the CQDs are associated
with various functional groups that determine their electrical charges (Figure 1).

Figure 1. Schematic representation of carbon quantum dots (CQDs), showing the details of the
surface functional groups and the central core structure, which in this example is composed of stacked
graphene sheets with sp2 hybridization. Excitation with UV wavelengths induces fluorescence in
the CQDs.

One of the most interesting properties of CQDs is their fluorescence emission capability,
as quantum confinement causes them to behave like luminescent substances. Al-Raeshedi
et al. [8] demonstrated that CQDs synthesized from fruit waste exhibited a Stokes shift of
over 170 nm at an excitation wavelength of 340 nm. This shift occurs because the emitted
wavelength is longer (and thus lower in energy) owing to the thermal energy dissipated by
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the CQDs as they vibrate upon excitation. According to Zhang et al. [9], fluorescence may
or may not depend on the CQD core. For instance, if the fluorescence emission remains
unchanged despite variations in the excitation wavelength, it is considered evidence that
the fluorescence originates from the CQD surface rather than from the core. Furthermore,
the fluorescence emission wavelength depends on the CQD size: nanoparticles smaller
than 3 nm emit at shorter wavelengths (in the blue range), whereas a redshift—passing
through the green wavelength range—is observed for nanoparticles larger than 3 nm [10].

The electrical charge of CQDs is fundamental to their biological activity, as the bac-
tericidal activity of these nanomaterials depends on their electrostatic interactions with
negatively charged bacterial cell walls. Studies such as those by Zhao et al. [11] showed that
CQDs synthesized from chitosan and ethylenediamine exhibited a higher zeta potential
(+20.6 mV) than those generated from chitosan and nitrate, which had a lower zeta potential
(+11.7 mV) and a correspondingly lower bactericidal capacity. It should also be noted that
CQDs generate reactive oxygen species (ROS), such as hydroxyl radicals (HO•), which ex-
hibit strong bactericidal effects [12]. CQDs can also be used in antimicrobial photodynamic
therapy; once internalized by bacteria, they can be excited by light of various wavelengths
to generate ROS that are harmful to these microorganisms [12,13].

In addition to their good water solubility, antimicrobial capacity, and fluorescent
properties, their low toxicity is also noteworthy, although the vast majority of studies
have evaluated only their cytotoxicity [14]. Few studies have assessed the potential in vivo
toxicity of CQDs; notable among them is the study by Singh et al. [15], which was conducted
on both mice and worms (Caenorhabditis elegans). The results indicated that CQDs could be
incorporated into worms, enabling visualization without toxicity. CQDs also demonstrated
potential for noninvasive bioimaging in mice without causing toxicity. The lack of a critical,
organized review of the literature focusing on the potential in vivo toxic effects of CQDs
motivated the preparation of this review article.

1.2. Context and Motivation for the Review

Over the years, heavy-metal-based semiconductor quantum dots, such as cadmium
telluride (CdTe) and cadmium selenide (CdSe), have been extensively explored because of
their optical properties, including high fluorescence efficiency and photostability [16,17].
However, concerns regarding the toxicity of these materials have arisen because of the use
of heavy metals with high toxicity potential [18]. Given this scenario, it is important to
seek alternative nanomaterials that offer high optical performance and biocompatibility,
prioritizing low-toxicity compounds.

In this context, carbon quantum dots (CQDs) have emerged as a class of carbon-based
nanomaterials with sizes of less than 10 nm [10,19]. They exhibit high biocompatibility,
low toxicity, excellent water solubility, strong light emission (fluorescence), and photo-
chemical stability [20,21]. These characteristics make CQDs favorable for applications in
biological systems, contributing to the steady growth of research on their use in bioimag-
ing, biosensing, and diagnostics [22,23]. As research on CQDs has advanced, various
synthesis methods have been developed, including top-down and bottom-up approaches,
encompassing physical, chemical, and hydrothermal techniques [24]. However, green syn-
thesis is gaining prominence as a sustainable and low-cost approach for producing CQDs.
This route involves the use of microalgal biomass [25], plant extracts [26], legumes [19],
leafy vegetables [15], and biological waste [27], enabling a reduction in the use of toxic
reagents and minimizing environmental impacts compared to traditional methods, while
also making the process more cost-effective and less harmful to the environment.

Owing to their beneficial properties, CQDs have attracted significant interest and have
been widely investigated for biological and biomedical applications [28]. Notable examples
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include cellular and tissue bioimaging [29], biosensor development [30], drug delivery
systems and photodynamic therapies [31]. Furthermore, their ability to emit stable fluores-
cence at various wavelengths, combined with their low toxicity, makes CQDs attractive for
both in vitro [32] and in vivo [33,34] applications in diverse experimental models.

Recent studies have shown that most research involving green-synthesized CQDs
focuses on in vitro systems utilizing cell lines [35] and Gram-positive and Gram-negative
bacteria [36]. However, over the past decade, studies have also been conducted using vari-
ous in vivo biological models, including aquatic organisms, vertebrates, and invertebrates,
such as the fish Danio rerio [33,37], the nematode Caenorhabditis elegans [19,31], the micro-
crustacean Daphnia magna [38], the fly Drosophila melanogaster [39], and rodents [35]. These
animal groups allow for the assessment of important parameters such as physiological
changes, bioaccumulation, biodistribution, impacts on various organs and tissues, and ROS
production [26,31,35,38]. However, the results available in the literature still show discrep-
ancies linked to differences in the synthesis methods, physicochemical characteristics of
CQDs, and varying synthesis conditions [10,40]. This lack of standardization hinders the
comparison of studies and the understanding of the actual impact of these nanomaterials
on organisms in vivo.

Despite advances in the development of CQDs via green synthetic routes, significant
challenges remain. The lack of a well-established relationship between physicochemical
characteristics and the effects observed in vivo represents a significant gap in the litera-
ture on this topic. Furthermore, most studies are conducted in vitro, which hinders the
definition of toxicity standards, as these models do not accurately represent the com-
plexity of living organisms and have limited predictive power regarding their in vivo
effects [41]. In this context, a critical analysis of the advances and challenges associated
with green-synthesized CQDs, focusing on in vivo evidence, is essential to guide the safe
and sustainable development of nanomaterials for biomedical applications. As with any
emerging nanotechnology, initial research focuses on various applications, while potential
human and environmental toxic effects are evaluated later.

To obtain a first glance, a preliminary literature search was conducted on Sco-
pus (www.scopus.com) on 1 April 2026, using three keyword categories: (1) “carbon
dots,” to estimate the total number of articles published in this field; (2) “carbon dots
AND toxicology,” to assess information regarding the potential toxic effects of CDs; and
(3) “carbon dots AND toxicology AND in vivo,” to determine the total number of studies
analyzing the systemic toxicity of CDs. As shown in Figure 2, there is a clear imbalance in
the types of scientific publications, with toxicology-related studies being underrepresented;
articles evaluating toxicological aspects and those assessing in vivo toxicological responses
account for only 0.35% and 0.09% of the total published literature, respectively.

Given the scarcity of information, this review aims to critically analyze studies on CDs
obtained via green synthesis, focusing on in vivo studies. This study aimed to associate
physicochemical properties with observed biological responses, thereby contributing to a
better understanding of their biosafety and the development of environmentally friendly
nanomaterials for various applications.
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Figure 2. Number of articles found in the Scopus database (www.scopus.com) using the following
keywords: (1) “carbon quantum dots” (orange); (2) “carbon quantum dots AND toxicology” (blue);
and (3) “carbon quantum dots AND toxicology AND in vivo” (yellow). The left y-axis shows the
number of articles found using keywords (1). The right y-axis shows the number of articles found
using keywords (2) and (3). Note: The * refers to Figure S1 in Supplementary Information.

2. Materials and Methods
A systematic literature search was performed using the following terms:
(“green synthesis” OR biosynthesis OR biogenic OR biobased OR “bio-based” OR

biomass OR fruit OR “food-derived” OR ecofriendly OR “eco-friendly” OR sustainable
OR “plant-mediated” OR “biomass-derived” OR natural) AND (“carbon dots” OR “carbon
quantum dots” OR CQDs) AND (“in vivo” OR fish OR zebrafish OR mice OR mouse OR
rat OR Daphnia OR “Caenorhabditis elegans” OR “animal model” OR biodistribution) AND
(toxicity OR toxicological OR safety OR biocompatibility OR biosafety OR imaging OR
therapeutic OR therapy) NOT (“CdSe quantum dots” OR “cadmium quantum dots”).

This string was used as a search strategy in the Web of Science, Scopus, and PubMed
databases on 15 May 2026. After applying the criteria established in the three databases,
869 articles were identified for review. From this initial number, duplicate studies were
removed, resulting in 488 articles. After screening the titles, abstracts, and keywords,
120 articles were selected for full-text assessment. Finally, after full-text evaluation, 102
articles were included in this review. The included studies were published between
2014 and 2026 (Figure S1). The exclusion criteria were as follows: (i) studies in which
the biological effects of CQDs were evaluated using models other than in vivo animal
models, such as plants, ex vivo, or in vitro models; (ii) studies in which the carbon source
used for CQD synthesis was not derived from plants, microalgae, microorganisms, waste,
or residues; and (iii) studies in which the carbon precursor was an isolated or purified
compound obtained from any of the aforementioned biological sources. Doping, surface
functionalization, coating, or conjugation with drugs or other hybrid components were not
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used as exclusion criteria at this stage; these formulations were retained and subsequently
classified (Table S1, Supplementary Materials).

In this survey, a material was classified as a carbon quantum dot (CQD) when the
original study described it using any of the terminological variants currently applied to
this class of material (e.g., carbon dots, carbon quantum dots, CQDs) present in the search
terms, and it then went through the eligibility and exclusion criteria (Figure S1).

Bibliometric data were analyzed using VOSviewer software (1.6.21), and a co-
occurrence network analysis model was applied to complement the narrative review of
the selected studies. Metadata were retrieved from the 102 selected publications, of which
85 contained author keywords and were therefore included in the co-occurrence analysis.
The remaining publications did not provide this metadata in the original source and were
consequently excluded from this analysis. To facilitate the interpretation of research trends,
similar keywords were merged into single terms (e.g., carbon dots and carbon quantum
dots). This approach allowed the visualization of keyword co-occurrence patterns and the
identification of the main research themes over the last four years.

3. Results
3.1. Bibliometric Overview of the Selected Studies

The bibliometric analysis identified three main research themes: (I) carbon dot syn-
thesis and characterization, (II) biomedical applications, and (III) biological mechanisms
related to oxidative stress and inflammation. The bubble size is proportional to the fre-
quency of occurrence of each term, and the link thickness reflects the strength of the
association between the terms. Among the most frequently associated keywords were
bioimaging, wound healing, biocompatibility, and hydrothermal, indicating that a substan-
tial proportion of the literature focuses on the synthesis strategies, material characterization,
and biomedical applications of CQDs. In contrast, terms related to mechanistic investi-
gations, such as nanozyme and reactive oxygen species, showed fewer occurrences and
connectivity within the network (Figure 3A). Although antioxidant activity has emerged
as a recent research trend, most studies have focused on demonstrating biological effects,
whereas comparatively fewer studies have investigated the molecular mechanisms under-
lying these responses (Figure 3B). Overall, the bibliometric analysis outlines the current
research landscape and provides a conceptual framework for the subsequent sections, in
which the available evidence is critically discussed according to synthesis approaches,
psychochemical properties, biological applications, and molecular mechanisms.

3.2. Important Characteristics of the Green Synthesis Process for CQDs
3.2.1. Types of Synthesis Methods and Used Solvents

Figure 4A shows the distribution of the synthesis methods employed in the studies
included in this review. Hydrothermal synthesis was the most frequently used technique
for obtaining CQDs, accounting for 56% of the analyzed articles in this review. Microwave-
assisted synthesis, the solvothermal method, and pyrolysis followed similar frequencies,
each representing approximately 9% of the total studies. Hydrothermal carbonization was
the least frequently used method, comprising 8% of the selected studies. Overall, hydrother-
mal synthesis was the predominant synthesis route identified in the literature. Regarding
the solvents used in the synthesis processes, Figure 4B shows a clear predominance of
purified water—whether ultrapure, deionized, double-distilled, or distilled—with 76% of
the analyzed studies using purified water as a solvent.
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Figure 3. Bibliometric analysis of the author’s keywords. (A) Network visualization showing
keyword co-occurrence and link strength. (B) Overlay visualization showing the average publication
year of each keyword, where blue indicates older topics and yellow indicates more recent topics.
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Figure 4. Overview of the synthesis methods, raw materials, and solvents used for synthesizing
carbon quantum dots (CQDs). (A) Distribution of CQD synthesis methods, showing hydrothermal
synthesis as the most widely used approach (56% of the total studies). (B) Distribution of solvents
used in CQD synthesis, with purified water (including deionized, distilled, and ultrapure water)
accounting for 76% of the studies. (C) Frequency of raw materials employed, highlighting medicinal
plants as the predominant source of raw materials.

3.2.2. Raw Materials Used

Precursors from various sources have been identified, including medicinal plants,
fruits, vegetables, agro-industrial residues, animal biomass, agricultural products, seeds,
flowers, algae, microalgae, fungi, microorganisms, and pure chemical compounds. Among
these categories, studies using medicinal plants were the most frequent, followed by those
using fruits, agro-industrial residues, and vegetables (Figure 4C).

3.2.3. Extraction Time, Purification Processes, and Temperature Used for CQDs Synthesis

Figure 5A shows the distribution of extraction times in the studies included in this
review. Times ranged from less than 1 h to 24 h, with 4, 12, and 24 h being the most
frequently reported. Intermediate times, such as 8 h and 16 h, were less frequently observed.
The temperature values ranged from 40 to 500 ◦C, with 200 ◦C being the most reported
experimental condition. Temperatures between 150 and 250 ◦C were also observed, whereas
temperatures above 300 ◦C were less frequent (Figure 5B).

Studies have documented the use of dialysis and filtration membranes for purifica-
tion. For dialysis membranes, different molecular weight cut-offs (MWCO) were used,
ranging from 1 to 14 kDa. Membranes with a 1 kDa cut-off were the most common in the
evaluated studies, followed by membranes with a 3.5 kDa MWCO (Figure 5C). In the case
of filters, membranes with a pore size of 0.22 µm were predominant, while membranes
with pore sizes of 0.20, 0.21, 11, and 40 µm were used less frequently in the analyzed
studies (Figure 5D). However, it should be noted that these standard filtration membranes
(e.g., 0.22 µm) possess pore sizes significantly larger than CQD dimensions, meaning that
their role is limited to removing macro-aggregates rather than isolating quantum dots or
removing molecular impurities.
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Figure 5. Distribution of synthesis time (A), synthesis temperature (B), molecular weight cut-offs of
the dialysis membranes (C), and filtration membrane pore size (D) used in the included studies.

3.3. Physicochemical Characterization
3.3.1. Dynamic Light Scattering (DLS)

Table S2 presents the distribution of hydrodynamic diameters obtained via dynamic
light scattering (DLS) in the studies included in this review. The values ranged from 0.21 to
552.2 nm, with the highest frequency of particles in the range of up to 10 nm (Table S2 in
Supplementary Materials).

3.3.2. Zeta Potential, Quantum Yield and Transmission Electron Microscopy

As shown in Figure 6A, the distribution of zeta potential values in the selected articles
ranged from −56.1 to +16.8 mV, with a predominance of negative values. The highest
frequency was observed in the −20 to −10 mV range, followed by the −10 to 0 mV and −30
to −20 mV ranges, respectively. Values lower than −40 mV were found in fewer studies,
whereas positive zeta potentials were less frequently observed.

Figure 6. Distribution of the zeta potential (A), quantum yield (B), and particle size based on
Transmission Electron Microscopy (TEM) (C) reported in the studies included in this review.
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Regarding quantum yield, values ranged from less than 10% to approximately 80%,
with the highest frequency of studies showing quantum yields below 10%. The 10%–20%
and 20%–30% ranges were also frequently reported, whereas values above 40% were
observed in a small number of studies (Figure 6B). Finally, size analyses based on Transmis-
sion Electron Microscopy (TEM) results showed that the sizes were mostly between 1 and
10 nm, with a peak frequency at 5 nm (Figure 6C).

3.4. In Vivo Biological Effects of Green-Synthesized CQDs

To facilitate the interpretation of the results of the studies included in this review, the
in vivo organisms were grouped according to the biological models used in the articles.
The animal models employed in the studies were classified as (1) terrestrial vertebrates
(mice, rats, or chickens), (2) fish (Danio rerio and Oryzias latipes), and (3) invertebrates
(Caenorhabditis elegans, Daphnia magna, and Drosophila melanogaster). A total of 109 animal
model records were identified across the 102 included articles, as some studies used
more than one animal model and were therefore included in multiple categories. Of
these, terrestrial vertebrates were used in 62.39% of studies. Fish and invertebrate species
accounted for 27.52 and 10.09% of the total species, respectively.

3.4.1. Terrestrial Vertebrates

Mice were the most commonly reported experimental model, accounting for 81%
(n = 55) of the studies included in this group (Figure S2A). The most frequently occur-
ring lineages were BALB/c [42,43], C57BL/6 [44,45], C57bl/6J [10,46], Krunming [47,48],
Nude [49,50], and Swiss [51,52], all of which have been reported in the literature. Mice
accounted for 18% (n = 12) of the studies, represented by the Sprague-Dawley [53,54] and
Wistar [55,56] lineages. In addition, only 1% (n = 1) of the studies used chicken Gallus gallus
as an in vivo biological model [57]. In total, 68 studies involving terrestrial vertebrates
were identified (Figure S2B,C).

Biosafety in Terrestrial Vertebrates

In this classification category, studies investigating histopathological changes, serum
biochemistry, and other toxicity indicators, including genotoxicity, body weight, and sur-
vival were considered. As shown in Figure 7A and Table S3 (Supplementary Materials),
studies assessed biochemical markers [57], toxicity indicators, including body weight,
genotoxicity, and survival [28,58], and histopathology is the most frequently used end-
point [10,42,59]. Taken together, these results provide important evidence for the assessment
of the good biocompatibility of CQDs in terrestrial vertebrate models, as most studies did
not identify relevant changes in the analyzed parameters.

Bioimaging and Biodistribution in Terrestrial Vertebrates

Other studies have evaluated their applications in bioimaging and in vivo biodistribu-
tion. This category included studies assessing in vivo fluorescence, tissue biodistribution,
bioaccumulation, and the persistence of the fluorescence signal over time. As shown in
Figure 7B and Table S3 (Supplementary Materials), in vivo fluorescence is the most investi-
gated endpoint, showing the ability of CQDs to incorporate into organs and whole organ-
isms and generate an intense fluorescent signal at different wavelengths [49–52,60–63].

Studies that assessed biodistribution in different tissues and organs were recorded
less frequently, followed by bioaccumulation in specific regions and persistence of
the fluorescent signal for days and weeks, allowing for in vivo tracing of cells and
tissues [15,55,56,64–69].
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Figure 7. Distribution of the main biological parameters reported in vivo studies in terrestrial
vertebrates using green-synthesized carbon quantum dots (CQDs). (A) Frequency of biosafety
parameters. (B) Frequency of evaluation of bioimaging and biodistribution parameters. (C) Frequency
of therapeutic applications. (D) Frequency of biological mechanisms investigated as secondary or
tertiary parameters.

Therapeutic Assessment in Terrestrial Vertebrates

For this classification, papers investigating different therapeutic applications, includ-
ing tissue repair, antitumor therapy, inflammatory diseases, acute renal injury, neurological
diseases, metabolic disorders, and other experimental conditions were considered.

As shown in Figure 7C and Table S3 (Supplementary Materials), wound healing and tis-
sue repair were the most frequently investigated therapeutic applications, indicating the po-
tential of CQDs in tissue regeneration in mice and rats of different lineages [43,48,53,70–82].

Highlighted applications include antitumor treatments [43,83–86], therapies for
inflammatory diseases [44,45,87–89], bone disorders [90–93], and acute kidney injury
models [94–96]. These applications primarily demonstrate effects on tumor growth in-
hibition, photodynamic therapy, bone regeneration, and modulation of inflammatory
responses.

To a lesser extent, CQDs have been investigated in models of central nervous sys-
tem disease, metabolic disorders, liver protection, protection against acute myocardial
infarction, treatment of allergic rhinitis, and analgesia, where treatment with CQDs has
promoted specific beneficial therapeutic responses according to the experimental condi-
tions assessed [54,97–105]. These results illustrate the broad therapeutic potential of green
synthetic CQDs in terrestrial vertebrate models, particularly mice and rats, with an empha-
sis on applications aimed at tissue regeneration, controlling inflammation, and treating
experimental diseases.

Proposed Mechanisms of Toxicity in Terrestrial Vertebrates

Although few studies have investigated biological mechanisms as a primary objective,
several studies in the biosafety and therapeutic evaluation category have used these param-
eters as secondary outcomes to explain the observed in vivo effects. For this classification,
studies evaluating changes related to oxidative stress, inflammatory response, cell signaling
pathways, antimicrobial activity, and gut microbiota modulation were considered.
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As shown in Figure 7D and Table S4 (Supplementary Materials), oxidative stress
modulation was the most frequently reported mechanism. The main results involved the
reduction in the production of reactive oxygen species (ROS), malonaldehyde (MDA),
and nitric oxide (NO), accompanied by the activity of antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT), glutathione-S-transferase (GST), and non-
enzymatic antioxidants such as reduced glutathione (GSH) and total antioxidant capacity
(T-AOC) [44,56,58,70,73,77,83,86,95,99,103,104]. Other mechanisms have been evaluated,
including modulation of the inflammatory response characterized by decreased pro-
inflammatory cytokines, regulation of cellular signaling pathways such as Wnt/β-catenin,
VEGF, TGF-β, MGMT, TLR4/NF-κB, PI3K/AKT, JAK/STAT, antimicrobial activity, and
modulation of gut microbiota [45,48,75,79,89,98–100].

3.4.2. Fish

In the studies reviewed, zebrafish was the most commonly reported biological model,
accounting for 93% (n = 28) of the studies included in this group (Figure 8A). The most
frequently occurring transgenic zebrafish lineages were the AB Wild-type [106,107], Tg
(lyz: DSRED2) [70], and CZ59 [87] (Figure 8B). Two other studies were conducted with the
Japanese fish Oryzias latipes, corresponding to 7% (n = 2) of the included studies [108,109].

Figure 8. Distribution of key biological parameters reported in vivo fish using green-synthesis
carbon quantum dots (CQDs). (A) Frequency of biosafety parameters. (B) Frequency of Danio rerio
zebrafish lines used in various studies. (C) Frequency of bioimaging and biodistribution parameters.
(D) Frequency of therapeutic applications.

Biosafety in Fish Species

For this classification, studies investigating histopathological changes and toxicity
indicators were included. As presented in Table S3 (Supplementary Materials), histopathol-
ogy was evaluated in fewer studies, with preservation of organ integrity, including the
liver, glands, and skeletal musculature, reported after exposure to CQDs [110]. Toxico-
logical evaluation included endpoints such as behavioral, morphological, and survival
paraments [62,111,112].
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Bioimaging and Biodistribution in Fish Species

Bioimaging and biodistribution studies investigated the behavior of CQDs after
experimental in vivo exposure, including fluorescence, tissue distribution, bioaccumu-
lation, and the persistence of the fluorescence signal. As shown in Figure 8C and
Table S3 (Supplementary Materials), in vivo fluorescence was the most investigated end-
point, demonstrating an intense fluorescence signal in embryos, larvae, and adult
fish [33,70,90,106–108,113–120]. Other studies have assessed the biodistribution, bioac-
cumulation, and persistence of fluorescence signals, showing that CQDs can cross bio-
logical barriers and distribute into different tissues, independent of the route of expo-
sure [69,109,121–126]. In embryos, this ability has been demonstrated by the permeability
of CQDs to the chorion without harmful alterations in larval development [33,108,112,118].
In addition, the maintenance of the fluorescent signal for hours or days and high cellular
internalization enhance the potential of CQDs for in vivo bioimaging applications [69,119].

Therapeutic Assessment in Fish

The studies classified in this category considered anti-inflammatory activity, wound
healing, tissue repair, and protection against ocular injury. As shown in Figure 8D and
Table S3 (Supplementary Materials), anti-inflammatory activity was the endpoint most
frequently investigated, including the assessment of inflammatory cytokines (TNF-α, IL-6,
NO), neutrophil migration, and inflammatory response induced by CuSO4 [87,94,127].
Other studies have assessed wound healing by evaluating the closure of lesions in the
zebrafish caudal fin [128] and protection against oxidative stress-induced ocular injury [129].
Studies have demonstrated the therapeutic potential of green-synthesized CQDs in fish
models, particularly in modulating the inflammatory response, tissue regeneration, and
protection against oxidative stress-induced damage.

Proposed Mechanisms of Toxicity

In general, fish studies have demonstrated that CQDs have high biocompatibility
and potential application as bioimaging probes in fish. However, there is a scarcity of
investigations that consider the molecular mechanisms involved in the observed beneficial
effects, particularly those involved in cell signalling. Among the mechanisms described,
two studies demonstrated the direct antioxidant action of CQDs via the direct scavenging
of free radicals [87,94]. Deng et al. [127] reported that CQDs regulate nitric oxide (NO)
levels and increase the expression of antioxidant enzymes such as superoxide dismutase
(SOD) and glutathione peroxidase 4 (GPX-4), enhancing the cellular antioxidant response.
Another proposed antioxidant mechanism is the action of CDs as nanoenzymes, mimicking
the activity of antioxidant enzymes and generating a cascade of activities that sequentially
remove different ROS, resulting in decreased oxidative stress and, as a physiological
consequence, the protection of the ocular tissues [129].

Other studies have demonstrated the modulation of inflammatory activity by reducing
pro-inflammatory cytokines, such as TNF-α and IL-6, and by increasing the expression of
CD206, a marker of repair macrophages, promoting tissue regeneration [87]. In Oryzias
latipes embryos, the preferential accumulation of CQDs in inflamed cells was due to the high
intracellular levels of reactive oxygen species (ROS), favoring their localized antioxidant
action [108].

3.4.3. Invertebrates
Parameters Evaluated

The nematode Caenorhabditis elegans was the primary invertebrate model used to
evaluate the in vivo effects of the CQDs. The most frequently investigated endpoints in-
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cluded bioimaging and fluorescence applications, life-history traits (viability, survival, and
mortality), behavioral responses (locomotion and body bending), morphological and devel-
opmental changes, and cellular and molecular responses, particularly apoptosis-related
pathways assessed using mutant strains and gene expression analyses [15,19,26,130–135].
Exposure concentrations ranged from 25 to 1500 µg/mL, although most studies evaluated
concentrations between 0 and 250 µg/mL. Bioimaging and fluorescence are the most com-
mon applications, emphasizing the widespread use of C. elegans as an in vivo model for
evaluating the imaging performance and safety of CQDs. The main endpoints evaluated in
invertebrate models, along with their associated parameters and representative studies, are
summarized in Table S3 (Supplementary Materials).

In addition to C. elegans, only two other invertebrate models have been identified so
far. In Daphnia magna, acute toxicity was evaluated using an immobility assay, whereas
Drosophila melanogaster was used to investigate survival, behavior, morphology, intestinal
cytotoxicity, and bioimaging [38,136].

Main Toxicological Outcomes

Overall, CQDs exhibited excellent biocompatibility with C. elegans. Most stud-
ies reported survival and viability above 90%–97%, with no significant effects on loco-
motion, body morphology, growth, or development, even at relatively high exposure
concentrations [130,131,134]. At the same time, CQDs display strong, stable, multicolor
fluorescence and are readily internalized, primarily through the gastrointestinal tract, al-
lowing the tracking of their distribution throughout the organism and supporting their
application as efficient in vivo imaging probes [15,131,134]. Only one study reported a
marked biological response to the treatment. Elsherbiny et al. [19] demonstrated that a
specific CQDs formulation induced DNA damage-mediated germline apoptosis through
activation of the cep-1/p53 pathway, accompanied by increased apoptotic germ cells and
egl-1 upregulation in C. elegans. However, this response occurred under photodynamic
therapy conditions and was intentionally exploited for therapeutic purposes, rather than
representing intrinsic nanomaterial toxicity.

In D. magna, no immobilization was observed after 48 h of exposure, even at concen-
trations up to 1000 mg/L, indicating negligible acute toxicity [38]. Similarly, CQDs have
demonstrated good biocompatibility with D. melanogaster. No significant alterations in
morphology, intestinal cell viability, or development were observed in this study. Mild
behavioral changes and a slight reduction in survival were observed only for cysteamine-
modified CQDs at the highest concentration tested (500 µg/mL). Importantly, the bioimag-
ing application was demonstrated at 250 µg/mL, a concentration at which no relevant toxic
effects have been reported [136].

Proposed Mechanisms of Toxicity in Invertebrates

Mechanistic evidence remains scarce, as only a few studies have investigated the
biological processes underlying the effects of CQDs. In C. elegans, CQDs are efficiently
internalized through the digestive tract and distributed throughout the organism, facili-
tating their use in biodistribution and fluorescence imaging studies [15]. Their high water
solubility and abundance of hydroxyl, carbonyl, and carboxyl surface groups are thought
to contribute to their favorable biodistribution and biocompatibility. Beyond these physico-
chemical properties, only one mechanistic study has demonstrated the activation of the
cep-1/p53 signaling pathway, leading to DNA damage-mediated germline apoptosis and
egl-1 induction [19].

In D. melanogaster, the only mechanistic investigation suggested that the modest toxi-
city observed for cysteamine-modified CDs at 500 µg/mL resulted from ROS-mediated
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oxidative stress, leading to DNA damage, micronucleus formation, and nuclear fragmenta-
tion, with limited effects on survival and behavior [136].

4. Discussion
As demonstrated by the results presented in Figure 4A, 56% of the studies employed

hydrothermal synthesis, highlighting it as the main strategy for the production of CQDs
through green synthesis among the 102 studies evaluated in this review. This finding can
be explained by the simplicity of the technique [24,31], which involves low operational
costs and, more importantly, high compatibility with plant-derived biomass [19,26]. This
approach enables the conversion of natural compounds rich in carbohydrates, lignin,
proteins, and phenolic compounds into fluorescent nanostructures without using highly
toxic reagents. As observed in the studies included in this review, hydrothermal synthesis
has been successfully applied to medicinal plants [20], vegetables [15], microalgae [25],
legumes [19], and biological residues [31], demonstrating the versatility of this method.

A wide variety of raw materials were identified, indicating that numerous carbon-rich
biomass sources can be used for CQD production. Figure 4C shows that medicinal plants
were the most frequently employed precursors [26], followed by fruits [38], vegetables,
legumes [19] and microalgae [25]. This predominance may be attributed to the high
concentration of secondary metabolites present in these materials, including flavonoids,
phenolic compounds, amino acids, and sugars [19,26], which simultaneously promote the
carbonization and functionalization of the nanoparticles. Furthermore, the use of these
biomass sources reinforces the principles of the circular economy and green chemistry by
adding value to renewable natural resources and low-cost residues [25,27].

Another important finding was that 76% of the solvents employed (Figure 5B) con-
sisted of purified water, including distilled, deionized, and ultrapure water [24,31], demon-
strating a growing trend toward the development of more sustainable synthetic protocols
while reducing the use of organic solvents with potential toxic effects, such as formamide
and other compounds commonly used in conventional synthesis routes [24]. In addition to
being environmentally friendly, the use of water facilitates the extraction of hydrophilic
biomolecules from biomass [87], contributing to the formation of oxygen-containing func-
tional groups on CQDs surface, which are essential for their high dispersibility in aqueous
media [31,87].

Regarding the experimental synthesis conditions, temperatures of approximately
200 ◦C were the most frequently reported (Figure 5B), mainly associated with reaction
times of 4, 12, and 24 h (Figure 5A) [24]. These conditions may represent a balance between
the efficiency of biomass carbonization and the preservation of the surface functional
groups responsible for the colloidal stability of CQDs [10]. Lower temperatures may result
in incomplete carbonization of the precursor, whereas higher temperatures tend to promote
a greater degree of graphitization, significantly altering the structural and surface properties
of nanoparticles [10,24].

The synthesis route, precursor selection, solvent, and purification procedures are
parameters that may influence the biological and toxicological properties of CQDs. Green
synthesis routes, particularly hydrothermal synthesis, may reduce the use of potentially
toxic reagents and organic solvents, which may contribute to reducing the presence of
potentially harmful residues [24]. In addition, the chemical composition of the precursor
may influence the surface functional groups and physicochemical characteristics of the
resulting CQDs, potentially affecting their interactions with biological systems [19,21]. The
use of purified water as the reaction medium, as observed in most of the studies evaluated,
may reduce the contribution of potentially hazardous organic solvents to the synthesis
process [24]. Purification procedures, including dialysis and filtration, are also important
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steps in the preparation of CQDs, although their specific contributions to the toxicological
profile of the final material cannot be established from the available studies. Importantly,
these factors should not be interpreted independently as determinants of CQD toxicity, as
biological responses may also depend on the resulting physicochemical characteristics and
the experimental conditions used in each biological model [19,28].

4.1. In Vivo Biosafety of Green-Synthesized CQDs

The unique physicochemical properties, surface functionality, and high biocompatibil-
ity of green-synthesized carbon quantum dots (CQDs) support their potential for in vivo
therapeutic applications. Evidence links their biological effects to the modulation of ox-
idative stress and inflammatory responses. However, most studies treat these processes
as secondary outcomes, and detailed evaluations of cellular signaling pathways remain
limited. Classical biomarkers dominate, while more comprehensive molecular approaches
and the relationship between CQD biodistribution and in vivo mechanisms are underex-
plored. Table S3 summarizes the information discussed below, in terms of species analyzed
in terms of potential toxicity responses and the main applications evaluated using CQDs.

In terrestrial vertebrates, studies have generally reported no significant toxicity under
the tested experimental conditions. These studies also demonstrated the potential of
CQDs for bioimaging and therapeutic applications [49,55,64,68,72,86]. Biosafety assessment
remains a fundamental component of nanomaterial development, and the establishment
of appropriate safety standards is necessary to support their responsible use in biological
and environmental systems [137]. Histopathology was the most frequently reported safety
endpoint, and the absence of structural or morphological alterations in organs such as
the liver, kidney, spleen, and heart supports the biocompatibility and low toxicity of
green-synthesized CQDs under the investigated conditions [10,58,59]. Biochemical and
hematological parameters, body weight, survival, and genotoxicity were evaluated less
frequently but provided additional evidence supporting a favorable safety profile [28,58,59].
Collectively, these findings provide a basis for further investigation of CQD bioimaging
and biodistribution in terrestrial vertebrate models [10,28,42,58,59].

Similarly, fish, particularly zebrafish, are well-established models for investigating
nanobio interactions in aquatic environments. Standardized protocols and experimental
tools enable reproducible assessments of CQD biocompatibility, nanotoxicity, and their
biomedical applications [107,110,127]. The studies included in this review indicate that
green-synthesized CQDs are effective fluorescent probes, showing broad tissue distribution
and persistent fluorescence without relevant adverse effects under the evaluated bioimag-
ing conditions [113,121,123,125]. These characteristics further support their potential for
use in diagnostic imaging applications.

In invertebrate models, CQDs generally exhibit high in vivo biocompatibility. Approx-
imately 90% of the reviewed studies reported no significant adverse effects on survival,
development, morphology, or behavior, while also demonstrating effective fluorescence
and bioimaging. The few adverse responses reported were dependent on the specific
experimental conditions. In C. elegans, apoptosis occurs under light-activated photody-
namic therapy conditions, representing a therapeutically induced response rather than
evidence of intrinsic CQD toxicity [19]. In D. melanogaster, modest toxicity was observed
only at the highest concentration tested (500 µg/mL), whereas the concentration used
for bioimaging (250 µg/mL) did not produce such effects [136]. Overall, these findings
suggest a broad safety margin for CQDs in invertebrate models, supporting their potential
as fluorescent nanoprobes.
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4.2. Bioimaging Applications of Green-Synthesized CQDs: Current Advances and Challenges

Despite exhibiting interesting properties as antioxidant nanoparticles, in the current
scientific context, what appears to be most strongly evidenced, according to Figure 3 and
Table S3, is their potential as a bioimaging sensor. As previously discussed, the main
characteristics that draw attention to this applicability are their fluorescence and ease of
water solubility, which do not appear to confer toxicity to organisms in vivo [22,23]. The
evaluated outcomes highlight the ability of CQDs to incorporate into animal organs and
cells, generating a fluorescent signal that can be easily tracked across a wide range of
wavelengths [49–63].

Among the evaluated studies, the use of vertebrates such as rodents and zebrafish
demonstrated that CQDs have a high capacity to cross biological barriers and distribute
across different tissues, regardless of the route of exposure [69,108,121–126]. Among the
barriers that can be crossed, the authors demonstrated the permeability of the chorion of
zebrafish embryos by observing fluorescence originating from CQDs without any alteration
in larval development [33,107,111,118], representing an alternative to other probes that
may cause long-term inflammation.

In invertebrates, bioimaging outcomes provide a means to confirm CQD internal-
ization [15,19]. In particular, the C. elegans model offers transparency that facilitates the
observation of fluorescence and the permeability of CQDs and has been employed to
assess both biosafety and bioimaging performance. Additionally, studies on invertebrates
have shown that CQDs exhibit strong and stable multicolor fluorescence, which can be
primarily internalized through the gastrointestinal tract and may subsequently spread to
other tissues [15,131,134]. Nevertheless, it is important to note that only one of the studies
evaluating bioimaging reported CQDs capable of affecting D. magna behavior at the highest
concentration tested, although the nanomaterial had previously been surface-modified
with cysteamine [38].

Overall, the evidence gathered across vertebrate and invertebrate models reinforces
the reliability of green-synthesized CQDs as fluorescent nanoprobes capable of persis-
tent, tissue-specific signals without compromising organismal viability, supporting their
continued development for diagnostic imaging.

4.3. Therapeutic Applications of Green-Synthesized CQDs

Beyond bioimaging, the therapeutic potential of green-synthesized CQDs has garnered
increasing attention [77,94,100]. Wound healing and tissue regeneration are among the
most frequently investigated therapeutic applications, with studies reporting accelerated
tissue repair, reduced inflammation, and enhanced bone recovery in different experimental
models [48,53,70,79,87,88,90,93].

These effects appear to involve the modulation of oxidative stress, inflammatory
responses, and regenerative processes [45,80,82,104]. Other, less frequently investigated
applications include acute injury, neurological conditions, myocardial infarction, allergic
rhinitis, and metabolic disorders, with studies reporting functional recovery and reduced
tissue damage [54,90,97].

The diversity of therapeutic outcomes reported across biological models indicates
that the effects of CQDs are unlikely to be explained by a single mechanism. Instead, the
available evidence suggests the involvement of interconnected responses, particularly the
modulation of oxidative status and inflammation, along with changes in cellular signaling
pathways. Therefore, understanding these processes is therefore essential for interpreting
both the therapeutic efficacy and potential adverse effects of green-synthesized CQDs.
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4.4. General Mechanism of Biological Action of Green-Synthesized CQDs

Evidence from rodents, fish, and invertebrates indicates that oxidative stress mod-
ulation, inflammatory response modulation, and alterations in cell signaling pathways
constitute the main mechanisms underlying the biological effects of green-synthesized
CQDs in vivo. These mechanisms are rarely investigated as primary objectives; rather,
they are frequently evaluated as secondary outcomes in biosafety and therapeutic
studies [94,128,136]. Across biological models, these responses are associated with re-
duced inflammation at the wound site, accelerated tissue repair, and recovery of injured
tissues, suggesting a combined contribution of oxidative stress modulation, inflammatory
response modulation, and tissue regeneration [85,104]. The main mechanistic pathways
and their interrelationships are summarized in Figure 9.

Figure 9. Overview of the main biological mechanisms associated with green-synthesized carbon
quantum dots (CQDs) in in vivo models, including oxidative stress, inflammatory response, cell
signaling, and invertebrate-specific genotoxic responses [19,44,79,80,87–91,104,127,129,136].

Oxidative stress modulation was the most frequently reported mechanism of action.
CQD exposure was generally associated with reduced reactive oxygen species (ROS) and
malondialdehyde (MDA) levels and increased antioxidant defenses, including catalase
(CAT), glutathione-S-transferase (GST), and reduced glutathione (GSH), along with an
increase in total antioxidant capacity (T-AOC) [44,45,53,85–87,94,96]. Deng et al. [127]
further reported regulation of nitric oxide (NO) levels and increased expression of su-
peroxide dismutase (SOD) and glutathione peroxidase 4 (GPX-4). CQDs may also exert
antioxidant effects through nanozyme-like activity, mimicking antioxidant enzymes and
promoting ROS removal [127], or through direct free radical scavenging, as reported in fish
models [127,129]. In contrast, in invertebrate models, oxidative stress is also linked to
genotoxic and apoptotic responses. In C. elegans, CQDs activate the cep-1/p53 pathway,
leading to DNA damage-mediated germline apoptosis and egl-1 induction [19]. In D.
melanogaster, the toxicity of cysteamine-modified CQDs is associated with ROS-mediated
oxidative stress, DNA damage, micronucleus formation, and nuclear fragmentation [136].
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In addition to the studies included in the present in vivo green synthesis dataset,
carbon-dot-based platforms have been engineered as mechanistic tools to directly probe
oxidative stress mediators. For instance, Wu et al. [138] developed a FRET-based ratiometric
carbon-dot nanoprobe capable of selectively detecting peroxynitrite (ONOO−) in live cells
and in a drug-induced liver injury model, illustrating how carbon-dot systems can move
beyond correlative biomarker measurements toward direct, real-time visualization of
specific reactive species involved in oxidative and nitrosative stress pathways.

In parallel, inflammatory response modulation was observed across the studied mod-
els. CQDs reduced pro-inflammatory mediators, such as TNF-α, IL-1β, IL-6, and NO,
while also decreasing neutrophil migration and increasing CD206 expression, a marker
associated with repair macrophages [45,78,80,88,97,136]. Other studies have investigated
cell signaling pathways, including Wnt/β-catenin, VEGF, TGF-β, MGMT, TLR4/NF-κB,
PI3K/AKT, and JAK/STAT, and gut microbiota modulation [54,55,79,87,92,94].

Despite these advances, mechanistic investigations remain largely based on classical
biomarkers, highlighting the limited use of comprehensive molecular approaches and the
poorly understood relationship between CQD biodistribution and their in vivo mechanisms
of action.

4.5. Future Directions and Challenges for Green-Synthesized CQDs

Finally, within the context of this review, we believe that it is appropriate to out-
line and discuss the future directions for the development of green-synthesized CQDs.
First, the disparity between the knowledge generated regarding CQD characterization
and application and studies focused on assessing potential toxic effects (Figure 2) is not
novel. Kahru and Ivask [139] reported that for every thousand papers published in the
field of nanotechnology, ten addressed toxicological aspects, whereas only one examined
ecotoxicological responses. These figures are similar to those shown in Figure 2, where a
preliminary analysis revealed that only 0.35% of studies evaluated the potential toxicity
of CQDs.

Second, it is important to consider the issues and limitations previously discussed
regarding nanosilver and other nanomaterials—particularly those produced via green
synthesis—and to critically examine them; doing so can help avoid similar pitfalls in the
development of CQDs. The study by Reijnders [140] raises the question of how “green”
the so-called green synthesis methods are or whether the term is merely a label used in
scientific titles without rigorous consideration of its application. The study noted that green
synthesis research often employs highly energy-intensive processes, such as ultrasound- or
microwave-assisted synthesis.

The twelve requirements for classifying a chemical synthesis as “green” were initially
outlined by Anastas and Warner [141] to promote environmentally responsible practices
and establish them as standard operating procedures. A recent study by Lipshutz and
Handa [142] updated these principles by including a new principle that addresses the
potential toxicity of a product. This new principle demands the development of metrics to
evaluate the “greenness” of a process. In this context, the compilation of data on in vivo
effects following exposure to CQDs presented in this review can be considered a necessary
but insufficient step under the new principle proposed by Lipshutz and Handa [142].
Incorporating life cycle assessments (LCA), as noted by Reijnders [140] regarding nanosilver,
makes it possible to identify environmentally costly processes, such as silver mining or the
biomass production required for the synthesis deemed “green.”

Ultimately, any approach to validating the “greenness” of a process must be grounded
in metrics with a more holistic scope, such as LCA and E-factors. LCA studies, such as that
by Fernandes et al. [143], concluded that an increase in quantum yield can offset the higher
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environmental impact associated with certain carbon precursors used to produce quantum
dots. Thus, both nanotoxicity and LCA information on CQDs are expected to contribute to
a more precise selection of carbon nanomaterials that simultaneously present beneficial
effects and low environmental impacts.

5. Conclusions
This review offers scientific information indicating that CQDs obtained via green

synthesis have high biocompatibility, low toxicity, and great potential for application in
bioimaging and therapy in different biological models. The results demonstrate that this
class of carbon nanomaterials promotes promising therapeutic responses, mainly by modu-
lating oxidative stress and the inflammatory response, even though the understanding of
the molecular mechanisms remains limited.

Despite these advances, the predominance of short-term studies and the scarcity
of pharmacokinetic and chronic toxicity assessments, as well as standardized synthesis
and characterization protocols, make comparisons between studies difficult and limit
their biomedical applications. To this end, future research should integrate long-term
toxicological assessments, quantitative biodistribution, biological mechanisms, and life
cycle analyses to provide robust information for the responsible, safe, and sustainable
development of CQDs via green synthesis.

Finally, and considering the title of this article (Toxiciy of carbon quantum dots: Is
there a dark side beyond its brighness?), the answer to the question seems to be that, based
on the available evidence presented here, CQDs do not appear to be extremely toxic.
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CAT Catalase
CD206 Cluster of Differentiation 206 (Marker of Reparative Macrophages)
CdSe Cadmium selenide
CdTe Cadmium telluride
CQDs Carbon Quantum Dots
DLS Dynamic Light Scattering
FRET Förster Resonance Energy Transfer
GPX-4 Glutathione Peroxidase 4
GSH Reduced Glutathione
GST Glutathione-S-transferase
HO• Hydroxil radical
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
JAK/STAT Janus Kinase/Signal Transducer and Activator of Transcription
LCA Life Cycle Assessment
MDA Malondialdehyde
MGMT O6-methylguanine-DNA methyltransferase
MWCO Molecular Weight Cut-Off
NO Nitric oxide
ONOO− Peroxynitrite
PI3K/Akt Phosphoinositide 3-Kinase/Protein Kinase B
ROS Reactive Oxygen Species
SOD Superoxide Dismutase
TEM Transmission Electron Microscopy
TGF-β Transforming Growth Factor-beta
TLR4/NF-κB Toll-like Receptor 4/Nuclear Factor kappa B
TNF-α Tumor Necrosis Factor-alpha
UV Ultraviolet
VEGF Vascular Endothelial Growth Factor
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