Chemico-Biological Interactions 374 (2023) 110396

Contents lists available at ScienceDirect @hemim_molog'i;
”"“ Interactions
Chemico-Biological Interactions [ JI ?
S

o]

ELSEVIER journal homepage: www.elsevier.com/locate/chembioint

Research paper ' :.)
Quantum dots are time bomb: Multiscale toxicological study

Denis Kuznetsov ™, Dmitriy Krylsky ”, Sergey Dezhurov ", Alexei Grachev ¢,
Valery Neschisliaev 4  Ekaterina Orlova “, Anastasiia Kuznetsova ¢

# G.N. Gabrichevsky Scientific and Research Institute of Epidemiology and Microbiology, 10, Admirala Makarova str., Moscow, 125212, Russia
Y Research Institute of Applied Acoustics, Center of High Technologies, 7A, 9 Maya, Dubna, 141980, Russia

¢ Institute of Carcinogenesis, Cancer Research Center of N.N. Blokhin, Kashirskoe sh. 24, Moscow, 115478, Russia

d perm State Pharmaceutical Academy, Polevaya str. 2, 614000, Perm, Russia

ARTICLE INFO ABSTRACT

Handling Editor: Brian S Cummings The use of quantum dots has spread widely into many applications. Works on the study of quantum dots on living
organisms have had conflicting results on toxicity. There are no full-scale long-term toxicological studies with

Keywords: multiple administration of quantum dots. Understanding the toxicity of quantum dots is still limited. Here we

Quantum dots present data on the effects of quantum dots on animals. In this work for the first time, it is shown that at a single

Toxicity

administration of quantum dots in the body they have moderate species-specific toxicity, but repeated admin-
istration of quantum dots for 14 days even in the amount of 0.5 mg/kg leads to a delayed not completely
irreversible hematotoxic effect, delayed irreversible disorders of barrier function of the liver, irreversible
nephrotoxic effect, and to pathological changes in the thymus, kidneys and spleen. Administration of quantum
dots in the amount of 2.5 mg/kg for 14 days leads to irreversible changes in the lungs, liver, spleen, kidneys and
thyroid gland. This phenomenon is based on immunological reactions. On the one hand, these data confirm that
quantum dots at a single administration can show relatively low toxicity. On the other hand, they cause to a
delayed irreversible organ and tissue damage when repeatedly administered to the body even in small quantities.
This study demonstrates that quantum dots are not as low in toxicity as previously thought to be and pose a
serious risk when entering living organisms. Detecting and treating poisoning using standard methods of diag-
nosis and treatment of heavy metal poisoning may not be effective. This study demonstrates that toxic effects of
quantum dots on a living body are quite complex and cannot be generalized based on previously reported
assumptions.

Chronic inflammation
Target organs

synthesis [14,23,24,29].

Recent reviews show that various cadmium-based QDs have IC50
values ranging from 19 to 696 pg/ml, ZnO-based QDs from 5.75 to 125
pg/ml, Ag2S-based from 23.2 to 1.361 pg/ml, AgInS2-based from
57.523 pg/ml, CuO-based from 7.4 pg/ml, graphene-based QDs from
24.81 to 2.000 pg/ml [30,31]. We obtained QDs. During the process
toxicity was reduced due to obtaining more chemically stable nano-
crystals and their encapsulation in a biocompatible shell of poly-
vinylpyrrolidone and maleic acid. We investigated the cytotoxicity of
QDs and their conjugates with antibodies, their fragments, and BSA on

1. Introduction

Nanotechnology and nanoscience have become a lifesaver for the
problems of today’s generation, and have been reported in many sys-
tems [1-5]. Quantum dots (QDs) are semiconductor nanocrystals, which
are the most important group of nanomaterials. Because of their unique
optical properties, research in the development of various biomedical
applications has been one of the most popular in the last 10 years. Most
of the efforts of scientists have been aimed at the configuration of
properties of nanocrystals, reducing their size, and improving their op- various cell types. IC50 values ranging from 324 to 776 pg/ml were
tical characteristics [6-23]. There are various types of quantum dots: calculated. Meanwhile, in the due course of the experiment the IC50 for
Cds, PbS, InP, graphene QDs, etc. [13,20,24-28]. As before, cadmium free QDs was not reached (IC50 > 1000 pg/ml). The results of all these
QDs outperform all others by quantum yield, half-height fluorescence studies show considerable variation in the cytotoxicity of QDs of
peak width (FWHM), photostability and ability to set a fluorescence different structures and compositions and can range from ‘Potentially
peak in a wide range (390-800 nm), as well as by the cost and ease of very toxic” (IC50 < 10 pg/ml) to “Potentially non-toxic™ (IC50 > 1000
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Abbreviation’s list

EDX -  energy-dispersive X-ray spectroscopy
FWHM - half-height fluorescence peak width
IC50 —  half maximal inhibitory concentration
vV - intravenous

LD50 - median lethal dose
RES - reticuloendothelial syste
ROS -  reactive oxygen species
QDs -  quantum dots

pg/ml).

In in vivo studies, an extensive number of works focused on the
toxicity of various QDs at single administration. These studies showed
weak or no toxic effects of QDs on animals, mainly the effect was in the
form of weight loss in animals [33-35]. At the same time, a number of
publications shows that even with long-term observation of animals no
toxic effects from a single administration of QDs were detected,
including the administration of cadmium QDs [36-42]. Such data can
cause a so called “illusory correlation” that QDs have a significant po-
tential for the development of diagnostic and theranostic drugs. Drug
safety is the key parameter. To determine the prospects for this area we
carefully planned and conducted research to study the toxicity of cad-
mium QDs encapsulated in a copolymer shell. This allowed us to obtain a
wide range of new data giving an insight into the main toxic effects and
target organs during single and multiple IV administration of QDs into
the body.

2. Materials and methods
2.1. Fluorescent nanoparticles and their conjugates

Fluorescent CdTeSe/CdS/CdZnS/ZnS nanocrystals were obtained
using the procedure described in Ref. [43]. Quantum dots were encap-
sulated in a copolymer of N-vinylpyrrolidone and acrylic acid. Purifi-
cation was performed by gel filtration on a Superosa 6 column. The
subject was a sterile dispersion of QDs 0.2%, excipients human albumin
100 mg, sodium hydrophosphate 2.8 mg, and water for injection, up to
2 ml, pH 7. Sterilization was performed by sterilizing filtration through a
0.22 pm membrane. The product was characterized by HAADF-STEM,
fluorometry, spectrophotometry, and DLS. The research methods and
results are presented in Supplementary materials (Fig. S1).

2.2. Animals

To reduce the number of animals used, all work was performed on
female animals. F1 mice (CBAxC57Bl/6j), age 7-9 weeks, body weight
20.2 £ 1.3 g; Wistar Outbred rats, age 10-11 weeks, body weight 200 +
9 were used to study toxicity at a single administration. For the study of
toxicity at multiple administrations, we used noninbred rats, 8-10
weeks old, 143.8 + 5.4 g (Scientific Center for Biomedical Technologies,
FMBA (Andreevka Branch)). Animals without signs of health abnor-
malities were randomly grouped by body weight so that individual body
weight fell within the range of +20% of the mean value of the index for
each sex. Each animal was assigned an individual number. The cage
label indicated the group, animal numbers, study code, study supervi-
sor’s name, doses, and dates of administration of the test substance.

2.3. Study of the toxicity for single IV administration

To determine the toxic effects of QDs during a single intravenous
(slow; injection rate 0.5 mL/min) injection into mice, nanoparticle
dispersion doses were examined: 10.0, 20.0, 30.0, 40.0, 45.0, and 50.0
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mg/kg. When studying the toxicity of QDs on rats, the study of the
following doses was conducted: when injected IV: 5.0, 10.0 and 20.0
mg/kg. Control animals were injected with 0.9% NaCl (negative con-
trol). The day of administration of QDs and the control substance was
considered as day 0. The animals soon showed clinical signs of intoxi-
cation, animal death from toxicity, the timing of animal death, changes
in body weight of mice and rats, as well as feed and water consumption.

2.4. Determination of toxicity by repeated IV administration

A detailed description of the experiment is given in Supplementary
materials. Rats were administered by QDs for 14 days, once a day IV.
Control animals were given 0.9% NaCl. Clinical signs of possible
intoxication were recorded in the animals during the entire period of
observation. Body weight, hematological, biochemical, coagulometric,
electrocardiographic parameters were determined, spontaneous daily
diuresis was evaluated and clinical urine analysis was performed.
Pathological anatomical studies (autopsy, morphometric analysis of
internal organs, histological studies) were also conducted. All animals
were examined daily to detect mortality or signs of health abnormalities.

3. Results
3.1. Characteristics nanoparticles

As follows from HAADF-STEM images quantum dots are mainly
round or triangular in shape, with an average size of 6.7 nm (Fig. S1. A).
Atomic rows and individual atomic columns are clearly visible, which
indicates QD crystallinity. Individual and mixed EDX maps illustrate the
multilevel structure of QDs, whose core is formed by Cd and Se, and the
shell consists of S. Visualizing the chemical composition of the shell and
antibodies around the particles was difficult because a large amount of
carbon present in the sample was dispersed during EDX mapping. Ab-
sorption spectroscopy showed that maximum absorption of QDs is below
500 nm (Fig. S1. B). Fluorescence spectrometry showed that fluores-
cence maximum of QDs is 680 nm (Fig. S1. C). The hydrodynamic
particle size in the polymer shell was about 20 nm (Fig. S1. D). In gen-
eral, size and shape of the QDs under the study are typical for most
commercial QDs and those described in the literature [32-42].

3.2. Toxicity at a single IV administration of QDs in mice

Administration of QDs to mice at a dose of 10.0 and 20.0 mg/kg did
not result in animal death from toxicity. At the dose of 10 mg/kg and in
the control group, the weight of female mice increased uniformly
throughout the observation period (30 days) (Fig. S2. A). It should be
noted that mice in this group gained body weight more slowly compared
to animals in the control group. When administered by 20 mg/kg, mice
did not gain weight for 14 days after QDs administration (the weight of
mice in this experimental group was 19.70.3 g before QDs administra-
tion, and 19.80.5 g on the 14th day after QDs administration). In the
next 14 days animals began to gain weight, and on the 30th day after
administering QDs the weight of the animals in this experimental group
was 21.4 + 0.9 g (Fig. S2. A). In these groups, water and feed intake
slightly changed compared to the control group (Fig. S2 B,C). When
30.0 mg/kg was administered, a delayed death from toxicity was
observed in 33% of the mice on days 8 and 9 after administration (Fig. 1)
due to adynamy, a pronounced decrease in unconditioned reflexes and
body weight by 20% (Fig. S2. A), as well as decreased water and feed
consumption (Fig. S2 B,C). After 30 days there was a complete recovery
of body weight, water and feed consumption.

At 45.0 and 40.0 mg/kg, two peaks of animal death were observed,
immediately after the injection and on day 8-13 after the injection
(Fig. 1). Animals that died almost immediately (within 1-3 min) after
QDs administration showed pronounced dyspnea and clonic-tonic con-
vulsions (Table S2). In mice that died 8-13 days after the injection,
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Fig. 1. Pathological changes in animals after admin-
istration of QDs. (A) A single injection of QDs into
mice. When the amount of QDs administration was
10.0 and 20.0 mg/kg at 30 days after autopsy, there
was an increase in the spleen in 60% and 100% of
animals, respectively. No pathological changes in
other organs and tissues of these animals were
detected during macroscopic examination. With
increasing amount of QDs administration, a dose-
dependent lesion of the kidneys and liver was
observed. (B) A single injection of QDs into mice.
When the amount of QDs injection was 10.0 and 20.0
mg/kg 30 days after autopsy, an increase in the spleen
was observed in 60% and 100% of animals, respec-
tively. Macroscopic examination revealed no patho-
logical changes in other organs and tissues of these
animals. When the dose of QDs administration was
increased, a dose-dependent lesion of the kidneys and
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adynamia or hypodynamia, decreased unconditioned reflexes
(Table S1), and a 25-34% decrease in body weight were observed
(Fig. S2. A). Also, these mice had urine with an admixture of blood.
When 50.0 mg/kg was administered, all animals died from the toxic
effects of QDs within 1-3 min. Severe dyspnea and clonic-tonic seizures
were observed in these animals (Table S1). Surviving mice administered
with 40.0 and 30.0 mg/kg QDs showed dyspnea and clonic-tonic sei-
zures, as well as hypodynamia, decreased unconditioned reflexes
(Table S1), a marked decrease in feed, water consumption, and body
weight from days 3-10 after QDs administration, which ranged from 16
to 30% (Fig. S2 A-C).

Autopsies of mice euthanized at 30 days after 10.0 mg/kg injection
showed spleen enlargement in 60% of the mice. After administration of
20.0 mg/kg, spleen enlargement was observed in 100% of mice. No
pathological changes in other organs and tissues were detected during
macroscopic examination. At 30.0 mg/kg we observed enlargement of
the spleen and kidneys in 50% of mice; the surface of the kidneys was
lumpy, pale brown in color; the boundary between the cortical and ce-
rebral substance was not clearly expressed on the section. In the liver, 1
of 4 mice had multiple small foci of light gray color. No pathological
changes in other organs and tissues of these animals were detected
during macroscopic examination. Autopsies of mice that died immedi-
ately after administration of doses from 30.0 to 50.0 mg/kg revealed
pathological changes only in the thoracic cavity: the main vessels were

full of blood; the heart was diastolic and significantly enlarged in size
(ventricles and atria), large foci of dark maroon color were observed; the
lungs were carrot-colored. The pathological changes detected were
characteristic of acute pulmonary-cardiovascular failure. Autopsy of
mice that died on day 8-13 after administration of QDs from 30.0 to
50.0 mg/kg revealed pathological changes only in the abdominal cavity:
the main vessels were full of blood; the spleen increased significantly in
size; the liver was pale brown; the kidneys were pale brown; the border
between the cortical and brain matter was not marked on the section.
The pathological changes detected are characteristic of hepatic-renal
insufficiency.

Based on the data obtained, LD50 34.5 (28.3 + 42.1) mg/kg was
calculated after a single IV administration of QDs (Table S2).

3.3. Toxicity of single IV administration of QDs to rats

Administration of QDs at doses of 5.0, 10.0, and 20.0 mg/kg did not
result in animal death from toxicity. After administration of 5.0 mg/kg
there were no external signs of intoxication in the animals: the rats were
active, with a pronounced reaction to human, tactile and painful stimuli.
After administration of 10.0 and 20.0 mg/kg doses, short reactions (up
to 30 s) were observed in rats: pronounced dyspnea, limb tremors and
tonic convulsions, as well as adynamia or hypodynamia for 2-3 h after
administration.
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The weight of the animals at the doses of QDs 5.0, 10.0, and 20.0 mg/
kg, as well as in the control group rats, increased uniformly throughout
the entire observation period (30 days). The differences between the
experimental groups of animals and the control group in body weight for
all periods of observation were not statistically reliable (Student’s t-
criterion) (Fig. S2. D). No differences between the experimental and
control groups were found when assessing food and water consumption
by the rats (Fig. S2. [ and J).

Autopsies of rats at 30 days after administration of 5.0 mg/kg
showed no pathological changes in internal organs and tissues. At a dose
of 10.0 mg/kg, an enlargement of the spleen was observed in 100% of
the animals. No pathological changes in other organs and tissues of these
animals were detected during macroscopic examination. At the dose of
20.0 mg/kg an enlargement of the spleen in 100% of animals and the
liver was pale yellow in 60% of animals was found.

Thus, intravenous administration of QDs to female rats at the doses
studied was satisfactorily tolerated by the animals. There was no death
from toxicity.

>
2

2
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3.4. Toxicity of multiple IV administration of QDs to rats

Repeated administration of QDs to female rats for 14 days at total
doses of 7.0 and 35.0 mg/kg, was satisfactorily tolerated by the animals.
When a dose of 70 mg/kg was used on day 1 after QDs withdrawal,
animal mortality from toxicity was 46% (Fig. 1). At a dose of 7 mg/kg
there were no external signs of intoxication, at 35.0 mg/kg a decrease in
motor activity and lethargy were observed for 60 days after QDs with-
drawal. The animals did not gain weight during the entire observation
period. The total doses of 7 and 35 mg/kg QDs had a moderate and not
fully reversible (by the 60th day of observation) hematotoxic effect
which manifested itself in a decrease in the total number of red blood
cells, hemoglobin, hematocrit value, relative lymphocyte count, an in-
crease in platelet count and relative number of segmented neutrophils
(Fig. 2, Tables S3 and S4).

The effect of QDs on liver function (barrier and synthesizing) was
assessed by serum biochemical indices and blood plasma coagulometric
indices in rats (Fig. 2 and Tables S5 and S6). Hematological studies after
14-fold administration of QDs revealed a progressive dose-dependent
delayed and irreversible change in the parameters: the number of
erythrocytes, the concentration of hemoglobin, the average
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concentration of HGB in the cell, hematocrit, and platelet count
(Fig. 2A;1-2As5). Changes were found in serum biochemical indices: ALT,
AST and albumin (Fig. 2B1 - 3B3). This indicates irreversible impair-
ment of the barrier function of the liver.

The change found in the leukocyte formula (Table S4) which was a
decrease in the number of lymphocytes and a marked increase in the
segmented neutrophils is typical for tissue destruction (Fig. 2C1 and
2C2). Administration of QDs in total doses of 7.0 and 35.0 mg/kg for 14
days resulted in irreversible reduction in the absolute weight of the
spleen and thymus (Fig. 2D; and 2Dj). No change in the absolute
weights of the other organs was observed.

In a study of daily diuresis after repeated administration of QDs at a
total dose of 7.0 mg/kg, the amount of fluid drunk and excreted by rats
in the experimental group and the control group was quite similar
(Table S7). At the total dose of 35.0 mg/kg, rats exhibited marked
polyuria (daily diuresis was 102%-110% on days 21-60 of observation)
(Table S7). Clinical urinalysis revealed significant dose-dependent
changes in animals treated with QDs at total doses equal to 7.0 mg/kg
and 35.0 mg/kg: decreased urine density (on days 21-60), increased
urine pH (alkalinity; on days 21-60), the presence of significant amounts
of erythrocytes and leukocytes in the urine of animals (on days 1-60),
glucose (on days 60) and ketone bodies (on days 60) (Table S8). Serum
glucose levels after repeated administration of QDs at total doses equal
to 7.0 mg/kg and 35.0 mg/kg ranged within the physiological norm and
did not differ from those obtained in the control animals (Table S5). The
amount of total cholesterol in the serum of female rats, after repeated
intravenous administration of QDs at total doses of 7.0 mg/kg and 35.0
mg/kg was lower than in animals in the control group. Generally
pathological processes in the liver and kidneys cause reduced choles-
terol levels (Table S5).

Qualitative and quantitative analysis of electrocardiograms of ani-
mals injected with QDs repeatedly in total doses of 7.0 mg/kg (single
dose, 0.5 mg/kg) and 35.0 mg/kg (single dose, 2.5 mg/kg) revealed no
changes in the indices of cardiac electrical activity throughout the
observation period of 60 days. The animals showed no rhythm and
conduction abnormalities and no electrocardiographic signs of
myocardial damage (Table S9). Using a total dose of QDs of 70 mg/kg (a
single dose of 5.0 mg/kg), no changes in the electrical activity of the
heart were also observed in the rats on day 1 after the last injection
(Table S9).

QDs had no effect on carbohydrate and lipid metabolism, did not
lead to clinically significant changes in the main indices characterizing
the state of coagulation homeostasis in rats, and had no effect on the
central nervous system of animals (based on the analysis of animal
behavioral reactions).

Pathological anatomical examination (macroscopic evaluation) and
morphometric analysis of the internal organs at the doses of 7.0 and
35.0 mg/kg on the 1st-60th days of observation revealed pathological
changes in the thymus (color change and decrease in the organ size),
liver (change in the organ relief and its color), kidneys (color and
structure change) and spleen (decrease in the organ size). Using QDs at a
total dose of 70.0 mg/kg the same changes in the thymus, liver, kidneys
and spleen were observed during autopsy, and changes in the stomach
(multiple ulcerative lesions of the stomach mucosa) and adrenal glands
(increased organ size) were detected.

Histological examination on the first day after administration of a
total dose of 35.0 mg/kg QDs revealed multiple emphysematous foci and
thickened lung tissue (Fig. S3), there was activation of reticuloendo-
thelial cells in the liver, expressed in the accumulation of stellate
endotheliocytes (Kupfer cells) with various sizes of hemosiderin parti-
cles (some of these cells had marked signs of destruction) (Fig. S4). In the
spleen, mainly in the red pulp and in the sinuses of the lymph nodes,
groups of macrophages with the same particles of light brown color were
detected (Fig. S5). The observed particles correspond to erythrocyte
debris and hemosiderin. In the kidneys, sections of tortuous tubules and
Genle loops with signs of destruction and dystrophy of epithelial cells
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were observed (Fig. S6). In the thyroid gland of female rats pronounced
destructive changes were observed (Fig. S7). The detected pathological
morphological changes in the thyroid gland, lungs, and liver were
reversible (reversibility period - 60 days). By the 60th day of observation
the reversibility of pathological morphological changes in the spleen
and kidneys was absent (Fig. S8).

Histological examination at a lethal dose of 70.0 mg/kg revealed
morphological changes in the thyroid, lung, liver, spleen, kidney, heart,
and stomach (Figs. S9-515). There were marked inflammatory changes
in the lungs. In the liver and spleen there was activation of the reticu-
loendothelial system (RES) cells, which was expressed in the accumu-
lation of light brown particles, representing erythrocyte debris and
hemosiderin formed from their hemoglobin, by macrophages of RES. In
kidneys we found areas of tortuous tubules and Genle loops with signs of
destruction and dystrophy of epithelial cells and their walls, as well as
damage to glomerular vascular loops. Vacuolization of cells of glomer-
ular and bundle layers was observed in adrenal glands. Destruction of
thyrocytes and complete resorption (absence) of colloid in thyroid gland
was detected. In the heart, the rat myocardium showed signs of edema
and muscle fiber fragmentation, as well as signs of interstitial inflam-
mation (lymphocytic infiltration). Signs of inflammation and erosion, as
well as dystrophic changes in the parietal cells of the fundamental
glands were observed in the mucosa of the glandular region of the
stomach.

When performing the Perls reaction on paraffin sections of the liver
and spleen of rats from all experimental groups on the 1st day after the
end of QDs administration in total doses equal to 35.0 and 70.0 mg/kg,
the reaction showed not blue but bluish-greenish staining of inclusions
of different in size particles in tissue macrophages of the liver and
spleen, with the prevalence (severity) of stained cells corresponding to
the inclusions of particles in tissue macrophages when stained with
hematoxylin and eosin (Figs. S17-S19). The reaction in the rat kidney
sections of these groups was expressed only in the presence of single blue
rather large particles in the glomerular vessels.

Based on the data obtained, we can assume that RES cells contain
both erythrocyte debris and particles - clumps, hemosiderin (iron oxide)
formed from the hemoglobin of destroyed erythrocytes. In addition, it
can be assumed that in blood nanoparticles interact with the membranes
of red blood cells and plasma proteins, causing damage and hemolysis of
red blood cells, which are captured by the RES cells.

4. Discussion

We found that QDs had a dose-dependent species-specific toxic effect
on animals. At doses greater than 30.0 mg/kg, mice died of spleen,
kidney, and liver damage. According to FDA Guidance “Estimating the
Maximum Safe Starting Dose in Initial Clinical Trials for Therapeutics in
Adult Healthy Volunteers,” in interspecies transfer based on coefficients,
the dose in mice is twice as high as the equivalent dose in rats due to the
basic metabolic rate from body weight and body surface area. The
calculated LD50 value for a single administration in mice was 34.5 mg/
kg, so according to FDA guidance for rats this value should be 17.25 mg/
kg. Nevertheless, it has been demonstrated that even the 20.0 mg/kg
dose did not lead to animal death, no significant toxic effects were
detected throughout the experiment. Thus, scientists and regulators
developing medical applications based on quantum dots must consider
this discordance when transferring their toxicity data from one animal
model to another, let alone humans.

Interesting results were obtained in the study of toxicity at repeated
administration. Specifically, doses of 0.5 and 2.5 mg/kg administered
over 14 days resulted in irreversible organ and tissue damage within 60
days. Using the FDA conversion factors for humans, these doses would
be only 80 and 400 mcg/kg. A dose of 5 mg/kg resulted in the death of
46% of rats on the first day after the last injection. The data show that
QDs bind to blood components, including erythrocytes, causing their
damage and hemolysis. Damaged and destroyed red blood cells are
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subsequently taken up by tissue macrophages. First of all, we observed
lesions of the organs in which tissue macrophages prevail: spleen, liver,
lungs. Obviously, the instant death of animals at high doses of QDs at
single and multiple injections is due to hyperhaemolysis, which leads to
initiation of autoimmune reactions cascade and hemolytic crisis. QDs
take several days to biodegrade in organs. Biodegradation occurs as an
immune reaction, leading to the development of inflammation. The
released Cd in ionic form is known to accumulate in liver and kidneys.
Cd, like other metals, binds to proteins in the bloodstream and can pass
freely into the glomerular filtrate. Protein-Cd complexes are then
absorbed by the cells of the proximal convoluted tubules, where Cd is
released and binds to metallothioneins, resulting in the accumulation of
Cd in the cortical substance of the kidneys [43].

The difference in sensitivity of animals with single and multiple
administrations of QDs may be due to the use of different strains of rats.
It has been shown in Ref. [44] that different strains of rats exhibit
varying degrees of intensity and/or nature of response to Cd both locally
and systemically.

Nether the whole complex of toxic effects, their difference in
different animal species and strains can be explained by the formation of
reactive oxygen species (ROS) from nanoparticles, nor the release of Cd
during biodegradation of QDs and the formation of ROS. In addition,
several systematic reviews suggest that Se or Zn reduces the toxicity of
Cd [45,46]. According to EDX maps the S/Se/Cd atom content in
nanocrystals is 58 + 3/17 + 3/25 + 4% respectively (Fig. S1). In terms
of composition the composition it is impossible to explain how QDs in a
polymer shell at high doses can lead to the death of animals almost
immediately after administration and why delayed toxic effects are
observed.

One of the most likely reasons for different sensitivity to QDs and the
presence of delayed toxic effects could be the immune system response
and the development of chronic inflammation. Indeed, the results of
Perls staining allowed us to detect macrophages with destructed blood
components in the tissues after QDs injection. Around these macro-
phages there were tissue areas with signs of inflammation and dystro-
phy. The detected pathological changes in the thymus (color change,
hypertrophy on day 30 and its pronounced degradation on day 60) also
testify in favor of the immunotoxic mechanism. Thymic atrophy leads to
cessation or perversion of certain stages of T-cell maturation. Immature
T cells enter the periphery and, at the onset of the autoreactive stage,
damage the surrounding tissues through the release of a variety of cy-
tokines and adhesive intercellular interactions [47]. A review [48]
provides current evidence that components of the immune system are
mediators/effectors of Cd tissue toxicity that trigger a cascade of re-
actions leading to tissue damage. The multiplicity and complexity of
such effects are given in Refs. [49-52]. It has been shown that the im-
mune response occurs along the axis of inflamosome activation, proin-
flammatory cytokine production, inflammation, and tissue apoptosis.
However, the underlying mechanism of QDs toxicity remains to be
studied.

5. Conclusions

Quantum dots when administrated into the body once have moder-
ate species-specific toxicity. However, repeated administration of
quantum dots in a small amount of 0.5 mg/kg of body weight leads to a
delayed not completely irreversible hematotoxic effect, delayed irre-
versible impairment of the liver barrier function, an irreversible neph-
rotoxic effect, and pathological changes in the thymus, kidneys and
spleen. The administration of quantum dots 2.5 mg/kg for 14 days leads
to irreversible changes in the lungs, liver, spleen, kidneys and thyroid
gland. Observed toxicity is determined by immune responses. This study
shows that the toxic effect of quantum dots on a living organism is quite
complex and cannot be generalized based on the few assumptions that
have been reported previously. This study should push a new round in
the research of the toxicity of nanomaterials when they are repeatedly

Chemico-Biological Interactions 374 (2023) 110396
administered into the body.
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