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Carbon dots (CDs) are carbon nanoparticles that are typically ~10 nm in size and feature many properties
similar to quantum dots (QDs). Cadmium telluride QDs (CdTeQDs) are a frequently studied QD since their
size, and therefore fluorescence spectra, can be easily controlled. However, cadmium is known to be toxic,
making its use in consumer goods limited or outright banned in many jurisdictions. While many studies have
examined the toxicity of CDs and CdTeQDs, few have directly compared both nanoparticles under the
same conditions. Herein, we provide a direct comparison of the toxicity of nitrogen-doped CDs (NCDs),
nitrogen, sulfur co-doped CDs (SCDs), and CdTeQDs in the model organism Drosophila melanogaster
(fruit fly). No impact on the development of larvae into adult flies from NCDs or SCDs in the 10 -
100 mg kg~ food range was observed, whereas an ECso of 46 mg kg™ CdTeQDs in food was observed.
A strong positive correlation was found between the concentration of CdTeQDs in food and the mean
pupation and eclosion time, indicating severe developmental delays as CdTeQD concentration
increased. Further experiments at sublethal concentrations revealed no significant difference between
any of the treatments when evaluating reproductive performance, larval crawling, and fly climbing ability.
Gut tube anatomy did differ between control and treatment flies, with all treatment individuals
expressing lengthened, and in some cases, distended midguts. This work demonstrates that both NCDs
and SCDs are considerably less toxic than CdTeQDs in the 10-100 mg kg™ food range, further enabling
the former's potential applications for biocompatible QD-like nanomaterials.

CdTe quantum dots (QDs) are nanoparticles with remarkable properties, but their high toxicity limits their use in consumer goods and biomedical applications.

Therefore, a less toxic and more sustainable alternative that exhibits similar properties to QDs would be desirable. Carbon dots (CDs), seek to fill that gap, by
displaying many similar properties to QDs, while being less toxic, and in some cases, being synthesized from naturally occurring compounds. This work directly

compares the toxicity of nitrogen-doped CDs, nitrogen, sulfur co-doped CDs, and CdTeQDs, to Drosophila melanogaster, revealing that these CDs are consid-
erably less toxic than the CdTeQDs, granting insight into their potential as a sustainable alternative to CdTeQDs.

1 Introduction

organic dyes," has enabled the use of QDs in a variety of
applications such as: bioimaging,” solar cells,® light-emitting

Quantum dots (QDs) are semiconductor nanoparticles that
exhibit unique properties when compared to their bulk coun-
terparts. Notably, QDs exhibit quantum confinement effects,
a phenomenon that links a QD's bandgap and fluorescence
(within the UV, visible, and near-infrared range) to its size.* This
property, along with their reduced photobleaching compared to

“Department of Chemical Engineering, McGill University, Montreal, Quebec H3A 0C5,
Canada. E-mail: nathalie.tufenkji@mcgill.ca; Fax: +514-398-6678; Tel: +514-398-
2999

*Redpath Museum, McGill University, Montreal, Quebec H3A 0C4, Canada
‘Department of Chemistry and Biochemistry and the Centre for NanoScience Research,
Concordia University, Montreal, Quebec H4B 1R6, Canada
(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4va00017j

912 | Environ. Sci: Adv, 2024, 3, 912-924

diodes,* and chemical sensing® to name a few.

Original QDs included CdS, CdSe, and CdTe nanocrystallites
that were synthesized through the injection of organometals in
a high-temperature solvent.® However, cadmium is an element
with known toxicity often translating into cadmium-derived QD
toxicity. For instance, Liu et al. found that CdSeQDs can accu-
mulate in the liver of mice, inducing morphological changes to
their hepatic lobules and increased oxidative stress.” Particu-
larly concerning is the fact that these QDs were found to be
more toxic than cadmium ions, suggesting that QD toxicity is
not caused by cadmium alone.” Even after coating CdSe with
a less toxic compound such as ZnS, the resulting CdSe/ZnS-QDs
can still nick DNA due to free radical generation.® CdTeQDs
have also shown similar toxic effects in mouse liver and AML12
cells causing increased oxidative stress and apoptosis.’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CdTeQDs are likewise known to be toxic towards zebrafish,"
Hydra vulgaris,"* and Bombyx mori.*>

Carbon dots (CDs) are a type of carbon nanoparticle that
exhibits properties similar to quantum dots. For instance, both
nanoparticles are typically less than 10 nm in size and have
excitation and emission wavelengths in the UV-visible range
which enable them to be used in similar applications.*®* Carbon
dots have therefore garnered attention as a potentially safer
alternative to metallic QDs. They are also being increasingly
synthesized from renewable raw materials and compounds,
further increasing the sustainability of CD use over QDs."* A
fascinating example of both the safer and more renewable
nature of carbon dots was observed in a study by Qu et al. in
which they synthesized CDs from citric acid and urea.'* They
subsequently used their CDs to create fluorescent ink and
demonstrated its safety by applying it to human skin.* In
addition, there exists an emerging literature of CD studies
exploring applications in bioimaging and chemical sensing
whereby their less toxic nature can give them an advantage over
cadmium-derived QDs.*?

Various organisms have been utilized for studying nano-
particle toxicity. Among them, Drosophila melanogaster, more
commonly known as the fruit fly, has proven to be an inter-
esting model organism for the study of nanoparticle toxicity."
For instance, it has been found that 77% of human disease
genes have a highly similar related gene in flies.'® Moreover,
a single mating pair can produce hundreds of offspring in
under two weeks whereas mammalian models produce
considerably fewer offspring on the order of months."” Flies also
have several structures that play a similar role to the mamma-
lian heart, lung, kidney, gut, and reproductive tract.”” In addi-
tion, the effect of several central nervous system drugs on flies
has been shown to be similar to their effect on mammals."”
Common routes by which nanoparticles may result in toxicity
include ingestion, inhalation, and surface contact, leading to
oxidative stress, which can in turn impact the lifespan and
fecundity of the flies and result in genotoxicity and metabolic
defects.* Specifically, CdSeQDs are known to be toxic to flies by
penetrating the intestine of larvae and eventually interacting
with hemocytes, causing genotoxicity and elevated reactive
oxygen species production.’® The release of Cd** from the QDs
is thought to play a major role in the observed toxicity.'®

Few studies directly compare CD toxicity with that of Cd-
derived QDs. For instance, Xiao et al. evaluated the toxicity of
CDs and CdTeQDs in the microalgae Chlorella pyrenoidosa
finding that the CdTeQDs had an ECs, of 0.015 mg L™ which
was orders of magnitude lower than the ECs, of 38.56-
232.47 mg L' they measured for the three types of CDs they
tested.” Herein, we evaluate and compare the toxicity of CDs
and CdTeQDs in a model animal organism, Drosophila mela-
nogaster. It has been well established in the literature that
doping CDs with heteroatoms, such as nitrogen and sulfur,
typically increases the quantum yield of the CD.?® Therefore, we
assessed the toxicity of two commonly doped types of CDs,
nitrogen-doped CDs (NCDs) and sulfur, nitrogen co-doped CDs
(SCDs), to determine if their toxicity profile would differ because
of their unique chemical functional groups.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

2 Experimental
2.1 Synthesis of NCDs

Synthesis of NCDs was done according to previously reported
methods, with some modification.** Briefly, 7.2 g of L-phenyl-
alanine (Sigma-Aldrich, P2126) and 2.1 g of citric acid (Sigma-
Aldrich, 251275) were added to 20 mL of MilliQ water in
a glass microwave reaction vial. The reaction mixture was
placed into the microwave reactor (CEM Discover SP) and
initially heated at 100 °C for 5 min with stirring to completely
dissolve the reagents in water. Afterwards, the reaction mixture
was allowed to heat to a temperature of 200 °C for 12 min with
stirring. The resulting suspension was left to cool naturally to
room temperature. The purification process is described in
Section 2.3.

2.2 Synthesis of SCDs

Synthesis of SCDs was done according to previously reported
methods, with some modification.* Briefly, 0.689 g of r-gluta-
thione (Sigma-Aldrich, G4251) was mixed into 20 mL of form-
amide (Sigma-Aldrich, F7503). The mixture was sonicated for
15 min until it became clear. The reaction medium was then
poured into a glass microwave reactor vial and heated to 180 °C
for 5 min with stirring. The resulting suspension was left to cool
naturally to room temperature. The purification process is
described in Section 2.3.

2.3 Purification of carbon and quantum dots

Purification of CDs and QDs was done according to previous
methods with some modifications.”> The CdTeQDs (Plasma-
Chem, PL-QDN-610) were suspended in water (concentration:
1.4 mg mL ™). The CD suspension (post-synthesis mixture) or
QD suspension was filtered using a 0.2 pm nylon filter (Milli-
pore, SLGN033) to remove any large particles. The CD or QD
dispersions were dialyzed using a cellulose ester dialysis
membrane with a molecular weight cut-off of 3.5-5.0 kDa
(Repligen, 132725) to remove unreacted materials and inter-
mediates from the CD suspensions, and to ensure similar
sample preparation in the QD suspensions. The samples were
dialyzed in 1 L of type 1 water over 5 days with the water
changed twice a day. The nanoparticles were then filtered using
a 0.2 um nylon filter to remove any aggregates. For the control
treatment, water alone was processed in the same manner and
was later added to the fly food, to ensure that all treatments
were treated as similarly as possible. At this point, the CdTeQDs
remained in suspension and were diluted as needed for further
use.

To remove any remaining impurities, the SCD suspensions
were washed twice with ethanol and then twice with acetone
(i.e., until the supernatant was colourless). On the other hand,
due to their enhanced dispersibility in ethanol, the NCD
suspensions were washed four times with acetone. The first
wash consisted of a 1:10 (suspension : solvent) volume ratio.
After centrifugation at 10 000g for 10 min, the precipitate was
resuspended in fresh solvent for the next wash step. The
precipitate was then dried overnight at 70 °C. The dried
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nanomaterials were then resuspended in water at the desired
concentration.

2.4 Characterization of carbon dots and quantum dots

X-ray photoelectron spectroscopy (XPS) measurements were
taken using a Thermo Fisher Scientific K-Alpha X-ray Photo-
electron Spectrometer System. Fourier-transform infrared
(FTIR) spectroscopy was performed using a Nicolet iS5 FTIR
spectrometer. Transmission electron microscopy (TEM) images
were obtained using a Thermo Scientific Talos F200X G2
(Facility for Electron Microscopy Research, McGill University)
for the QDs and an LVEMS5 benchtop electron microscope for
the CDs. Quantum yields were measured using an FLS920
fluorescence spectrometer (Edinburgh Instruments). Fluores-
cence spectroscopy and UV-vis measurements were performed
using a Horiba Fluorolog-QM.

2.5 Drosophila melanogaster husbandry

Fruit flies were reared according to methods described previ-
ously, with some modification.®® Drosophila melanogaster
(Oregon-R strain) were reared in a food mixture consisting of:
84.6 wt% reverse osmosis (RO) water (type I, > 1 MQ), 14.9 wt%
Nutri-Fly Bloomington Formulation powder (Diamed, GEN66-
112), and 0.5 wt% sodium propionate (Genesee Scientific, 20-
271) in a Drosophila culture bottle (Carolina, 173135). These
culture bottles were kept in a Versatile Environmental Test
Chamber (Panasonic, MLR-352H-PA) operating under a day/
night cycle at 60% relative humidity at 25 °C. Days consisted
of illumination at ~1500 Ix for 12 h. Nights consisted of
complete darkness for 12 h.

2.6 Larvae collection

When a larger quantity of flies was needed, embryo collection
cages (Diamed, GEN59-101) were set up according to methods
described previously, with some modification.> Briefly, one
packet of FlyStuff grape agar premix (Diamed, GEN47-102) was
mixed into 500 mL of RO water and autoclaved. The contents
were then poured into multiple 100 mm Petri dishes (Fisher
Scientific, FB0875713). Next, 15 g of inactive dry yeast nutri-
tional flake (Diamed, GEN62-106) was mixed with 15 mL of RO
water to create a yeast paste which was then spread onto the
center of the grape agar plate. Flies were transferred to the
embryo collection cage, which was placed on top of the grape
agar plate where the flies then laid eggs. This moment is
referred to as day 0. The grape agar plate containing eggs was
removed from the cage after 4 h. Approximately 24 h later, the
eggs that had transformed into larvae were then used for
subsequent experiments as described in the following sections
unless stated otherwise.

2.7 Carbon dioxide anesthesia

When a specific selection of flies was required (e.g., obtaining
an equal amount of female and male flies), flies were anes-
thetized with CO, on a Flystuff Flypad (Genesee Scientific, 59-
114) and sorted as needed. Total anesthesia time was restricted
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to less than 10 min to minimize undesirable physiological
effects on the flies.”

2.8 Developmental toxicity

Developmental toxicity was measured according to previous
methods with some modifications.** Briefly, NCDs, SCDs, or
CdTeQDs were mixed into fly food such that the final concen-
tration in food was 0, 10, 40, 70, or 100 mg kg~ '. Thereafter,
10 mL of the treated or control (CTRL) fly food was added into
a 50 mL glass test tube and capped with a cotton plug.
Approximately twenty larvae were then transferred from grape
agar plates into the test tube. The number of pupae and adult
flies were counted every 2 days until day 14. We note that during
the counting process, if any flies were present in the test tube,
they were removed from the test tube for counting and not
returned. This allowed for accurate counting of the flies over
time by ensuring that any flies counted must have emerged
during the previous 48 h. Each treatment or control was repli-
cated with 1-3 test tubes simultaneously. The entire experiment
was performed in three experimental blocks for a final count of
N = 6. For example, if block 1 had N =2 and block2 had N =1,
then block 3 would have N = 3. This was due to fluctuations in
the number of eggs obtained in each batch since we cannot
guarantee that the exact same number of flies would be present
during each egg collection cycle, and we avoid cross-
contamination by only using one Petri dish of eggs per nano-
particle type.

2.9 Sublethal toxicity assays

The results from the developmental toxicity study allowed us to
determine a sublethal concentration of NCDs, SCDs, and
CdTeQDs in food at which to measure other endpoints. The use
of a sublethal dose minimizes survivorship bias, allowing for
a more reliable measure of the sublethal toxic effects of NCDs,
SCDs, and CdTeQDs. Briefly, NCDs, SCDs, or CdTeQDs were
mixed into fly food such that the final concentration was either
100 mg kg™ NCD, 100 mg kg™* SCD, or 5 mg kg~ " CdTeQD. A
control was also made. Thereafter, 10 mL of the treated or
control fly food was added into a 50 mL glass test tube and
capped with a cotton plug. Each assay began with approximately
20 first instar larvae being transferred from a grape agar plate
into the test tube. The test tube was closed with a cotton plug.

2.9.1 Reproductive performance assay. The reproductive
performance of flies was measured according to previous
methods with some modification.*® On day 9, any adult flies
present in the treated or control test tubes were removed.
Approximately 4 h later, newly emerged flies were placed under
CO, anesthesia. One female and one male fly were transferred
into a new test tube with control fly food (i.e., that does not
contain NCDs, SCDs, or CdTeQDs). The mating pair was
transferred to a new test tube every two days for 10 days. The
number of pupae and adult flies that emerged from each test
tube that the mating pair laid eggs in was recorded 14 days after
the parents first entered the test tube. Each treatment or control
was replicated with 3-6 test tubes simultaneously. The entire

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experiment was performed in two experimental blocks for
a final replicate count of 8 = N =< 12.

2.9.2 Larval crawling assay. The peristalsis of larvae was
measured as done previously with some modifications.”* On day
4, three larvae were removed from the treated or control test
tube and, one at a time, placed on a 100 mm Petri dish con-
taining grape agar. The larva was allowed 30 s to adjust to their
new environment and the Petri dish was then video recorded
under an Olympus SZX16 stereo microscope for 60 s. The larva
was then removed from the dish and the next larva was placed
on the grape agar plate and the cycle started again. Each treat-
ment group had its own dish, to avoid cross-contamination
from larvae exposed to different nanoparticles. The average
number of peristaltic contractions per min of the three larvae
from a single test tube was taken and represented a single data
point. Each treatment or control was replicated with three test
tubes in parallel. The entire experiment was performed in two
experimental blocks for a final replicate count of N = 6.

2.9.3 Climbing and fly mass assay. A climbing assay was
performed according to methods described previously, with
some modification.”” On day 11, the flies were transferred from
the treated or control test tube to a 100 mL graduated cylinder
marked at a height of 10 cm that was then capped with a cotton
plug. The cylinder was tapped to move the flies to the bottom.
The flies were then left to ascend while being video recorded.
After 10 s, the number of flies that crossed the 10 cm mark was
divided by the total number of flies in the graduated cylinder.
This process was performed five times. The average of these five
trials was taken and represented a single replicate of data.

The flies from the climbing assay were then placed under
CO, anesthesia and separated into male and female groups. The
collective mass of each sex of flies was measured and divided by
their respective number of flies and represented a single repli-
cate of data.

Each treatment or control was replicated with 2-3 test tubes
simultaneously. The entire experiment was performed in two
experimental blocks for a final replicate count of 5 = N = 6.

2.9.4 Locomotor activity monitoring. Locomotor activity
monitoring was done according to previously reported methods
with some modifications.”® On day 11, one male fly (from
a treated or control test tube) was placed in a glass tube (L x D:
65 mm x 5 mm) with control fly food (i.e., that does not contain
NCDs, SCDs, or CdTeQDs) at one end and a cotton plug at the
other end. A Drosophila Activity Monitor (DAM2, TriKinetics)
was used with 32 tubes fitted in it (8 control, 8 NCD, 8 SCD, and
8 CdTeQD). The activity monitor counted the number of times
per minute that the fly would interrupt a beam of infrared light
at the middle of the tube. The flies were given 24-48 h to adjust
to their new environment and then flies went through 3 days of
a light-dark cycle consisting of 12 h light, 12 h dark. The
experiment started at the beginning of the first 12 h light phase.
If any tube showed zero counts in the final 24 h, then the fly was
presumed dead, and removed from the analysis. Two DAM2
units ran in parallel (i.e., 16 tubes per treatment or control
simultaneously). The entire experiment was performed in two
experimental blocks for a final replicate count of 31 = N < 32
after the removal of dead flies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.10 Light sheet fluorescence microscopy

Light sheet fluorescence microscopy (LSFM) was performed,
according to previously reported methods with some modifi-
cation.”” On day 11, female flies were taken to determine if there
was any uptake of the NCDs, SCDs, or CdTeQDs. Flies were
stored in refrigerated (4 °C) 10% neutral-buffered formalin for
24-48 h. To increase the depth penetration of light and reduce
light scattering, the fly samples were placed in a tissue clearing
solution (550 g L™ of urea, 225 g L™ of sorbitol), and 50 g L " of
Triton X-100).

Flies were mounted in a 1 mL syringe containing ScaleS4
mounting solution (15 g ™" of agarose, 240 g ™" of urea, 400 g
L~ " of sorbitol, 100 g L ™" of sorbitol, and 150 g L™ " of dimethyl
sulfoxide in water) with 2.0% low melting point agarose as
developed by Hama et al® The refractive index of the
mounting media was adjusted with glycerol or water until it
reached a value of 1.44. The chamber of the Zeiss light sheet
Z.1 microscope was filled with ScaleS4 to ensure a consistent
index of refraction with the sample. A 5x 0.1 NA objective was
used for illumination and a 5x 0.16 NA objective was used for
detection.

2.11 Nano-computed tomography

Nano-computed tomography (Nano-CT) was performed, as re-
ported previously with some modification.> On day 11, female
flies were taken to determine if there was any damage to the fly
gut. The flies were placed in a fixative (FAE) consisting of
59 vol% ethanol, 35 vol% formalin (40% formaldehyde in
water), and 6 vol% glacial acetic acid. After 24 h, the flies were
transferred to 70 vol% ethanol and stored in the fridge to be
used later. When the flies were ready to be imaged, they were
placed in 50 vol% ethanol for 20 minutes, then 25 vol% ethanol
for another 20 minutes. The flies were then decapitated with
a scalpel and placed in 10 g L™ phosphotungstic acid hydrate.
The phosphotungstic acid was refreshed 9 times over the span
of 29 days. The flies were then transferred to 25 vol% ethanol for
20 minutes, then 50 vol% ethanol for 20 minutes, and then
70 vol% ethanol for 20 minutes. Three flies were then
submerged in 70 vol% ethanol in a 200 pL pipette tip, another
pipette tip was placed on top to secure the flies in place, and the
top and bottom were wrapped in parafilm.

Images were acquired on a Zeiss Xradia 520 between 1-3 pm
resolution with a 4 x objective lens with 2 x 2 camera binning
over a 360 degree-rotation. A total of 2401 and 401 projections
were taken in high- and low-resolution scans, respectively, at
60 kVp and 82 pA. All high-resolution scans were taken using
an LE1 filter and 0.5 s exposure. In low resolution scans, the
same filters were used with 1-2.5 s exposure. The resulting
images were qualitatively analyzed, and 3D gut tube models
were reconstructed with Dragonfly software, Version 2020.2
(Object Research Systems Inc.).** Figures were produced using
Blender software, Version 2.80.75.%> Although three flies were
present for each treatment during imaging, not all flies
produced useable images. Therefore, we had 3 useable CTRL
images and 2 useable images for each of the NCD, SCD, and
CdTeQD treatments.

Environ. Sci.. Adv, 2024, 3, 912-924 | 915
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2.12 Statistical analysis

Data was first tested for normality of the residuals using the
Shapiro-Wilk test. The data was then tested for equal variance
among groups using Bartlett's test. If both these tests validated
the assumption of normality and equal variance, then statistical
significance was measured using an n-way analysis of variance
(n-way ANOVA). If the ANOVA showed a significant difference
among treatments, then a Tukey-Kramer test was performed for
sublethal toxicity assays. However, if the data did not pass the
test of normality or equal variance, then n Kruskal-Wallis H
tests were performed, followed by a Mann-Whitney U test with
Bonferroni correction where significant differences were
observed for sublethal toxicity assays. For the developmental
toxicity assay, when significant differences were observed
between concentrations for a given treatment and the number
of pupae or flies was monotonically decreasing with concen-
tration, then a Hill equation (eqn (1)) was fit to the data to
obtain a half maximal effective concentration (ECs,) value.
When significant differences in emergence time were observed
between concentrations for a given treatment, a linear regres-
sion was performed. Throughout all statistical tests, p < 0.05
was considered as significant. Data analysis and visualization
was performed in Python 3.9.12 using numpy 1.21.5,** pandas

1.4.23%%  scipy 1.7.3,** statsmodels 0.13.2,” and
matplotlib 3.5.1.%
The Hill equation takes the form of:
A~ Herre 1 1)
Hmax — HeTrL 1 (Ecso)n
[NP]

where x is the number of pupae or flies after 14 days; pcrry is
the mean number of pupae or flies after 14 days in the control;
Umax is the maximum response (i.e., 0 pupae or flies), ECj, is the
half maximal effective concentration, [NP] is the concentration
of NCDs, SCDs, or CdTeQDs in food; and n is the Hill
coefficient.

3 Results and discussion
3.1 Characterization of carbon and quantum dots

Quasi-spherical dots were obtained following their synthesis as
shown via TEM (Fig. S17). The size of the NCDs and SCDs were
measured using TEM, with mean diameters of 7.4 nm
(Fig. S1at) and 7.0 nm (Fig. S1bt), respectively. The CdTeQDs
were ~3.5 nm according to the manufacturer's specifications.
TEM of the CdTeQDs (Fig. S21) revealed their spherical shape
with a median diameter of 3.6 nm and a mean diameter of
4.8 nm. We hypothesize that the higher mean size may be due to
aggregated particles since the median size is similar to the
manufacturer's specifications.

The FTIR spectra for the NCDs, SCDs, and CdTeQDs are
shown in Fig. S3.1 From the spectrum of the NCDs, the peak at
1703 cm ™ is indicative of C=0 stretching stemming from the
presence of carboxylic acids and aliphatic ketones, while the
presence of C-N is confirmed with the band at 1389 cm™ . The
SCDs showed a broad peak centered at 3330 cm ™' stemming
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from the symmetric and asymmetric stretching of N-H and O-H
groups, while stretching of C=0 (from amide), C-OH, and C-N
groups were observed at 1665, 1596, and 1384 cm ™', respec-
tively. The CdTeQDs showed a broad peak centered around
3400 em™"' originating from O-H stretching. The peak at
1543 cm ™! corresponds to C=O0 stretching, whereas the band at
1405 c¢cm ' corresponds to the C-O-H in-plane bending.
Nitrogen doping of the NCDs was confirmed using XPS where
the atomic percent composition was determined to be 52% C,
38% O, 10% N (Fig. S47). Similarly, both nitrogen and sulfur
doping of the SCDs were confirmed using XPS with an atomic
percent composition of 51% C, 27% O, 19% N, 2.9% S (Fig. S57).

The quantum yield of the CdTeQDs, NCDs, and SCDs were
21.9%, 17.2%, and 7.3%, respectively. The fluorescence spectra
of the CdTeQDs, NCDs, and SCDs are shown in Fig. S61 with
emission peaks at 615 nm, 482 nm, and 681 nm, respectively.
For both quantum yield and fluorescence measurements, an
excitation wavelength of 561 nm was used for CdTeQDs and
405 nm for NCDs and SCDs to match their respective excitation
wavelengths used in LSFM. The UV-vis spectra of the CdTeQDs,
NCDs, and SCDs are shown in Fig. S7.f NCDs possess an
absorption band at 340 nm that is attributed to the n — =*
transition of C=0 bonds;* in contrast, SCDs showed several
prominent bands at 418 nm and 580-700 nm, which are
attributed to w — 7* and n — w* transitions of the aromatic
sp> network for C=0 and C=S/C=N bonds, respectively.*’
While the UV-vis spectrum of CdTeQDs was mostly mono-
tonically decreasing, it briefly inverted at 558-560 nm before
continuing to decrease. This range was close to the LSFM
excitation wavelength used (i.e., 561 nm).

3.2 Developmental toxicity

The toxicity of the SCDs in HeLa cells was previously shown to
have a half maximal inhibitory concentration (ICs,) of
148 mg L~ "> We note, however, that mechanisms involved in in
vitro toxicity may differ considerably in vivo, and the original
work demonstrated that 100 mg L™ was a sufficient and safe
concentration for bioimaging purposes.”> Moreover, our
preliminary screening of CdTeQDs indicated that a half
maximal effective concentration (ECs,) was likely to be found
somewhere near the center of the 10-100 mg kg~' CdTeQD
range. As a result, we wanted to examine a CD concentration
range that may be used in practice, and that also matches the
relevant range over which CdTeQD toxicity manifests. There-
fore, the developmental toxicity of the NCDs, SCDs, and
CdTeQDs on 1st instar larvae's development into pupae and
adult flies was measured over the concentration range of 10-
100 mg kg food. No significant dose-response was observed
in the total number of pupae and flies emerging from the larvae
exposed to NCDs or SCDs (Fig. 1a and b). We note that signifi-
cant differences were observed between experimental blocks in
the NCD treatments. While several studies have examined the
toxicity of CDs, few have compared them directly to quantum
dots that may be used in similar applications. We found that
there was a significant dose-response observed in the total
number of pupae (p = 2.3 x 10~ %) and flies (p = 7.6 x 107?)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Number of (a) pupae and (b) flies that emerged from approximately twenty first instar larvae raised on 0, 10, 40, 70, or 100 mg kg~ NCD,
SCD, or CdTeQD treated food by day 14. The mean (c) pupation and (d) eclosion time of the pupae and flies in (a) and (b), respectively. Grey
squares represent the mean of data points in that column and error bars represent 2x the standard error of the mean. Legend labels have the
format X-=Y where X is the treatment and Y is the experimental block ID.

emerging from the larvae exposed to CdTeQDs (Fig. 1a and b).
No significant differences were observed between experimental
blocks for both pupae and flies. Fitting data to the Hill equation
revealed that the ECs, of the CdTeQDs on larval development
into pupae was 74 + 6.0 mg kg™ food, and into flies was 46 +
4.7 mg kg~ food (mean = standard error). These curve fits are
shown in Fig. S8.F This discrepancy between the EC5, values in
pupae and flies becomes clearer when examining the eclosion
fraction, i.e., the fraction of pupae that successfully eclose into
flies. No significant dose-response was observed in the eclosion
fraction of pupae exposed to NCDs or SCDs (Fig. S9f).
Conversely, significant differences in the eclosion fraction of
pupae were found between CdTeQD treatment concentrations
(p = 2.5 x 10~*) (Fig. S91). However, since the data did not fit
the shape of the Hill equation, no curve fitting was performed
on the eclosion fraction data. Moreover, we note that there were

© 2024 The Author(s). Published by the Royal Society of Chemistry

no significant differences between experimental blocks for any
of the treatments when measuring the eclosion fraction.
Another important metric in evaluating developmental
toxicity is the time it takes for larvae to develop into pupae and
adult flies. Delays in development time can be lost when
screening just for mortality. No dose-response was observed in
the mean pupation or eclosion time of larvae exposed to NCDs
(Fig. 1c and d). We remark that significant differences were
observed between experimental blocks (p = 0.037) in the mean
pupation time of NCD-exposed larvae. While a significant dose—
response was observed from the SCDs on the mean pupation (p
= 0.012) and eclosion (p = 2.1 x 10°) time (Fig. 1c and d),
a linear regression revealed that both showed a weak negative
correlation (pupation: r = —0.49, eclosion: r = —0.46)
(Fig. S107). The CdTeQDs also showed a significant dose-
response on the mean pupation (p = 4.6 x 10°) and eclosion
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time (p = 5.5 x 10 °) (Fig. 1c and d). In this case, a linear
regression revealed a strong positive correlation for both mean
pupation (r = 0.94) and eclosion (r = 0.93) time (Fig. S10t). The
slopes of the regressions indicated that increasing the CdTeQD
concentration in the food by 1 mg kg™ would delay pupation by
83 min and eclosion by 68 min at concentrations below 100 mg
kg '. No significant differences were observed between experi-
mental blocks in the mean pupation or eclosion time of larvae
exposed to SCDs or CdTeQDs.

Interestingly, Chousidis et al. also investigated the toxicity of
undoped, N-doped, and N,S co-doped CDs in zebrafish, finding
that they had an LDs, of 584 mg L™, 400 mg L', and
150 mg L™, respectively.* These results are all well above the
highest concentration we examined (100 mg kg™ '), however,
Chousidis et al. did report an LD,5 of 63 mg L' for their N,S co-
doped CDs,** whereas our SCDs did not show any develop-
mental toxicity near this concentration. This further empha-
sizes the importance of conducting toxicity studies in
a multitude of environments and organisms, especially when
comparing results from aquatic and terrestrial organisms.
While both organisms must consume nanoparticles through
their diet, the aquatic organism must also be submerged in it
for the entirety of the exposure, allowing for the nanoparticle to
enter the organism via more routes of exposure. Moreover,
Chousidis et al. synthesized their N,S co-doped CDs from citric
acid and thiourea,** whereas we synthesized ours from gluta-
thione and formamide, therefore it is likely that there are
chemical differences between the two CDs. Liu et al. exposed
zebrafish embryos to CDs over the 1.5-96 h postfertilization
period, and found no significant differences in mortality in the
50-200 mg L' range, however, a dose-response was observed at
higher concentrations resulting in an LCs, of 257 mg L™ "%
Yang et al. exposed mice to CDs via a single inhalation and
found that a concentration of 5 mg kg™ resulted in the survival
of 80% of mice after 15 days, whereas 100% survival was
measured in the control.*® The single dose toxicity of CDs on
mice via intravenous exposure was examined by Zheng et al.,
finding that the LDs, in female mice was 392 mg kg™ * and for
male mice was 358 mg kg™ '.** Ambrosone et al. exposed Hydra
vulgaris to thioglycolic acid coated CdTeQDs for 72 h monitored
daily.” They found that after 24 h of exposure the LCs, was
1.4 mg L' Cd equivalent, and that this dropped to 0.72 mg L ™"
Cd equivalent after 72 h."* Another study found that exposing
Biomphalaria glabrata embryos to 5 nM (~0.25 mg L)
CdTeQDs for 24 h resulted in 100% of embryos being deemed
unviable.*® Adult Biomphalaria glabrata had a higher tolerance,
with 100% mortality observed 48 h after a 24 h exposure to
400 nM (~20 mg L") CdTeQDs.* Our results, show similar
trends to those found in the literature, which indicate that
CdTeQDs exhibit considerably more toxicity than CDs.

3.3 Reproductive performance

Our developmental toxicity assay showed clear toxicity stem-
ming from the exposure of Drosophila melanogaster to CdTeQDs
with an ECs, of 46 mg kg™ ' food. Conversely, no toxicity was
observed from the NCDs or SCDs in the 10-100 mg kg™ ' range
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evaluated. However, there are many forms in which toxicity can
manifest in an organism that do not necessarily lead to death.
To ensure a comprehensive evaluation of carbon dot toxicity, we
measured the impact of these nanoparticles on the reproductive
performance of flies. Since no toxicity was observed in the NCDs
and SCDs, further experiments were conducted at 100 mg kg™
since this concentration was shown to not induce toxicity.
However, this same concentration could not be used when
evaluating CdTeQD toxicity, since we have already shown that it
exhibits severe lethality and developmental delays (Fig. 1).
Instead, we conducted further sublethal assessment of
CdTeQDs at 5 mg kg™, a concentration approximately equal to
the EC; or the concentration that would result in the failure of
1% of larvae to successfully develop into adult flies. No signif-
icant differences between treatments or experimental blocks
were observed in the number of pupae or flies that emerged
from the eggs laid over the span of ten days (Fig. 2). The time-
series data (Fig. S111) showed that reproductive performance
typically increased or remained approximately constant during
the 2-10 day period. These results indicate a lack of reproduc-
tive toxicity from these particles at a sublethal concentration.

Han et al. examined the effect of CDs on the reproduction of
Bursaphelenchus xylophilus, and found that a 6000 mg L'
concentration reduced the number of eggs laid.** A study
examining the effects of thioglycolic acid coated CdTeQDs on
the reproduction of Hydra vulgaris found that exposure to
CdTeQD concentrations as low as 1 mg L™' Cd for 14 days
reduced their budding rate by 42% relative to the control.™*
Another study also examined the toxicity of CdTeQDs on the
reproductive performance of Drosophila melanogaster and found
a dose-dependent decline in fecundity, fertility, and hatch-
ability in the 1-100 uM (approximately 100-10 000 mg L)
range.*” The toxicity of CdTeQDs in Caenorhabditis elegans was
investigated by Qu et al.*® They found no significant difference
in the egg-laying rate at 5-25 mg L™ relative to the control, but
observed a dose-dependent decrease at 50-100 mg L. Simi-
larly, our results are mostly consistent with the literature,
showing that toxicity can vary between organisms and
nanoparticles.

3.4 Fly mass assay

When given a fixed food source, the mass of a particular healthy
organism is typically stable and predictable. The flies in each
treatment were raised on identical food sources, with the only
difference being the presence of NCDs (100 mg kg™ '), SCDs
(100 mg kg™"), or CdTeQDs (5 mg kg™ ). Considering that the
highest of these concentrations (i.e., 100 mg kg ) is equivalent
to 0.01 wt% food, we can assume that food displacement is
unlikely to be a contributing factor to any changes in mass
observed. No significant differences between treatments were
found in the mass of female flies, however the difference
between experimental blocks was significant (p = 0.024)
(Fig. 3a). It is worth noting that a large contribution to this
difference in blocks was due to one particularly high mass
measurement observed in block 2 (Fig. 3a). Significant differ-
ences between treatments (p = 0.012) and experimental block (p

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Number of (a) pupae and (b) flies that emerged after allowing one female and one male fly that were raised on CTRL (0 mg kg3, NCD
(100 mg kg™1), SCD (100 mg kg™, or CdTeQ@D (5 mg kg~?) treated food to mate for 10 days. Grey squares represent the mean of data points in
that column and error bars represent 2x the standard error of the mean. Legend labels have the format X-Y where X is the treatment and Y is the

experimental block ID.

= 0.037) were observed in the mass of male flies (Fig. 3b). Due to
the significant differences observed between blocks, we only
consider significant differences between treatments if they
occur within the same block. A post hoc analysis revealed that in
block 2, the male flies raised on 100 mg kg ' SCD had
a significantly greater mass (p < 0.05) than those raised on
100 mg kg~" NCD and the CTRL food. No significant differences
were observed between treatments in block 1. The implication
of these results, especially when considering the results in
Fig. S107 showing a significant, but weak, correlation pointing
towards larvae raised on SCDs having a slightly faster develop-
ment time than the other treatments, suggest that SCDs might
elicit a minor biological response in Drosophila melanogaster at
100 mg kg™* food.

Zheng et al. exposed mice to a daily intravenous 100 mg kg ™"
dose of CDs for 7 days and monitored their mass over 90 days
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finding no notable difference in the overall mouse mass
throughout the period evaluated.** In a study by Du et al.,
CdTeQDs functionalized with thioglycolic acid and mercapto-
acetohydrazine reduced the growth rate of mice relative to the
control over the 7 days following 10 mg kg ' intravenous
injection of the CdTeQDs.* Interestingly, this reduction was no
longer significantly different from the control when the
CdTeQDs were further functionalized with polyethylene
glycol.*® Another study also examined the toxicity of CdTeQDs in
mice and found that there were no significant differences in
mass between the control and the 4.12-16.5 mg kg™ ' range
measured.® Similarly, our results coincided with these literature
findings when considering the concentrations evaluated. While
some significant differences were observed, they were not
present in all experimental blocks.
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Fig. 3 Average mass of (a) female and (b) male flies that were raised on CTRL (0 mg kg™, NCD (100 mg kg™3), SCD (100 mg kg™?), or CdTeQD
(5 mg kg ™) treated food. Grey squares represent the mean of data points in that column and error bars represent 2 x the standard error of the
mean. Legend labels have the format X-Y where X is the treatment and Y is the experimental block ID.
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3.5 Larvae crawling and fly climbing assays

To fully understand the sublethal toxicity, it is essential to
examine various developmental stages. In the reproductive
performance assay, we measured the impact that parental
exposure may have on their ability to produce offspring. We
subsequently assessed the activity of the larvae that were raised
under different conditions: CTRL (0 mg kg™ '), NCDs (100 mg
kg™"), SCDs (100 mg kg '), or CdTeQDs (5 mg kg *). No
significant differences between treatments or experimental
blocks were observed in the number of contractions per minute
of the larvae (Fig. 4a). Similarly, when evaluating the climbing
ability of the flies, no significant differences between treatments
or experimental blocks were observed in the number of flies
able to climb 10 cm within 10 s (Fig. 4b).

Liu et al. examined the effect of CDs on zebrafish larvae loco-
motion and found no significant difference in the distance trav-
elled by larvae exposed to 50-150 mg L™ CDs, but a dose-response
was observed whereby the travel distance declined in the 200-
2000 mg L' range.”? Similarly, Han et al. showed a decline in the
number of thrashes per minute of Bursaphelenchus xylophilus in
the 4000-6000 mg L' CD range.* Paithankar et al exposed
Drosophila melanogaster to CdTeQDs in the concentration range of
0.2-100 uM (approximately 20-10 000 mg L~") and saw no signif-
icant difference in the climbing ability of flies when compared to
the control.*” Although the literature sometimes reports that CDs
and CdTeQDs can negatively impact the locomotion or climbing
ability of organisms, these effects were typically observed at
concentrations higher than those used in our study.

3.6 Locomotor activity

The larvae crawling assay is valuable for gauging the activity of
Drosophila melanogaster during their development into adult
flies. Once adults, the climbing assay is also a convenient tool
for measuring the ability of flies to conduct a physically
demanding task. One limitation to both these assays is the
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relatively short time span over which data is recorded, typically
on the order of a few seconds or minutes. Using an activity
monitor, we were able to monitor the movement of adult male
flies in one-minute intervals over three days. Averaging the daily
activity over 72 h removes any variance that may come from the
time of day that the measurement was taken at. It also provides
an overall measure of activity since it also includes the night
cycle of the flies. Significant differences between treatments (p
= 0.032) and experimental blocks (p = 0.024) in the number of
activity counts per day (i.e., infrared beam breaks per day) were
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Fig. 5 Locomotor activity measured as average number of infrared
beam breaks per day of male flies raised on CTRL (0 mg kg™, NCD
(100 mg kg™, SCD (100 mg kg™%), or CdTeQD (5 mg kg™ treated
food. Grey squares represent the mean of data points in that column
and error bars represent 2x the standard error of the mean. The
standard errors are relatively small due to the large sample size and
may be difficult to see in the figure. Legend labels have the format X-Y
where X is the treatment and Y is the experimental block ID.
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(a) Average number of larval contractions per minute and (b) fraction of flies able to climb 10 cm within 10 s. Larvae and flies were raised on

CTRL (0 mg kg™, NCD (100 mg kg™, SCD (100 mg kg3, or CdTeQD (5 mg kg™}) treated food. Grey squares represent the mean of data points
in that column and error bars represent 2x the standard error of the mean. Legend labels have the format X—Y where X is the treatment and Y'is

the experimental block ID.
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observed (Fig. 5). A post hoc analysis revealed that these
significant differences stemmed from the CTRL activity in block
1 being more than double the SCD and CdTeQD activities in
block 2. However, since there were significant differences
observed between blocks, a comparison of treated flies from
block 2 with the CTRL in block 1, is not very meaningful even if
the difference is significant. Moreover, Fig. 5 clearly shows that
three replicates from the CTRL in block 1 had unusually high
activity which may have skewed the mean upward.

3.7 Nanoparticle uptake analysis

Nanoparticle-exposed flies were imaged using LSFM (Fig. 6,
S12-S15%). Due to the difference in optical signatures of the
particles, different filters and excitation wavelengths were
utilized. An excitation wavelength of 405 nm with a bandpass
filter at 420-470 nm was used to illustrate the autofluorescence
of the fruit fly. The fluorescence of the NCDs was not evident
since its emission spectrum (Fig. S61) was similar to that of the
fly's autofluorescence. Conversely, SCDs were visualized in red
by using a 640 nm long pass filter under 405 nm excitation.
Signals stemming from the CdTeQDs were obtained using an
excitation wavelength of 561 nm and a long pass filter at
640 nm. In the case of SCDs and CdTeQDs, it was apparent that
the particles were localized inside and on the surface of the
organism (Fig. 6), however the degree of this internalization
varied across replicates (Fig. S13 and S157).

3.8 Nano-CT imaging

Nano-CT imaging of the fruit flies was performed to examine
internal anatomical differences (Fig. S16-S197). At the midgut in

b) CdTeQD

Fig. 6 LSFM images of female flies from day 11 raised on (a) CTRL
(0mgkg™), (b) CdTeQD (5 mg kg2, (c) NCD (100 mg kg™), or (d) SCD
(100 mg kg™ treated food. Red fluorescence originates from SCDs
and CdTeQDs. Blue fluorescence was from the fly's autofluorescence.
NCDs also emit blue light and were therefore not easily discernible.
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the thorax, all samples seemed normal except in CdTeQD1 (first
of two replicates) (Fig. S171) where the anterior midgut was
expanded near the thorax-abdomen boundary. The first loop of
the distal anterior midgut within the abdomen was comparable
between the controls and treatments. However, the middle
midgut (cooper cell region) was extended and formed an extra
loop within the anterior and posterior midgut coils in all imaged
treatment samples. This was in contrast to the single middle
midgut loop in the controls. A similar result was reported by
Matthews et al.** The length of the posterior midgut, as it extends
from the middle, bulged anterolaterally to the cuticle in nearly all
treatment samples. It contacted the cuticle in the controls but
distended the surface of the anterolateral abdomen in NCD1,
SCD1, SCD3, and CdTeQD2 with the latter being the most
extreme (Fig. S17-S197). This could imply that 5 mg kg *
CdTeQD was still more toxic than 100 mg kg~* CD in inducing
gut distension. However, this would also imply that 100 mg kg
CD could potentially still be too high a concentration if this
sublethal toxic effect was observed. Therefore, further investi-
gation covering a wider range of concentrations with a larger
sample size is needed before an upper concentration limit on
safe CD exposure can be established. Gut tube virtual histologies
are comparable across all imaged control and treatment
samples. Only the proximal posterior midgut was distinctly
thinner and appeared ruptured in CdTeQD1 (Fig. S171). The
middle midguts of SCD1 and SCD3 were thinner walled and also
apparently ruptured (Fig. S19t). Although the cause of these gut
tube expansions is unknown, we speculate that they may be filled
with indigestible nanoparticles. Traditional histological analyses
with serial sections would be required to advance research into
the physiological effects of the nanoparticle types on the gut
tube. Some differences with oenocytes were observed. Oenocytes
are abdominal cells that have recently been postulated to
perform vertebrate liver-like functions.> They are visible in the
CT data and generally fill much of the abdomen not occupied by
the gut tube. Of the three controls imaged, two showed normal
anatomies whereas one (CTRL1) had a markedly reduced
number of oenocytes with poor X-ray contrast within a much-
reduced abdomen, the causes of which are unknown. Oeno-
cytes in the NCD treatments were reduced in number. Those in
the SCD treatments appeared relatively normal in number and
size with the exception of their asymmetrical distribution likely
due to the extreme distended posterior midguts in these speci-
mens. The CdTeQD treatments presented a unique phenotype
with either many more smaller oenocytes packed into the
abdomen (CdTeQD1) or fewer oenocytes that have poor X-ray
contrast (CdTeQD2). This specimen was somewhat comparable
to CTRL1 and may simply illustrate variation in oenocytes among
individuals. However, the number and distribution of oenocytes
throughout the treatments may lead to further biological assays
on non-lethal effects.

4 Conclusions

While there was no developmental toxicity from NCDs or SCDs
observed, a dose-dependant toxicity was observed from the
CdTeQDs with a larva-to-fly ECs, of 46 & 4.7 mg kg™ ' food (mean
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+ standard error). We also saw no correlation between NCD
concentration in food and emergence time but saw a weak
negative correlation for SCDs and a strong positive correlation
for CdTeQDs indicating that CdTeQDs can delay the develop-
ment of larvae into pupae and flies. Using sublethal concentra-
tions of 100 mg kg™' for NCDs and SCDs and 5 mg kg™ " for
CdTeQDs, further assays concluded that the SCD-exposed male
flies had a significantly greater mass than those raised on CTRL
and NCD food in experimental block 2, but not in block 1.
Moreover, while significant differences were observed between
treatments in the locomotor activity of flies, these differences
occurred between blocks, and therefore were not indicative of
a potential response. No significant difference between any of the
treatments when evaluating reproductive performance, larval
crawling, and fly climbing ability were observed. Deformations to
the gut tube were observed in all imaged treatment samples.
These included extended middle midguts that expressed
a second loop within the abdomen, in contrast to the single loop
in the shorter comparable regions in the controls. Although
internal physiological responses to CDs are more difficult to
assay, this study introduces several gut tube effects that may not
be reflected in traditional external assays, such as locomotion,
reproduction, and pupation rates. Such results suggest that
longer term and more challenging, non-laboratory conditions
may be used to develop more sensitive experimental assays.

This work shows that two chemically diverse carbon dots
containing a variety of elements and functional groups were
considerably less toxic than CdTeQDs in the model organism
Drosophila melanogaster. Other than signs of gut distension
which were observed to varying degrees in nanoparticle-treated
flies, the fact that CdTeQDs showed no sublethal toxicity at 5 mg
kg™ but had an ECs, of just 46 mg kg™, suggests that there is
a narrow range of concentrations whereby CdTeQD toxicity
rapidly increases. SCDs might induce a minor biological
response in Drosophila melanogaster at a concentration of
100 mg kg '. Further research may be warranted on other
organisms, and perhaps at a higher concentration, to determine
the nature of this potential response. The direct comparison of
CDs and CdTeQDs allows us to gain insight into the relative
toxicity of these two types of nanoparticles.
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