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Abstract
Background  Strongyle nematodes pose a major challenge in veterinary parasitology, causing significant economic 
losses in livestock due to resistance to conventional treatments. Current anthelmintics, like Ivermectin, often 
encounter resistance issues. This study aims to address these gaps by synthesizing Carbon Quantum Dots (CQDs) 
and Copper-Doped CQDs (Cu@CQDs) using glucose extract, and evaluating their nematicidal properties against 
strongyles in vitro. We assessed the nematicidal effects of CQDs and Cu@CQDs through larval feeding inhibition of 
first-stage larvae (L1), egg hatch inhibition (EHI), and the mobility and mortality of infectious larvae (L3s). Additionally, 
we conducted ultrastructural examinations of eggs and larvae and evaluated oxidative/nitrosative stress indicators, 
including total antioxidant status (TAS), protein carbonylation (PCO), lipid peroxidation (MDA), and oxidative DNA 
damage in homogenized samples of L3s.

Results  The synthesized CQDs displayed semi-spherical morphology with diameters under 30 nm. Cu@CQDs at 
12.5 µg/ml achieved over 90% EHI and larval motility inhibition. Fluorescence microscopy confirmed over 90% 
larval feeding inhibition at the same concentration. Both CQDs and Cu@CQDs induced oxidative stress, indicated by 
decreased TAS and increased MDA, PCO, and oxidative DNA damage. Scanning Electron Microscopy showed that 
CQDs and Cu@CQDs penetrated the larvae cuticle, altered the tegument, caused larval mortality, and resulted in egg 
deformities.

Conclusions  Given the potential for resistance to Ivermectin, seeking suitable alternatives is essential. Cu@CQDs 
exhibit effects similar to Ivermectin, indicating their potential as novel antiparasitic agents against strongyles. These 
findings emphasize the importance of exploring alternative treatments to address resistance and enhance nematode 
control efficacy.

Highlights
	• Glucose was used to synthesize carbon quantum dots.
	• Carbon dots revealed anthelmintic activity.
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Background
Gastrointestinal parasitic nematodes pose a significant 
risk to the animal husbandry industry, resulting in sub-
stantial economic losses worldwide. Infestations can lead 
to reduced livestock production, increased treatment 
costs, stunted growth, and, in severe cases, mortality [1]. 
It has been estimated that the annual costs associated 
with gastrointestinal parasitic diseases globally amount 
to tens of billions of dollars [2], underscoring the severe 
impact these parasites have on the economy and animal 
husbandry industry. Hence, it is imperative to imple-
ment effective infection control measures to minimize 
these losses and ensure the sustainability of the livestock 
industry.

Strongyles belonging to the family Strongylidae, includ-
ing the large strongyles (Strongylus) and small strongyles 
(cyathostomins), are commonly found internal parasites 
in equines worldwide [3]. These parasites can cause a 
range of clinical symptoms in horses, including continu-
ous low-grade fever, anemia, weight loss, reduced hair 
quality, impaired performance, diarrhea, anorexia, arthri-
tis, colic, and sudden death [4–6].

Resistance to anthelmintics in strongyles, including the 
large strongyles (Strongylus) and small strongyles (cya-
thostomins), has become a major global concern [3, 7]. 
Three classes of anthelmintics, including Benzimidazoles, 

Tetrapyrimidines, and Macrocyclic lactones, are cur-
rently used to control strongylosis [8, 9]. However, the 
emergence of resistance in parasitic worms against con-
ventional anthelmintics has led to the development of 
new drugs, such as Monepantel and Derquantel, which 
have been met with limited success and high costs [6, 10]. 
Equine gastrointestinal nematodes are also affected by 
anthelmintic resistance. Furthermore, the adverse envi-
ronmental effects associated with these drugs necessitate 
the development of alternative treatments.

Carbon quantum dots (CQDs) are nanomaterials with 
sizes ranging from 1 to 50  nm, which have numerous 
applications in various fields of science. CQDs are known 
for their excellent compatibility with the environment 
[11, 12], good cell penetration [13], high resistance to 
salt [14], intense fluorescence properties [15], low toxic-
ity and cost-effectiveness [12], making them a promising 
material for various applications. CQD can be produced 
by top-down and bottom-up approaches [16]. This clas-
sification relies on the size relationship between the 
CQDs and type of precursor [17]. The bottom-up syn-
thesis of CQDs proceeds through the carbonization of 
small molecular precursors. When these molecular pre-
cursors are pyrolyzed by microwaves or in autoclave, the 
synthesis readily produces CQDs, highly dispersible in 
water and displaying remarkable fluorescent properties. 

	• Mechanism of anthelmintic activity of carbon dots was demosntated.
	• Carbon dots were nontoxic on the L929 fibroblast cell line.
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On the contrary, concerning the top-down approaches, 
the precursors are extended carbon structures or nano-
structures, such as graphite, amorphous carbon, carbon 
fibers, nanotubes, and fullerene, which are chemically or 
physically stripped, fragmented, or etched to obtain car-
bon nanoparticles [18].

CQDs have been shown to possess photoelectric prop-
erties, making them ideal electron donors and acceptors 
[14]. Recent studies have investigated the effects of CQDs 
on microorganisms. For instance, CQDs extracted from 
henna leaves have been found to have a lethal effect on 
Gram-negative (Escherichia coli) and Gram-positive 
(Staphylococcus aureus) bacteria by damaging the cell 
wall or producing free radicals, leading to cell death [19]. 
Similarly, CQDs obtained from vitamin C (VC) have 
been shown to exhibit antimicrobial properties against 
Staphylococcus aureus, Bacillus subtilis, and Escherichia 
coli by sticking to the outer surface of the cell, damaging 
the cell wall, and causing cell death [20]. Another study 
has reported that CQDs derived from tamarind and calf 
thymus DNA (ct-DNA) have a good antibacterial effect 
against Klebsiella pneumoniae, Escherichia coli, Staphylo-
coccus aureus, and Pseudomonas aeruginosa by destroy-
ing the bacterial cell wall [11].

CQDs have also been investigated for their antiviral 
and antifungal properties. One study has demonstrated 
that CQDs can reduce the infectivity of viruses or induce 
their inactivation [21]. Moreover, CQDs have been found 
to exhibit broad-spectrum antifungal activity against 
various fungi species, such as R. solani and P. grisea [20]. 
In addition, CQDs and their conjugates have the poten-
tial to be used as antifungal agents against Candida 
albicans [22]. A study has also shown that CQDs inhibit 
the growth of yeast cells and cause significant changes 
in their morphology [23]. Furthermore, combining 
nanoscale carbon with Zinc sulfide (ZnS) has resulted in 
nanostructures that are taken up by the hypha of the fun-
gus Fusarium oxysporum, with low toxicity against the 
fungus [21]. These findings suggest that CQDs possess a 
great potential for use in various biomedical applications.

Despite the CQDs, several studies have been con-
ducted on the effects of nanoparticles on strongyles. For 
instance a research study was conducted to investigate 
the impact of silver nanoparticles (AgNPs) on the third-
stage larvae (L3) of cyathostomins. The findings of the 
study indicate that the use of silver nanoparticles resulted 
in the destruction of the third-stage larval form of the 
nematode [24].

In recent research, the antiparasitic effects of CQDs 
and gallium-doped CQDs (Ga@CQDs) have also been 
studied which attributed this effect to destroy the cell 
wall of Leishmania protozoa [25].

The application of CQDs in parasitology is a rela-
tively new approach. Despite their effectiveness against 

important organisms, there have been no reports on the 
anthelmintic activity of CQDs. Given the high preva-
lence of strongyles in Iran and worldwide, the emergence 
of drug resistance to current antiparasitic drugs, and 
the unique properties of CQDs, The principal objective 
of this investigation is to synthesize CQDs and subse-
quently conduct a comprehensive characterization of 
their properties. Subsequently, the study aims to assess 
the potential anthelmintic effects of these synthesized 
CQDs against various stages of strongyles.

Materials and methods
Ethics approval and consent to participate
All of the protocols were approved by the Faculty of Vet-
erinary Medicine’s Committee on the Ethics of Animal 
Experiments at Urmia University (IR-UU-AEC-3/73).

CQDs synthesis
CQDs were synthesized using glucose as a carbon source 
and copper (II) chloride as a modifying agent. A solution 
containing 1.2 g of glucose dissolved in 150 ml of deion-
ized water was placed in a steel autoclave with a Teflon 
chamber. For the synthesis of copper-doped CQDs (Cu@
CQDs), 0.25  g of copper (II) chloride was added to the 
glucose solution. The autoclave was heated to 200 °C for 
6 h and then allowed to cool to room temperature. The 
synthesized products were purified using Whatman No. 
2 filter paper and centrifuged at 15,000 rpm for 20 min. 
The final products were freeze-dried for subsequent 
characterization and testing [26].

Characterization of CQDs
The size, morphology, and zeta potential of the synthe-
sized CQDs were analyzed using Transmission Elec-
tron Microscopy (Leo 906 E, Carl Zeiss, Germany) and 
a Microtrac particle analyzer (Nanotrac wave II, Krefeld, 
Germany). The absorbance spectrum of the doped CQDs 
was recorded using a Thermo Scientific NanoDrop spec-
trophotometer (2000  C, Waltham, USA) over the range 
of 200–600 nm, 1 nm resolution. Elemental composition 
was analyzed via X-ray photoelectron spectroscopy (Ber-
lin, Germany), and the chemical structures were exam-
ined using Fourier Transform Infrared Spectroscopy 
(FTIR) using KBr pellet in the range of 450–4000  cm⁻¹ 
and the obtained data have been processed with Omnic 
software (version 6.0; Thermo Electron, Madison, USA).

Cytotoxicity assay
L929 fibroblast cells, obtained from the Pasteur Insti-
tute of Iran, were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS). The cultures were maintained at 37 °C in a 
5% CO2 atmosphere to evaluate the cytotoxicity of vari-
ous CQD formulations. For the MTT assay, cells were 
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seeded at a density of 7 × 10^4 cells/mL in 96-well plates 
and incubated for 24  h. After exposure to varying con-
centrations of CQDs and Cu@CQDs (1.5625 to 50  µg/
ml) for an additional 24 h, MTT reagent was added, and 
the optical density (OD) was measured at 570 nm using a 
plate reader (BioTek ELx808, USA) [27]. A comparison of 
OD values between two wells indicated that higher OD 
values corresponded to greater numbers of viable cells. 
Based on this information, CQD cytotoxicity was quan-
tified, and the half-maximal inhibitory concentration 
(IC50) was determined in µg/mL using the formula:

	
Toxicity% =

(
1 − mean OD of sample

mean OD of control

)
× 100.

Moreover, cell viability percentage was calculated as:
Viability% = 100 − Toxicity% [27].

Fecal samples
Fecal samples were collected from the rectum of horses 
aged 1.5 to 5 years in various geographical locations 
within Tabriz city, between April and August 2023. The 
horses had not received any anti-parasitic treatment for 
at least 8 weeks prior to sampling. Samples were trans-
ported to the laboratory of parasitology, Veterinary Fac-
ulty, Urmia University, under anaerobic conditions. In 
the laboratory, 10 to 15 g of feces were suspended in half 
a liter of water and filtered through sieves with pore sizes 
of 250 μm and 125 μm [28]. The resulting liquid was cen-
trifuged at 200 g for 2 min, and the precipitate was mixed 
with a sugar-saturated solution to extract strongyle 
eggs. The eggs were counted, and eggs per gram (EPG) 
were determined using the McMaster method [29, 30]. 
Positive fecal samples were cultured, and L3 larvae were 
isolated after 8 days of incubation at 28 °C [31]. The pres-
ence of strongyles was confirmed through morphological 
examination of the L3 and eggs using light microscopy, 
focusing on distinct characteristics such as size, shape, 
and surface texture [32, 33].

Egg hatch inhibition (EHI) test
The EHI test was conducted following established pro-
tocols [34] with some modifications. Fresh fecal samples 
containing a minimum of 100 parasite eggs per gram 
were adjusted to a concentration of 1 egg per micro-
liter by suspending them in deionized water. The eggs 
were examined under a light microscope (Olympus, 
model CH40, Japan) to differentiate between hatched 
and unhatched eggs. For the experimental procedure, 
100  µl of egg suspension were dispensed into each well 
of 84 plate chamber, followed by the addition of 100  µl 
of CQDs and Cu@CQDs. Each of the CQDs was tested 
at four different concentrations, specifically 12.5  µg/
ml, 6.25 µg/ml, 3.125 µg/ml, and 1.5625 µg/ml. Negative 

control samples containing PBS and egg suspension, and 
positive control samples containing Ivermectin 1% [35] 
and egg suspension, were included. The plates were incu-
bated for 48 h at 27 °C, after which the hatching process 
was interrupted by the addition of 10 µL of Lugol’s iodine 
solution. The total number of eggs and L1 was counted 
using a light microscope, and the percentage of inhibition 
of egg hatching (%EHI) was calculated using the formula 
[36, 37]:

	

% EHI

=
[

number of eggs
number of larvae + number of eggs

]
× 100

The experiments were repeated three times for each con-
centration, as well as for the negative and positive control 
samples.

Larval feeding inhibition test
In this experiment, the feeding ability of first-stage larvae 
(L1) was evaluated in the presence of different concen-
trations of CQDs and Cu@CQDs (12.5, 6.25, 3.125, and 
1.5625  µg/ml), following modified established protocols 
for assessing nematode nutritional activities [38, 39]. The 
larvae were fed a mixture of lyophilized Escherichia coli 
and acridine orange, a nucleic acid-binding dye that flu-
oresces green when bound to double-stranded DNA (at 
520 nm) and red when bound to single-stranded DNA or 
RNA (at 650  nm). In accordance with the passage, it is 
notable that CQDs exhibit strong fluorescent character-
istics, appearing blue when examined under a fluorescent 
microscope at a specific wavelength [40] The experimen-
tal procedure involved preparing a solution of Escherichia 
coli (2250 µg/mL) mixed with acridine orange and form-
aldehyde buffer, followed by a brief incubation. Strongyle 
eggs were washed and incubated to obtain first-stage 
larvae, which were then separated using the Baermann 
funnel technique and adjusted to a concentration of 120 
to 150 larvae per 50 µL of deionized water. In 96-well 
plates, 10 µL of CQDs and Cu@CQDs at the specified 
concentrations (12.5, 6.25, 3.125, and 1.5625 µg/ml) was 
added, along with 50 µL of the larval stock solution and 
240 µL of PBS. After a 2-hour incubation at 23 °C, 1.5 µL 
of Escherichia coli containing acridine orange was added, 
and the incubation continued for an additional 2 h [41]. 
The number of feeding larvae was determined by observ-
ing intestinal fluorescence using an inverted fluorescent 
microscope (Ernst Leitz, GMBH, Wetzler, Germany).

L3 larvicidal activity
To obtain strongyle L3 for the experiment, fecal samples 
containing eggs were processed according to established 
protocols [42]. Briefly, 100  g of feces were incubated 
under aerobic conditions at 28 °C and 80–85% humidity. 
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After 8 days, larvae were extracted using a Baermann 
funnel method [43]. The larvae were stored at 7–10  °C 
until use. The experiment was divided into four groups: 
a treatment group, which was further divided into two 
subgroups: CQDs (pure carbon quantum dots, G1p) and 
Cu@CQDs (doped carbon quantum dots, G1d), a nega-
tive control group (G2), and a positive control group (G3), 
each with three replicates [44]. The treatment groups 
consisted of 120 L3 mixed with 1 ml of either CQDs or 
Cu@CQDs at varying concentrations (12.5, 6.25, 3.125, 
and 1.5625 µg/ml). The negative control included deion-
ized water, while the positive control used Ivermectin 1% 
solution. After 24 h, the contents were analyzed for larval 
motility, and the percentage inhibition of larval motility 
(LMT) was calculated using the formula adapted from 
Al-Rofaai et al. [45]. The formula employed was:

	

LMT (%)

=







motility percentage in
the treatment group
− motility percentage in
the negative control







100
− motility percentage in
the negative control







× 100

Oxidative/nitrosative stress biomarkers
To evaluate potential oxidative/nitrosative stress bio-
markers in the context of biomolecule damage, larvae 
from both treated and untreated groups were selected. 
Tissue homogenates were prepared after washing with 
deionized water [46] and analyzed for oxidative and 
nitrosative indices. Total antioxidant status (TAS) was 
determined using the ABTS substrate (Randox Labo-
ratories Ltd., Crumlin, UK), with absorbance measured 
at 570 nm after 10 min. The total nitrate/nitrite content 
was assessed using the Griess reaction method, following 
standard procedures [47]. Protein carbonyl (PCO) con-
tent was determined using the method of Levine (1985) 
with 2,4-dinitrophenylhydrazine [48]. Malondialdehyde 
(MDA) content, as a biomarker of lipid peroxidation, was 
measured using the method described by Buege and Aust 
[49], with absorbance read at 535 nm.

Oxidative DNA damage (ODD) assay
To assess oxidative DNA damage (ODD), strongyle L3 
were examined in different groups: a treatment group 
(further divided into CQDs and Cu@CQDs) and a nega-
tive control group (PBS solution). The samples were 

permeabilized in 0.2% Triton X-100 for 5  min. Endoge-
nous peroxidase activity was blocked using a peroxidase 
blocking solution for 10  min at room temperature in 
darkness. Nonspecific binding sites were blocked with a 
ready-to-use superblock solution for 30 min. After wash-
ing with TBS (0.1% Tween 20), the samples were incu-
bated overnight at 4 °C with a primary antibody specific 
for 8-oxodG diluted 1:100. Following additional washes 
in TBS, samples were incubated with a fluorescent anti-
mouse secondary antibody conjugated to Alexa Fluor® 
594 for 30 min at room temperature. Cross-sections were 
counterstained with Acridine to visualize nuclear DNA 
in green [50]. Fluorescence indicative of DNA damage 
was observed using a Leitz Dialux 20 microscope (Ernst 
Leitz GMBH, Wetzler, Germany).

In addition to DNA damage assessment, the chemi-
cal structure and surface properties of bio-based CQDs, 
extracted DNA, and the complex formed between DNA 
and CQDs were analyzed using FTIR spectroscopy 
(Thermo Nicolet instrument, Nexus® 670, USA), focusing 
on the wavenumber range of 4000 –450 cm⁻¹.

Ultrastructural analysis of larvae and eggs using 
scanning electron microscope (SEM)
Larvae
Following exposure to CQDs and Cu@CQDs, ultra-
structural analysis of strongyle L3 was performed using 
scanning electron microscope (SEM). The larvae were 
washed in PBS and fixed in 0.1  M cacodylate buffer for 
24  h. After additional washing, they were fixed with 
osmium tetroxide (OsO4) in 0.1  M cacodylate buffer, 
supplemented with 1.25% potassium ferrocyanide. The 
samples were then washed with cacodylate buffer and 
ultrapure water. For SEM preparation, the samples were 
dehydrated using serial ethanol dilutions (30, 50, 70, 90, 
100%) and dried using the critical point method [44]. The 
dried samples were coated with gold using a Desk Sput-
ter Coater (DSR1, VacCoat) to enhance conductivity for 
imaging analysis. Gold was sputtered onto the samples to 
achieve a coating thickness of approximately 45 nm [51]. 
The coated samples were mounted on a metal plate and 
observed using a SEM (MIRA3 FEG-SEM, DLS, Nano-
torac Wave, Microtrac Co. USA).

Eggs
After exposure to CQDs and Cu@CQDs, ultrastructural 
analysis of strongyle eggs was conducted using SEM. 
The eggs from both treatment and control groups were 
placed in a mixture of 1% (v/v) glutaraldehyde and 4% 
(v/v) formaldehyde in a 0.15 M Na-phosphate buffer (pH 
7.2) for 24 h at 4 °C. The samples underwent dehydration 
through increasing ethanol concentrations (30, 50, 70, 90, 
100%). The egg samples were then fixed onto a slide with 
gelatin and subsequently coated with gold to enhance 
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conductivity before observation under SEM (MIRA3 
FEG-SEM. DLS, Nanotorac Wave, Microtrac Co. USA) 
[52].

Statistical analysis
The collected data was subjected to analysis using the 
SPSS program, specifically version 24.0 (SPSS Inc, Chi-
cago, IL, USA). Statistical analysis was carried out using 
one-way analysis of variance followed by Tukey post hoc 
test. The data were submitted to Levene’s test for homo-
geneity of variances. Values were considered to be statis-
tically significant at P < 0.05.

Results
Characterization and specialized tests of CQDs
The structural and optical characteristics of the as-syn-
thesized doped CQDs were investigated through UV-
visible absorption and visual color analysis under both 
daylight and UV light (Fig. 1B). The absorption spectrum 
revealed a band in the deep UV region (~ 223 nm) and a 
typical peak at ~ 284 nm, which correspond to the π-π* 
transition of the C = C bond and the sp² hybrid conju-
gated structure of the CQDs. Additionally, a tail-like peak 
observed between 300 and 350  nm can be attributed 
to the n-π* transition of the C = O or C = N bonds [53]. 
Under daylight, the prepared CQDs exhibited a visual 
brown color, while under UV light, they displayed strong 
green fluorescence, which can be attributed to the quan-
tum confinement effect of the nano dots [16].

The transmission electron microscopy (TEM) micro-
graph (Fig. 1A) shows that the Cu@CQDs were synthe-
sized in semi-spherical shapes with dimensions less than 
30 nm. The measured zeta potential of -23 mV indicates 
the particles’ tendency to electrostatically repel each 
other, thus providing a stable dispersed system without 
aggregation [54].

Based on the XPS results, the elemental composition 
and surface functional states of the produced doped 
CQDs were analyzed, as shown in Supplementary Fig. 1. 
The C1s spectrum (Fig. 2A) displays four peaks at bind-
ing energy values of 280.6  eV, 282.7  eV, 289.1  eV, and 
290.2  eV, which can be assigned to sp² C, C-C/C = C, 
C = N/C = O, and COOH functional groups, respectively 
[55]. The deconvoluted N1s spectrum (Fig.  2B) was fit-
ted into three peaks with binding energies at 399.2  eV, 
400.3  eV, and 400.8  eV, corresponding to –NH-, -NH₂, 
and –N = surface functionalities, respectively [56]. Fur-
thermore, the O1s core-level spectrum (Fig.  2C) was 
split into three key peaks related to C-O (529.1 eV), C-O-
H/C-O-C (530.4 eV), and C = O/N = O (531.6 eV) bonds/
moieties present at the as-prepared CQD surfaces [55]. 
Finally, the XPS spectrum obtained in the Cu binding 
energy region fitted into three characteristic peaks at 
932.7 eV, 942.5 eV, and 952.6 eV (Fig. 2D), indicating that 
Cu occurs in the form of Cu [57]. The XPS result showed 
the C, O, N, and Cu elemental contents in the synthe-
sized Cu-doped CQDs were 49.63%, 46.59%, 1.52%, and 
2.26%, respectively.

FTIR analysis
The FTIR technique was employed to investigate the 
chemical composition of the CQDs, characterize the 
structural bonding, and reveal potential bonding inter-
actions between CQDs and DNA. In the FTIR spectrum 
of the as-synthesized CQDs (Fig.  3A), broad absorp-
tion peaks around 3406 cm⁻¹ and two sharp overlapping 
bands at 2975 cm⁻¹ and 2911 cm⁻¹ are attributed to the 
bond stretching vibrations of O-H and C-H (methyl and 
methylene groups), respectively. The bands observed 
at 1711 cm⁻¹, 1402 cm⁻¹, 1231 cm⁻¹, and 1052 cm⁻¹ cor-
respond to the bending vibration of C-H outside the 
benzene ring, C–O stretching, O-H/C-H bending, and 
C–OH stretching vibrations, respectively [26]. Notably, 

Fig. 1  (A) TEM micrographs, and (B) absorption spectrum of synthesized Cu-doped CQDs. The color image (inset) shows digital photos of CQDs under 
Daylight and UV Lamp
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the peak at 1622  cm⁻¹ is attributed to the stretching of 
C = O bonds [58] which may also indicate the stretch-
ing of the Cu–O bond. Additionally, peaks at 457  cm⁻¹ 
and 897  cm⁻¹ are assigned to the stretching vibration 
of Cu–O [59]. The FTIR spectrum of extracted DNA 

(Fig.  3B) reveals characteristic bands at 3367  cm⁻¹ and 
1588  cm⁻¹, corresponding to the stretching vibrations 
of amine groups in the nitrogenous DNA bases and car-
bonyl groups, respectively. Prominent absorption peaks 
at 1463  cm⁻¹ and 1404  cm⁻¹ are associated with the 

Fig. 3  FTIR spectra of (A) CQDs, (B) DNA, and (C) DNA interacted with CQDs

 

Fig. 2  High-resolution (A) C 1s, (B) N 1s, (C) O 1s, and (D) Cu 2P XPS spectra of doped CQDs
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vibrations of the adenine and guanine rings, respectively. 
Weak intertwined peaks centered at 1291 cm⁻¹ and sharp 
bands at 1057 cm⁻¹ are attributed to the vibrations of the 
sugar-phosphate backbone (antisymmetric vibrations of 
phosphate) and deoxyribose (C–O stretch), respectively 
[60]. It is known that the carbonyl groups of guanine 
and thymine serve as specific sites for metal-DNA bind-
ing. In the spectrum of the interaction between DNA 
and Cu@CQDs (Fig.  3C), a shift of the carbonyl char-
acteristic bands from 1581  cm⁻¹ to 1627  cm⁻¹ suggests 
the tethering of C = O functional groups on DNA with 
copper atoms from the doped CQDs. Additionally, the 
shifting of the N-H characteristic peaks in the extracted 
DNA spectrum from 3367 cm⁻¹ to a higher wavenumber 
(3418  cm⁻¹) and the disappearance of Cu-O absorption 
peaks after the reaction with as-synthesized CQDs fur-
ther indicate interactions between DNA and Cu@CQDs 
[61]. Furthermore, the alteration in both the position and 
intensity of the antisymmetric vibration of PO₂⁻ (from 
1291  cm⁻¹ to 1301  cm⁻¹) serves as additional confirma-
tion of the interaction between DNA and Cu@CQDs, as 
noted by Rolim et al. [62].

Viability assay
The MTT assay revealed that Cu@CQDs and CQDs 
exhibited IC50 values of 50  µg/mL and 12.5  µg/mL, 
respectively, in cytotoxicity evaluations conducted on 
primary L929 fibroblast cells. This data enabled the 

determination of the toxic thresholds for L929 fibroblasts 
associated with Cu@CQDs and CQDs (Fig. 4).

Effects of CQDs on strongyle eggs and larvae
This study aimed to investigate the effects of CQDs and 
Cu@CQDs on the hatching of strongyle eggs (Fig. 5) and 
the behavior of larvae. The hatching experiment involved 
100 eggs per concentration, including a positive control 
group treated with Ivermectin (1%), a negative control 
group with deionized water, and treatment groups with 
CQDs and Cu@CQDs at concentrations of 12.5, 6.25, 
3.125, and 1.5625  µg/ml. After a 48-hour incubation 
period at 27  °C, the hatching rates were assessed. The 
negative control group exhibited a high hatching rate of 
92%, with only 8 out of 100 eggs remaining unhatched, 
while the positive control group showed a significantly 
reduced hatching rate of 3%. In the CQDs treatment 
group, the percentage of eggs that did not hatch was 
89%, 72%, 57%, and 44% at the respective concentra-
tions. Similarly, the Cu@CQDs treatment group demon-
strated hatching inhibition, with 95%, 79%, 69%, and 48% 
of eggs remaining unhatched at the same concentrations 
(Table  1). All experiments were performed in triplicate, 
and average results were used for analysis.

In addition to egg hatching, the feeding behavior of L1 
was evaluated. Typically, L1 larvae feed on Escherichia 
coli containing acridine orange [63], which can be visu-
alized under a fluorescent microscope. In the negative 
control group, Escherichia coli was clearly observed in 
the digestive tract of L1. In contrast, the positive control 
group (Ivermectin 1%) showed no feeding, as Escherichia 
coli was absent from the larvae’s digestive system. In the 
treatment groups, the fluorescent properties of CQDs 
allowed for their visualization within the larvae, indicat-
ing a lack of nutrient intake (Fig. 6).

In the CQDs treatment group, the number of L1 that 
did not feed on Escherichia coli was 101, 91, 76, and 53 
at concentrations of 12.5, 6.25, 3.125, and 1.5625  µg/
ml, respectively. For the Cu@CQDs treatment group, 
the corresponding numbers were 111, 99, 83, and 58 L1 
(Fig. 7). A total of 120 L1 were used in each group, and all 
experiments were conducted in triplicate.

The viability of L3 was also assessed in this study. The 
experiments included treatment groups with CQDs 
(G1p) and Cu@CQDs (G1d), as well as control groups: 
a negative control (G2) and a positive control (G3). The 
number of live and dead larvae was determined using an 
optical microscope (Fig.  8), with motility serving as an 
indicator of viability. Untreated larvae displayed active 
movement, while those exposed to CQDs and Ivermectin 
exhibited reduced locomotion and bending frequencies. 
The results indicated that in group G1p, the number of 
dead larvae was 104, 93, 80, and 55 at concentrations of 
12.5, 6.25, 3.125, and 1.5625 µg/ml, respectively. In group 

Fig. 4  The L929 fibroblast viability determined by MTT assay following 
treatment with Cu@CQDs (above) and CQDs (bottom) for 24 h
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G1d, the corresponding numbers of dead larvae were 
114, 103, 86, and 59. In the control groups, G2 and G3, 
the number of dead larvae was 6 and 117, respectively 
(Fig. 7). Each experiment involved a total of 120 L3, and 
all experiments were conducted in triplicate (Fig. 9).

Assessment of oxidative/nitrosative stress parameters
The incubation of the parasite with both CQDs and 
Cu@CQDs at varying concentrations (12.5, 6.25, 3.125, 
and 1.5625  µg/ml) resulted in significant alterations in 

oxidative and nitrosative stress biomarkers. Notably, 
both CQDs and Cu@CQDs demonstrated a concentra-
tion-dependent increase in MDA levels. At the high-
est concentration of 12.5  µg/ml, MDA levels increased 
approximately fivefold compared to the negative con-
trols. In addition to MDA, the TAS was significantly 
affected by the treatments. Both CQDs and Cu@CQDs 
led to a marked suppression of TAS, with the addition 
of 12.5 µg/ml resulting in a reduction of TAS content by 
up to threefold compared to the negative controls. Fur-
thermore, incubation with 12.5 µg/ml of both CQDs and 
Cu@CQDs also resulted in elevated PCO levels (Table 2).

Oxidative DNA damage
The assessment of oxidative DNA damage was conducted 
qualitatively. Under the fluorescent microscope, Group 1 
(Cu@CQDs) exhibited a pronounced green color emis-
sion, indicating significant DNA damage in the larvae. 
In contrast, the control group displayed minimal green 
color emission, suggesting no observable DNA damage. 
Group 2 (CQDs) also showed green color emission, but 
at a lower intensity compared to Group 1 (Fig. 10). Con-
sequently, it can be deduced that the DNA damage to the 
larvae was more severe in the presence of Cu@CQDs.

Ultrastructural analysis
In this study, we employed SEM to investigate the effects 
of CQDs and Cu@CQDs on strongyle third-stage larvae 

Table 1  Percentage of EHI, LFI, and L3 larvicidal activity in 
treatment, negative control, and positive control groups). 
P-value < 0.05)
Treatment Concentra-

tion (µg/ml)
EHI 
(%)

LFI (%) L3 Lar-
vicidal 
Activ-
ity (%)

Cu@CQDs 12.5 95 92.5 95
6.25 79 82.5 85.8
3.125 69 69.1 71.6
1.5625 48 48.3 49.1

CQDs 12.5 89 84.1 86.6
6.25 72 75.8 77.5
3.125 57 63.3 66.6
1.5625 44 44.1 45.8

Negative control group - 8 6.6 5
Positive control group - 97 95.8 97.5

Fig. 5  Strongyle eggs after exposure to negative control group (A). (converted to L1), positive control group (B). Cu@CQDs (C) and CQDs (D). Images 
were captured at 40x magnification
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and eggs. The concentrations tested included 12.5, 6.25, 
3.125, and 1.5625 µg/ml. For comparison, we also imaged 
the larvae and eggs from both positive and negative con-
trol groups. Our results revealed that exposure to CQDs 
resulted in significant structural alterations in both the 
larvae and eggs. Notably, we observed the accumulation 
of CQDs on and around the surface of the larvae, which 
led to a disruption of their cuticle structure. Additionally, 
deformities were noted in the eggs following CQD expo-
sure (Figs. 11 and 12).

Discussion
Despite a dearth of research on the impact of CQDs 
on nematodes, this investigation represents a pioneer-
ing study exploring the antiparasitic potential of CQDs 
against strongyle larvae and eggs. The data obtained sug-
gest that CQDs exhibit a substantial detrimental impact 
on the viability of strongyle eggs and L3 stages. The per-
centage of EHI in Cu@CQDs was higher than that of 
CQDs, with the highest EHI observed at a concentration 
of 12.5 µg/ml. The EHI values in the negative and positive 
control groups were 8% and 97%, respectively. The results 
suggest that Cu@CQDs have a significant inhibitory 

Fig. 6  E. coli containing acridine orange in the digestive tract of L1 (control). Cu@CQDs in the digestive tract of L1 (Cu@CQDs). E. coli containing acridine 
orange and CQDs in the digestive tract of L1 (CQDs)
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Fig. 7  Number of unhatched strongyle eggs, unfed L1 and mortality rate of L3 after exposure to negative control group, positive control group, and 
treatment groups. (P1 = CQDs at a concentration of 12.5 µg/ml, P2 = CQDs at a concentration of 6.25 µg/ml, P3 = CQDs at a concentration of 3.125 µg/
ml, P4 = CQDs at a concentration of 1.5625 µg/ml, D1 = Cu@CQDs at a concentration of 12.5 µg/ml, D2 = Cu@CQDs at a concentration of 6.25 µg/ml, 
D3 = Cu@CQDs at a concentration of 3.125 µg/ml, D4 = Cu@CQDs at a concentration of 1.5625 µg/ml. P-value < 0.05)
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effect on the hatching of strongyle eggs. Based on Fig. 7, 
it can be observed that the positive control group (Iver-
mectin) and the d1 group (Cu@CQDs at a concentra-
tion of 12.5  µg/ml) exhibit similar effects in preventing 
the hatching of strongyle eggs, indicating that both can 
demonstrate significant inhibitory effects. Furthermore, 
it is evident that the treatment group with Cu@CQDs 
(d) performs better compared to the treatment group 
with CQDs (p), as they have prevented a greater number 
of eggs from hatching. Based on the observations made 
through light microscopy and SEM (Figs. 5 and 11), it is 
plausible to suggest that the inhibition of egg hatching 
in the experimental groups was likely due to the accu-
mulation of CQDs around the eggs, which is associated 
with deformities in the eggs. The eggs treated with CQDs 
exhibited a predominantly liquid composition, accompa-
nied by small, irregularly shaped morula cells. Further-
more, the larvae developing within these eggs displayed 
aberrant morphology, characterized by compacted 
and wrinkled structures. In contrast, the control group 
depicted a typical developmental progression, with larvae 
undergoing normal growth stages and successfully hatch-
ing from the egg (Fig. 5A).

This study represents a pioneering investigation into 
the antiparasitic potential of CQDs against strongyle lar-
vae and eggs, addressing a significant gap in the current 
literature. Our findings indicate that CQDs, particularly 
those modified with copper (Cu@CQDs), exhibit a sub-
stantial detrimental impact on the viability of strongyle 
eggs and L3 stages. The enhanced efficacy of Cu@CQDs 
at a concentration of 12.5  µg/ml, which resulted in an 
EHI comparable to that of the positive control (Ivermec-
tin), aligns with previous studies that have demonstrated 
the potential of nanoparticles in parasitic control [64].

The observed morphological changes in the eggs and 
larvae, including deformities and abnormal structures, 
suggest that CQDs may disrupt normal developmental 
processes [65]. Dong et al. reported that biomass-based 
CQDs can induce stress responses in plant systems, 
which may be analogous to the oxidative stress observed 

Fig. 9  The presence of CQDs inside the digestive tract of L3 under a fluo-
rescent microscope (10x magnification)

 

Fig. 8  Photomicrograph of a normal larva (a); and those exposed to CQDs (b) and Cu@CQDs (c) (10x magnification)
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in our study. The accumulation of CQDs around the eggs 
likely interferes with their integrity, resulting in the liquid 
composition and irregular morula cells we observed.

Furthermore, the highest larval mortality rate of L3 at 
12.5 µg/ml in the Cu@CQDs treatment group suggests a 
dose-dependent relationship, which is supported by the 
literature on the effects of nanoparticles on nematodes 
[66]. The deleterious effects on the cuticle and digestive 
system of the larvae, as evidenced by our analyses based 
on the microscopic images obtained through fluorescent 
and SEM (Figs. 9 and 12), indicate that CQDs may exert 
their antiparasitic effects through mechanisms similar 
to those reported for other nanoparticles, which often 
involve oxidative stress and damage to cellular struc-
tures [67]. Despite the limited research on the impact of 
CQDs on nematodes, most studies on nanotechnology 
in this context have focused on nanoparticles. Given the 
similarities between nanoparticles and CQDs, and the 
established anti-parasitic properties of nanoparticles, 
this study’s findings suggest that CQDs may also possess 
anti-parasitic activity, including anti-larval and anti-egg 
effects [27].

The results obtained from the study demonstrated that 
the inhibitory effect on the feeding of L1 was greater in 
the second treatment group (Cu@CQDs) compared to 
the first treatment group (CQDs). The highest degree of 
inhibition was achieved at a concentration of 12.5  µg/
ml in the second treatment group (Table 1), likely attrib-
uted to the presence of copper in the structure of CQDs. 
Moreover, the absence of feeding in first-stage larvae of 

Escherichia coli containing acridine orange following 
exposure to Ivermectin 1% (positive control group) was 
attributed to the development of pharyngeal paralysis in 
this stage of larvae. Furthermore, the presence of copper 
in the structure of Cu@CQDs prevented the feeding of 
first-stage larvae through the same mechanism [68].

Our results also demonstrate that both CQDs and Cu@
CQDs induce oxidative stress, as indicated by increased 
levels of MDA and PCO. This finding is in line with 
the prevailing notion that the toxic effects of CQDs are 
mediated by the generation of reactive oxygen spe-
cies (ROS), which can lead to significant cellular dam-
age [66]. Conversely, consuming antioxidants appeared 
to reduce oxidative damage, as indicated by decreased 
TAS levels. These findings are consistent with previous 
reports, which likely provide support and validation for 
the observed results [1, 69]. As previously reported, the 
prevailing notion is that the primary mechanism under-
lying the toxic effects of CQDs involves the induction 
of oxidative stress and the generation of reactive oxygen 
species (ROS), which can damage lipids, carbohydrates, 
proteins, and DNA [70]. The larvae that received CQDs 
showed a dose-dependent increase in levels of PCO and 
MDA, as well as immunoreactivity of 8-oxodG and DNA 
damage. These alterations are indicative of oxidative 
stress-induced damage [50]. Notably, the exacerbation 
of oxidative stress in larvae treated with Cu@CQDs sug-
gests that the presence of copper may enhance the toxic 
effects, corroborating the findings of previous studies 

Table 2  The effect of various concentrations of CQDs and Cu@CQDs on oxidative/nitrosative stress parameters) P-value < 0.05)
test Control(−) Cu@CQDs CQDs

1.5625 µg/ml 3.125 µg/ml 6.25 µg/ml 12.5 µg/ml 1.5625 µg/ml 3.125 µg/ml 6.25 µg/ml 12.5 µg/ml
PCO (nmol/mg Pro) 1.09 ±

0.16d
1.18 ±
0.10d

2.88 ±
0.08c

6.39 ±
0.25b

8.11 ±
0.15a

1.12 ±
0.11d

2.46 ±
0.22c

5.92 ±
0.32b

7.94 ±
0.26a

TAS (µmol/mg Pro) 9.28 ±
0.21a

8.82 ±
0.47a

7.11 ±
0.21b

4.02 ±
0.74c

3.24 ±
0.07c

9.14±
0.11a

7.32±
0.28ab

4.52 ±
0.14c

3.61 ±
0.27c

MDA (nmol/mg Pro) 1.73 ±
0.07d

1.96 ±
0.21d

2.74 ±
0.16d

7.71 ±
0.08c

10.21 ± 0.13a 1.85 ±
0.15d

2.51 ±
0.24d

7.11±
0.27c

9.14 ±
0.18b

Fig. 10  Fluorescent microscope analysis for immunoreactivity of 8-oxodG (a biomarker of oxidative DNA damage) in larvae longitudinal section. Longi-
tudinal section of larvae: See increased green reactions representing positive reaction against 8-oxodG in CQDs-received groups compared to the control 
group
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that have linked metal nanoparticles to increased oxida-
tive damage [64].

It is indeed conceivable that the small size of CQDs 
allows them to penetrate the eggshell and larval cuticle, 
potentially increasing lethality [27]. This study is the 
first to utilize SEM to demonstrate the effects of CQDs 
on strongyle eggs and larvae, marking a significant 
advancement in our understanding of their antiparasitic 
properties.

Based on the findings and analyses conducted, it is 
evident that Cu@CQDs at a concentration of 12.5  µg/
ml exhibit notable antiparasitic efficacy, suggesting their 
potential as a viable alternative to conventional antipara-
sitic medications. Further investigation is necessary to 
ascertain the specific mechanism of action of CQDs in 
combatting nematodes like strongyle.

Considering the size and high permeability of CQDs, 
as well as their relative novelty, there is a potential risk 
of environmental damage associated with their use. This 
underscores the necessity for further research in this 
area. However, existing studies indicate that, in addition 
to their antiparasitic properties, CQDs exhibit significant 

environmental friendliness, as they do not produce harm-
ful effects during biodegradation. This characteristic not 
only enhances their suitability for veterinary applications 
but also aligns with the growing demand for sustainable 
and eco-friendly alternatives in pest management. There-
fore, the application of CQDs may represent a promising 
strategy for controlling nematode populations while min-
imizing ecological impact [65].

Conclusion
This study provides compelling evidence for the poten-
tial of CQDs and Cu@CQDs as effective alternatives to 
conventional anthelmintics in the control of strongyle 
nematodes. The increasing prevalence of resistance to 
traditional treatments, such as Ivermectin, underscores 
the urgent need for innovative solutions in veterinary 
parasitology. Our research findings not only demonstrate 
the nematicidal properties of CQDs and Cu@CQDs but 
also highlight their multifaceted mechanisms of action, 
including the induction of oxidative stress and significant 
morphological alterations in nematodes.

Fig. 11  SEM image of strongyle egg after exposure to negative control group (A & B), CQDs (C & D), Cu@CQDs (E & F)
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Specifically, the anthelmintic properties of Cu@CQDs 
exhibit a concentration-dependent relationship, with the 
highest dosage (12.5  µg/ml) demonstrating significant 
inhibitory effects on the antioxidant systems of the nem-
atodes, leading to damage to biomolecules such as lipids, 

proteins, and DNA. Furthermore, our results suggest that 
Cu@CQDs may penetrate the cuticles of larvae, while 
CQDs have been found to exert anthelmintic effects 
within the internal structure of the larvae’s digestive sys-
tem, potentially disrupting the parasite’s nutrient uptake 

Fig. 12  SEM image of strongyle L3 after exposure to negative control group (A-D), CQDs (E-H), Cu@CQDs (I-L)
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and absorption. The ability of Cu@CQDs to achieve high 
levels of EHI and larval motility impairment indicates 
that these nanomaterials could serve as viable candidates 
for future antiparasitic therapies. Their unique proper-
ties, including small size and high surface area, facilitate 
penetration into nematode structures, thereby enhanc-
ing their efficacy. Additionally, CQDs have been shown 
to induce pharyngeal paralysis in L1, compromising the 
worms’ ability to feed and survive. The observed oxida-
tive stress markers suggest that CQDs may disrupt cel-
lular integrity, leading to increased mortality rates in 
treated larvae. This mechanism of action aligns with the 
growing body of literature supporting the use of nanoma-
terials in combating parasitic infections.

Despite these promising results, it is essential to 
acknowledge the limitations of this study, particularly 
the in vitro nature of the experiments, which may not 
fully replicate the complexities of in vivo environments. 
Therefore, further research is warranted to evaluate the 
safety, efficacy, and potential side effects of CQDs and 
Cu@CQDs in live animal models. Investigations into the 
long-term environmental impacts of these nanomateri-
als are also crucial, as their widespread application could 
have unforeseen ecological consequences.

Collectively, these findings suggest that Cu@CQDs 
possess significant potential as an effective and promis-
ing substitute for chemical nematicides. In light of these 
results, it is evident that CQDs and Cu@CQDs represent 
a substantial advancement in the search for sustainable 
and effective alternatives to traditional anthelmintics. 
Their application could enhance the management of 
strongyle infections in livestock and contribute to the 
broader goal of reducing reliance on conventional drugs 
that are increasingly compromised by resistance.
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