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Abstract: Fluorescent semiconductor nanocrystals called quantum dots (QDs) have gained attention 
in biomedical applications, including imaging, molecular tracking, and drug delivery, due to their 
unique optical properties. However, their use is limited because of safety issues. This study was 
aimed at assessment the acute toxicity of QDs with different core chemical compositions and surface 
charges in mice. In addition, the immunotoxicity of CdSe/ZnS QDs was estimated. CdSe/ZnS, 
PbS/CdS/ZnS, and CuInS2/ZnS QDs were synthesized and modified with PEG derivatives. The 
hydrodynamic diameters and surface charges of solubilized QDs were characterized. The QD acute 
toxicity has been shown to depend on both surface charge and core composition. The 
immunotoxicity of CdSe/ZnS-PEG-OH QDs in mice was assessed after a single intravenous 
administration of 0.2 LD100 of the QDs. The QDs have been found to increase the spleen weight 
and cause spleen, thymus, and bone marrow cell depletion. However, these changes are reversible. 
A transient increase in the levels of proinflammatory cytokines (MCP1 and IL-6) indicates an acute 
inflammatory response to a single low dose of QDs. Thus, systemic comparative analysis of QD 
toxicity has shown how the QD core composition and surface properties affect living organisms. 

Keywords: quantum dots; semiconductor nanocrystals; acute toxicity; immunotoxicity; cytokine 
profile 

 

1. Introduction 

Quantum dots (QDs) are fluorescent semiconductor nanocrystals with a size from 2 to 10 nm [1]. 
Their optical characteristics, such as broad excitation and narrow emission spectra, high 
photostability, and size-depending spectral position of the fluorescence peak, make them a promising 
tool in the biomedical field [2]. The possible biomedical applications of QDs include their use in 
bioanalytical systems, cell and tissue imaging, and drug delivery and tracking in vivo [3–5]. However, 
the potential toxicity of QDs is a serious limitation to their use in living organisms. In particular, the 
immunotoxicity of QDs is one of major issues because the immune system plays an important role in 
protecting the body from foreign substances and preventing diseases. 

A number of studies on QD toxicity have clearly demonstrated that QDs can accumulate in 
various organs and tissues and cause pathological effects. The liver has been shown to be one of the 
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main organs where QDs accumulate [6]. A study on the hepatotoxicity of CdSe/ZnS QDs carrying 
surface ligands with carboxyl groups showed that they caused hepatocyte damage and liver 
inflammation involving inflammosome activation and increased secretion of IL-1β cytokine [7]. A 
study on Cd/Se/Te-based QDs with a ZnS shell showed an elevation of the IL-6 and TNF-α levels, 
although no histopathological damage was observed [8]. A study on in vivo biodistribution of water-
soluble CdTe QDs demonstrated initial accumulation of QDs in the liver and their subsequent 
absorption in the kidneys during long-term blood circulation [9]. In addition, it was shown that Cd-
containing QDs upset the redox balance of primary kidney cells, thus inducing their damage [10]. In 
conclusion, there is much evidence that QDs can accumulate in body organs and cause pathological 
damage [11]. 

It was shown that, after intravenous administration, QDs accumulated in the spleen and thymus 
and retained their capacity for fluorescence for a long time after the injection [12]. The results of 
immunotoxicity study of CdSe/ZnS QDs showed that the majority of the administered QDs were 
taken up by immune organs (the spleen and thymus). Lymphocytes from QD-treated mice exhibited 
a lower viability and an increased release of TNF-α and IL-6 [13]. A study on the acute toxicity of 
CdSe/CdS-MPA QDs after repeated intraperitoneal injections demonstrated the accumulation of QDs 
in the liver and spleen and elevated levels of IL-6 in these organs and the blood plasma [14]. A study 
on intraperitoneal injection of PEG-InP/ZnS QDs to mice showed an increase in the percentage of 
neutrophils and in IL-6 levels in the peritoneal lavage fluid (PLF) and plasma leading to acute-phase 
inflammation in mice [15]. Intravenous administration of CdTe QDs resulted in the alteration of the 
levels of several proinflammatory cytokines. Specifically, the IL-6 level was significantly increased at 
QD doses of 0.4 mg/kg and higher, while the IL-12 (p70) and TNF-α levels were elevated at doses of 
5 mg/kg and higher but were significantly reduced at the highest doses studied [16]. In contrast, an 
immunotoxicity study in vivo demonstrated only a weak effect of CdInS2/ZnS QDs on the immune 
organs and the level of proinflammatory cytokines [17]. Another study revealed the dependence of 
QD immunotoxicity on the substances used for surface coating of QDs [18]. In summary, the 
immunotoxicity of QDs can be affected by the QD type, surface modifications, and dose in a non-
linear manner. Moreover, a detailed assessment of the effects of QDs in vivo requires systematic 
studies of series of QDs with different properties. 

One of the most informative methods for assessing immunotoxicity is to measure the 
concentrations of cytokines [19], both proinflammatory ones, such as IL-6 [20], TNF [21], IL-12 (p70) 
[22], and IFN-γ [23]. Monocyte chemoattractant protein 1 (MCP-1) is one of the key chemokines; it 
regulates migration and infiltration of monocytes/macrophages during the inflammatory response 
[24]. Thus, alterations in the cytokine and chemokine concentrations can reflect the response of the 
immune system to the administration of potentially toxic substances. 

The goal of our study was to assess the acute in vivo toxicities of QDs with different core 
compositions and surface charges and to estimate LD50 values for all these types of QDs. Then, we 
used the most toxic CdSe/ZnS-PEG-OH QDs to assess their immunotoxicity after intravenous 
administration of a relatively low non-lethal dose to mice. For this purpose, we examined the spleen, 
thymus and bone marrow, and measured the concentration of proinflammatory cytokines (IL-12p70, 
TNF, IFN-γ, MCP-1, and IL-6 ) to evaluate the possible harmful effects of QDs on the immune system. 

2. Materials and Methods 

2.1. Quantum dot synthesis and solubilization 

CdSe/ZnS (core/shell) quantum dots with a fluorescence maximum at 592 nm were synthesized 
as described earlier [25]. CuInS2/ZnS QDs were prepared by colloidal synthesis in organic medium 
using a two-step shell growth procedure as described in [26]. PbS/CdS/ZnS QDs were obtained by 
sequential synthesis procedure starting with the fabrication of PbS cores by hot injection method and 
their treatment by ion exchange as described in [27] and ending with the coating of intermediate thin 
CdS shell atop PbS/CdS QDs and an outermost thick two-component CdS/ZnS shells. After the 
synthesis, the QDs were transferred from the organic phase to a water solution by replacing 
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hydrophobic surface ligands with polyethylene glycol derivatives as described earlier [25]. Briefly, 
the QDs were dissolved in chloroform (Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 
precipitated with 10 mg/ml DL-cysteine (Sigma-Aldrich, Saint-Quentin-Fallavier, France.) solution in 
methanol (Sigma-Aldrich, Saint-Quentin-Fallavier, France). Excess DL-cysteine was washed off with 
methanol. The precipitate was dried and then dissolved in a weakly alkaline solution. 

At the next stage, DL-cysteine ligands were replaced with PEG derivatives containing a 
hydroxyl group. We used three types of PEG derivatives: HS-(CH2)11-EG6-OH, HS-(CH2)11-EG6-
OCH2-COOH, and HS-(CH2)11-EG6-NH2. (ProChimia Surfaces, Gdynia, Poland). For the modification 
of CdSe/ZnS QDs, we used mixtures of PEG derivatives at the following ratios: 70% of HS-(CH2)11-
EG6-OH / 30% of HS-(CH2)11-EG6-OCH2-COOH, 70% of HS-(CH2)11-EG6-OH / 30% of HS-(CH2)11-EG6-
NH2, and 100% of HS-(CH2)11-EG6-OH. The specified amounts of ligands were added to working 
mixtures with the corresponding pH values: 0.1 M sodium phosphate buffer solution (pH 7.2) if the 
HS-(CH2)11-EG6-OH ligand was used, 0.1 M sodium phosphate buffer solution (pH 8.0) in the case of 
the mixture of 70% of HS-(CH2)11-EG6-OH / 30% of HS-(CH2)11-EG6-OCH2-COOH, and 0.1 M sodium 
phosphate buffer solution (pH 6.6) in the case of 70% of HS-(CH2)11-EG6-OH/30% of HS-(CH2)11-EG6-
NH2. After that, the mixtures were incubated at a temperature of 4°C overnight. 

After the incubation, the samples were purified from unbound PEG derivatives using Amicon 
Ultra-15 centrifugal filter units with a 10 kDa cut-off (Millipore SAS, Molsheim, France) by 
centrifugation, after which 15 mL of 0.1 M sodium phosphate buffer solution (pH 7.2) was added in 
the case of HS-(CH2)11-EG6-OH; 0.1 M sodium phosphate buffer solution (pH 8.0), in the case of the 
mixture of 70% of HS-(CH2)11-EG6-OH / 30% of HS-(CH2)11-EG6-OCH2-COOH; and 0.1 M sodium 
phosphate buffer solution (pH 6.6), in the case of 70% of HS-(CH2)11-EG6-OH / 30% of HS-(CH2)11-
EG6-NH2. The centrifugation was performed three times at room temperature at 4000 rpm for 10 min. 
Then, the obtained QD samples were additionally purified by gel exclusion chromatography on PD 
MiniTrap 25G columns (GE Healthcare, Chicago, Illinois, USA) according to the manufacturer's 
protocol. For this purpose, 500 μL of a QD solution was applied onto a column preliminarily 
equilibrated with a 0.1 M sodium phosphate buffer solution, pH 7.2. After that, 1 mL of the same 
buffer solution was used for elution. The fractions containing QDs were collected into separate test 
tubes. The purification procedure was performed twice. The resultant solution was sequentially 
filtered through sterile 0.22 μm Millex-GV (Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 
sterile 0.1 μm Whatman Anotop filter units (Sigma-Aldrich, Saint-Quentin-Fallavier, France). The 
solutions of PEG derivatives with different functional groups (PEG filtrate solutions) were prepared 
by centrifugation of QD solutions using Amicon Ultra-4 centrifugal filter units with a 10 kDa cut-off 
(Millipore SAS, Molsheim, France) and filtered through sterile 0.1 μm Whatman Anotop filter units 
(Sigma-Aldrich, Saint-Quentin-Fallavier, France). 

2.2. Quantum dot characterization 

For the determination of the QD concentration in the final solution, we used the weight method. 
The aliquot of 35 μL of the final solution of the QD preparation was placed into a preliminarily 
weighted 0.5-mL low-bind test tube (Eppendorf) and then dried in a Concentrator Plus vacuum 
concentrator (Eppendorf France SAS, Montesson, France) for 3 h at a temperature of 30°C. After that, 
the test tube was weighted again. The quantity of QDs contained in 35 μL of the original QD solution 
was calculated by subtracting the initial weight of the empty test tube from the final weight of the 
test tube containing the QD preparation after drying. The QD quantity per milliliter of solution was 
calculated to obtain the mass concentration. The hydrodynamic diameter and zeta potential of 
solubilized QDs were measured by dynamic laser scattering and laser Doppler electrophoresis, 
respectively, by using a Zetasizer Nano-ZS device (Malvern Instrument Ltd., Malvern, UK). 

2.3. Animals 

Adult BALB/c and CBA×C57BL/6 female mice were obtained from the N.N. Blokhin National 
Medical Research Center of Oncology of the Russian Ministry of Health. Standard animals weighing 
18–22 g were used in the study. All the animals were healthy; they were kept in special roomy cages 
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at room temperature (20–23°C), a relative humidity of 60–65%, natural illumination, and forced air 
supply, on a litter of wood shavings sterilized in a hot-air oven. The mice were fed on the standard 
commercial certified pelletized feed for rodents with a known expiry date. The mice had free round-
the-clock access to pure drinking water. All manipulations with animals were performed in 
accordance with the European Convention for the Protection of Vertebrates Used for Experimental 
and Other Scientific Purposes and were approved by the Animal Ethics Committee of the N.N. 
Blokhin National Medical Research Center of Oncology of the Russian Ministry of Health. 

2.4. Estimation of the acute toxicity of quantum dots in vivo 

For the in vivo analysis of the acute toxicity of QDs, including the estimation of their median 
lethal doses (LD50), the BALB/c mice were divided into five experimental groups treated with 
different types of QDs (24 mice per group, 4 mice for each QD concentration). CuInS2/ZnS, 
PbS/CdS/ZnS, and CdSe/ZnS QDs modified with the thiol-containing ligand HS-(CH2)11-EG6-OH, as 
well as CdSe/ZnS QDs modified with the mixture of 70% of HS-(CH2)11-EG6-OH / 30% of HS-(CH2)11-
EG6-OCH2-COOH, the mixture of 70% of HS-(CH2)11-EG6-OH / 30% of HS-(CH2)11-EG6-NH2, or 100% 
HS-(CH2)11-EG6-OH, were administered at doses from 100 to 300 mg/kg as a single injection into the 
caudal vein. The QD samples were prepared in sterile 0.1 M sodium phosphate buffer solution (pH 
7.2) under sterile conditions. Sterile 0.1 M sodium phosphate buffer solution (pH 7.2) and sterile 
filtrates of the QDs preparations were administered to mice of control groups. The day when the QD 
samples were injected was taken to be day 0. In that day, the mice were visually monitored for 6 h 
after the injection. After that, they were examined twice a day for 15 days. The number of the animals 
that died was the criterion for estimating the acute toxicity of the QDs. The toxicity was measured as 
the lethal dose (LD), i.e., the amount of QDs causing death of a specified percentage of the animals. 
LD50 values were estimated using Karber's arithmetic method [28,29]. 

2.5. Quantum dot immunotoxicity 

2.5.1. Assessment of alterations in the spleen, thymus, and bone marrow 

CdSe/ZnS QDs modified with the thiol-containing ligand HS-(CH2)11-EG6-OH were 
administered at the 0.2 LD100 dose as a single injection into the caudal vein of the CBA×C57BL/6 
mice. A sterile solvent (0.1 M sodium phosphate buffer, pH 7.2) was injected to the mice of the 
negative control group. On the 7th or 21st day after administration, the animals were euthanized and 
immediately dissected. The thymus, spleen, and tubular bones were isolated. The spleen and thymus 
were weighed, and the corresponding cell suspensions were prepared in Hanks balanced salt 
solution (HBSS, Thermo Fisher Scientific, Waltham, MA, USA) with the use of a glass homogenizer. 
The resulting suspensions were filtered and washed twice by centrifugation. The bone marrow was 
extracted from the bones with Medium 199 (Thermo Fisher Scientific, Waltham, MA, USA) and then 
homogenized. The concentration of nucleus-containing cells (NCCs) was then determined. The 
results were expressed as the absolute numbers of NSCs in the organ. 

2.5.2. Assessment of changes in the serum cytokine concentrations 

BALB/c mice were divided into three experimental and six control groups, four mice each. 
CdSe/ZnS QDs modified with the thiol-containing ligand HS-(CH2)11-EG6-OH were administered at 
the 0.2 LD100 dose as a single injection into the caudal vein of experimental mice. A sterile solvent 
solution (0.1 M sodium phosphate buffer, pH 7.2) was injected to the mice of the negative control 
group. All preparations were injected into the tail vein. Serum samples were collected immediately, 
6 h after, or 24 h after the injection of the QD preparation or the control solution. Serum samples from 
intact animals at the time points of 0, 6, and 24 h were used as an additional negative control. Serum 
samples from all mice in each group were pooled to obtain the necessary amount of material and 
stored at –20°С until analysis. 

The concentrations of proinflammatory cytokines were measured using a cytometric bead array 
kit (BD™ CBA Mouse Inflammation Kit, BD Biosciences, San Jose, CA, USA) according to the 
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manufacturer’s instructions. This technique employs bead populations with distinct fluorescence 
intensities coated with antibodies against IL-12p70, TNF, IFN-γ, MCP-1, and IL-6. The cytokine 
capture beads and phycoerythrin-conjugated detection antibodies were incubated with serum 
samples or standard solutions to form sandwich complexes. Then the samples were analyzed using 
a BD FACS Canto™ II cytometer (BD Biosciences, San Jose, CA, USA). The FCAP Array™ 3.0 
software (BD Biosciences, San Jose, CA, USA) was used to calculate the cytokine concentrations from 
the data on fluorescence intensity. 

3. Results 

3.1. Quantum dot synthesis, solubilization, and characterization 

We used QDs with different chemical compositions and surface charges to investigate their toxic 
effects in mouse models. After the synthesis of QDs in the organic phase and the transfer of water-
insoluble QDs to the aqueous phase using DL-cysteine, we modified their surface with thiol-
containing PEG derivatives with different end groups (-OH, -COOH, or -NH2), obtaining stable and 
homogeneous aqueous QD preparations. Mixtures of PEG derivatives with different functional 
groups for the modification of CdSe/ZnS QDs were used to obtain QD samples with different surface 
charges. The surface charge and hydrodynamic diameter of QDs were determined by the 
electrophoretic mobility method employing the Doppler effect and by the dynamic light scattering 
method, respectively, using a Zetasizer Nano ZS instrument. Table 1 shows the sizes and charges of 
the QDs used in the study. 

Table 1. Size and surface charge of the quantum dots used in the study. 

QD composition Size, nm ζ-potential, mV 

PbS/CdS/ZnS-PEG-OH1 32.04±0.87 –10.60±2.92 

CuInS2/ZnS-PEG-OH 16.08±0.51 –6.12±1.81 

CdSe/ZnS-PEG-OH 16.74±0.28 –4.72±0.38 

CdSe/ZnS-PEG-COOH2 15.37±0.14 –17.80±3.01 

CdSe/ZnS-PEG-NH23 22.77±0.36 6.43±1.12 
1 PEG-OH denotes 100% of HS-(CH2)11-EG6-OH. 2 PEG-COOH denotes a mixture of 70% of HS-(CH2)11-EG6-OH 
and 30% of HS-(CH2)11-EG6-OCH2-COOH. 3 PEG-NH2 denotes a mixture of 70% of HS-(CH2)11-EG6-OH and 30% 
of HS-(CH2)11-EG6-NH2. 

3.2. In vivo acute toxicity of quantum dots 

The mice were injected with the QD preparations into the caudal vein, after which we visually 
monitored the animals carefully for 24 h. After that, the number of surviving animals was recorded. 

We estimated the in vivo acute toxicity of QDs with different chemical compositions of the core 
(Figure 1) and with different surface charges (Figure 2). The data obtained in this experiment were 
used to calculate the LD50 values for all types of QDs studied (Table 2). Our results showed that 
CuInS2/ZnS QDs had a weaker toxic effect on mice than PbS/CdS/ZnS and CdSe/ZnS QDs, although 
their surface charges were similar, because the same PEG derivative was used for their modification 
(Figure 1). Furthermore, the obtained mean values of LD50 for QDs with the same chemical 
composition of the core (CdSe/ZnS) but different surface charges differed considerably. CdSe/ZnS-
PEG-OH QDs with a low negative charge had the highest toxic effect on mice, whereas the LD50 of 
CdSe/ZnS-PEG-NH2 QDs with a low positive charge turned out to be approximately two times 
higher. CdSe/ZnS-PEG-COOH QDs were shown to cause the weakest toxic effect on mice. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 August 2023                   doi:10.20944/preprints202308.0032.v1

https://doi.org/10.20944/preprints202308.0032.v1


 6 

 

 

Figure 1. Survival rate of BALB/c mice as dependent on the quantum dot dose and quantum dot core 
composition. 

 

Figure 2. Survival rate of BALB/c mice as dependent on the quantum dot dose and quantum dot 
surface charge. 

Table 2. LD50 values of different quantum dots for BALB/c mice. 

QD type LD50, mg/kg 

CdSe/ZnS-PEG-OH 112.5 
CuInS2/ZnS-PEG-OH 200 

PbS/CdS/ZnS-PEG-OH 150 
CdSe/ZnS-PEG-COOH >300 

CdSe/ZnS-PEG-NH2 240 

3.3. Effects of quantum dots on the mouse spleen, thymus, and bone marrow 
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The results showed that injection of QDs with the chemical composition of CdSe/ZnS-PEG-OH 
at a low dose (0.2 LD100) caused cell depletion and a slight increase in the spleen weight on the 
seventh day after the QD injection (Figure 3AB). At the same time, on the 21st day after injection, the 
spleen was still slightly enlarged but completely repopulated (Figure 3C,D). 

 

Figure 3. Effect of CdSe/ZnS-PEG-OH quantum dots at a low dose on the mouse spleen: (A) the spleen 
weight relative to the total body weight seven days after a single intravenous injection; (B) the number 
of spleen cells seven days after a single intravenous injection; (C) the spleen weight relative to the 
total body weight 21 days after a single intravenous injection; (D) the number of spleen cells 21 days 
after a single intravenous injection. 

The thymus weight after the QD injection was practically unchanged, but there was also a 
significant cell depletion on day 7 after the QD administration, which may have been caused by the 
toxic effect of QDs on T cells, thymus macrophages, and/or stromal cells (Figure 4A,B). After 21 days, 
the thymus cell content was also restored (Figure 4C,D). 
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Figure 4. Effect of CdSe/ZnS-PEG-OH quantum dots at a low dose on the mouse thymus: (A) the 
thymus weight relative to the total body weight seven days after a single intravenous injection; (B) 
the number of thymus cells seven days after a single intravenous injection; (C) the thymus weight 
relative to the total body weight 21 days after a single intravenous injection; (D) the number of thymus 
cells 21 days after a single intravenous injection. 

The cell content of the bone marrow did not change compared to the control group seven days 
after QD administration (Figure 5A), which indicated that QDs did not affect the hematopoietic 
function of the bone marrow within a short period of time. However, after 21 days (Figure 5B), a 20% 
decrease in the bone marrow cell content was observed; hence, the bone marrow hematopoietic 
function was gradually suppressed. 

 

Figure 5. Effect of CdSe/ZnS-PEG-OH quantum dots at a low dose on the mouse bone marrow: (A) 
the number of thymus cells seven days after a single intravenous injection; (B) the number of thymus 
cells 21 days after a single intravenous injection. 

3.4. Effects of quantum dots on the cytokine profile 
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Three experimental groups of mice were treated with the control 0.1 M sodium phosphate buffer 
or the CdSe/ZnS-PEG-OH QD solution at the 0.2 LD100 dose. The concentrations of five cytokines 
(IL-12p70, TNF, IFN-γ, MCP-1, and IL-6) in mouse blood serum determined by the CBA assay are 
shown in Table 3. The data show a slight decrease in the IL-12 (p70) and TNF production 6 h after the 
QD administration, whereas the concentration of IFN-γ remained unchanged. On the contrary, the 
serum levels of MCP-1 and IL-6 were significantly elevated 6 h after the QD administration but were 
close to the initial values 24 h after the treatment. 

Table 3. Concentrations of cytokines in mouse serum after the injection of CdSe/ZnS quantum dots. 

Cytokine  

concentration, 

pg/ml 

Time Control  

Sodium  

phosphate  

buffer 

CdSe/ZnS-

PEG-OH 

QDs 

IL-12p70 

0 h 10.26±1.04 10.17±0.93 10.31±1.21 

6 h 10.22±1.62 10.36±1.06 7.38±0.81 

24 h 10.56±0.30 10.29±0.74 10.27±1.25 

TNF 

0 h 21.71±0.74 22.25±0.91 21.09±0.85 

6 h 21.57±0.68 22.39±0.64 17.14±1.45 

24 h 21.53±0.27 22.94±0.35 24.87±1.24 

IFN-γ 

0 h 2.68±0.17 2.27±0.21 2.42±0.34 

6 h 2.47±0.25 2.76±0.51 2.60±0.31 

24 h 2.35±0.33 2.97±0.37 2.84±0.44 

MCP-1 

0 h 35.47±3.21 35.15±2.79 34.97±4.09 

6 h 35.74±1.76 43.34±5.71 77.72±5.59 

24 h 35.54±0.28 31.28±2.25 32.49±3.46 

IL-6 

0 h 1.54±0.13 1,49±0.15 1.63±0.23 

6 h 1.59±0.19 3.68±0.74 8,56±0.79 

24 h 1.51±0.32 1.81±0.17 2.73±0.09 

4. Discussion 

Fluorescent semiconductor nanocrystals have a great potential in the field of biomedicine, but 
their use is restricted by the potential toxic effects. The in vivo toxicity of CdSe/ZnS QDs has been 
reported in several studies [30–33]. However, a more systematic evaluation of the harmful effects of 
QDs on living organisms is needed for their safe use. One of the important aspects is immunotoxicity, 
because the immune system functions include protection from foreign substances. 

We have estimated the LD50 values of different types of QDs, acute toxic effects of QDs on 
different organs of the immune system, and the cytokine profile after a single intravenous injection 
of QD preparations to mice. Such experiments could help to improve the safety testing standards for 
nanotechnological products based on nanocrystals. 

The QD preparations were injected into the caudal vein of BALB/c mice, after which we carefully 
monitored the condition of the mice for 24 h and then examined them twice a day for 15 days. We 
estimated the in vivo toxicity of QDs with different chemical compositions of the core (Figure 1) and 
those with different surface charges (Figure 2). The results were used to calculate the LD50 values for 
all types of QDs studied (Table 2). Our data showed that the most toxic QDs are CdSe/ZnS-PEG-OH 
with a weakly negatively charged surface. In addition, QDs with a CuInS2 core also exhibited a low 
toxicity compared with the QDs whose core contained heavy metals, which suggested degradation 
of the protective shell of QDs in a living body and manifestation of an additional toxic effect of heavy 
metals. 
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Our results clearly demonstrate that the QD surface charge also influences their toxicity. Indeed, 
the QDs with a low negative surface charge have proved to be the most toxic, and those with a higher 
negative charge, the least toxic. This effect is most likely to be determined by the differences in the 
distribution and accumulation of QDs in the mouse body and the differences in the interactions with 
the components of biological fluids. For example, negatively charged QDs may rapidly accumulate 
in lymph nodes [34], and electrically neutral QDs are less prone to electrostatic interaction with 
proteins, which interferes with the formation of the "protein corona" and promotes QD degradation 
[35]. 

At the same time, the lowest toxicity of the QDs with a negative surface charge agrees with our 
earlier data on in vitro cytotoxicity [36]. However, in contrast to our previously obtained results on 
the cytotoxicity of QDs in vitro [36], the acute toxicity of the same QDs in vivo depends on the chemical 
composition of the nucleus, which may be due a faster degradation of the protective shell in the living 
organism, and the overall toxic effect is also caused by the toxicity of heavy metals. 

Cadmium-containing nanomaterials are widely used in modern industrial composites. At the 
same time, they are highly toxic, which has been further confirmed by our study on their acute in vivo 
toxicity. Therefore, we have performed additional experiments to evaluate the effects of this type of 
QD on the immune system. We have monitored the effect of a relatively low dose (0.2 LD100) of 
CdSe/ZnS-PEG-OH QDs on the mouse spleen, thymus, and bone marrow for 21 days after a single 
intravenous injection. 

The spleen was used as a model organ because it is the site of the transformation of monocytes 
into macrophages, cells intended for inactivation of toxic substances. The thymus was used because 
it is one of the organs most sensitive to immunotoxins, as well as the site of maturation, 
differentiation, and "immunological sorting" of T cells. The alterations in the red bone marrow were 
analyzed because it is an organ of hematopoiesis and immunopoiesis and consists of lymphocytic, 
monocytic, and megakaryocytic progenitor cells. 

The results showed that a single administration of a low dose of CdSe/ZnS-PEG-OH QDs 
insignificantly increased the spleen weight, had almost no effect on the thymus weight, but caused 
strong cell depletion of both the spleen and the thymus on the seventh day after QD injection. 
However, the cellular contents of the spleen and thymus were completely restored on the 21st day 
after injection (Figures 3 and 4), which indicated that the effect of a single dose of QDs was reversible. 

The effect of CdSe/ZnS-PEG-OH QDs on the bone marrow was somewhat different. Cell 
depletion of the bone marrow exhibited a time delay: it was not observed until 21 days after a single 
administration of QDs, which indicates a remote adverse effect of QDs on the hematopoietic function 
of the bone marrow. This could be because QDs are known to mainly accumulate in other target 
organs immediately after administration [37], reaching the bone marrow considerably later. 

In addition, we estimated the acute effect of a low dose of CdSe/ZnS-PEG-OH QDs on the profile 
of proinflammatory cytokines in mice. The concentrations of IL-12p70, TNF, IFN-γ, MCP-1, and IL-6 
were determined using a set of cytometric beads (Table 3) in mouse serum samples collected 
immediately, 6 h after, and 24 h after the single administration of QDs and compared with those in 
control serum samples. The results demonstrated a rapid increase in the serum levels of MCP-1 and 
IL-6 6 h after administration, which may have been a response to acute inflammation in the target 
organs where the QDs accumulated immediately after administration. These data, together with the 
observed reversion of these concentrations to the control values 24 h after the QD administration, 
suggest that a single low dose of CdSe/ZnS-PEG-OH QDs may induce a short-term inflammatory 
response in mice. Thus, our results suggest that the acute immune response to CdSe/ZnS-PEG-OH 
QDs at low doses is reversible, but it should be taken in account for predicting short-term harmful 
effects and for safety assessment of nanomaterials. 

5. Conclusions 

We propose a new systematic approach to investigate the acute toxicity of QDs in vivo. For this 
purpose, a series of water-soluble QDs with a core/shell structure, differing from each other in either 
the core chemical composition or the surface charge, have been obtained and characterized. The 
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obtained PEGylated QDs have an organic shell that provides a high colloidal stability of the ODs, 
making them suitable for in vivo studies. Experimental data have shown that the cadmium-containing 
CdSe/ZnS-PEG-OH and PbS/CdS/ZnS-PEG-OH QDs with a weakly negatively charged surface are 
considerably more toxic than the QDs with the same surface properties but with a CuInS2 core. In 
addition, the results demonstrate that not only the chemical composition, but also the surface charge 
of QDs determine their acute toxicity in vivo. Our data indicate that QDs with a low negative surface 
charge tend to be more toxic than those with a high negative charge. The immunotoxic effect of QDs 
is mainly directed to the organs producing immune cells, which may reduce the immunity of 
experimental animals in the long term. A short-term increase in the levels of proinflammatory 
cytokines, in particular, MCP1 and IL-6, suggests an acute but reversible inflammatory response to a 
single administration of a low dose of QDs. Systemic analysis of the in vivo toxicity of QDs with 
different chemical compositions, sizes, and surface charges has allowed us to identify correlations 
and differences with our previously obtained results on the in vitro toxicity of these QDs [36]. 
Obviously, in vitro models cannot provide fully relevant data on toxicity. Studies on the behavior of 
nanomaterials in vivo can yield new knowledge about the mechanisms and pathways involved in the 
toxic effects of nanomaterials. This will undoubtedly help improving the quality control of the 
starting materials for the engineering of safe hybrid nano-biomaterials and extend the use of these 
materials in biotechnological developments. 
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