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Introduction: Carbon quantum dots (CQDs) are a promising class of zero-
dimensional carbon nanomaterials (<10 nm) that can be synthesized from
organic precursors. They have attracted intense attentions due to their high
water solubility, nontoxicity, excellent biocompatibility, and strong optical
properties. Microalgae offer a low-cost, renewable, and eco-friendly source of
carbon for CQD synthesis. Their high carbon content, functionalization potential,
and biocompatibility make them ideal precursors for producing CQDs with
excellent properties and versatile applications.

Methods: In this study, we explored the synthesis of Euglena gracilis-derived
CQDs (E-CQDs) via a one-step hydrothermal green synthesis method and
investigated their potential application in bioimaging and antibacterial
materials. The synthesized E-CQDs were comprehensively characterized using
TEM, XRD, FTIR, XPS, and UV-vis analysis.

Results: The TEM images showed that E-CQDs had a spherical shape with
diameters ranging from 6.5 to 10.5 nm. The XRD patterns indicated that the
E-CQDs were crystalline in nature. The FTIR results suggested that E-CQDs were
functionalized with C-N and N-H bonds. XPS analysis showed that the E-CQDs
were mainly composed of carbon,nitrogen, oxygen and silicon. The UV-vis
spectra exhibited a peak at a wavelength of 252 nm, indicating strong
absorption in the ultraviolet region. The antibacterial activity test
demonstrated that E-CQDs had high inhibitory activity against Escherichia coli
and Staphylococcus aureus, causing damage to their cell membranes.
Additionally, the bioimaging assay indicated E-CQDs possessed the capacity
for bioimaging applications in cells, such as Chlorella.

Discussion: This work presents a green synthesis approach for microalgae-
derived CQDs, overcoming some environmental drawbacks of traditional
chemical methods. It validates the dual-function paradigm where a single
nanomaterial can simultaneously suppress bacterial growth and enable
bioimaging.
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Highlights

e Euglena gracilis powder can be used as raw materials for the
fabrication of CQDs via a one-step hydrothermal green
synthesis method.

e E-CQDs exhibited a spherical shape with diameters ranging
from 6.5 to 10.5 nm, and displayed high fluorescence
emission intensity.

e Green synthesized E-CQDs have remarkable potential in
antibacterial and bioimaging applications.

1 Introduction

Carbon quantum dots (CQDs) are widely regarded as a novel
class of polychromatic luminescent carbon nanoparticles with sp2/
sp3 hybrid carbon nuclei, typically characterized by diameters of less
than 10 nm (Jia et al,, 2012; Pandya et al., 2024). They have abundant
hydroxyl or carboxyl functional groups. CQDs are primarily
composed of carbon (C), hydrogen (H), and oxygen (O). To
enhance their properties, researchers have introduced various
heteroatoms such as nitrogen (N), sulfur (S), and phosphorus (P)
to create doped CQDs (e.g., N-CQDs, S-CQDs, and P-CQDs). These
doped CQDs exhibit significantly higher fluorescence emission
intensity and display a range of colorful luminescence.
Specifically, the emission wavelength of doped CQDs tends to
shift towards the near-infrared or blue regions, which is a
notable change compared to their non-doped counterparts
(Torres et al, 2023). The nanoparticles have recently received a
lot of attention due to their outstanding biocomcompatibility,
versatile  surface
high
solutions, and low toxicity (Dong et al, 2021). It makes them

tunable  photoluminescence, chemistry,

electrochemical luminescence, solubility in aqueous
suitable for applications in many fields, including metal ion
detection, bioimaging, water treatment, biosensing, antibacterial
materials, cancer therapy, gene delivery, and drug delivery (Ma
et al., 2020; Zhu et al., 2023).

The global deployment of CQDs is catalyzing a paradigm shift in
multiple industries. For example, according to recent reports, global

solid waste (SW) generation has escalated due to urbanization and
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population expansion, with forecasts predicting a staggering
3.40 billion tons by 2050. Notably, CQDs and their derivatives-
applicable in energy storage, chemical sensing, and drug delivery-
can be efficiently synthesized from SWs, indicating the approach’s
economic and ecological potential (Das et al., 2023). Annual global
1.43 billion metric tons,
of total with
economic damages estimated at USD 940 billion. The integration

food waste reaches representing

approximately 33% production, consequent
of CQDs into biopolymer-based active packaging containing
antioxidants and antimicrobials is a promising solution (Singh
et al, 2024). In 2024, the global carbon nanotubes market
achieved a valuation of USD 1.3 billion in 2024 and is projected
to reach USD 2.6 billion by 2029. Concurrently, several CQDs have
been progressively incorporated into dental applications over the
past two decades, demonstrating substantial improvements in
treatment efficacy and clinical outcomes (Vasluianu et al., 2025).
The compound annual growth rate of the CQDs market is projected
to exceed 25% by 2030, reflecting their transformative impact on
emerging industries (Tu et al., 2023).

Recently, CQDs has been used in antibacterial agent and
bioimaging applications. For instance, novel quaternized CQDs
using glycidyl
trimethylammonium chloride, resulting in high solubility and

were synthesized curcumin and
stability. These quaternized CQDs exhibited excellent electrical
conductivity and broad-spectrum antibacterial activity (Wu et al.,
2022). Spermidine-capped CQDs were also prepared using
polyethyleneimine and  spermidine, which  demonstrated
antibacterial activity against both Escherichia coli and multidrug-
resistant E. coli (Cui et al., 2023). The antibacterial mechanisms of
CQDs primarily involve the physical disruption of biofilms and
oxidative damage to bacterial nucleic acids (Tejwan et al., 2021).
Additionally, L-CQDs from lotus plumules were synthesized and
their potential in biological imaging were also evaluated. The results
indicated that these L-CQDs possessed significant imaging
capabilities (Liu et al., 2025).

CQDs can be synthesized using two primary approaches. The
first is the top-down method, which involves techniques like arc
discharge, laser ablation, electrochemical processes, and acid-reflux.
The second is the bottom-up method, which includes hydrothermal

treatment, microwave irradiation, thermal decomposition, and
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plasma treatment from molecular precursors such as glucose,
sucrose, citric acid, fruit juices, and plant extracts (Krishna
Saraswat et al., 2024). Several conventional methods need many
chemical agents and instrument facilities while bio-fabrication of
CQDs has a lot of benefits due to its simple fabrication and eco-
friendly. Hydrothermal method is most commonly used for the
generation of CQDs (Manikandan and Min, 2023).

In general, natural resources, such as plant leaves and peels, are
widely used as sustainable carbon sources in environmentally
friendly synthetic processes (Mindivan and Goktas, 2023).
Currently, a diverse range of biological materials are being
utilized for the environmentally friendly synthesis of CQDs.
These materials include Malva sylvestris flowers (Blancas et al.,
2024), bamboo (Wang et al.,, 2018), rice straw (Kaur et al., 2024),
and various other biological substances. For instance, lignin presents
as a renewable source of carbon nanoparticles. A novel biobased
material was synthesized via Fenton reaction, employing lignin as
natural grafting additives onto nanocellulose surfaces through in situ
polymerization of coniferyl alcohol. The material exhibited dual
antioxidant properties and organic radical stabilization in cellulose
nanocomposite films (Gerbin et al.,, 2020). The synthesis of novel
kraft softwood lignin-derived CQDs was also reported, and the
CQDs promote cell attachment within 24 h and sustain it for at least
7 days without any adverse or toxic effects. The data suggested that
the CQDs could be suitable for in vivo cell culture applications
(Christoph et al., 2024).
microorganisms, are regarded as another sustainable resource

Microalgae,  photosynthetic
with potential applications across various fields. These organisms
exhibit remarkable species diversity and are rich in valuable
bioactive compounds (Guehaz et al., 2023). Compared to other
materials employed in the synthesis of carbon quantum dots
(CQDs), microalgae offer several distinct advantages. These
include diminutive size, rapid reproduction rates, environmental
friendliness, and ease of cultivation, rendering them highly suitable
for the “bottom-up” synthesis strategy (Ortiz Montoya et al., 2014).
Notably, Chlorella has been extensively utilized as a green biological
material for CQD synthesis, yielding CQDs with commendable
properties (Dong et al., 2021; Wang L. et al, 2024). It was
reported that the fabrication of nitrogen selfdoped carbon dots
(CDs) via Chlorella pyrenoidosa and its use as a fluorescent link
were carried out, and the material has a spherical morphology of the
particles with sizes ranging from 3 to 6.5 nm (Guo et al,, 2021).
Another CDs were fabricated via the hydrothermal treatment of
Chlorella pyrenoidosa and the ability for the Fe*" ion is also further
analyzed. The particles were emitted blue fluorescence under UV
exposure (365 nm) (Zhang et al., 2022a). Moreover, microalgae-
derived CQDs have also been employed as an eco-friendly modifier
to facilitate the formation of nano-MnS/FeS composites, thereby
significantly enhancing the removal efficiency of Cd** ions. This
application underscores the potential of microalgae-CQDs to serve
as a versatile and sustainable green modifier for mediating the
synthesis of various metal sulfides, opening new avenues for
environmental remediation and material science (Wang et al., 2023).

Euglena gracilis is a unicellular protist and one of the most
prevalent and extensively utilized microalgal species (Farjallah et al.,
2024). As a model organism, its cell size typically between 35 and
50 um in length and 8-20 um in diameter, which is larger than that
of Chlorella (2-4 pm) (Yan et al,, 2023; Ortiz Montoya et al., 2014).
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The obvious distinguishable size affects the separation process,
which makes E. gracilis have better filterability and dehydration
(Jutidamrongphan et al., 2015). Euglena gracilis is easier to culture
and separate than Chlorella vulgaris. Morever, it is rich in fatty acids
and thus holds great potential as a biodiesel feedstock (Chen et al.,
2022). Besides, other advantages like no cell wall and strong
environmental adaptability could also make the microalgae serve
as excellent precursors for CQD synthesis. However, there is no
studies exploring the synthesis of CQDs from E. gracilis in recent
years. The synthesis method and their potential application in
bioimaging and antibacterial materials have not been reported.

Hence, in this study, E. gracilis were used as precursors for CODs
without any additional chemicals. Euglena gracilis-drived CQDs
(E-CQDs) with down-conversion effects were firstly synthesized
using a one-step and a low cost hydrothermal procedure. The
structural, composition, and properties of the prepared CQDs
were thoroughly investigated. Biological applications including
antibacterial effects and bioimaging were carried out. This
research not only provides a novel approach for preparing CQDs
using E. gracilis as a new microalgal material but also offers valuable
insights into their potential applications in antibacterial and
bioimaging fields.

2 Materials and methods
2.1 Materials and reagents

The E. gracilis powder was purchased from Yunnan Baoshan
Zeyuan Algal Health Technology Co., Ltd. Deionized (DI) water was
prepared in the laboratory. A poly (tetrafluoroethylene) Teflon-lined
autoclave was purchased from Beijing Kemet Technology Co., Ltd.

2.2 Synthesis of E-CQDs

To synthesize E-CQDs, 4.8 g of dry E. gracilis powder was
thoroughly mixed with 60 mL of DI water and stirred for 10 min.
The resulting was then transferred to 100 mL Teflon-lined autoclave
and heated it at 220 °C for 2.5 h in an electrothermal constant
temperature drying oven. After cooling the autoclave to room
temperature, the solution was filtered through a sulfone filter
membrane with a 0.45 um pore size to remove any insoluble
residues. The filtrate was subsequently freeze-dried to yield a
brown powder. The CQDs obtained from this process were
designated as E-CQDs.

2.3 Optimization of synthesis method
of E-CQDs

To optimize the synthesis of E-CQDs, we systematically varied
the ratios of E. gracilis powder (2%, 4%, 6%, 8%, 10%), reaction
temperatures (140 ‘C, 160 °C, 180 °C, 200 °C, 220 °C), and reaction
times (0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h). The resulting solutions were
filtered, and the filtrates were subsequently diluted to a suitable
concentration. The absorbance and fluorescence of the diluted
E-CQDs were measured at an excitation wavelength of 380 nm,
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following the standardized procedure outlined by Dong et al. (2021).
Specifically, the absorbance at 380 nm was meticulously adjusted to
fall within the range of 0.06-0.10 to ensure precise and reliable
measurements. Thereafter, the absorbance and relative fluorescence
intensity were comprehensively analyzed using a Spark
Multifunctional Enzyme Marker (Tecan A-5082, Made in
Austria) to thoroughly evaluate the optical properties of the
synthesized E-CQDs. Relative Fluorescence Units (RFU) was
used to qualitatively asses the efficiency of the synthesis method.

2.4 Characterization

Fluorescence emission spectroscopy was performed using an F-
4700 spectrophotometer (Hitachi, Tokyo). The crystalline phase was
characterized by X-ray diffraction (XRD) using an Ultima IV
(Rigaku (UV-vis)
absorption spectra were acquired using a LAMBDA 1050+ UV/

instrument Corp.).  Ultraviolet-visible
Vis Spectrophotometer (PerkinElmer). Transmission electron
microscopy (TEM) was performed at 200 kV using a JEM-F200
microscope (JEOL). TEM image was analyzed using Image]”
software version 1.54 m. Fourier transform infrared (FTIR)
spectra were recorded within the range of 4,000-500 cm™ using a
Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific), and
X-ray photoelectron spectroscopy (XPS) was performed using an

AXIS Supra + spectrometer (Shimadzu).

2.5 Antibacterial activity of E-CQDs

2.5.1 Disk diffusion assay

This study utilized the research methodology of Amoon et al.
(2024) with some modifications. The disc diffusion method was
employed to explore the inhibitory ability of E-CQDs against E. coli
and Staphylococcus aureus. Escherichia coli and Staphylococcus
12 h at 37 °C.
Subsequently, the bacterial suspensions were centrifuged at

aureus were activated at 180 rpm for

6,000 rpm for 1 min to collect the precipitates, which were then
resuspended in sterile water. A volume of 100 uL of the bacterial
suspension, adjusted to an absorbance of 0.1 at 600 nm, was spread
evenly onto LB solid medium. Blank discs (6 mm in diameter) were
prepared by immersing them in sterile water (serving as a negative
control) and E-CQDs solutions (concentrations ranging from 5 to
200 mg/mL) for over 30 min to ensure complete absorption. These
discs were then placed at various locations on the LB solid medium
inoculated with either E. coli or S. aureus. The petri dishes were
sealed and incubated at 37 °C. After 12 h of incubation, the diameters
of the inhibition zones were measured using a vernier caliper to
assess the antibacterial efficacy of the E-CQDs.

2.5.2 Determination of minimum inhibitory
concentration and minimum bactericidal
concentration

The minimum inhibitory concentration (MIC) refers to the
lowest concentration of CQDs that prevents the growth of a
specific microorganism. The minimum bactericidal concentration
(MBC) is defined as the lowest concentration of an antimicrobial
agent required to kill 99.9% of the initial inoculum after incubation
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for 24 h under standardized conditions (Balouiri et al., 2016). The
antibacterial efficiency was evaluated through the two key
quantitative parameters: MIC and MBC following the broth
microdilution methods described by Zeng et al. (2024). Five
different dilutions of E-CQDs diluents were prepared in 1,000 uL
of LB broth medium, with a negative control containing no E-CQDs.
Each dilution was inoculated with 1,000 uL of a suspension of S.
aureus or E. coli at a concentration of 1 x 10° CFU/mL. After
incubating the samples at 37 °C for 4 h, 20 uL aliquots were spread
onto LB agar plates and further incubated at 37 °C for 15 h. After
incubation, the absence of microbial growth on these plates indicates
the number of surviving cells (CFU/mL) and confirms the MBC. The
antibacterial ratio was calculated using the formula: Antibacterial
Ratio (%)=(A-B)/A x 100%, where A represents the colony count in
the blank control group, and B represents the colony count in the
treatment group.

2.5.3 Bacterial morphological characteristics

The morphological characteristics in bacteria before and after
E-CQDs treatment were observed using scanning electron
microscopy (SEM). After treatment with E-CQDs at 37 °C for
4 h, E. coli and S. aureus cells were harvested by centrifugation
until visible pellets formed. These pellets were gently resuspended in
phosphate-buffered saline (PBS) and centrifuged again under the
same conditions. The supernatant was then discarded, and the cells
were fixed in 3% glutaraldehyde for 10 h at 4 °C. The fixed cells were
subsequently washed three times with ultrapure water (10 min per
wash), then post-fixed with 1% osmium tetroxide for 1-2 h. After
additional ultrapure water washes (3 x 10 min), the samples were
dehydrated through a graded ethanol series (30%, 50%, 70%, 90%,
and 100% ethanol) with 15 min intervals at each concentration. The
100% ethanol step was repeated three times to ensure complete
dehydration. The dehydrated samples were pipetted onto silicon
wafers, mounted on specimen stubs using a conductive adhesive,
and sputter-coated with gold. Finally, the samples were imaged
using a JSM-IT700HR SEM (JEOL) to observe the detailed
morphological characteristics of the bacterial cells.

2.6 In vivo bioimaging assay

To assess the bioimaging potential of E-CQDs, Chlorella, a
widely recognized single-celled algal model organism, was
selected for fluorescence imaging assays. Previous work by Nam
etal. (2019) has demonstrated the utility of Chlorella as an organism
model for fluorescence imaging. Based on this foundation, the
present study utilized E-CQDs to conduct fluorescence imaging
of Chlorella, thereby assessing the viability of CQDs for bioimaging
applications.

Two 1 mL tubes of Chlorella suspensions were prepared and
labeled as tube A (control) and tube B (E-CQDs treated). A solution
of 20 mg/L E-CQDs was added to tube B, while DI water was added
to tube A as a negative control. Both tubes were incubated at 25 °C
with continuous shaking at 180 rpm. After 24 h of incubation, the
culture solution was removed by centrifugation at 10,000 rpm then
resuspended in DI water. The fluorescence effect was observed
under a fluorescence microscope (Leica Microsystems CMS
GmbH) after 30 min of Uv irradiation.
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FIGURE 1

The optimization of the synthesis method for E-CQDs. (a) Schematic illustration of the synthesis process for E-CQDs. (b) Effects of different E.
gracilis powder addition ratio, (c) reaction temperature, and (d) incubation time on the fluorescence intensity of E-CQDs. The letters (a—e) in (b—d)
indicate significant differences between groups. Different letters denote significant differences (p < 0.05), while the same letters indicate no significant

differences.

2.7 Statistical analysis

All experimental data were processed using Microsoft Excel
2021 (Microsoft Corp., United States) for preliminary calculations
and normalization. Statistical significance was evaluated by one-way
analysis of variance (ANOVA) performed with IBM SPSS Statistics
27.0 (IBM Corp., United States) at a 95% confidence level (p <
0.05 considered significant). Graphical representations were
generated using OriginPro 2021 (OriginLab Corp., United States)
with error bars denoting standard deviations (n > 3).

3 Results and discussion

3.1 Optimization of synthesis method
for E-CQDs

E-CQDs were synthesized using a direct hydrothermal method
with E. gracilis powder as the raw material. The schematic
illustration of the synthesis process was summarized in Figure la.

Frontiers in Nanotechnology

The synthesis parameters of E-CQD including additional amount,
reaction temperature, and reaction time were optimized.

The influence of E. gracilis powder addition ratio ranging from
2% to 10% on the fluorescence intensity of E-CQDs was studied. As
shown in Figure 1b, with reacting at 200 “C for 2 h, the fluorescence
intensity first increased and then decreased with increasing E.
gracilis powder addition ratio. The maximum value of RFU is
obtained at 8% E. gracilis powder addition, which was adopted
for further experiments. The influences of incubation temperature
ranging from 140 °C to 220 °C were also examined, and the results
are shown in Figure lc. As the reaction temperature increased, a
concomitant increase in the RFU of the E-CQDs was observed.
When the reaction temperature was set at 220 °C, the RFU of the
E-CQDs reached their maximum value. When the reaction was
conducted at 220 °C, the influence of different reaction time
(0.5 h-2.5 h) on RFU was also investigated. As depicted in
Figure 1d, with the increase of incubation time, RFU of E-CQDs
also significantly increased. As the reaction time was 2.5 h,
maximum RFU could be obtained. To achieve the highest RFU
and ensure a stable signal, the optimized synthesis conditions were
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determined to be the addition of 8% E. gracilis powder, followed by a
reaction at 220 °C for 2.5 h. All E-CQDs used for subsequent in-
depth studies were synthesized under these optimized conditions.
It’s reported that the aggregation and interactions of CQD species in
solution could inhibit full potential of light emitters, which named
aggregation-caused quenching (ACQ) effect (Adsetts et al., 2020).
The complex of CQDs and phthalimide crystals (CQDs/PC) could
prevent CQDs from touching directly by embedding the CQDs in
phthalimide crystal matrix in situ, which effectively reduced the
ACQ effect (Zheng et al, 2020). In this study, concentration-
dependent sedimentation was observed in the E-CQDs stock
solution while diluted E-CQDs solutions maintained colloidal
stability with no observed aggregation. In terms of reducing ACQ
effect, the E-CQDs embedded in situ within PC may be
also suggested.

3.2 Structural characterization

The CQDs prepared by the hydrothermal method were observed
with TEM. Figure 2a shows that the E-CQDs exhibited a globular
morphology, with a relatively uniform distribution of particles and
absence of distinct lattice fringes. A histogram of the size
distribution was derived by counting 100 particles, revealing that
the diameter distribution of the E-CQDs ranged from 6.5 to 10.5 nm,
with an average diameter of 9.2 nm. These results indicated that the
materials can be classified as CQDs. The crystalline phase purity of
E-CQDs was elucidated via XRD analysis. Figure 2b depicts the XRD
crystalline profile of E-CQDs. There is a broad peak at 23.89 °, which
is attributed to the partial ordering in the carbon dots. This ordering
may arise from the covalent crosslinking of the skeletal structure
during the polymerization process. (Huang et al., 2024; Miao et al.,
2025). The FTIR spectrum was recorded to explore the surface
functional groups of the E-CQDs. As illustrated in Figure 2c, the
FTIR spectrum of the synthesized E-CQDs exhibits peaked at
3,238.9 cm™’, which is linked to the stretching vibrations of O-H
or N-H bonds. Meanwhile, the peak of E-CQDs at 2,964.87 cm™
may show the presence of the stretching vibrations of C-H (Bao
et al, 2015; Qandeel et al., 2024). The 1,667.13 cm™' peak is
attributed to the absorption bands of C=0. It may originate from
the amid bond (-CONH -) or the -COOH group (Hua et al., 2017;
Zhu et al,, 2013). The peak at 1,454.94 cm™" corresponds to C-H
stretching vibration and the peak at 1,118.71 cm™ corresponds to
C-N stretching vibration (Li et al., 2024; Mmelesi et al., 2024).

XPS was employed to analyze the microstructures and elemental
composition of the synthesized CQDs. As depicted in Figure 2d, the
four main peaks in this spectrum include C 1s, N s, O 1s, and Si 2p,
which can be seen at 284, 399, 531, and 101 eV binding energies,
respectively. The elemental composition of E-CQDs was determined
to be C (68.58%), O (18.03%), N (11.94%), and Si (1.44%). Figure 2e
shows the C 1s spectrum of the E-CQDs. The C 1s XPS spectrum
reveals multiple peaks at 284.8 eV, 285.9 eV, 286.5 eV, and 288 €V,
corresponding to C-C/C=C, C-N, C-O, and C=0 bonds (Fatima
et al,, 2024; Gawal and Golder, 2024), respectively. The two peaks of
N 1s at 400 eV and 401.6 eV, as shown in Figure 2f, are attributed to
the C-N and N-H bonds, respectively (Tao et al., 2018). XPS analysis
revealed that the surface composition of E-CQDs aligns well with the
findings from FTIR spectroscopy. It suggests that E-CQDs possess a
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high density of oxygen- and nitrogen-containing functional groups,
including hydroxyl, carboxyl, and amine groups. These functional
groups endow E-CQDs with excellent water solubility.

3.3 Optical properties of E-CQDs

Figure 3 shows the optical properties of the E-CQD. As shown in
Figure 3a, the original synthesized aqueous solution of E-CQDs
(prepared from a mixture of 4.8 g of dry E. gracilis powder and
60 mL of DI water) was filtered, and initially appeared brownish-
black. However, upon dilution by a factor of 100, the solution turned
light yellow. Figure 3b shows an image of the E-CQDs samples
under UV light irradiation. Upon exposure to 365 nm ultraviolet
(UV) light, the sample exhibited bright blue fluorescence. Consistent
with the literature (Zapata-Hernandez et al., 2024), the blue
luminescence of E-CQDs is likely attributed to the presence of
oxygen-containing functional groups. These groups create distinct
sp” energy levels between the 7 and 7* bands, as evidenced by the
FTIR spectrum of the CQDs. Figure 3c depicts the E-CQD’s
photoluminescence with excitation wavelength variations ranging
from 300 to 400 nm. The most significant emission peak was
observed at 416.8 nm when an excitation wavelength of 330 nm
was used. The photoluminescence in E-CQDs may stem from the
separation of sp> domains by sp’ domains. The formation of sp’
domains is supported by the presence of oxygen-containing
Additionally, the
dependent emission behavior could be attributed to oxygen

functional  groups. excitation-wavelength-
functionalities that induce surface defects, acting as surface
energy traps (Zapata-Hernandez et al., 2024). The E-CQD’s UV-
Vis absorption spectrum (Figure 3d) evidenced a peak in the UV
region at approximately 252 nm, with a tail extending into the visible
range. The absorbance band at 252 nm is related to the m-m*
transition of the aromatic C=C bonds (Hua et al., 2017).

3.4 Antibacterial activity in vitro

Disk diffusion assays, MIC, MBC, together with image analysis,
were employed to evaluate the antibacterial activity of E-CQDs
against E. coli (Gram-negative bacteria) and S. aureus (Gram-
positive bacteria) (Figure 4). Figures 4a,b illustrate the observed
inhibition zone diameters for different concentrations (0, 5, 10, 20,
50, 100, 200 mg/mL) of E-CQDs against E. coli and S. aureus,
respectively. When the concentration is below 50 mg/mL, E-CQDs
display no antibacterial activity against E. coli. However, at
concentrations of 50, 100, and 200 mg/mL, distinct inhibition
zones are observed (Figure 4a). At a concentration of 200 mg/
mL, E-CQDs showed an inhibition zone value of 7.5 mm.
Differently, There is no significant antibacterial activity against S.
aureus when the concentration is below 100 mg/mL (Figure 4b). The
200 mg/mL E-CQDs inhibited the S. aureus growth with inhibition
zone of 9 mm. The results were consistent with those reported by
Amoon et al. (2024) and Ma et al. (2020), both of whom
demonstrated that bacterial growth could be inhibited by
treatment with suitable concentrations of CQDs. Figures 4c.e
show MIC of the E-CQDs against E. coli while Figures 4d.f
depict MBC of the E-CQDs against S. aureus, using broth
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under Uv; (c) Photoluminescence of E-CQDs with different excitation wavelength; (d) UV-vis absorption spectra of E-CQDs.

microdilution method. As the concentration of E-CQDs increased,
the antibacterial effect became increasingly pronounced. MIC of the
E-CQDs against E. coli and S. aureus were determined to be 100 mg/
mL. At a concentration of 200 mg/mL, only a minimal number of
colonies were observable on LB agar plates, indicating bactericidal
activities exceeding 95% against E. coli and 90% against S. aureus. In
terms of MBC, Both E. coli and S. aureusdid can not grow at a
concentration of 250 mg/mL and above, indicating the value of MBC
was 250. mg/mL.

Nitrogen-doped carbon quantum dots (N-CQDs) with excellent
antifungal performance were synthesized using chitosan quaternary
ammonium salt (HACC) as the raw material, with a minimum
inhibitory concentration (MIC) of 1.8 mg/mL (Wang Y. et al., 2024).
Phosphorus-doped CQDs were prepared by a simple hydrothermal
method using valine as a carbon source, triethylamine as a nitrogen
source, and phosphoric acid as a phosphorus source. Their MIC
values decreased from 0.71 to 0.51 to 0.18 mg/mL on E. coli and S.
aureus with increasing phosphorus content (Chai et al., 2022).
N-CQDs diffusa Willd. Exhibited
significant antimicrobial activity against both S. aureus and
E. coli, with MIC values of 0.055 mg/mL and 0.038 mg/mL,
respectively (Pei et al, 2025). Additionally, novel CMC/CuO
NPs/CQDs were effective against S. aureus and E. coli, with MIC

derived from Hedyotis
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values of 25 mg/mL and >50 mg/mL, respectively (Amoon et al.,
2024). Compared to these CQDs, the concentration of E-CQDs
(100 mg/L) required to inhibit bacterial growth is higher, likely due
to the absence of amino acids (e.g., Arg/Lys), metal doping (e.g., zinc
(Zn), and copper (Cu)), or nanocomposite formation in E-CQDs.
Certainly, the antibacterial activity of E-CQDs can not be denied.
MIC of E-CQDs is relatively high compared to other natural
extracts. For instance, the MIC of E-CQDs is significantly lower
than that of arum ethanolic extracts (MIC: 500 mg/mL) (Al-
Daghistani et al, 2021) and Scorzonera mackmeliana extracts
(MIC: 341.85 mg/mL) (Sweidan et al, 2020), indicating the
potential of E-CQDs as an effective antibacterial agent. Future
research may explore the doping of E-CQDs with compounds
such as valine, triethylamine, phosphoric acid, Zn, Fe, and Cu to
enhance their antibacterial capabilities.

It is reported that the bactericidal mechanism of CQDs can be
characterized by the disruption of the bacterial membrane, leading
to the leakage of cytoplasmic contents and ultimately culminating in
cell apoptosis (Pant et al., 2023). SEM was used to image the bacteria
in the presence of the E-CQDs (Figure 5). The morphology of E. coli
and S. aureus changed significantly prior to and post the treatment
with E-CQDs. In the absence of CQDs, the bacteria exhibited their
typical sizes and morphologies: E. coli appears as rod-shaped
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bacteria (Figure 5a), whereas S. aureus has a spherical appearance
and formed grape-like clusters (Figure 5c). Both types of bacteria
presented smooth, intact surfaces. The cell membrane of the
bacterial group treated with E-CQDs exhibited severe damage,
with the surface becoming rough, deformed and significantly
shrunken (Figures 5b,d). These changes may strongly suggest cell
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membrane damage (Bacellar et al., 2014). There was a hypothesis
that S. aureus was less susceptible after treatment of CQDs than
E. coli (Nie et al., 2020). Consistent with this supposition, intact S.
aureus was still observable in Figure 5d while E. coli was seriously
damaged (Figure 5b). It could be explained by the fact that E-CQDs
may have a reduced ability to penetrate into the interior of S. aureus.
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SEM images of E. coli (a,b) and S. aureus (c,d). Panel a and c depict the untreated cells, and panels b and d are the cells after incubation with E-CQDs.

Thus, the observed morphological changes in the bacteria may
indicate alterations in the permeability of their membranes,
which would affect the regulation of transmembrane transport
and result in cell death.

3.5 In vivo bioimaging effect

CQDs with multicolor fluorescence emissions may show great
potential in applications such as molecular imaging and in vivo
molecular tracking. For instance, in a study conducted by
Manjubaashini et al. (2024), CQDs were utilized for in vivo
bioimaging in zebrafish to their potential for
bioimaging applications. Moreover, it has been reported that

evaluate

unicellular algae, as autotrophic biosystems, uniquely possess
multiple functions, including oxygen generation, dynamic
motility, fluorescence imaging, and programmable biosynthesis
(Wang et al.,, 2025). Chlorella, a widely utilized single-celled alga, is
a model organism commonly employed in biological and
biotechnological studies.

In this research, Chlorella pyrenoidosa was employed, and
fluorescence imaging was performed using E-CQD, and the
of the E-CQDs
irradiation towards C. pyrenoidosa cells were depicted in

imaging effects under varied excitation
Figure 6. As shown in Figures 6a,b, there was no difference in
the morphology of the cells under bright field conditions. No
fluorescence of C. pyrenoidosa in the absence of E-CQDs was
observed under the UV, blue light or green light illumination
(Figure 6c,e,g). Obviously, Upon treatment with E-CQDs,
Chlorella exhibited blue fluorescence under UV excitation
within the wavelength range of 327-383 nm (Figure 6d) and
green fluorescence under blue excitation within the range of
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460-500 nm (Figure 6f). Similar to C. pyrenoidosa in the
absence of E-CQDs (Figure 6g), no fluorescence was observed
under green excitation within the range of 541-551 nm
(Figure 6h). E-CQDs treatment didn’t affect the growth of
Chlorella cells. Moreover, the observed fluorescence was found
to be located in the whole cell, which was different from the finding
that internalized nitrogen-doped carbon dots were concentrated in
the nucleus (Zhang et al., 2020b). These findings suggested that
E-CQDs may bioaccumulate within Chlorella cells, which implies
that E-CQDs hold practical value as imaging agents for live-cell
studies and have the potential to serve as a probe for in vivo
bioimaging applications.

The environmentally friendly synthesis of CQDs using
various biological materials was compared (Table 1). Blancas
et al. (2024) carried out synthesis of CQDs by Hydrothermal
method using of Malva sylvestris flower. It required about 24 h for
the synthesis, and showed small particle with a 5 nm size. The
CQDs form M. sylvestris flower could grow crystalline
nanostructures as growth seeds. Wang et al. (2018) developed
a novel approach for CQDs fabrication by the use of bamboo
biomass. It was heated for 24 h at 400 °C. Comparing with these
CQDs reported, the method of preparing E-CQDs using E.
gracilis powder as the raw material offers several advantages.
It facilitates the acquisition of raw materials, simplifies
pretreatment, and streamlines preparation procedures. The
average particle size of the resulting E-CQDs was comparable
to that of CQDs prepared using rice straw and Chlorella vulgaris
as raw materials (Kaur et al., 2024; Thakur et al., 2024). Besides,
CQDs from rice straw (Kaur et al., 2024), lemon and onion juices
(Slewa, 2024), onion extract (Ghosh Dastidar et al., 2021),wild
cherry shrub (Shahabadi et al., 2024), and C. vulgaris (Thakur
et al., 2024) exhibited the potential application in abatement of
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microbes and organic pollutants, antifungal films, fluorescence
turn-on probes, biosensor, and photocatalytic reduction and
antimicrobial activity, respectively. In this study, E-CQDs have
dual-functions that include antibacterial effects and bioimaging
applications, which indicated that the nanomatrials could serve
as next-generation antibacterial materials and nanotheranostics.
However, the antibacterial effects of E-CQDs is relatively low,
and the fabrication of elements-doped like N, silicon (Si),
cadmium sulphide, cerium oxide, and silver) carbon dots
(N-CDs) may be investigated in future, which can increase the
activities of E-CQDs. Interestingly, polysaccharides found in
marine environments can serve as carbon-rich precursors for
synthesizing CQDs. Marine polysaccharides have a distinct
advantage over other CQD precursors because they contain
multiple heteroatoms, including N, S, and O (Torres et al,
2023). Euglena gracilis can accumulate large amounts of beta-
1, 3-glucan paramylon, a polysaccharide (Lee et al., 2024).
Therefore, E. gracilis polysaccharides may also possess the
of CQDs fields,
including biomedicine (e.g., drug delivery, bioimaging, and

potential with applications in various

biosensing), photocatalysis, water quality monitoring, and the
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food industry. Sensing, photocatalysis, diagnostics and therapy of
E-CQDs could be also studied in the next step.

4 Conclusion

In this study, we developed a sustainable and resource-
efficient method to synthesize dual-functional CQDs from the
microalga E. gracilis. Through hydrothermal optimization, the
resulting E-CQDs displayed exceptional fluorescence properties
(excitation/emission wavelength 330/416.8 nm) with an
average diameter of 9.2 nm. Additionally, they exhibited

potent broad-spectrum antibacterial activity against both
E. coli and S. aureus, with MIC of 100 mg/mL. Importantly,
E-CQDs demonstrated in vivo bioimaging capabilities upon UV/
blue-light excitation, confirming their cellular uptake and
luminescence emission within biological systems. This work
presents a green synthesis approach for microalgae-derived
CQDs, overcoming the environmental drawbacks of traditional
chemical methods. It validates the dual-functionality concept
where a single nanomaterial can simultaneously suppress
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TABLE 1 Comparison of the eco-friendly fabrication of CQDs using various biomaterials.
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Materials Pretreatment Method Synthesis condition Average Shape Activity/ Reference
particle application
size
Euglena gracilis Dry Hydrothermal 220 °C for 2.5 h 9.2 nm Spherical Antibacterial and This research
bioimaging
applications
Malva sylvestris No Hydrothermal 170 °C for 24 h <5 nm Small Grow crystalline Blancas et al.
flower particle nanostructures as (2024)
growth seeds
Bamboo Washed with water | Hydrothermal 400 °C for 24 h - - Nanosheets Wang et al.
photocatalysts (2018)
Rice straw Dry, crush Ultrasonication Calcined at 400 °C, then 8 nm Spherical | Abatement of microbes = Kaur et al. (2024)
ultrasonic for 30 min at 40 W and organic pollutants
power and 90 kHz frequency
Lemon and Juicing Hydrothermal 200 °C for 6 h 4.33/3.34 nm Spherical Antifungal films Slewa (2024)
onion juices
Onion extract Boiled extraction Hydrothermal EDA was added into the 1.15 nm Quasi- Fluorescence turn-on Ghosh Dastidar
extract, 20 mL, and spherical probes et al. (2021)
autoclaved for 150 min
Wild cherry Air dry, then crush Microwave- Microwave irradiation for 4.08 nm Near- Biosensor Shahabadi et al.
shrub assisted 10 min at 900 W spherical (2024)
Chlorella Filter collection Hydrothermal 200 °C for 10 h 7.19 nm Spherical Photocatalytic Thakur et al.
vulgaris reduction and (2024)
antimicrobial activity
bacterial growth and enable bioimaging. Furthermore, it  Writing - review and editing, Visualization. ~WX:
establishes E. gracilis as a viable bioresource for high-value = Writing - review and editing, Resources, Supervision,
nanomaterial production due to its robustness and metabolic =~ Methodology. ZD: Supervision, Writing - review and editing,
flexibility. The E-CQDs platform holds significant promise for = Validation. GG: Writing - review and editing. HZ:

applications in antibacterial coatings, diagnostic imaging probes,
and theranostic nanomedicine. In the future, further research
should be conducted to enhance the antibacterial activity of
E-CQDs by increasing the P-doping ratio, introducing metal
doping, or combining them with silver nanoparticles (AgNPs)
and chitosan (CS). In addition, the in vitro cytocompatibility of
E-CQDs with human mesenchymal stem cells, the WRL-68 cell
line, the HT1080 cell line, or zebrafish embryos could be
investigated to  promote their potential biomedical
applications. Future studies should also aim to achieve a high
quantum yield and improved stability of E-CQDs for bioimaging,
as well as to develop E-CQDs with clearly defined geometry,
composition, and structure.
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